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SYNOPSIS

This research continues the éarlier researches on wear
friction and lubrication and its application to the powder
metallurgy industries. A detailed study of the parameters
involved in wear and friction has been made by using the "Pin
and Disc" machine with cross cylinders technique. One iron
powder was chdsen and compacted over.a range of densities with
a series of metallic stearates as admixed lubricants for the
purpose of examinations. These compacts were used as the "pins”
for the wear and friction apparatus, the "disc" was made from
high carbon high chromium steel which is one of the steels
normally used in punches and dies in the powder metallurgy
industries, The wear behaviour of these éompacté was studied in
relation to the following parameters: applied load between
compact (or pin) and disc, sliding speed, travelled distance,
density and hardness of compact. These were examined for a range
of stearate lubricants and the wear rates determined, these dafa
were then related to ;he‘possib]e industrial 1ife for punches

and dies in powder metallurgy presses.

Besides wear rate, friction forces between the compact (or
pin) and disc were measured and these forces of friction were trans-

lated into coefficients of friction for each type of lubricant.

The thesis presents the results of these investigations with

a survey of current theories on wear and friction of metallic

systéms relevant to powder metallurgy. Conclusions have been drawn




and suggestions made on the most useful solid Tubricant necessary
in the pressing of metallic powders to reduce wear and friction in
production presses. Calculations have been carried out using the
data collected to estimate the possible press tool wear and
accordingly a possible tool Tife was determined for pressing

with each type of Stearate lubricant. The overall conclusion was
that zinc stearate is the best solid lubricant in the five metal-

lic stearates {Al, Na, Mg, Ca and Zn) for use in iron powder

compaction.
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CHAPTER 1
INTROBUCTION

The theme of this research work is: "Studies of solid
lubricants to prevent wear and friction in powder metallurgy".
Before ihtkoducing this research, an important question must be

answered, that is: what is Powder Metallurgy?

1.1 WHAT IS POWDER METALLURGY?

Powder Metallurgy is the technology which is concerned with
those industries which use powders or materials in particle form
as their raw materials, from which they can make their products.
The powders which are used in these industries could be metallic
powders such as steel, iron, brass, bronze etc, or non-metallic
powders such as carbides, nitrides, oxides or other ceramics.
However, the production of ferrous and non-ferrous products
from powders is one of the largest of these industries. There
are many grades of powder for each metal and each of these types
has some characteristics which might differ from the others, so
that a powder which meets the needed requirements can be chosen.
It has been found that for better performance of the tools which
are used in the_production and betteé quality of the products,
an admixed solid lubricant must be used. The solid lubricants

are being used in the forms of powders.




The powder technology for making engineering products

is generally in four stages as follows:

‘1.  Mixing of Powders. In this stage all the various powders

needed to produce the component are mixed thoroughly in blending‘
machines or mixers. This is the stage at which lubricants for
metal powders are added. Generally the level of lubricant content

is between 0.5 and 2.0 wt%.

2. Consolidation of Powders. The powder and lubricant mixture

can be consolidated to form a product by a number of methods:
pressing in a die, rolling, extrusion, isostatic pressing or

hot isostatic pressing.

The most commonly used method for ferrous and non-ferrous -
products is compaction in a die using punches attached to a press.
Such presses can have a capacity to apply forces from 30 to
500 tdnnes. In this research we are considering the pressing of
iron powders with stearate lubricants in an industrial press

having a capacity to apply 35 tonnes maximum.

3. Sintering of Compacted Powders. This is done in a controlled

" reducing atmosphere for metals and the temperatures are around
1120°C for ferrous components and be tween 550-1000°C for non-ferrous
components. Most sintering furnaces are of continuous operation

using a mobile hearth often a moving heat-resisting belt.




The initial stage of the sintering is the burning out of the
admixed Tubricant. The sintering process is concerned with the
diffusion of particle to particle, with the formation of grain
boundaries, and with the closing of voids present in the

green compacts. In spite of the sintering process, the resul-
ting material has a substantial volume fraction of voids (inter-
stices between powder particles) which limit its use to less
heavy duty applications. One method used to enhance the prop-
erties of sintered materials iﬁvo]ves deformation processing
which simu1taneous1y'densifies the material and develops the
final desired component shape. This is sometimes called "powder

forging”.

4, Post Sintering Operations. The porous components made by

this technology often require a finishing process before deli-
very to the customer. Such finishing processes are listed as
follows: painting, electroplating, steam-treatment, impreg-
nation with resins etc. All these procedures are used to seal
off the poroéity in the component before its use in an enginee-

ring application.

Other finishing processes could involve the following:
powder forging (as indicated above), "coining" or repressing
to control the final shape and density, machining, and a whole
range of heat treatment processes are possible if ferroqs compo-

nents are being made. For example, nitriding, carburising,




quenching/tempering etc are possible.

The interest of this research is therefore related to
stages (1) and ( 2) above, that is the mixing of lubricants
with powders and the subsequent consolidation of these mixtures

within a punch and die tool set on a compaction press.

1.2 WHERE POWDER METALLURGY IS USED

The field of Powder Metallurgy is responding to demands from
a number of the most important areas of industhy. Among these
areas are the atomic energy, aerospace, transport, domestic and

business machine industries.

It is very noticeable that each of these fields is growing
rapid]y when compared with other industries, so that demands
which are coming from them such as meeting the requirements of
the physical and chemical properties of the materials, are growing
very rapidly as well. Such demands have forced the metallurgists

to turn to powder metallurgy techniques.

The use of Powder Metallurgy is very far from being restric-
ted to the above mentioned fields. Because of the simplicity
in the production, and the difficulties in producing some parts
by other than Powder:Metallurgy, a very wide range of types
and shapes of components are produced. The use of these parts
has been widened in so many industries. Many examples. can be
given to prove this point; the industries which are involved in

producing cars, lorries, buses, motorcycles and many other
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commercial machines besides the aerospace and atomic energ}
industries, which have been indicéted earlier. Some industries
~are using the term “"particle technology" which is concerned

with any material of a partﬁc1e_ natufg such as ceramics
included in some components used as tool tips for machine cutting

tools.

The use of powder metaliurgical techniques enables us to
produce materials which are serviceable in very difficult cir-
cumstances, such as the situation of a very high temperature
refractory. Materials which have special physical properties,
such as the thermal conductivity, the thermal expansion,
thermal capacity and emissivity can be produced by using -powder
metallurgical techniques; and also it is possible to produce
parts with special characteristics, such as the porosity in
filters and in prg—impregnated bearings. Metal powders are also

playing an important role in producing solid fuels for rockets.

The figure opposite shows some components which are produced

by using powder metallurgical techniques.

It is now generally appreciated that the powder metallurgy
processing has some certain advantages over melting and casting
processes of metals. There is an opportunity to start with
special raw materials which have special characteristics of
purity and uniformity, control of the manufacturing procedures
to maintain these characteristics, control of the grain size, lack

of stringing of segregated particles and inclusions, and improved




properties, since directional eloﬁgation of grains from defor-
mation processes are almost non-existent. In addition, the

use of Powder Metalilurgy techniqhes reduces the costs of the
produced components and allows the prdduction of many components
which are impossible to produce by using other techniques of

production,

1.3 WEAR PROBLEMS IN POWDER METALLURGY

In spite of the great attenfion which has been spent on
the problem of friction during the compaction and ejection of
powders, very little attention has been spent on the study of
its closest associate, wear. The papers which have been published
to deal with the problem of wear with powders are very rare.
This has made the understanding of the wear problems of the tools
which are used for the compaction and the ejection of powders

very difficult.

However, some workers have done some experiments to study
the wear problem of the compact which led to better understan-
ding of this problem on the tools. Mallender and Coleman.I
assumed that Archard's equation 2 for the volume of wear is
applicable to the powder situation, and they cé]cu]ated the

wear of the die according to this assumption,

1.4 FRICTION PROBLEMS IN POWDER METALLURGY

The friction generated during the compaction and ejection

of powder can affect the density and the density gradient within
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the compact, the strength of the compact, the ease of ejection

after compaction, the porosity of the compacts and the die wear.

The friction forces, which are usually generated when com-
paction and ejectidn take place, are due to several types of
friction, such as the friction between the moving punch and the
die wall; friction between the powder particles themselves;
friction between the powder particies and the die wall; internal
friction within the particles during deformation and friction
between the compactland the die wall during the ejection of

these compacts.

1.5 LUBRICANT AND LUBRICATION

Many problems can be caused in powder metallurgy due to
the friction and wear which take place in the compaction and
the ejection of the powders as has been stated before. Lubri-
cants must be used to overcome the problems of density and
density distribution within the compact, the strength of the
compact, to ease the ejection, to control the porosity of the
compacts and to overcome all the problems which can be caused by
friction. The use of lubricants has an added advantage because
they also extend the 1life of the press tools by controlling their

friction and wear.

The normal method which can be used to reduce the wear and
the frictional effects is to use admixed lubricants. Although
many studies have shown that the die wall Tubrication is quite

satisfactory, this method is not widely used in powder compaction




because of the engineering design difficulties with the Tubrica-

ting system.

The use of admixed solid lubricants with the powder prior
to compaction reduces the density variations within the compact
and it also promotes less die wear. In some cases, the use of
thé admixed lubricants also give. strength to the green components

before sintering.

A large effort has been spent to study the problem of
tubrication in powder processes. These studies were concerned
with what type of lubricant to use, whether it should be solid
or liquid, and what amount of this Tubricant was required to
give optimum results when compaction and ejéction takes place.

See references 3 and 4 for reviews of this area.

It is well known that to reduce the friction and wear
between surfaces in contact, a separation of these contacted
surfaces by means of lubricant must be done. The Tubricant could
be fluid or solid or sometimes gaseoﬁs. The ideal condition in
eliminating wear and friction entirely is by using hydrodynamic
Tubrication, where the contacted surfaces are separated completeiy
by a layer of 0il or fluid. This condition is rarely maintained
in practice and the film is squeezed out sconer or later, and
then the two solids are pressed into contact with one another

and boundary Tubrication or Tubrication by solids begins.

The general task of lubrication by solid Tubricants is

to prevent contact between clean surfaces by interposing low
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shear strength solid films rather than viscous fluid films.

The use of solid Tubricants can be advantageous under several
conditions, such as high loads, where the oil films are squeezed
out by the extreme pressure, or by movement, or by high tempéra-
ture, or'by the presence of dirt or abrasive. In our case the
compacts can easily be freed from these solid lubricants by

heating them to some certain temperature.

Solid ]ubricants may take many forms, such as stearic acids,
metallic stearates and waxes. They can be used in many forms,
such as powders, where they can be either mixed with the metallic
powders, or by solution in solvents used as washes or sprays
on one or both of the rubbing surfaces. They can be used in the
form of pastes, bonded coatings or by corporation within porous

dry bearing materials.

1.6 WEAR STUDIES IN THIS RESEARCH

It is generally agreeable that the wear volume of metals
is directly proportional to the applied load, the sliding dis-
tance and inversely proportional to the hardness of the metal,
that is to say that the wear volume obeys\the Archard's equa-

tion more or }e552,15,16_

In powder metallurgy the situation is different because we
have the case of powders which are pressed to give a porous
component, This situation might be far from the original condi-

tions to which the Archard's equation was applied, so without
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checking_itsapplicability, the calculations of the tool wear

in compaction of powders could be inaccurate.

By accepting the applicability of Archard's equation to
the die and punch materials, it may be possible to examihe this’
for the powder compacts, so that the calculations of the tool

wear will be more accurate.

In these studies, the effects of applied load, sliding dis-
- tance, sliding speed, hardness and density on the volume of

wear of the materials involved will be examined.

The effect of the admixed solid Tubricants on the wear volume
will be examined as well. An optimum amount of 1ub}icant ratio
added to the powder to produce compacts will be derived and the
lubricant with the best efficiency will be derived as we]T{

The variation of the specimen density with wéa} volume and
lubricant type and content can'also be determined.

For the purpose of this study, specimens were examiﬁea with
three different densities as follows: 6.3, 6.5 and 6.8 g cmfs.

Five stearate lubricants were ised as follows: zinc, sodium,

magnesium, aluminium and calcium stearate (see Table 1).

1.7 FRICTION STUDIES IN THIS RESEARCH

Many studies have been carried out by a number of workers
to measure the friction forces generated during the compaction
and ejection of the powder (see Chapter 3). Measurements of the

friction coefficient between the die walls and the compacts
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have been carried out using different types of metallic

powders.

;In this study the friction forces between the die walls and
the compacts will be simulated and measured for the specimens
made from the fivé different admixed solid Tubricants (see
Table 1) and the values of the coefficient of friction between

the die materials and the compact will be derived.

The solid lubricant which gives the Towest friction forces
and consequently the lowest coefficient of friction will be

sought,

1.8 THE PROCEDURE AND TECHNIQUE

It is very difficult to measure the effects of applied load,
s1liding speed, sliding distance, hardness, density and the fric-
tion forces between the tools and the compacts on the real produc-
tion press. Instead, these will be done on a laboratory scale

using‘estab1ished methods.

To carry out these studies a "pin and disc" machine using
“crossed cylinder contact" was used. The disc was made from the
same material as the die used in the real production presses in
the factories. This material is a high carbon, high chromium die
steel., The pins for this machine were made from one type of commer-
cially available iron powder by pressing into small cylindrical

forms on a production press.

The five solid lubricants (which indicated earlier) were

used to produce the specimens (pins) for the experiments.
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Specimens with different lubricant ratios and different values

of densities were examined in this work (see Table 1).

1.9 THE RAW MATERIALS USED IN THIS RESEARCH

1. Iron Powder. As has been indicated before, the powder

_ materials could be either metaT]ic or non-metallic, - In this wqu,r
metallic powders were considered for study. From the rangé-of
metallic powders available an iron powder was chosen. Singe there
are many types of iron powders, and every type has its own charac-
teristics, the powder must be 1dehtified clearly and accurately.

In this work the following iron powder was used:

Hoganas Atomised Iron Powder Typé:_

ASC. 100-29.

The characteristics of this type of iron powder are intro-.

duced in Tab]é 2.

2. The Lubricants. In general, the addition of the'solid Tubri-

cants to produce components by compaction is in fact wasteful, since
later the lubricants are burned oﬁt in the fifst stage of the sinte-
ring process. At this stage, many residues of‘these 1ubricants are
left in the component to the detriment of the properties of the
compacts, The presence of these Tubricants residues in the

components is a certain factor in increasing the porosity. of the
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sintered compacts, so that it is better for the components to
be produced without any lubricant if it were possible. But this
case is not possible due.to many reasons which were indicated

eariier,

In our case the solid lubricants used in the admixed form
within the iron powder are those being used in full-scale produc-

tion.

The type of solid lubricants which afe used the most is
the metallic stearate. Each of the five stearates in Tables Tand 3
have some advantages, however although zinc stearate is used
most extehsive]y, no real information is available as to why
this is more efficient than say the stearates of sodium, calcium,

aluminium or magnesium,

This research will attempt to determine this information,
so that a critical assessment of Tubricants can be made for

the pressing of iron powders,
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CHAPTER 2

REVIEW OF WEAR, FRICTION AND BOUNDARY
LUBRICATION CONCEPTS ‘

2.1 SURFACES

1. Nature of Surfaces: Befdre discussing wear, friction and
boundary 1ubricafion in metailic systems, it is advantageous to
comment on surface topdgraphylof metals, since this is an essential
step in the understanding of the interfacial interaction between
the moving parts. It is this motion between surfaces in contact

which leads to the wear and friction of such materials.

In general, the surfaces of solids are wavy and rough. The
length of one wave varies from 1000 to 10,000 um, and their

height ranges from a few microns, to between 20-40 um. For the range

of surface irregularities between 0.07 - 0.2 um for instance5’6,

coarse super finished surfaces can have irregularities of between

0.04 - 0.1 um'.

2. Geometrical Charatteristics: Geometrical characteristics of

solid surfaces fall into three categories6’8f7see Figure 1.

a) Error of form: Figure 1{b). The surface deviates from the

desired shape due to error produced by manufacturing process.

For instance the tapering of cylindrical bar.
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b)

Waviness or macro-texture: Figure 1(c) . This always takes

the form of relatively long wavelength variations in the

surfaces of the profile and it is often associated with the

unwanted vibrations which always occur in machine tool

systems.

Roughness or micro-texture: Figure 1(d) . This is the small

scale roughness'of the surface associated with the actual

cutting or polishing process during its production.

Surface Contact

Contact of surfaces and surface interaction: The surfaces

of solids are never perfectly flat. Flat surfaces are never
achieved by the usual methods of surface preparations such
as machining, grinding, lapping etc. Instead surfaces are
wavy and rough, and have asperities or hills and valleys.

9 and HOIAOhave studied the contact of the

Bowden and Tabor
surfaces. They determined the real area of contact by using
the method of electrical resistance techniques. The measure-
ments indicated that when two solids are placed in contact

the upper surface will be supported on the summits of the
irregularities, and large areas of surfaces will be separated
by a distance which is great compared with the molecular range
of action. The real area of contact is very small when com-
pared with the apparent area of contact, this means that the

pressure at the real area of contact is very high, i.e.

elastic deformation takes place if:
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<
P <1V

where: P = yield stress, and Y = elastic limit.

When the Toad increases:

Pm = 1.1Y

then plastic deformation takes place. At this stage adhesion
between the plastic asperiﬁies takes place to form adhesion
bonds. New Contact areas are formed as the existing ones

grow in size. Equilibrium occurs when the total. contact area
has increased sufficiently to carry the Toad at the mean yield

stress of the contactlhﬁ

This is very important to under-
étand the theories of friction and wear of metals.
Krage]sk116 calculated the real area of contact., He indica-
ted that the roughness of surfaces subjeéted to compressive
stresges changes because of irhomogeneity of its mechanical

~ properties, when contact takes place, the area of contact

. depends upon the load and the roughness of the surface. The
pressdre'will not be distributed uniformly over the contacts,
but will depend on the sdrface configuration, Krage]sk‘ii6

distinguished between a number of areas of contact:

i) Appérent area of contact whfch is outlined by dimensions
of the contacting solids, it is independent of load.
ii) The counter area, which is the area constituted by
deformation of surface undulation.
iii) The real area of contact which is the sum of the small

areas over which the solids touch.
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Ha]h‘ng7 indicated the following points:

i) As the load increases the mean-area of a contact spot
remains constant.

ii} The total real area of cdntact is Tinearly prdportional
to the applied load, no matter whether the surface is
deforming elastically or plastically.

iii) At the loads normally used in practice, the surface
roughness will only be compressed by about ten per cent,
At 1oéds greater than this value, the underlying bulk
materia1'reaches the yield stress and deforms plastically.
When the Tload is removed there isla relaxation of elastic
stress and the surfaces separate, then the contact spots
which have been formed before will be destroyed. For c]éan
metals, particularly soft ones, separation may be hindered by
adhesion occurring between surfaces when the load is applied.
With harder meta1§ or contaminated surfaces, the jﬁnctions may
break read11y3.
It seems agreeable that the surfaces of solids are rough and
wavy, and when contact takes place elastic deformation occurs;
when the Tload is increased, plastfc deformation takés place.
In spite of the formation of elastic contacts, there will be
plastic ones at some ésperities, and by increasing the load,
plastic deformation dominates.
Under the action of combined normal and tangential forces,
contact points are continually being made and broken. The

contact points being referred to as adhesive bonds. The
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underlying material will deform and change compared with
its original state. Friction and wear occur from the forma-
tion, existence and destruction of the bonds and the bulk

‘deformation of the material,

The area of contact: The approach of two ideal smooth curved

surfaces was first considered by Hertz]3. If the surfaces are

pressed together with a load (W) they will at first deform
elastically according to Hertz. If an asperity can be con-
sidered as a pdktion of a sphere with radius (r} and this

- ‘rests upon a flat surface and elastic deformation occurs, the
region of contéct will be bounded by a circle of radius (a)

where:

_ Wr 1. 1 1/3

a=1.1 [ (F]—+EE)]/ (1)
Here El’ E2 are the Young's moduli for the asperity and the .
 surface respectively, see Figure 2. At this stage, therefore,
the area of contact (A = w.a2) will be proportional to W2/3,
_However Bowden and Tabor9 have indicated that for radii of

curvature of the order of: r = 10"4

cm, the load required to
bring deformation up to the onset of plastic fiow is extremely
small. Indeed, in most cases thé material around the tips of

- the asperities will be subjected to full p]asticity,rand for
any given indenter, the.area of contact’is directly proportional

14

“to the load, Bowden and Tabor ° have iilustrated that the

pressure that can besupported by two surfaces in contact under
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the action of a localised deformation is equal to the

hardness of the softer metals, i.e. thé indentation
hardness.
However the elastic deformation has taken a great deal of

15,16 has indicéied

attention of many researchers. Archard
that if a single spherical protruberance i$ deformed elas-
tica11y; the area of coniéct (A} was also ﬁrobortibna1 to
W2/3 and thus the kinetic friction&] force is also propor-
tional to W2/3, on therother-hand, if the deformation is
plastic, then A is propdrtiona] to W. This argument applies
to a single contact, whereas for bodies touching in many
régions, the situation may be very different. Using mode]s
to.represent the multiple contact conditions, it has been-

shown]7

that even when deformation is entirely elastic, A
is very nearly proportional to W and Amohtons‘ 1aw18 can
be explained in terms of eIasfic theory of deformation.

A linear relationship between the area of contact and the
elastically supported load is then proposed,

It has been mentioned that under the action of combined
normal and tangential forces that adhesive bonds will be
formed and broken. This phenomenon has been studied by a

9,19-22

number of workers » who concluded that strong welded

junctions result in a high friction and wear behaviour.
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2.2 METALLIC WEAR

1. Introduction: Wear is often seen to be treated as something -

of a poor relation to its close associate friction. It is well

18 educed the basic laws of friction as

known that Amontons
long ago as 1699, but it was another 127 years before the first
mention of wear occurred, This took place in a paper by Rennies
when he related the fracture of asperities to the strength of
materials, giving limiting loads at which "abrasion“ took place
for a wide variety of pairs of materials. Papers continued to be

very sparse until 1946, when R Holm10

published a book on electri-
cal contacts and used the term “wear" for the first time. Holm -
suggested that the wear process was an atomic transfer which takes
place when surfaces come very close together i.e. there will be |
a statistically constant probability of an atom from one surface

to be pulled out to the other surface. Holm derived an equation

for the volume of wear removed, which was:

v=z24X | (2)

1

where Z = constant; W = load; x = distance of travel and

H

i

the hardness of the material.

Burwell and Strang23 have discussed.the ekistence of simple
laws of wear, such as those forecast by Holm's theory. In the
Tight of their experiments, they concluded that, under their
experimental conditions, suitable combinations of materials can

be found which show a simple wear behaviour of the expected. type.
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However, Holm's theory must be modified by replacing the concept
of atoms removed at atomic encounters, by the. removal of wear
particles at asperity encounters.

Holm's suggestesion was examined by Rabinowicz and Tabor‘24

using radio-active tracers. No evidence of Holm's suggestion was
found, They indicated that wear takes place at asperity interac-
tions, but it is in the form of fragments of material removed,

" rather than atomic transfer.

In 1953 ﬂu"t‘:halr'clll5 published his theory on mechanical wear, It
has in fact been the basi§ of nearly all subsequent studies on wear.
A relationship between the extent of wear and the various factors
affecting wear was derived without any special assumptions as to
the nature of the sliding surfaces.

Indeed, there is now an abundance of theories on wear25'27.

However, Tabor'z8 has indicated that "there are no precise laws of

wear", Wear could be divided into two groups:

i) Dry or unlubricated wear

ii) Lubricated wear.

2. Dry or Unlubricated Wear: Unlubricated wear seems to be a

little remote from the real situation, but it has to be understood

if an understanding of lubricated wear is required.

Research has been carried out by many workers to determine the
wear laws or the mechanisms of wear by using either no lubricant

or by using an inert lubricant.
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Although the technical literature is full of reported data on
wear, these are in almost all cases the results for particular
industrial materials designed to simulate specific operations in
service. As a result, it has not beén possiﬁ]e to deduce any
general laws of wearn in fact there are only three qualitative
conclusions concerning wear fo which those familiar with the field

would all agree. These are as follows:

i) Wear incréases in general way with distance of travel.
ii) Weargenerally decreases with increasing the hardness of the
rubbing surfaces.
iii) Wear depends on load, area of contact and many other factors,

but these are less generally agreed.

a) Effect of sliding distance: It has been indicated by
10 ‘

Holm = that the.vo]ume of wear is directly proportional to the
travelling distance (see equation 2). Bowden and T"abor9 have indi-
cated that the measurements showed that, over a fairly wide range
of experimental conditions, the wear at a fixed load is directly
prdportiona] to the distance traversed. A number of workers have

illustrated the same results’zg’zu.

Burwell and Stran929 indicated that wear increases in a general
way with distance of travel, but not in linear fashion. There are
. always many variations, Archard and Hirst2 showed that after an

initial period, the wear increases linearly with sliding distance.

An equation similar to Holms has been derived by Archard]5 as

Tong ago as 1953.
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It seems that all researchers have agreed about the

proportionality of wear with sliding distance in general

term52’28’30’32.

b) Effect of sliding speed: This effect has been studied by a

number of workers. Bowden and Tabor33 illustrated that the mean
effect of speed on wear arises from the increased surface témpera-
ture generated at the points of the rubbing contact. This may have-
several consequences of which the following four are probably the

most important:

i) High hot spots will increase the reactivity of the surfaces
and the wear fragments with the surrounding atmosphere or

lubricant.

i1} The relatively rapid heating and cooling of the hot spots may
encourage metallurgical changes, this greatly influences the
wear process.

iii} High temperatures may greatly increase the ease of inter-
diffusion and alloy formation at the interface, such a process
may crucijally affect the wear behaviour.

iv) At high speeds of sliding, surface melting may take place and

this is often accompanied by low friction and wear.

Quinn34 has indicated that the wear rate will decrease with
increasing the speed due to the high temperature which is produced

during the run. However, the effect of speed on the wear rate has

been examined by Lancaster35, who indicated that, in general, the




wear rate will increase for low speeds and it will decrease
rapidly for high speeds. These dbservations will all depend on the

ambient temperature.

It is essential to mention the fact that wear rate increases
with increasing the speed (for low speeds) and decreases when the
speed increases (for high speeds). These points have nearly

universal acceptarce.

¢} Effect of Toad and area of contact: It has been indicated by
10

Holm = that wear is directly pEOportional to the applied load

(see equation 2). Rabinowicz andTabor24 introduce proof about
this proportionality. They added fhat weaf is independent of the
apparent area of contact. Archard15 derived the equation of Holm
without any aséumption to the‘natUre of the sliding surfaces, he

also indicated that wear rate is proportional to the applied Toad

and independent of the apparent area of contact.

The transfer rate and the wear rate are proporticnal to the
Toad and a similar relationship applies between the load and the
size of transfer fragments and wear particles; i.e. it is not
so much the number of individual transfer fragments or wear particles

which increase with load, but rather their size36.

It seems that most workers now accept that the wear volume (V)

of an unlubricated system ideally obeys the relationship2’23’37'40:

V¥ = Constant, Eﬁi (see equation 2)




It is also accepted that wear may take one of two forms,

a mild or a severe form, and that for each the wear is independent
of the apparent area of contact. The apparent area of contact may,
however, be significant in determining the transition point from

mi]d.to severe wear. Hirst41 and Bowden and Tabor‘33

indicated that
the more severe types of wear are associated with relatively greater

contact stresses and surface deformations.

d) Effect of hardness: Material hardness is considered to be

one of the most important factors governing the wear. Tonn42 intro-
duced the concept of the "relative wear resistance”, which is the

- ratio of wear of a g1ven spec1men to that of reference sample.

A linear relationship between the relative resistance and the

hardness of materials has been achieved

I W
)

=all +b (3)

where: B], 82 are ratios of wear resistance of the metals;
a and b are constants; and H = hardness

43

Khrushchov and Babichev ™ for commercially pure and annealed

metals established the following relationship:

(4)

o=

By
By

where: K = proportionality constant; and P = nominal pressure.
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Khruschov44 reported experimental results for abrasive wear
in supporting the proportionality between weaf and the hardness.
The real contact'éfea is calcultated as W/H where W is the load and
H is the hardness df the softer material-of the contacted pair33.
- Wear is assumed to be proportional to the real area of contact
and hence 1s inversely proportional to the hardness as shown by
Archard15.

45

Rabinowicz™ indicated that the harder metal will generate

smaller wear particles than the softer material. The softer metal

will wear more than the hard metal 6,71

However, some workers have shown that wear is not always

inversely proportional to the hardness. Egawa46

showed that the
transition from "mild" wear to "severe" wear became more acute as
the hardness increased, but that hardness did not directly affect
wear. Hogmark47 showed experimentally, that under any conditions,
the wear of soft martensitic steel (550 HV) was less than that of
a:hardeh steel (700 HY). Suh48 proposed that the delamination theory

of wear (in which the wear process consisted of three stages) and

the effect of hardness on wear were inconsistent in each stage.

3. The Mechanisms of Wear: In spite of the lack of knowledge of

any relation between the amount of wear and the simple operating
variables, which will be necessary in order to deduce precisely what
is the physical mechanism; 'st111 there are a number of mechan?sms
which may play a role in the wear process, although their relative
importance is still in doubt. These mechanisms have been indicated

by a number of workers as follows:
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i) adhesive wear;
ii) abrasive wear;
' iii) fatigue wear;
iv) corrosive wear; and

v) erosion, pitting, fretting, etc.

The first two mechanisms are the most important.

a) Adhesive wear: This mechanism of wear can be defined as the

transferfance of metal from one surface to the other due to a

process of phase weldingS’so.

Adhesive wear may be distinguished as the most fundamental of
all other types of wears. It occurs when surfaces slide against
each other, and the pressure between the contacting asperities is
high enough to cause Tocal plastic deformation and adhesionqg.

The shear force required to break the interfacial junctions is

primarily responsible for the frictional force®*20+33,

Adhesion is favoured by clean surfaces, non-oxidising condi-
tions and by chemical and structural similarities between the
s1iding coup1e49. Since the area of contact is inversely propor-
tional to the hardness, wear decreases with increasing asperity
hardness. Wear increases if the surfaces are chemically clean,
because bonding and welding of the contacting asperities {true area

of contact) are more likely due to the high 10ad30.

Archardls has related wear to a number of important factors
in his equation (2}, these being: LOAD, SLIDING DISTANCE and
HARDNESS of the surfaces. Whether this equation can be used for

adhesive wear is still in doubt.
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Rabinowicz12 related the adhesion of pure metals to their
ability to form solid solutions. Metal adhesion and transfer may
also occur due to harder surface asperities p]oughing through the

‘softer counterface. Metal debris then becomes trapped and embedded

. 49
into the surface grooves on the hard surface

In general, high temperature increases and accelerates adhe-
sive wear, this temperature may be generated by frictional heat of
rubbing. The strength of the bonds which have formed depends on the
fypes of materia1s30. For dissimi]ar metais., the bond at the
interface will generally lie between the bond strengths of the
paired metals, i.e. for dissimilar metals the junction is
generally stronger than the weaker of the two metals, so that
~ when the junction is sheared it will detach a piece of the weaker
metal. For similar metals, the junctions, because of work-hardening,
are stronger than the parent metal, and when shearing occurs a lump

is torn out of one or both surface528.

However, the adhesive mechanism of wear seems to be almost

impossible to eliminate comp]ete1y30.

b) Abrasive wear: It can be described as the displacement of

material by hard particles or hard protuberancess.

0 33

Burwell> , Bowden and Tabor™ and Richardson®® indicated that
in this type of wear, the removal of solid metals from a surface

is accomplished not by its sticking to other surfaces and being
pulled out, but rather by being ploughed out by a much harder
surface or body. There are.two general situations for this type of

wear; 1in one case the hard surface in question is the harder of the
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two rubbing surfaces; and in the other case the hard surface

is a third body. The primary requirement for its occurrence is
that there be a great dissimilarity in hardness between the two
" rubbing surfaces; On the other hand, the removal of material
through the abrasive mechanism by a small hard particle of grit
caught between the fubbing surfaces is an extremely important
factor in the total overall wear and is probably responsible for
the largest amount of wear in industrial machinery. |

0 1

0ber1e5- and Spurr and Newcomb5 pointed out that the Targer
the elastic 1imit of strain, the better able should the surface be

to resist damage by an abrasive or other harder surface.

: 30 . . .
Burwell™™ gave an equation for abrasive wear resistance as

follows:

R'\’ ﬁ . (5)
where: ER ~ wear resistance; H = hardness; E = elastic modulus.

Bowden and Tabor33 assumed a pyramidal asperity and calculated

the volume of wear as follows:

V = 2 tane [3¥Fh (6)

T

where: 8 = the angle of pyramid; w = load; x = distance travelled.

and H is the hardness.
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Lancaster52 differentiated between two types of abrasive

wear; two body abrasive wear, where there are only two surfaces

sliding on each other; and three bodies wear when there is a

third body (such as grit) in between the two sliding surfaces.

Khruschov44 and Sin, Saka and Suh53 jndicated that the
intensity of abrasive wear depends upon the size of the abrésive
particle and on the hardness of the metal. Sin, Saka and Suh53
pointed out that as the grit diameter is increased, the wear rate
is increased rapidly until a critical grit size is reached., It
then becomes independent of grit diameter or increases slightly.

A number of researchers have studied this mechanism and

similar results have been drawn28’49’54’55.

c¢) The "delamination theory of wear"”: This theory has been

suggested by Suhzs. Several factors have been considered in

deriving this theory, such as the behavioﬁr of dislocations at the
surfaces, sub-surface cracks and void formation, and subsequent

joining of cracks by sheér deformation of the surface. Suh called
this theory the "Delamination Theory of Wear". He indicated that

this theory based upon the following facts:

i) during wear, the material near the surface cold-works less
than that of the sub-surface layer;

i1} wvoids will form due to pile-up of the metal and by the time
these will come together to form cracks.

An equation for the volume of wear has been given by Suh:
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where: vy, v, = Poisson's ratios for the two materials;

G], G2 =-shear modulii; K1, K2 constants depending on

the surface topography; a1s Ty friction stresses for the

surfaces; S], 52 = critical sliding distance,

25-27, 48

Suh and colleagues indicated the following ideas:

i) The delamination theory of wear can explain many experimentally
observed wear phenomena and give insights into the microscopic
causes of wear.

i1} The so-called adhesive, fretting and fatigue Qear are all
caused by the same mechanijsms,

ii1) The wear rate decreases drastically when the shear deforma-
tion of the surface layer is prevented.

iv) Uncontrolled inclusion of hard particles in metals can acce-

Terate the wear rate.

Abrahamson, Jahanmir, Suh and Turner56

26,27

and Abrahamson, Jahanmir
and Suh supported this theory and they édded that the delami-
nation theory provides the theoretida] basis for reducing wear
through the development of a composite metal surface.

28

Tabor™" reported tHat the repeated traversal of a surface,

particularly in the absence of an effective lubricant, rapidly

25

produces fragments, this has been renamed by Suh“” as "delamina-

tion".
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Delamination involves a fatigue mechanism. Although the -
details are still the subject of discussion among the practi-
tioners of ﬁear research (see Hirth and Rigney57), there is
little doubt thaf-the delamination process is of frequent occur-
rénce; especially with materials containing local inclusions.

28 added

This applies to metals containing hard particles. Tabor
that there is.some danger of classifying all wear processes, which
~ yield flaky wear fragments, as part of a single delamination

process.

4, lubricated wear: It is almost certain that, in general, all

types of wear can be eliminated or controlled by inserting a

layer of lubricant between the rubbing surfaces. This depends on
the surface topography and the film thickness of lubricant. How-
ever, this type of wear has been studied by a number of workers.

Godfry58

indicated that by using a convenient lubricant, wear
rate. can be reduced. Some additives can be added to the used
lubricant for more effectiveness. Certain additives do have an
effect on the area of the wear spot and on the occurrence of sur-
face films during fretting wear. Rowe59 has suggested that the

following equation can be used for wear under lubricated condi-

tions:

wo o= (K .a).A (8)

‘ real
where: KL constant; A =, area of contact; a = AC/A.

[\

=
i

area of real contact without lubricant.
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59

Rowe”” suggested that wear rate constant'(KL) for the

lubricated case can be calculated by the following equation:

K, =-sz— exp. (- é%) | (9)

where: Z = distance between lubricant sites; v = sliding
velocity; t0 = period of vibration of an adsorbed mole-
cule and Q = is the heat adsorption; T = the absolute

temperature of the surface film; andR = gas constant.

Fairly good agreementtis found between calculated and deter-

mined KL values.

Sto]arski60 pointed out that the breaking of junctions
formed by adhesion between opposing surface asperities is accepted
as being largely responsible for the observed friction under con-

ditions of thin film lubrication.

The empirical relationship between the rate of adhesive wear
and the ratio of load to hardness, which is known as Archard's
equation15 has been extended to consider the presence of Tubricant

film on the rubbing surfaces as follows:

v=k (1+3f2)kgl (10)
m P
m
where: f = specific constant for characteristics of Tubricant;
B = specific constant for characteristics of sliding

metal couple; k. = wear coefficient (related to Z in equation
2)s Pn = yield stress related to the hardness H; and

v, w and x are the same as in Archard's original equation 2.
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2.3 FRICTION

1. Introduction: Friction as resistance of motion has been

known for a long time ever since people tried to move large statues
and building blocks in Egypt and Syria. They used lubricants,

rollers and wheels to reduce the amount of friction..

The concept of friction started to be considered as a scien-
tific matter as long ago as 1400 AD. The first man who worked on
this concept was Leonardo da Vinci (1452-1519 AD). He pointed out
the first two laws of friction.

18

" Amontons rediscovered Leonard's two laws of friction as

fotlows:

i) The friction force (F) is independent of the apparent area of
contact,
ii) The friction force (F) is directly proportional to the

applied Toad (W).

Coulomb®!

distinguished between “"static” and "kinetic"
friction. He indicated that static and kinetic friction phenomena
were almost identical for metals. He also discovered the third

law of friction:

ii1) The friction force (F) is independent of the sliding velocity

(v).

62

,Hirn63 64

31 s Morin~ ', and Renm‘e65 extended the interest

Euler”™', Ewing
in friction and developed studies of asperities interaction,

adhesion and rolling friction.
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Hardy66 investigated the adhesion theory of friction which

has been pointed out by Tom'linson67

. -Hardy did an important experi-
mental investigation on friétion, particularly for the static
friction of solids lubricated by very thin films of hydrocarbon
compounds. He showed the important part which is played by a

single moiecular layer of lubricants in reducing friction.

The molecular interaction between two surfaces in contact and
the elastic and plastic deformation of the asperities have been
investigated by a number of workers]0’17’68’69.

33,70-72 19

Bowden and Tabor and McFarlane and Tabor ~ studied
the friction between two metals in contact, and established the

so called "theory of adhesion friction".

Krage]skii6 illustrated that the friction resistance is not
only due to adhesion friction, as suggested, but it is due to two

actions:

i) mechanical ploughing, and

ii)} molecular adhesion.
He also suggested that the friction force is as follows:

Friction Force: F =F + F (10}
mechanical molecular

73 studied the kinetic friction in or near the boundary

Forrester
region and the influence of sliding velocity and other variables

on kinetic friction in or near the boundary region.
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2. The Theories of Dry Friction: Various views have been put
forward regarding the mechanisms of friction. It has been explai-
ned in terms of: 1ifting micro asperities over each other;
molecular attraction forces between the two solids; deformation
of a volume of one material by the asperities of the second; and
various other composite theories. Some further details will be

given here.

a) French geometrical theory: This is in fact an early view of

the 17th and 18th centuries. It is a geometrical explanation of
the friction in terms of 1ifting surface asperities over each
other. This theory has been developed by Belidor in Francéi Mathe-
matical analysis of friction between rough surfaces modelled for

rigid spherical asperities have been given by Belidor.

b) Molecular attraction (adhesion theory): A number of workers
5,66 67

have worked on this theory as Tong ago as 1700 Tomlinson
studied the adhesion of the asperities of the surfaces which are
in contact.

Bowden and Tabor33’7]

suggested that the frictional resistance
resuits from the shear strength of metallic junctions formed under
the effect of normal 1oad (P) or in other words, the friction arises
from the forces required to shear junctions of cold welded asperi-
ties resulting from molecular interactions; this is the force

which is required to shear the junctions and maintain a constant

sliding speed whilst forming and breaking asperity contacts during

kinetic friction. This assumes a negligible force for bulk deformation
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of the material. In this case the following can be considered;

-
[

rS.a = S Ia

=
n

zp.a =P 12 o (1)

H

where: a = area of the single asperity of contact;

S

i

mean shear strength; P, = mean yield strength of all

the junctions.

The coefficient of friction will be given as follows:

Sta _ S
Pm ia Pm

-t
W

Pkinetic

Since the shearing occurs in the softer material, Bowden
and Tabor suggested that the valuesof S and P will be approxi-

mately equal to those of softer materials; then:

_ S _ shear strength of softer material (13)
Ykinetic Pm yield stress of softer material

This is in accordance with the two basic laws of friction

first recorded by Leonardo da Vinci5. More recently Bowden and

33,72

Tabor have shown that a more correct relationship for the

coefficient of friction is:

critical shear stress at the interface (13)
pTastic yield pressure of the underlying
material

Ykinetic
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15-17 suggested that entirely elastic deformation can

Archard
explain the relation between the frictional force and the load.

- The frictional force between the sliding surfaces results from the

c} Material deformation (ploughing theory): When one surface

is harder than the other, the asperities of the harder surface
will plough out the softer material.

This term has been studied by Bowden and Tabor=>272

, they
indicated that the ploughing force is proportional to the cube of
the track width. However, for the harder materials the ploughing

term is considered to be small.

An equation for the value of the ploughing force for a conical

energy required to elasticaily deform the real area of contact.
asperity has been derived as follows:

Fp = z}. 2r.r.tane.p = p_-tano rré (14)
and
w=3153.Pm=§.szr2 (15)
In this case,‘the coefficient of friction will be given by:
y =%= 2 t:ne (16)
and for grooved track:33’72

Fo= T2 + P (17)




where: r = radius of the circle of the penetration in the

surface of the softer material; & = slope angle of the

side of the asperity measured from the mean of the surface;
P = the pressure required to displace the metal in the
surface and d = the track width.

d)  Composite theory of friction: A number of workers have indica-

ted that in practice possibly both mechanisms (the mechanism of
adhesion and the mechanism of ploughing) occur to a greater or less

5,3

degree depending upon the sliding conditions In this case the

value of the friction force is:

Ftota1 - Fadhesion ¥ Fp]oughing

(18)
Depending on the shape of the asperity, an appropriate equa-

tion for the value of the coefficient of friction must be used;

for example for a conical asperity:

tane
i m

o (19)
m

3. Factors Affecting Friction: It has been stated by Bowden

70 and Forrester73 and other workers, that there are some

and Tabor
factors which affect the frictional behaviour of the surfaces.
These factors play an important part in controlling the value of

the coefficient of friction.
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Forrester’> pointed out that at velocities between the limits
(0.01 - 2.25) cm/sec for clean metal surfaces, certain combina-
tions.of méterials show a decrease in friction with increasing

velocity when unlubricated.

The strength of interatomic bonds, which may be held respon-
sible for mechanical properties of metals, is thought to play a
significant role in dictating frictional behaviour. Soft metals
show low frictional_resistance while hard metals exhibitr1\qu\
frictional values. The experiménta] findings indicate thét for
unTike metals the coefficient of friction is lower than that
obtained with similar metals interacting together74.

9,33,70 showed the dramatic effect of surface

Bowden and Tabor
films in reducing the coefficient of friction of perfectly clean
surfaces. Reduction of friction between clean metals can be
achieved by depositing a very thin film of soft metal on the

hard surface.

Some work has been done on the effect of thin films of oxide
with special reference to titanium. A reduction in the coefficient

of friction has been noticed9’69.

Soaps, waxes, greases and oils are often used to reduce the
friction coefficient, since they produce thin films {(on the surfaces
of the metals) with low shear strength. Fatty acids, stearates,

oxides and several other types are used for this purpose.
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2.4 BOUNDARY FRICTION AND LUBRICATION

1. Introduction: Boundary lubrication and its mechanisms are

very comp]exISUbjects involving surface interactions and reactions.
If the surfaces of solids are‘not completely separated by Jubricant and
contact takes place over an area comparable to that which develops

in dry Contact, this condition is called "Boundary Lubrication”.
Since the frictional characteristics are determined by the proper-
ties of the thin films of molecular proportions which govern the
contact characteristics, the properties of the bulk Tubricant are

of minor importance and the coefficient of friction is essentially
independent of viscosity. Boundary lubrication is of considerable
engineering importance, since it controls the behaviour of most
sliding systems. In fluid film lubrication when two surfaces are
separated by fluid film, the load which can be carried by this system
is proportiona1,to the speed and inversely proportional to the thick-

ness of the fi1m:5

u
| P, an e {20}
min
where: n = viscosity; u = speed; hmin = minimum film thickness.

When the speed is very low, and the load is increased then hmin

will be very small, and if:

<R +R | (21)

where: Rn s Rn are the roughnesses of the two surfaces. In this
1 2
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case boundary lubrication existsS.

Boundary lubrication reduces the friction coefficient very
great1y75. For example two clean metal surfaces in contact have a
coefficient of friction of about, u = 1.0; whereas the coefficient
of friction for surfaces lubricated by boundary film is about,

L = 0.173:76-78

. Good boundary lubrication will prevent "stick-siip"
motion and will allow the surfaces to slide over each other. Long
chained molecules, such as fatty acids, stearates etc, exhibit good

boundary lubrication,

A considerable amount of work has been done to understand the

mechanism of boundary lubrication and friction between solids.

2. The Mechanisms of Boundary Lubrication: It has been indicated
79

by Hardy and Doubleday’” that when surfaces of solids are near enough

to influence directly the physical properties of Tubricants, then this

66

condition is called the "boundary condition". Hardy ° added that the

friction was not only influenced by the chemical nature of the Jubri-

chemicel
cant but also by thehnature of the underlying surfaces. Bowden, Gregory
and Tabor80 demonstrated that the boundary lubrication condition is

due to metallic junctions which form between some aspefities of the
surfaces in contact, so the friction is governed by the properties of
the Tubricant and the surfaces. Bowden and Taborg’33 indicate that the
Hardy's theory of boundary lubrication was an over-simplification.
They added that the theory must include the influence of the bulk
properties of the metals concerned. The theory must take into account

the metallic adhesion which occurs through the Tubricant film due to
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the high pressure over some asperities and when welding takes

place. In this case the friction force will be:
F=A[a5m+(1-a) SR,] (22)

.where: A = area which supports the load; a« = the fraction of this
area over which breakdown of the film has occurred; Sm = shear
strength of the junctions at the metal-metal contact; Sz = shear

strength of the Tubricating film.

Another equation for friction force has been set by Deryaguin,

Kavassey, Zakhavaeva and Lazarev81 as follows:
F=p[W+S Po] (23)

where: pu = true coefficient of friction; W = load; S = area of real
or molecular contact; P0 = adhesion force per unit area of real

contact.

The difference between equations {23) and (22) appears in inclusion
of the value of the load (W). The resistance of shear in a thin boundary
Tubricating film is brought about by a normal load on the film, and

appears and disappears with 10ad81.

A new mechanism of boundary Tubrication has been suggested by
Cameron82. He illustrated that the mechanism of boundary Tubrication
is due to molecular forces between hydrocarbon molecules adbsorbed

on the surfaces rather than to welding and tearing of the opposing

surface roughness as suggested by Bowden and Tabor. He evaluated




the friction coefficient from:

F o
M= (24)
where: F = force required to move the surfaces under boundary
lubrication; P = yield stress which is considered to be equal to

the vertical force.

A numbeb of other workers have worked on the subject of

boundary ]ubrication6’83’84.

3. Factors Affecting the Boundary Lubrication:

a) Effect of load: The effect of Toad has been investigated by a

number of researchers. Hardy and Bircumshaw85 established that when
the load increases, the coefficient of boundary friction decreases
and tends towards a constant limiting value. Tabor86 and Forrester73
illustrated that with high loads and low speeds, a boundary lubrica-

9,33

tion condition is obtained. Bowden and'Tabor and Lancaster and

Row87

indicated that at very low Joads {below 10g) the coefficient
of friction decreases with increasing magnitude of the aPP\ ved
force. Nevertheless, for loads above 10g, the frictional behaviour

s used the value of

is independent of the loads. Other researchers
load to calculate the friction force. They pointed out that the resis-
tance to shear in a thin boundary lubricating film is brought about
by a normal load on the film and appears and disappears with load.
Krage1ski16 gave an explanation for the decreasing of the coefficient

of friction with increasing load by saying that when the load increa-

ses, the film thickness decreases, and thin lubricant films exhibit
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greater shearing resistance and therefore the friction force increa-
ses, At high loads, the ceoefficient of friction increases when loads
increase due to transformation of the boundary friction at the
individual contact points to dry friction. Similar results were

obfained by a number of researchers5’55’88,

b) Effect of speed: Forrester73 indicated that friction may

increase when the velocity increases. This is due to partial des-
truction of the boundary film. Forrester added that with increasing
the sliding speed, an increased tendency may be expected for boundary
friction to be replaced by dry friction over part of the contact area,

and higher value of coefficient of friction observed.

Bowden and Tabor” showed that for fatty acids the friction
coefficient does not alter significantly with the speed of sliding
(in the range 0.001 - 20 cm/s). Paraffins and alcohols show a
decrease in the friction coefficient when the speed increaées down

to Timited value.

C1ayton89 has shown that in the range from zero to 0.3 cm/s,
there are two types of relationships between the coefficient of

friction and the speeds as shown in Figure 3,

Type A is concerned with pure mineral oils and bearing mate-
rials. Type B is for fatty acids, which do not give rise to mecha-
nical relaxation oscillations ("stick-slip") in the system. Such
oscillations occur when the friction decreases with increasing

the speed.
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Kragelskii® indicated that the A types will hold for a
frictional contact into which rheological properties enter. The
decrease in the coefficient of friction is explained by a reduction
in the time of localized contact and, in turn, by a decrease in the
contact area. The area will not increase when the surfaces are at
rest with respect to each other. Type B curves are obtained for
conditions in which interpenetration of the surfaces is reduced to
the minimum.

Other workers studied the effect of speed on the boundary

lubrication and similar results have established”® 22,

79

c) Effect of surface properties: Hardy and Doubleday’~ and

66

Hardy = pointed out that in boundary lubrication, the friction
depends not only on the lubricant, but also on the chemical nature
of the solid boundaries and the nature of the underlying surfaces,
~which may in many cases react to produce lubricant Soap593.

Hardy established the following relationship between the coeffi-

cient of friction and the nature of surfaces, see Figure 4:
p =a - bM (25)

where: a = constant which depends on the nature of the solid surfa-

ces; b = constant which depends upon the molecular weightM.

The results show that the properties of these lubricants

depend very markedly upon the nature of the materia19’33’73’80.
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73 76

Forrester' ™ and Barwell indicated that in friction, many
~combinations of materials and lubricants will be influenced by

many factors, such as "running-in", surface finish and the degree
of working of the substrate material. Even the breakdown of the
boundary film may be caused by the extent of the deformation-of the

-underlying metal during s1idinggz’94.

d) Effect of temperature: Hardy and Doub?eday79 demonstrated that
the coefficient of friction decreases when the temperature increases

until the melting point of the lubricant 15 reached, when the

86

coefficient of friction suddenly increased. Tabor ~ and Bowden, Gregory

and Tabor80 indicated that a lubricant which behaves well at room
temperature, may have poer lubricating properties at quite moderate
temperatures. Above the critical temperature, damage results to the

boundary film and the surfaces. Kingsbury%’96

11

and Cowley, Ultee,
and West' added that, when increasing the speed and load, the

failure temperature of boundary Tubricants may markedly decrease.

Kingsbury derived an equation to calculate the'temperature where
~ the transformation from good lubrication conditions to poor conditions

occur,

33 and Tabor83 indicated that some Tubricants

Bowden and Tabor
react at high temperatures to form new boundary lubricants. When
reaction occurs, however, the increase in friction and transferr
take place at higher temperatures, which corresponds to the softening
point of the soab. Above the melting temperature, the friction and

transfer are characteristic of unlubricated metals. Figure? explains

the region of the effectiveness of the lubricant as an examp]es.

- 50 -




€) Effect of lubricant chain length: This term has been investi-

gated by Hardy66. He pointed out that the boundary lubrication depends

on the lubricant and on the chemical nature of solids (see equation
25). MWorking with homologous series paraffins, alcohols and some
fatty acids on various surfaces, Hardy found that the friction was

a function of the separate contributions by the solid surfaces, the
 chemical series of the lubricant and the number of carbon atoms in

its chain. To interpret these data, Hardy assumed that the friction
between unlubricated surfaces is due to the surface fields of

force. When the Tubricant is added, the molecules are physically
adsorbed and orient themselves to each of the solid surfaces to

form a unimolecular Fi]m. The solids sink through the 1ubri¢ant

layer until they are separated by only the unimolecular adsorbed

film, Since the polar groups adhere to the metal surfaces, contact
takes place, not between metal surfaces, but between the non-polar
groups at the other end of the molecules. Slip takes place between
these non-polar molecular sheets. The efficiency of a boundary lubri-
cant is measured by the extent to which these films can mask the field
of force of the underlying surfaces. The temperature which converts
the lubricant from good‘to useless depends on the chain length of the
Tubricant. There is a fairly rapid decrease in friction coefficient

to a constant value (about 0.1) as the chain length increases

Bowden and Tabor 9,33

pointed out that the relationship between
the chain length and the coefficient of friction is not linear, see
Figure 6, and there is no zero friction coefficient as suggested by

Hardy66.
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81,82,6

A number of other workers established similar results

97

4, Wear in Boundary Friction and Lubrication: Lunn™" indicated

'_that the addition of oily additives, such as fatty acids or fatty
materials, will decrease the coefficient of friction. Experience

» shows, however,that such additives often cause an increase in wear.
It is suggested that this is due to the corrosive action of the
additives. Lunn has shown that additions of oleic acid increases
the amount of metallic contact, thus producing considerable metallic
wear, even if the coefficient of friction is decreased.

Kingsbury95’96

and Kragelskii6 illustrated that there is no
relationship between the friction factor and wear, but usually high

friction is accompanied by high wear.
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CHAPTER 3

REVIEW OF WEAR AND FRICTION IN
POWDER METALLURGY

3.1 SOLID LUBRICANTS

1. Introduction: Solid lubricants can be defined as any material

in the solid phase which, when intefposed between two sliding sur-
faces, can cause an improvement in the sliding-conditions"3. In

fact the most effective way to reduce friction and wear is.to sepa-
rate the two sliding surfaces by means of a viscous fluid, such as
a film of oil,or gas.'This ideal situation is known as hydrodynamic
lubrication. It provides a coefficient of friction of the order of
0.003 or 1esss, depending on the sliding velocity, Toad and visco-
sity of the fluid. It éliminates the wear entirely, since the solids

75

do not touch or collide with each other Gyroscope bearings are

one example where the ideal conditions of hydrodynamic lubrication

are substantially achievedgs.

Ideal conditions of hydrodynamic Tubrication can rarely be
maintained in practice. Starting, stopping, misalignment, heavy
loads and other service conditions can cause the fluid film to be
squeezed out or allow the surface asperities to break through the
film, so that the two solids are pressed into contact with one
another, Then ideal hydrodynamic Tubrication ends and boundary

Tubrication, or lubrication by'so]ids75 begins.

The general task of lubrication by solids is to prevent contact

between clean metal surfaces by interposing low shear strength solid
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films rather than viscous fluid films. The effectiveness of this
film depends on the degree of its weakness on sheargg. These solids
can be particularly advantageous under several conditions, such as
high loads, where the oil films are squeezed out by the extreme
pressure; low sﬁeed; high temperature envirconment; and where

dirt or abrasive solids existloo. On the debit side solid
Iubricants-do not cool; unlike oils, solid Tubricants cannot

carry away any heat generated during operation. Also, although

the coefficient of friction provided by solid Tubricants are 1ow"3’10]
typically of the order of 0.04-0.25, they are not as low as those
provided by hydrodynamic films (typically of the order of 0.001-
0.003)5. HQwever, the coefficients of friction provided by solid
lubricants can be lower than those provided by oils operating under
conditions of boundary lubrication. They have finite wear lives and

replenishment of lubricant is more difficult.

2. Types of So]id Lubricants: Solid Tubricants may be grouped inte
102,103,

six classes as follows

a) Metallic film lubricants: Because these show the most advantages

under very heavy loads, this method is sometimes used in metal working

operations, such as drawin9103

. A fairly thick film of this lubri-
cant can be applied to one of the two surfaces in contact. The
extent to which a thin film of soft metal on a hard metal substrate
can reduce friction has been demonstrated by Bowden and Tabor9’83,
who have obtained coefficients of friction as Tow as 0.04. In

practice, indium, Tead, tin, zinc, copper and barium have all been

used for this pur‘pose]02




b) Polymeric films: Organic polymers may be used instead of

the metallic film to give lubrication. under severe deformation
conditions, provided that they have sufficient adhesion to the

]03. It has been

solid surface and have a moderate film strength
indicated that the mechanism of friction for plastic polymers

is the same as that for metals, except for “Teflon", which has a
very low coefficient of friction]02’104’]05. Polymers such as
PTFE show very low friction coefficients in bulk form. The dis-
advantage of the material is its abiiity to flow stowly under
heavy pressure, especially if the temperature rises. This problem

can be overcome by reinforcing the materia1s103.

c) Soaps, fats and waxes: These are the oldest known Tubricants,

but it can be shown that their action is again dependent on thin
film characteristics. For example, a steel hemisphere sliding
on a steel block coated with a thin continuous film of sodium
stearate showed a value of u = 0.1. As the film thickness was
increased, the friction increased until, when the steel block was

replaced by a solid sodium stearate block, the friction reached

T 0.2, even after many traversals had established a constant

groove in the soap]ez.

Some materials in this class possess a
self-heating ability, although the rate of repair of the film is much
slower than with Tiquid lubricants and greases. The materials which
are more chemically active give excellent wear and friction reduc-
tion even above their melting points on base metals by reacting

103

with the surface Thus stearic acid gives very low friction and

good wear reduction on a variety of metals up to temperatures corres-
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ponding to the mé1ting point of the metallic stearate103. Tﬁis

' type of lubricant is widely used in powder mixes for welding

and forming operations with resins, ceramics, metal powders,
tablet manufacture, textile fibres, wire dkawinj and metal

- forming industries. Examples of .this class are metallic soaps,
the most common of which are aluminium, calcium, zinc, magnesium,

sodium and lithium stearate; waxes, solid fatty acids]02’103.

d) Chemical conversion coatings: The best known films in this

class are sulphide, chloride, phosphide, phosphate, oxide and
oxalate films. The first four types are generally formed in situ
at points of incipient seizure as result of reaction between addi-
tives in extreme pressure lubricant and the surface of heavily loaded
rubbing parts, their function is primarily to provide protection
against'seizure and pick-up wheﬁ the lubricant breaks down. It has
been observed that the friction for clean steel lTubricated by an
0il of poor boundary lubrication quality is lowered 40% by the
presence of an oxide film and 60% by a sulfide film on the surface.
The thin film of oxide acts as a solid 1ubricaﬁt, although it is
not the best because of its poor elastic properties and relatively
high shear strength. Nevertheless it prevents seizure and gal-

]ing9,33,106,107.

If the oxide film is thick enough and the load
is low, the coefficient of friction is low and constant, following:
Amontons Taw of friction. At critical loads the friction will be

hiéh due to shearing of oxide bondslos.
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Phosphate and oxalate coatings are used as a supplement to
other lubricants, both quuid'and_sofid.3 They are widely used in

the forming and working of meta15102’103.

e) Lamellar solids: Examples of this class are graphite, boron

nitride, molybdenum disulphide, tungsten disu1phide,'vermi¢u1ite,
mica and silver sulphate. Since the members of this class are
almost all inorganic materials, most can withstand high temperatures,

102

and several are unusually inert ‘The best known are graphite and

molybdenum disulphide.

fn the case of‘graphite, the ease of slip between adjacent
crystal planes has been shown to result from the presence on the
surface of an adsorbed water or oxygen film. In nitrogen, at
humidity Tower than 5%, or in high vacﬁum, rapid wear with very
high friction takes place]og']lz. If the graphite is "run-in"
under normal conditions, so that sufficient water is adsorbed on
the layers to give low friction, it becomes highly oriented with
the s1ip-1ayers flat on the surface, then wear is very slow. The
rapid wear of graphite in vacuum is readily reduced by incorporation
in the powder mix or dispersion of a small amount of a variety of

102

Tubricants or activants Almost the same is true of boron

nitride]03.

Some of these lubricants (e.g. Mosz) show a Tow fric-
tion coefficient that is not dependent on the presence of vapours,
and %s unaffected by temperature, either above or below room temp-
erature; provided that vapours do not cause decomposition such

as hydrolysis and that temperatures are not sufficieﬁt to cause

rapid volatilization, oxidation or decompositionloa.




f)  Miscellaneous soft solids: A large variety of inorganic

solids, which'do not clearly fit into any of the classes above
comprise this cTéss. Examples ére basic lead carbonate (or white
.1ead) used in the threading compqunds,-]ime, used as a carrier
fn wire drawing, talc and - bentonite, used as fillers in greases

for cable pulling.

3. The. lubricating Action: When two moving surfaces come into

cbntact, the real area of contact (A) can be determined by:
- W ’
A = (26)
P | _

where: W = applied load; Pm = yield stress for meta1~heta1 contact.

The friction force is given by:
F =A.S (27)

where: Sm = shear strength of metal junctions.

The coefficient of friction can be given by:

S
u=%=p—::- (28)

This means that the coefficient of friction is independent
of the area of contact. Reduction in the vaﬁue of the coefficient
of friction can be done by reducing the value of Sm or increasing
the value of Pm. This can be achieved by depositing a very thin

film of solid Tubricant (or soft metal) on the surface of the hard
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metal. Provided the film does not break down; the shear strength’

]03. At the same time A will remain

Sm will be that of the soft metal
small even for heavyiloadsg. As a result, the friction force will
be small, so that the coefficient of friction will remain small as

: we11103.

This is the case when a complete separation between the
rubbing surfaces is presented. If the film of soft metal is broken
and metallic junctions take place between the soft metal and the

hard one, the friction force will be given bygz
F=A [aSy + (1 - a)SZ] (29) |

where: A = area of real contact; S] = shear strength of the softer
metal; oA = area of contact at the junction; S = average
value. of the shear strength of the regions where the films

are unbroken.

Apart from the friction, the film may also be worn away if
the slider traverses the same track a sufficient number of timesg.

Yue, Ting-Hong, Hang-Chaw and Rui—Zhong]QO

indicated that by
using'a thick film of solid lubricant of MOSZ, the wear volume
(V) of this film is directly proportional to the square of the

load and inversely proportional to the contact area as follows:

(30)

where: W = load; k = constant; L = distancé; a = area of contact.




Sugishita and Fujiyoshi''4»11°

showéd that the coefficient of
friction for cast iron, which contains graphite, decreases with

a decrease in substrate hardness and it contributes to decreasing
wear T1oss; but when the temperature is incfeased tﬁg coefficient
of friction is increased due to the hardening of the graphite film,
Friction and wear performance of cast iron are influenced by the

surface graphite conditions. '

Tanaka and \r’chiama”6

used MoS, and indicated that- the wear
rate and coefficient of friction are decreased as the contact pres-
sure and s1iding velocity were increased. This variation of wear
rate and friction coefficient could be explained by the frictional
heat. It was found that the wear of the slider sliding on a steel
plate was reduced by the use of a M032 film in high vacuum and in

air, and showed the environmental effects.

Mﬂne”7 and Scott”8 indicated that the effectiveness of

solid lubricants under conditions of heavily loaded rolling contact
appears to.be attributable to the forhatidn‘of an adherent surface
film and due to the molecular structure of some lubricants and the
relative weakness bf the bonds between the layers of the Tubricant.

Solid lubricants can eliminate or reduce the wear1]8.

4, Methods of Use : Solid Tubricants can be used in many forms

Tisted as follows.

a) Powders: The powder of solid Tubricant is burnished or polished
on to one or both of the solid rubbing surfaces, usually by means of

hard wood; or it can be mixed with the powder metal itself as in
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this research.

b) Pastes: These are made by mixing a Targe proportion (up to 80%)

of solid Tubricant powder with a carrier, which may be ¢il or grease,'

but the mixture must have the propert%es of the solid Tubricant

itself.

¢} Bonded coatings: This form is used where a completely dry lubri-

cant film is needed. The solid Tubricant is often mixed with a
bonding agent. Such a coating may then be applied like a paint

and when it is dry it forms an adherent lubricant coating.

d} Incorporation in dry bearing materials: The lubricating

properties of a bearing material may be improved by incorporating
a solid Tubricant. In this case very effective components may be
produced. Examples of this are, dinclusion of graphite in bronze
bearings, the presence of tin or lead in clutch or brake materials.

A1l of these examples are made by the powdér metallurgy process,

3.2 WEAR IN POWDER METALLURGY

1. Introduction:  The economy of making structural components

by powder metallurgy techniques depends to a large extent on the
quality and the life time of the compacting tool, especially

“the die'!?

. There are a number of factors which affect the die
wear, such as powder properties, lubricants, tooling materials and

design; and it is affected also by the compacting variables.

The evaluation of the lubricants with respect to the die wear

rate is, therefore, of considerable importance; also as wear occurs,:
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the surface finish of the die changes and this chénge will affect
the compaction and the ejection force, as well as the compact

propertieleI.

A number of workers have worked on the squect of wear of
the tool die, and a number of papers concerning this subject have
been published carrying resh]ts which have been derived, but as
far as the wear of the compact itself is coﬁcerned, the work which
has been done is very little, and the papers which have been publi-
shed are rare.

Bockstiegel and Svensson]57

, who worked on the factors which
affect the wear of the die during the compacting, indicated that
it is not the broperties of the iron powder that have the most
criticé] influence upon the die-wéar rates and the tool 1ife.

A numbér of other factofé must be considered., The proper choice of
the die steel type,-its heat treatment, as well as the correct
dimensioning of the punchFdie clearance, appear to be much more

critical. It has not been possible so far to make reliable predic-

tions of die wear rate or die life from ejection force measurements.

2. The Factors which Affect the Wear of Compacts: Most of the

work on wear of the compacts has been done for sintered compacts.
However, Mallender and CoIeman]’3 did some experiments on the wear
of unsintered compacts. They indicated that the wear rate of the
unsintered compact is 1increased approximately in a Tinear way with
an increase in the load on the sliding surfaces. The wear rate is

. also increased with increasing the sliding distance and the speed,
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but it is independent of sliding velocity when high chromium-

steel materials are involved,

Mallender and Colemanh3

applied the Archard Equation in
evaluating the wear volume of the die and then attempted to
predict the die Tife.

Casstevens”9 indicated that the wear rate is increased with

increasing the velocity, and at the same value of velocity, the
increase in wear rate is very sharp due to “edge breaking”. The
speed at which edge breaking begins appears to be pért]y a func-
tion of the grain size of the powder Wﬁich is being used. The
larger the grain size, the weaker the specimen and the edge

breaking occurs at a lTower speed.

Another factor which affects the wear rate is the grain size.

122

Dufek and Jenicek indicated that wear rate is increased by

increasing the grain size.

3.3 FRICTION AND LUBRICATION IN POWDER METALLURGY

1. Introduction: In both powder metallurgy and in mechanical

sliding systems, the problems of friction and Tubrication are
similar, since they are both concerned with the interactions
between surfaces. The particular difficulties which friction
presents in powder metallurgy have been examined by a number of

]23']26, who have contributed towards a general apprecia-

workers
tion of the important factors, but who have not fully analysed

them.
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and Nelson

127

It has been shown by Hausner and Sheinhartz
158,128

and Leopold

that several types of friction have been observed

as follows:

i)

iii)

iv)

act

cial

Friction between the moving punch and die wall, This type of
friction is relatively small, the pressure loss caused by it

is almost negligible.

Friction between powder particles. This has been shown to play

a fairly small part in compaction.

Friction between powder particies and the die wall. This-has
been shown to be the primary cause of pressure losses during
cempacting and the magnitude of fhe effect depends upon the.
powder material, its size and size distribution, its shape

and surface conditions and the interparticle pressureslzg.

Internal friction within the particles during deformation.
Friction between compact and the die wall during ejection.
This depends upon the materials involved, the die finish and

clearance and the compacting pressure.

Leopold and Neﬂson]'sg’]28

indicated that these types of friction
to decrease the effectiveness of the applied pressure. The spe-

problems of friction and lubrication in powder metallurgy are

directly dependent upon the ratio of pressing area/die wall friction.

area

127

“

The actual pressure losses, which mainly occur during the

compaction, are caused by the friction forces between the powder.

particles and the die wall. The value of the maximum die reactign?
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which occurs as a result of die wall friction, is the result of

extensive cold welding between the compact and the die wa]]sB.

The normal method for reducing these frictional effects is
to use admixed lubricants. Although many studies have shown that

158,128

die wall Tubrication is quite satisfactory this method is

not widely used in production because of engineering design diffi-

culties with the Tubricating systeml30.

Die wall friction exerts a considerable influence, both
during éompaction and ejection, and upon the finished components.
It givesrdensity variations along the compact length. Application
“of lubricants lowers the die wall friction losses and gives more

uniform components and better life for the die itself,

2. Powder Consolidation Theories and Friction Effects: It has
158,128

been pointed out by Leopold and Nelson that by increasing-
the punch pressure on the mass of powder within a die results

in the density increasing. The pressure losses which mainly

occur during compaction at a given pressure are caused by the
friction between powder particles and the die wa11]31; the number
of powder particles in the mould, as well as the surface condition
of both the powder particles and the die materials]27. However,
as-pointed out previously, friction between the die wall and
particles results in density variations along the compact ]engths.

132 tidied the cold compaction of indium

Train and Hersey
and lead powders. Bowden and Tabor friction theory has been used

to derive equations for the die wall friction of pressed powder,
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These equations enabled them to calculate the shear strength of
the examined materials. The results were similar to those deter-
mined by using a punch penetration test.

131 133

Sheinhartz, McCullough and Zambrow and Duwez and Zwell
used a comparatively simple direct measurement method and deter-
mined a relationship between applied and transmitted forces.

They showed that the majority of the total friction occurring
during powder metal compaction develops along the die wall and the
effect of the die wall Tubrication was also evaluated. A number

115,128,131, 14 have carried out studies on the inter-

of workers
relation between applied and transmitted forces in which mathe-
matical relationships have been proposed taking into account the
effect of die configuration and frictional forces during the densi-

fication of compacts.

The majority of these theories during compaction use the
concept of powdgr—die wall friction coefficient and a number of
workers have shown that this friction coefficient may change along
the length of the compact die wall interface.

135

It has been illustrated by Hechel that the compaction occurs

by a multi-stage process which includes:

i) densification during filling the die;
i1) densification by particle rearrangement at low pressures
before appreciable interparticle bonding;
iii) densification by compact deformation after appreciable inter-

particle bonding.
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The various stages which occur during powder compaction are
difficult to see from a plot of pressure versus density. However

by plotting pressure versus relative porosity, the stages become

136

more clearly discernible Starting with the assumption that

the powder mass could be treated as if it were a solid metal

137 derived an

equation between the relative density and the depth. Torn;38

subject to isostatic compression forces, Shapiro

starting with a classical stress analysis of the‘hydraulic com-
pression of a hollow sphere and assuming fully ﬁlastic flow,

also arrived at the 5ame equation, Hec|~<e1]35 suggests a relation
between the applied pressure P and the resulting density of the

compact D as follows:

109-(-[—-]_—5-)- - KP + X (31)

where: K. and X are constants,

Heckel evaluated the value of K and X, and suggested formulae

to evaluate the values of K and X:

1
§E; (32)

>
H

og (T—.Lo;) b (33)

where: 0y = yield strength of the powder material; D0 = relative

apparent density of the powder; .= accounts for the densification

which takes place at low pressures before bonding takes place.
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Kawak'ita139 indicated an empirical relationship between

préssure and density which is applicable to a large number of
‘powdered materials. He suggests that the relative reduction in
compact volume C is related to the compaction pressure P by the

equation:

_ 0 _abp
C=~—=17p : (34)

where: VO = original powder volume; V = volume at pressure P;
a,b = constants. The relationship between powder properties and
the Kawakita constants and other fundamental aspects of powder

consolidation have been fully reviewed by James]40']42,

3. The Effects of Lubricants During Compaction of Powders: The

effects of die-wall lubrication and admixed lubricants on the
compaction of sponge-iron powder have been investigated by

128 110y indicated that die-wall Tubrication

Leopold and Nelson
gives higher densities at high compacting pressure, while at low
compacting pressures, the density is higher for admixed 1ubricants:
For the larger weight compacts, the density can be increased signi-
ficantly by either die wall or admixed Tubrication. The Tubricant
efficiency was assessed by measuring the difference between the

applied and transmitted forces, Fa and Ft-respective1y. A Tinear

relationship was found between Fa and Ft as follows:

Fy |
K = . - - (35)
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Léopold and Ne]son128

indicated that only very small amount
of lubricant is nécessary to give a high K factor, Increasing
the amounts of lubricants having little effect. This relationship =

has been used by a number of worker5127=]3].

They found that there
is an optimum lubricant level for a given combination of compact
weights and pressing pressures. They also shdwed th&t at Tow pres-
sure, & greater amount of admixed Tubricant is required to provide
optimum Tubrication, because the pressure is insufficient to force
it to the die walls. Die wall 1ubrication-is more significént than
admixed Tubrication at high pressures, whereas at a low pressure
the reverse applies. Comparisons have been made between die-wall. -
and admixed lubrication, from which it was shown that die wall
Tubrication was sdperior, and that when both die wall and admixed
lubricant are uséd together exudation of the lubricant from the com-
pact was retarded and densification was inhibited by the retained
Tubricant.

130 investigated the effects of

Sajdak, McNally and Nasta
lubricant content, application and iron powder type upon the value
of K at vafious compact Iengtﬁ to diameter ratios. They i]]ustrafed
that 1ittie advantage i1s to be gained by increasing the lubricant
ratio above 1.0 wt%, and that the punch force is more effectively
transmitted when using electrolytic iron, than atomised or sponge
iron. Very few investigations have been carried out into the
effects of'the Tubricant particle size upon the compaction of
powders. However, Hausner and Sheinhartz]26 and Bocksteigel and
Svensson]43 find that in pressing electrolytic iron powdef at a

given compacting pressure, zinc stearate of fine particle size
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gives greater densities, than a zinc stearate of coarse particle

size,

4. Effect of Lubricants During the Ejection of the Compact:

It has been shown that the increasing admixed Tubricant content -

reduces the force necessary to eject. the compact from the diel]s’]sa.

128,158
However Leopold and Nelson indicated that a small amount

of die wall Tubrication is much more effective in decreasing the
ejection pressure than a large amount of admixed lubricant (i.e.
0.012 mg/cm2 die wall lubrication is much more effective than

2.0 wt% of admixed Tubricant). Sajdak, McNally, Nasta and Beddow' O
indicated that decreasing the size of sample, or increasing the
percentage of admixed lubricant, decreases the ejection force
required, and the larger the compact, the more marked the efféct
of Tlubricant. It has also been indicated that the ejection pressure
increased during ejection of the compact from the die where admixed
Tubricants were employed and that this effect is reduced with increa-

115,130

sing lubricant content Bockstiegel and Svensson157, Hausner

126

and Heinhartz all showed that fine particle size Tubricants are

better than coarse lubricants in reducing ejection forces. An

opposite effect has been shown by Geijer and Jamieson]44. The

Tubricant type is of importance in determining ejection forces126.
It has also been suggested that ejection force measufements are a
useful indicator_of the wear. However they démonstrated that
1ubricants, which yield low ejection pressures, do not necessarily
give Tow die wear rates. They in fact found it impossible to

correlate ejection forces and wear rates for different 1ubricants145.
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3.4 APPLICATION OF MODERN TECHNIQUES IN FRICTION AND WEAR STUDIES

There is a very wide range oflinstruments which have been

~~used to study frfction, wear and surface topography.

1. 0ptica1 Microscopy: This is inrfact the best method to

observe the surfaces. It reveals many ﬁf the finer features of
the surfaces. Unfortunately it suffers from a number of disadvan-
tages. The use of visibTe Tight restricts the resolution of the
'instrument insofar as light is unable to discriminate features
which are smaller than 0.25 um. Furthermore even at the highest
resolution one obtains a picture of only a very small part of

the surface, which is not helpful in the study of the character

of surfaces. It is very difficult to obtain quantitative values -

of the surface size features by using optical microscopy146’9

2. Scanning Electron Microscopy: The main advantages of the

" Scanning Electron Microscope comes from its capability to give
very high magnification to the surface under examination. SEM
can enable the examiners to observe directly the worn surfaces,
this is very useful and is an advantage, particuTar1y when rough

surfaces have to be examined.

When using the SEM, the specimen needs a minimum of prepara-
tion and sometimes no-preparation at all is required. Greater depth
of %ocus can be achieved by using this technique. However, this
method can be used for small specimens only. These have to be cut
from the bulk material, which is often not possible, as in thé

case of the disc surface examined in this researchms-mgf9
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3. Taper Sectioning: It appears to have first been described

]SO‘and further developed by MoorelS]. This is in fact

by Nelson
the only direct method which gives direct observations of the
surface geometry by the simplg process of tapér sectioning., The
studied surface is plated with aﬁother metal, then composité

blocks may be carefully machined and polished at some taper angle
{0). This sectioning reveals an interface which follows the pattern
of the original surface profile and enhances the vertical

magnification by a factor of cote]%’9

4, Replica Techniques: These are usually a polystyrene plastic,

and they have been used for a long time to examine surface topography.
The advantage of using the replica comes from the fact that replica

is non-destructive and very easy to use.

By using this technique, curved surfaces can be examined.
- The replica itself can be examined by using simple optical tech-
niques. Replicas can be used in places which are difficult to

reach, and which have different shapes as well.

Before examining the surface by replication, it has to be

cleaned properly and degreased,then flooded with acétone. A piece
of acetate film (about 0.125 mm thickness, and cut to the size
required) is immediately p]aéed on the flcoded surface and gently
préssed into po§ition. The acetone will soften the film and fhis
soft film will consolidate down onto the topography of the surface.
Finally the acetone will evaporate. After a few minutes the acetate

can be peeled off carefully and placed on a glass slide by using
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adhesive tape, then it can be taken to be examined, either by

optical microscopy, or if coated with carbon or a metal, by TEM

methods. It must be noted that the rep]ica‘is in fact a mirror

image of the real surfacelsz.

5. Profilometry: This method was introduced by Abbott and
153

Firestone as the most common method used to study the surface

geometry,

- In this method a very fine diamond stylus (tip radius : 0.5 um
or fess under a static load of less than 0.0007N) is drawn over
the surface irregularities. The vertical movement of the stylus is
measured and amplified electronically, and recorded outputs

provide an actual picture of the surface.

The "Talysurf" is the best. known instrument of these types
of profilometers. One of the most attractive features of this

instrument is its flexibility in controlling the horizontal and

vertical magnification independently. The horizontal magnification

is controlled by the speed of traversing and the speed of paper

on which the profile record is produced. This magnification is

typically X10 to XSOOOS. The vertical magnification is controlled

electronically and may be varied from X100 to X100,000 actording

to the precision required. The typical ratio of horizontal to

vertical magnification is 1:505’154.

Several other techniques have been used for these purposes

155

such as Reflection Electron Microscopy “%, and radioactive tracers

have been used for examining friction mechanisms under conditions
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35,156

of ]ubricated24 and unlubricated

sliding and the same

technique was used in engine wear investigations.

These techniques have provided results to give us an even
better understanding of the processes involved in sliding and
interactions occurring between surfaces mainly on a microscopic

, sca1e3.
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CHAPTER 4

DETAILS OF APPARATUS AND EXPERIMENTAL
PROCEDURES

4,1 COMPACTION AND EJECTION OF IRON WEAR 'PINS®

1. General Description of the Press: To produce the compacts

which are needéd in this research, an industrial compaction press
operated mechanically by a cam was used, as shown in Figure 7 .
During the production of the compacts, the press was operated on
a single cycle having a maximum Toad of 35 tonne. The lower punch
is fixed and the table which carries the die is supported by
springs whiéh have.enough strength to bear the weight of thé
table. When the compaction takes place, the die which is mounted
in the table, moves downwards over the fixed bbttom punch due- to
the frictional force which generates between the powder and the
die wall, this is what is called "floating die tooling" and this

gives the effect of double ended compaction,

When single cycle compaction is used as in this research,
the feed shoe was removed and the die had to be filled by Hand
and levelled with a straight edge. When the compact is made,
then the Tower punch pushes it up and it is ejected from the

die.

The pressing force which can be obtained on this press is
up to 350 kN and if fully automatic operation is needed, then
the production rate of this press can be up to 1500 compacts

per hour.
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The length of the stroke of thelupper punch and consequently
the thickness of the cdmpact can be controlled by the main 
-operating cam profile, but the position of the stroke can be
varied by the adjustment of an eccentrically mounted r011er,
which raises or lowers the contact point of the operating mecha-
nism relative to the main cam. Figure 7 shows a general view of

this press.

2. Tooling Details: Figure 8 shows the arrangement of top,
bottom punches and die which have been used in this work to.produce
the samples of iron powder compacts (or wear pins). These top and
bottom punches and the die itself were made from high carbon,

high chromium die steel. The compositions in this die steel metal

were as follows:

Chromium: Cr=13.0%
Carbon: - C = 2.1%
Molybdenum: Mo = 0.5%
Silicon: Si = 0.3%

The hardness of the die and the top and bottom punches were

obtained by heat treatment to the following specifications:

The die hardness = 60 - 62 HRC
The top and bottom punches hardness = 57 - 60 HRC
The surface finish of the die = 0.07- uym CLA
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3. Compaction and Ejection: Depending upon the volume of the

compact and the density which is required, the appropriate

amount of the mixture of iron powder and lubricant was weighed
and carefu]iy poured into the die. The technique which haé been
used during the pressing was designed to make the compact move
over the same surface of the die during the ejection. The wear
pins (the compacté) were produced by using the same speed for
all of them.- When the amount or the type of Tubricant within the
mixture needed to be changed, then the punches and the die were
washed properly by using'acetone liquid to remove any lubricant

which may be Teft in the die and punches,

4. The Compact Density Measurement: The density of each compact

was determined by using the following formula:

Density = g%}%%g - (36)

The weights were measured by using an accurate balance having
a sensitivity of ¥ 0.01 mq. Before weighing the compact, the
"flashes" which may occur around the circumference of thé compacts,
were removed and the compacts were washed by acetone to remove
any unwanted particles on the surface, which might affect the accu-
racy of the measurements. To determine the volume of the compacts,
a micrometer was used to measure its dimensibns, by using the anve

equation (36) the density can be easily determined.
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4.2 MEASUREMENTS OF SURFACE FINISH OF THE WEAR/FRICTION DISC

The measurements of the surface finish of the disc used
in wear and friction studies were mé&e by using a "Talysurf",
The surface topography of these materials is-indicated by a
stylus, which has been rested on their surfaces and was traver-
sed across it. The movement of the stylus was recorded and
integrated over the sample 1ength (which is the length of profile
selected for individual measurements of surface texture) and the
"centre line average" (CLA) value was determined, The CLA value is
the arithmetic average of the centre 1ine throughout the prescribed
cut off. The centre line is the Tine representing the form of the
geometrical profile drawn parallel to the general directiqn-of the
profile through the sample length, such that the sums of the areas
contained between it and those parts of the profile which Tie on

each side of it are equa15.

In addition, the surfaces were examined by using the replica

technique. A piece of cellulose acetate material film (0.005 inch

thickness) 1s used for these measurements. Before examining the
surface, it was cleaned and washed by acetone. Then the surface
which required examination was flooded in acetone. The acetate
fi]m‘is immediately placed in position on the flooded surface

and is gently pressed into position. The acetone first softens
the film, the soft film is thén consolidated down on to the topo-

.graphy of the surface, and finally the acetone evaporates away.
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After a few minutes the acetate film is carefully peeled off the
surface, inverted, placed on a glass slide, and attached to the
slide with adhesive tape. This surface was coated with a thin
layer of carbon by vacuum evaporation. After carbon-coating the
replica was cut up into small squares (containing the impression

of the area of interest) and placed on specimen grid with diameter
of 3 mm, Then these were washed by acetone to remove the plastic
~backing. This Teft the thin carbon film on the supporting grid

with the impression of the original surface.

Since the carbon film is of roughly the same thickness all
over the surface, a replica like this may be a bit lacking in
contrast. The contrast was accentuated by the shadowing process.

A heavy metal (usuaﬁ]y gold or a gold-paliadium alloy) was
evaporated under vacuum (10'4 torr) from a tungsten filament at

an angle of 459 to the surface of the carbon film. Areas where
the height of the specimen changes then receive a heavy coating
and appear dark in the transmission microscope while the specimens

were examined. The results are shown in Figure 26.

4.3 THE PIN AND DISC WEAR/FRICTION MACHINE

This apparatus has been used in this research for wear and
friction experiments. This machine was used to study the wear of
pins (i.e. compacts) and the effect of load, speed, and travelling
distance on the wear behaviour of these pins or compacts. It has
been also used to study the friction between the surfaces of the
compacts and the disc, and the effect of load on the friction

force which is generated between these two surfaces.
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1? Description of the 'Pin and Disc' Machine: As shown on

Figure 10, this machine consists of a 'Pin' which in this
research is made from the various iron poﬁder and steafate

- mixtures as described in Section 4.1. The 'pin' is carried by a
horizbnta1 afm which is movable to allow the pin to rest freely
over the rotating disc, so thaf they can rub aga{nst each other
during the test in the ‘crossed cylinders' mode. The disc was .
made from the same material as the pressing die which is hi gh
carbon, high chromium die steel. The horizontal force or the load
can be applied to the pin by adding the weights to the hanger,
which is supported by the horizontal arm carrying the pin. When
the disc rotates a horizontal force will be generated due to the
friction between the surface of ﬁhe disc and the surface of the
pin or compact. This frictional force can be measured by using
strain gauges, which are fixed on a spring plate, which is in.
turn attached to the horizontal arm on the body of the machine.
During the test, the horizontal arm is freed from any restriction
but the spfing plate, so that the friction force will pull the
spring plate and the strain gauges will be affected. This effect
can be magnified and recorded and then used to calculate the value
of the ffiction force, The degrée of inc1ination of the sﬁring metal
is about 20° to the horizontal; two strain gauges were attached
to each of the upper and 10Qer surfaces of this plate to form a
bridge circuit which was supplied from a stabilized DC power unit.
The speed of the disc can be varied by means of the exchangeable
pulley system as shown in Figure 10; hence the effect of speed on

the wear can be studied. This system of pulleys was fed by a high
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torque motor capable of running at 1500 rpm. The position of the

pin on the disc can be adjusted by a special holder.

To measure the value of the speed accurately during the
teﬁt, a very accurate tachometer was used and the speed was
measured several times during the run, an average value then
derived. An electronic high accuracy revolution counter was
used for counting the revolutions of the disc directly without
relying on fhe electrical motor and the puTIey arrangement, which
might introduce some error in the speed evaluations due to the
stip féctor of the pulleys. To measure the time of the run an
electronic timer, which is connected to the motor starter has

been used. A1l these are shown on Figures 9 and 10.

2. Calibration of 'Pin and Disc' Machine for Friction Force
Measurements

The above mentioned system was calibrated by using a cord
of nylon, which can be attached to the free end of the hor{zontal
arm carrying the specimen and suppdrted by the disc as shown in
Figure 11. The nylon cord was ﬁassed around a very small and
frictionless pulley. A pan of known weight was attached to the
other end of the cord. It is very important to notice that this
nylon cord must be horizontal, otherwise a vertical force component
could be generated during the calibration. The first step in this
calibration wés to balance the circuit before applying or adding
any load to the pan attached to the arm. Then the loads were
applied in 100g increments up to a load of 1500g. The horizontal

arm must be freed from any restrictions, but the inclined spring

- 84 -




plate which carrjes the bridge of the stré{n gauges. When
applying the Toads; this plate will bend due to a bending force
resulting from the load applied. This will produce a compression
force in the upper . gauges and tensile forces in the lower
gauges, thus throwing the bridge current out of balance. This

~ will be in the form of mVY output and this can be magnified by

an amplifier and then recorded by rapid response recorder. The
my output from the strain gauges was recorded after each addition
of load and the same procedure was repeated for a'decreasing
Toad increment. A graph of horizontal arm load versus stfain
gauge output waé produced and then formulated into an equation
which has been used in deriving the frictional forces during the

tests.

Since tﬁe horizontal arm:;upporfed by the disc during the
calibration, a frictional force can be generated in this case.
~To avoid such a possibility, the disc was vibrated after each
incremental Joad. In additfon some of the zinc stearate lubri-
cant powder was inserted between the pin and the disc to avoid
any contacf between them. The friction force can be measured

in this way to an accuracy of : 2.0%.

4.4 TEST PROCEDURE FOR WEAR MEASUREMENTS

1. Introduction: To study the wear of the compacts and the

effect of the applied load, speed, sliding distance and density
- on this wear, the above pin_and disc machine (with a crossed

cylinder arrangement) was used as shown inFigure 12 An electronic
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timer, tachometer and revolutions counter were attached to the

machine. The experiments were carried out for compacts which had
zinc stearate with differing contents and different densities as
shown-on Table 1 and 3, As has been indicated (in Section 4.2) the
surface finish of the disc wasrmeasured after rubbing it against
abrasive paper of 600 grade. This operation was repeated after

each Eeading. The same disc was used for both wear and friction
studies, using materials as described in Tables 1 and 2. Before
each test the surface of the disc and the pin (specimen) were
cleaned énd washed by acetone. Then the pin was carefully lowered
over the disc. After finishing the zinc stearate experiment,

other lubricant stearates have been followed. No powdered metal
stearate Tubricants have been separately used to separate the two
rubbing surfaces from the contact. To determine the volume of
wear after each reading the specimen was taken to a travelling
microscope and the small diameter of the wear scar on the specimen
surface was measured. By using the following equation; the volume

of wear can be obtained:

y=e T a* R

— (37}
64 r /r

where: a = small diameter of the wear scar on the specimen surface
as shown in Figure 12; R = radius of the disc; r = radius of the

compact.

Full derivation of this equation is shown in the appendices.
Each of the experiments was repeated twice, and sometimes the

experiments were repeated three times, depending on the situation
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and the result. The reasons for this will be discussed in Chapter
7. The value of the wear rate was always calculated by the computer.
Sometimes, where it was necessary, photographs which show the
surface topography of these scars were taken by scanning electron

microscopy.

From Archard‘s wear equation (2):

The effects of the following factors on the wear volume V and wear

rate have been studied:

i) Effect of Toad (w)
ii) Effect of distance of travel (x)
iii) Effect of speed (S)
iv) Effect of hardness (H) and density (p)

2. Effect of Load: To study the effect of load on pin and disc

arrangement, the speed was fixed for all the experiments at 190 rpm,
which is 6.0287 x 103 cm/m{n; and the travelling distance was fixed
by fixing the time of every run to five minutes. The load can be
app]ied by adding the dincrements to the hanger which is attached
tolthe horizontal arm. The increments of the load were 300g. The
range of the load was: 300 to 2700q. Thus; eight readings on each
specimen were taken for zinc stearate lubricant and these have been
repeated for two or more specimens. For the other lubricants, it was

not the same, only five readings were taken and the increments were
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600g. The reason for that is the wide range of the lubricants,

lubricants ratios and densities which have been examined.

When the value of the small diameter of the wear scar was
obtained, then the value of the volume of wear and the wear rate
can be obtained, Examinations of the wear scar surfaces were

made by SEM where it was necessary.

3. Effect of Sliding Distance: The same arrangement which was

used in thé last section were used in this study. The speed was
constant fér all the experiments at 6.0287 x 103 cm/min, and

the load was kept constant at 600g. The distance was varied between
3 x 'IO4 and 28 x ]04 ¢m.  The increment steps were 3 x.104 cm.

Nine readings were taken on zinc stearate compacts. The increment
steps for the other lubricants were 6.x 104 cm and only five readings
were taken for every compact. A1l theexperiments have been repeated
two or three times depending on the results., The compact and the

disc surfaces were cleaned and washed before and after each reading.
The surface of the disc was restored by rubbing with 600 grade
po]iéhing baper to remove.the scar of the previous experiment,

The volume of wear and the wear rate have been calculated in the

same way as in the last section. SEM examinatidns for the scar

surfaces of the disc and the compact were obtained where necessary.

4. Effect of Speed: The pin and disc arrangement which has been

described before, was used in these experiments to study the effect

of speed on the vo]umé of wear and the wear rate. The load was kept




constant for all experiments at 600g. The running time for each
reading was constant as well at 2 minutes for each reading. The

speed variation used is shown in the following table:

For zinc stearates

Reading 1 2 3 -4 5 6 7

Speed x 103
cm/min

6.028717.6152{10.1536|15.2304]18.27651 22.8457 30.4609

Seven readings were taken for zinc stearate and for the rest

of the lubricants the readings were only four as follows:

For all lubricants

Readings 1 2 3 4
Speed x 10° 6 ozsi 10.1536 | 18.2765 | 30.4609
cm/min e . i :

A1l these experiments have been répeated two or three times
depending on the results. After each reading the surface of the
disc was polished by 600 grade polishing paper, cleaned and washed
by acetone_11quid. The surface of the compact was washed after each
reading, SEM examinations for .the surfaces were carried out where
necessary. The volume of wear and the wear rate were calculated as

it has been indicated before.
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5. Effects of Den51ty and Hardness: These effects have been

derived from the exper1ments which have been done to study the
effects of load, speed and sliding d1stance which have been
described above. A1l the readings have been taken for constant
Toad and speed, or load and sliding distance, or speed and
sliding distance. The constant load, speed and sliding distance

were as follows:

]

Toad 600q

6.0287 x 10° cm/min

speed

sliding distance = 3 X ]04 cm

There are three compact densities used in these studies;
these are: 6.3, 6.5 and 6.8¢ cm'3,,for each type of lubricant.
Hardness measurements were obtained for lubricants at each

density level.

6. Effect of Other Factors: Effects of other factors, such és

jubricant ratio and lubricant type, on the volume of wear and the
wear rate were derived from determinations obtained in the above

experiments.

4,5 TEST PROCEDURE FOR FRICTION FORCE MEASUREMENTS

Before starting the experiments, the surface finish of the
disc was measured after polishing it with grinding paper of 600
grade. The surface of this disc was repolished by using this method

after every run,
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The measurements of the disc surface finish were carried out
by using the "Talysurf", and the replica technique; these
measurements were taken before fixing the discon the pin and disc

machine.

The disc was made from the same materials as the die
i.e. ahigh carbon-high chromium die steel, and it had a d%ameter
of 101;0 mm. The compacfs tested on the pin and disc apparatus
had diameters of 25 mm and thicknesses of about 9 mm. The surface
finishes of these compacts (or “pins") were not measured using a
Talysurf because of their high roughness due to their surface
porosity. Scanning electron microscopy was used for the $Cars
surface topography. The pin was mounted in the pin holder on the
horizontal arm in a position to give a crossed cylinders relation-
ship between the disc and the pin as shown in Figures 10 and 12.
The two surfaces of the pin and the disc were thoroughly cleaned
and washed by using acetone. Then the pin was very carefully
Towered over the disc. The loads between the compact (the pin)
and the disc were added using the appropriate weights to the hanger
which is supported by the horizontal arm as shown in Figure 10.
In these experiments, the applied load was varied between 300 and
2400g. Before the test was carried out, the horizontal arm was
released from its spring retaining clamps, the strain gauges and
the recorder adjusted to zero, and then the test was started.
The running time of each expériment was 3 minutes for each reading.
No powdered metal stearate lubricants were used to separate the two

surfaces of the pin and the disc.
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Three compact densities have been used in our experiments

and different ratios of lubricants have been admixed in these
compacts. Several types of powdered metal stearate Tubricants
have been used as well. Af] df these céﬁ be shown in Tables 1 and
‘3. By using one of this range of compacts, it is possible to study
the effect of the densffy, the Tubricant ratig and the types of
lubricant; 1in éddition to the effect of load on the friction
force and on the coefficient of friction. Only one speed has been
used in this work which was 6.02872 x 103 ﬁm/min (190 rpm). The
1oéd was varied between 300 and 24009, by increments of 300g.
Readings were repeated for four compacts and'én average value of
friction force was derived for each increment of load.

4.6 MEASUREMENTS OF HARDNESS OF PINS/COMPACTS

1. Hardness Machines: A number of methods and machines can be -

used to study tHe hardness of metals. The most accurate apparatus

for this purpose is Vickers Hardness Machine. The principlies of all
these machines are similar. They depend on penetrating the surfaces
and measuring the dimensions pf'the impression, so that the hard-
ness can be obtained. For our case the optical microscope micro-
hardness technique cannot be used due to the porosity of the compact.

Hence the Vickers diamond pyramid hardness tester was used,

2. Genera1 Description of the Tester: The Vickers pyramid hardness

testing machine provides a simple and accurate method of studying
. the hardness. A general view of this machine is shown in Figure 13.

Figure 14 gives the general arrangement of the apparatus. It works
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by using calibrated weights acting thfough the medium of a simple
lever system;fAs shown in Figure 14, the weight rod'is loaded with
15 kg weight which is sufficient for the compacts. The surface

to be-tested is placed under a square-based pyramid diamond indenter
with an inc]uded angle between onposide facets of 136%.  This
diamond is attached to the machine, and the diétance between the
diamond and the specimen can be adjustedby raising or lowering the
.tab1e which carries the jig with the specimen. Thi§ can be watched
by a microscope fixed on the machine. The table which carries the
jig is movable to the Teft, right, backwards and forwards for

easy adjustment. To load the machine the pedal should be depressed
as shown in Figure 14, then the load will be automatically applied,
maintained and released in a set time. To measure the impression
the dimensions of the indentation, the attached microscope with

accuracy of about Y 0.01 mm 9s used.

3. Procédure for Hardness Tests: Before doing the test, the compact
was cleaned and washed by acetone. Then it was placed on the jig on
the movable table of the machine. Then the distance between the
1ndeﬁter and the compact was adjusted and the machine was loaded.

A very small impression was made on the compact surface by the

diamond jndenter as shown in Figure 15. The dimensions of this
impress{on are then measured by the optical micrometer in the micro-
~scope on the machine,_ahd‘the hardness determined, by referring to

the appropriate tables., These tables have been set by the manufac-
turer and ha#e been calculated with accordance to the following

formula:
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Load
Impressed Area

Hardness =

The hardness distribution on both surfaces of the compact
have been examined, Figure 16, Twenty readings were taken on
surface'] of the cylfnder and ten readings were taken on surface
2 for each specimen. The experiments were repeated on four specimens

¢

and average value was calculated.

A11 the hardness experiments were carried out on the
compacts which contained zinc stearate lubricant only. No experi-
ments were done on the other compacts containing the other lubri-
cants. Hardnesses were determined on the compacts having the

" following specifications:

Lubricant Ratio Density

for Zinc Stearate g/cm3

0.005 or 0.5 wt% 6.3 6.5 6.8
0.010 or 1.0 wt% 6.3 6.5 6.8
0.015 or 1.5 wt% 6.3 6.5 6.8

The effects of density and lubricant ratios on the hardness

distribution were also derived from these experiments.

4,7 OTHER MACHINES USED IN THIS RESEARCH

1. Travelling Microscope: This microscope has been used in this

research to measure the dimensions of the wear scars on the specimen

surface, which have been produced during the wear experiments.

-94 -




These dimensions were used to determine the volumes of wear.

The magnification which was used in this work is X10. For
example, to méasure the small diameter of the wear scar, the
compact was he1d by a small jig‘b1aced,on the table of the micro-
scope under fhe objective lens. By moving the lens to each end
of the small diameter of the wear scar, the dimension of this
diameter can be obtained from a scaleattached to the microscope.

The accuracy of this scale is 20.01 mm; see Figure 17 which shows

a general view of this microscope.

2. The Balance: This balance was used to determine the values

of the compact densities.

The capacity of this balance is up to 100g and could be read
to five numbers after the decimal point, so that it had the accu-
racy of 0.01 mg. The balance can be easily adjusted, levelled and
its pan must be cleaned befqre the operatidn takes place. Any
heat and dust will affect the accuracy of the balance, so it must
always be checked before each weighing. When we%ghing the compacts,
the door of the pan chamber must be closed to prevent any dust or
air which may affect its operation. Any vibrations will affect
its accuracy. Before weighing the compact, it was cleaned from
"flash" around the edges and washed (to remove any unwanted parti-
cles on the compact) by acetone and dried by hot air drier. The
operation has to be repeated a number of times to obtain accurate

values. Figure 18 shows a general view of this balance.
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3. The Powder Mixer: This is a double cone container rotated

by a motor at about 40 rpm. Its capacity is around 5 kg at its
maximum load, Figure 19 shows a general view of this pilot scale

powder mixer,

The powders to be mixed are poured inside the container and
the 1id Tocked by three screws to prevent any leaking. The mixihg
time depends on some factors such as the amount of the mixture,
the powder’type and the particle sizelof the powder. Fof this
work the mixing time was standardised at 1 hour, which is suffi-

cient for this type of mixing machine.

.4. . Disc Centrifuge with Photosedimentometer: It is an apparatus
for measuring the particle size of the lubricant pdwder. As shown
in Figure 20, it works on the centrifugal force principle. It uses
the buffered 1ine start, or two layer technigue, whereby a small
volume {usually 0.5 m1) of 0.5 to 2.5 per ceht solids dispersion is
introduced via an entry port into the disc cavity to lie on top of
a known volume of spin fluid or fill. This fluid has a higher mean
density to prevent mixing. The interface between the sample and

the fi11 is buffered by a layer which is then partially mixed with
the fill. This technique is called the Buffered Line Start.

The particles in the dispersion will start to settle at a rate
determined by their size. Particle settling is described by
Stoke's equation:

9
- 5.299 x 107.n 109]0 Eg

T
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where: T = centrifuge time in minutes; d = particle size in

microns; N = centrifuge speed (rpm);p = density difference between
particles and spin fluid in g/mi; n = spin fluid viscosity in
poise; R2 = radius to thch a partic1é size (d) settles under the
given conditions from a radius Rys Ry = starting radius of

particles determined by the volume of spin fluid used in the rotor.

The accuracy of the apparatus is about 2%, and it is fully

automatic.
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* CHAPTER 5

PRESENTATION OF RESULTS ON WEAR STUDIES

5.1 RAW MATERIALS

1. Iron Powder Properties: This work has been designed to be

carried out on compacts made from iron powders. One type of ifon
powder has been selected for this purpose, Hoganas ASC 100.29

atomised iron powder.

The properties of this type of iron powder .such as the values
of apparent density, tapped density, flow and screen analyses are

as indicated in Table 2.

Since the surface characteristics of the iron powder parti-
cles piay very important part in the wear and friction behaviour
of this powder, the iron powder particle surfaces have been
examined by using the Scanning Electron Microscope (SEM); Figure

21 shows a typical sample of this grade of Hoganas Iron Powder.

2. Lubricant Properties: Five solid Tubricants have been used

in this researcﬁ as admixed lubricants. They were: zinc stearate
precipitated; - calcium stearate precipitated; magnesium stearate
precipitated; aluminium stearate 22, and sodium stearate fused.
These five 1ubricants were mixed separately with Hoganas iron pow-
der to produce a mixture for making the compacts or wear pins..
Different contents of these lubricants wefe used as indicated in

Table 1.
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The properties of these Tubricants were taken with accor-
dance of the producer (Witco Co) data sheets and shown in
Table 3, together with the lubricant contents which have been

considered.

Figure 22 shows the curves:of the particle size distribu-

tions for these five stearates versus their weight under size.

Figures 23 and 24 show photographs of the particles of these
‘ solfd 1ubricénts taken on the Scanning Electron Microscope.
Mixtures with each stearate were examined under the optical
‘microscope. The effects of mixing on each one are recorded in
Figures 27 and 28. Figure 27 shows the iron powder and stearates
dfter mixing at 1 wt% Tubricant ad@ition. Figure 28 shdws zinc
stearate after mixing with iron powder at levels of 0.5, 1.0

and 1.5 wt% contents.

- 3. Pin and Disc Apparatus:

a) Disc material: As it has been indicated in Chapter 4, the

machine which was used in carrying out the experiments of this

research was a "Pin and Disc Machine".

The disc was made from the same material as the dfe which was
used in producing the compacts needed to carry out this work.
This material is in fact one of the most used die materials in
powder metallurgy industries. This material is high carbon, high
chromium die steel which has a hardness of about 850 VHN. The
surface topography of this disc had been examined béfore starting

the test by using a Talysurf apparatus, the results of these
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examinations are shown in Figure 25. |
Anothérfexamination for the surface topography of the disc

' has been carried out by'uéing“é replica technique. The results

of the replica studies are shown in the photographs from the

Transmission Electron Microscope in Figure 26.

The surface topograbhy of the_diéc.hés also been examined

. in some cases after the test. This examination was also carried
6ut by using the replica technique andrthe'Transm1ssion Eiectron
Microscope. These examinations were_dbne after the‘wear experi-
ments were completed. The results of these examinations were

~ inconclusive since no compTlete replica could be made.

b) The compacts (5r "wear pins") for pin and disb apparatus:

" These were all made wifhlthe Hoganas ASC 100.29 iron powder (Table
2). These were mixed with the various stearates as explained in
Table 1, where the range of densities and Tubricant contents are
tabulated. It can berseen that for all the stearates, except

' thé cé]tium stearate, 3 density levels were uséd: 6.3, 6.5 and
6.8-g/cm3. For ca]c%um stearate only, results for five density

levels were possible: 5.5, 5.9, 6.3, 6.5 and 6.8 g/cm-.

c) Surface topography of compacts: Figures 29 and 30 show

typical surfaces of the compacts used in this research. Figure
29(a) and (b) shows the surfaces of compacts made with 1 wt% cal-
~ cium stearate and the iron powder for each of the five densities
55 -6.8 g/cm3 for two magnifications X450 (Figure 29(a))

and X180 (Figure 23(b)).
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Figure 30 compares the surfaces of compacts made with
1 wt% of each of the stearates and iron powder compacted to
a density of 6.5 g/cm3. Again, two magnifications are given,

X180 (Figure 30{a)) and X450 (Figure 30(b)).

5.2 HARDNESS TESTS ON COMPACTS (OR WEAR PINS)

These tests were carried out to study the_hardness distribu-

tions on the cylindrical (or axial) and the flat (or diametrical)

surfaces of the compacts. Compacts with zinc stearate as admixed lubri-

cant were used for this purbose. The compacts which were examined
had three levels of densities: 6.3, 6.5 and 6.8 g/cm3. The lubri-

cant contents for these compacts were: 0.5, 1.0 and 1.5 wt%.

1. The Axial Surface: As shown on Figure 31(a) the axial surfa-

ces of the compacts were examined. Ten readings were taken on each
compact. The test wasf%epeated four times for four specimens, then

an average value was obtained.

The results of the hardness tests for these axial surfaces
are recorded as follows. Figures 32-34 and Tables 4-12 show the
hardness distributions on the axial surfaces for compacts with the

three levels of zinc stearate content and three density levels.

Because of difficulty in understanding these results of this
research, the above va]ués (from Tables 4-12) havg also been
replotted in Figures 35-37, where the information has been gathered
under the different density levels as opposed to the 1ubricant

contents given in Figures 32-34.
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2. Thé Diametrical Surface: These results are given in Tables
13-21 and are plotted in Figures 38-40 in the.same manner as the
axial hardness studies 1ﬁ Section 5.2.1 ébove. As before the
results are compacted under the 3 levels of zinc stearate contents
in Figure$ 38-40 and uhder the 3 levels of density in Figures

41-43.

3. Interpfetation of'Hardness ResuItS: The re]atiohship between

axial hardness and densitylis shown in Figure 44, where average
values'(see Tables 22 and 24} from the previous results above
are plotted for the 3 levels of lubricant content (or ratio).
Figure 45 shows the same results repiotted to show the relation-

ship between axial.hardness and lubricant content (or ratio)} for

the 3 density.]oads.

Exactly similar results for the diametrical hardness values
are shown in Figures 46 and 47, which use the results recorded

in Tables 23 and 25.

5.3 WEAR STUDIES

Wear experiments on the iron powder compacts described in
Sections 5.2 and 5.3 were carried out. These studies included the
study of the effect of normal applied load, sliding speed, sliding
distance, the density and the hardness on the wear behaviour of

 these compacts.

The results of these studies were stored in tables and plotted

in graphs as fo11ows;




1. Effect of Applied Load: When studying the effect of applied
load on the wear behaviour.of the compacts, the sliding speed
was always constant and had a value of 6.0287 x ]03 cm/min. A

constant value of 3.0144 x 104

cm of sliding distance was consi-
dered between the readings. The applied load was varied in the

range of 300 to 3000q.

Experiments on compacts with zinc stearate lubricant to be

considered first.

a) Zinc stearate studies: -Figures 48-50 show the variation of

wear volume with load for the 3 lubricant levels of 0.5, 1.0

and 1.5 wt% zinc stearate for the 3 densities considered. These
resylts come from Tables 26-28. For comparison these same results
are plotted in Figures 51-53 for eéch of the densities: 6.3,

6.5 and 6.8 g/cm3 respectively.

by Other stearate studies: Figures 54~56 show the variation of

wear volume with load at the 3 density levels respectively. These
Figures compare each lubricant at the 1 wt% content. The results
used are recorded in Tables 29-34. The data from these Tables is
plotted again in Figures 57-60, where each lubricant is shown

separately and compared with values for the different densities.

c) Wear scars in load studies: Although wear scars were

examined for most of these studies, those scars for zinc stearate

only are recorded here. These are shown in Figure 61 where the
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scars ‘under loads of 600, 1200 and 24009 are shown at two

magnifications X180 (Figure 61(a)) and X4SO (Figure 61(b)).

2. Effect of Speed: In experiments to study the effect of

speed on the,volume of wear, constant values of running time and
applied Toad were used: these were 2 minutes and 600g respec-

. tively.

Compacts with different densities, lubricant types and

contents were examined in these experiments.

- a) Zinc stearate studies: The 3 lubricant contents studied

were 0.5, 1.0 and 1.5 wt%, the results for these trials are
given in Figures 62-64 where only the wear volume results for

3

the densities 6.3 and 6.5 g/cm™ are shown against speed.

Because'thé wear volumes for the high density compacts
(6;8 g/cm3} were higher than the results described above (Figures
62-64), these were replotted separately for each of the 3 densi-
ties in Figure 64 (6.3 g/cm’), Figure 66 (6.5 g/cm) and Figure
67 (6.8 g/cm°).

A1l of these values are recorded in Tables 35 and 36.

b) Other stearate studies: Each of the 4 remaining stearates

were studied at 1 wt% content, and for each of the 3-densities.
The results of these studies are shown in Figure 68 (calcium
stearate), Figure 69 (sodium stearate), Figure 70 {magnesium stea-
rate) and Figure 71 (aluminium stéarate). These results are taken
from Table 37-40.
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Comparison of wear volumes for differing speeds were made
from the above results, and these comparisons are shown in

| Figures 72~74_for each of the 3 densities.

c) MWear scars. in speed studies: Wear scars for these trials

were examined on the SEM for each run. Typical scars are shown

in SEM photographs in Figure.75 for trials with 1 wt% zinc stea-

rate after runs at speeds of 6,029, 15,230 and 30,461 cm/min. Two
magnifications are shown, X180 (Figure 75(a}) and X450 (Figure 75(b}).

3. Effect of Sliding Distance: Trials to determine the variation

. of wear volumes with distance were carried out for one speed of

6029 cm/min under a load of 600g.

Compacts with different densities, Tubricant types and con-

tents were examined in these experiments.

a) Zinc stearate studies: Figures 76-78 show the variation of

- the weér volume with sliding distance fbr the 3 lubricant contents
of 0;5, 1.0 and 1.5 wt% zinc stearate. Each Figure compares the
results for the 3 density levels. The full set of results are

recorded in Tables 41-43.

Again for comparison purposes, these results are replotted
in Figures 79-81 for each of the density levels, so that the

effect of lubricant content for a given density can be seen.

- 107 -




«

b)  Other stearate studies: Each of the remaining lubricants

were‘studied ét 1 wf% content, and for each of the 3 densities,
except for calcium stearafe, in which case it was poésib1e to
.determine resu1£s for 4 densities. These results are plotted in
Figure 82 (ca]cium‘stearate), Figure 83 (aluminium stearate},
Figure 84 (magnesium stearate) and Figure 85 (sodium stearate).

These resu]ts ére recorded in Tables 44-47.

Comparisons of wear volumes for differing distances were
made from the above results, and these comparisons are shown

in Figures 86-88 for each of the 3 densities.

c) MWear scars in distance studies: As before, wear scars were

examined on the SEM for these runs. A typical set of wear scars
are shown in the SEM photographs in Figure 89 for trials with
1 wt% zinc stearate after runs for the distances of 60,287,

150,718 and 241,149 cm.

4. Effect of Hardness:

a) Hardness and Load: Tables 48 and 49 show resﬁ]ts of volume
of wear variations with hardness and 2 Jdoads: 600 and 1200g.
For these studies, results at a constant distance of 30,144 cm,
a constant speed of 6029 cm/min and a lubricant content of 1 wt%
for each stearate were chosen. These values are plotted in

Figure 90 (for 600g load} and Figure 91 (for 1200g load).
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b) Hardness and Speed: A similar set of résu]ts are gathered in

Tables 50 and 51, where the main variation is speed. Two speeds
of 6029 and 18,000 cm/min are shown. These values are plotted in

~ Figures 92 and 93 respectively.

c) Hardness and distance: Another set of results are géthered

in a similar manner, where the main variation is distance. Two
distances were chosen, 30,144 and 150,718 cm. These resuits are
givén in Tables 52 and 53, and plotted in Figures 94 and 95,

respectively.

5. Effect of Density on Variables: Again because of the comple-

xity and number of vafiables in this research, the results recorded
in Tables 48-53 haQe been re-examined and plotted in a slightly
different way in Figures 96-101. Here the effect-of density on
1-the variables: Jload (Figures 96 and 97); speed (Figures 98 and

: 99)'and distance (Figures 100 and 101), are examined.

6. The Wear Rate: Wear rate can be described as the volume of

wear for each unit of the variables. For example if the sliding
© distance is to be considered, then the measuring unit for distance:
cm wi11 be used. In this case the wear rate will be the volume of

wear for each cm, i.e:

. Volume of wear _ mm :
W.Ry = STiding distance ~ “cm (i)
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The same procedure is followed if the apb1ied load or

s1iding speed are considered i.e:

. 3 .
: _ Volume of wear _ mm ‘s
WoR = AppTied load g ' (i1)
and
R = Volume of wear _ mm3 .
Re = STiding speed  cm/min _ (111)

Furthermore, the wear rate is in fact the slope of the curve of
volume of wear versus sliding distance or applied load or s}iding
speed. So that the values of the wear rate for every curve of

wear studies can be easily pbtained.

For accuracy purposes these values of wear rates for all the
wear volume curves have been obtained by using the computer.
These values have been plotted in tables and graphs and have been

drawn from these values.

One value of wear rate has been taken for each curve, some
variations in the values of wear rate have been noticed when chan-
ging other factors. For example, if we take a compact which ﬁas
a lubricant content of 1 wt%, and if the values of the load and
speed were constant (i.e. if we take the case of volume of wear
versus sliding distance as in equation (i)) then the wear rate will
"have a fixed value; but if the ratio of the lubricant.has changed,

then the value of the wear rate will be changed also.

The effect of compact density variations and the solid

stearate lubricant content variations on the value of the wear rate
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have been examined.and the results have been plotted in the

_ tables and graphs as follows. -

~a) Effect of density on wear rate: Wear rates have been calcu-
‘Jated from zinc stearate trials where the foilowing factors have

been varied: load, speed and distance. The results of these

calculations are given in Tables 54-56.

_Wear Rates from Load Studies are plotted from these Tables in

Figure 102.

Wear Rates from Speed Studies are plotted in Figure 103.

Wear Rates from Distance Studies are plotted in Figure 104,

b) Effect of lubricant content on wear rate: From Tables 54-56

it is possible to extract the changes in wear rate with the zinc

stearate content change for the 3 densities considered.

Wear Rates from Load Studies are p]ottéd in Figure 105.

Wear Rates from Speed Studies are plotted in Figure 106.

Wear Rates from Distance Studies are plotted in Figure 107.

c) Comparison'of wear rates with density for different Tubricants:

As above in paragraphs (a) and (b), wear rates for each lubricant
(at 1 wt% content) have been calculated from the.3'areas of study

and are plotted as follows:

Wear Rates from Load Studies: Figure 108

Wear Rates from Speed Studies: Figure 109

Wear Rates from Distahce Studies: Figure 110.
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CHAPTER 6
PRESENTATION OF RESULTS ON FRICTION STUDIES

6.1 FRICTION MEASUREMENTS

These measurements were carried out on the "Pin and Disc"
machine. Compacts were used as before as friction {or wear)
pins. The five typés of stearate lubricant werelexamined were ;
pressed with the Hoganas iron powdér into compacts of varying

density, but with a fixed Tubricant content of 1 wt%.

As before the density range was as follows: 6.3, 6.5 and
6.8'g/cm3. One exception was for calcium stearate, where results
for 5 densities were measured. These values of density were as

follows: 5.5, 5.9, 6.3, 6.5 and 6.8 g/cm°.

1. Calibration of “Pin and Disc" Machine: As explained in

Chapter 4, the friction pins (or compacts) were operated in a
crossed cylinder mode. The calibration procedure is described

in Section 4.3.2 and the calibration graph is shown in Figure 111
and the results tabulated in Table 57. These show the mY output
of the strain gauges produced by the applied horizontal force.
Each va}ue presented here is the average of six separate deter-

minations.

2. Measurements of Friction Forces: Preliminary investigations

showed that the friction force varied with'time during a run.
For this reason it was decided to carry out a series of friction

force measurements over a period of 60 seconds.
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Furthermore, because of the large number of possible
variables and the exceedingly large number of results possible,

it was also decided to keep the following variables constant:

Speed: 6029 cm/min
Distance: 18086 cm

Lubricant content: 1.0 wt%

Only the type of lubricant and the density (at 3 or 5 levels)

were varied with applied load. |

The results for zinc stearate in compacts with a density of

6.3 g/cm’ are presented in Tables 58-64, where it can be seen that
the time intervals chosen for study were: 1, 5, 10, 20, 40, 50

and 60 seconds.

Study of these Tables showed that the most important times
were below 15 seconds. This would be within the limits of a normal
industrial pressing operation, so that no useful information could

be obtained by the study of friction for Tonger times.

Results for 3 time stages are given in the following Figures,
Figure 112 (1 second reading), Figure 113 (5 second reading} and

Figure 114 (15 second reading).

For the other 2 density levels, Tables 65-71 give the same
type of data for zinc stearate‘compacts with density 6.5 g/cm3;
and Tables 72-78 give corresponding data for compacts of density
6.8 g/cm3. These results were not plotted and are not presented

here.
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The results for other Tubricants were dealt with in exactly

the same manner, details are as follows:

Aluminium Stearate: Density 6.3 g/cm3 Tables 79- 85

" 6.5 "  Tables 86- 92
" 6.8 "  Tables 93- 99

Caiciﬁm-étearate: Density S.S_g/cm3 Tables 100-106
| " 5,9 "  Tables 107-113
E " 6.3 "  Tables 114-120

" 6.5.-"  Tables 121-127

" 6.8 "  Tables 128-134

Magnesium Stearate: Density 6.3 g/cm3 TabTes 135-141

! 6.5 " Tables 142-148
" 6.8 "  Tables 149-155
- Sodium Stearate: ' Density;6.3 g/cm3 Tables 156-163
" 6.5 " Tables 164-169
" 6.8 " Tables 170-176

Since friction force of itself is not important alone, it is only

+ useful if taken with the applied load to calculate the coefficient
of friction u. Therefore no further graphs were plotted from the

friction force data in the Tables 58-176.

3. The Coefficient of Friction: From the information in Tables
58-176 it is possible to calcuiate the coefficient of friction u

from details of the applied load and the measurements of the

friction force as follows.




© _ Friction force _ F
¥ T TEpplied Toad =~ W

‘Values of u have been calculated and are bresented in Tables

58-176.

Each set of u va]ues for each time'period were plotted for
each stearate in Figures 115-135. For each of the times: 1, 5,
10, 20, 40, 50 and 60 seconds, there are 3 graphs, one for each
of fhe 3 density 1eye]s? 6.3, 6.5, 6.8 g/cm3. Study of these
figures show that U does appear to vary with time. Hence, in
determining the value of u for industrial purposes the time of

s1iding must be considered.

a)' Static friction coefficient: In this research, the “"static"

value of u is taken as that value determined after 1 second of
sliding.  These results for the 5 stearates are presented for

each density level in the following Figures: Figure 115 (6.3 g/cm3);
Figure 116 (6.5 g/cm°) and Figure 117 (6.8 g/cm’).

b} Kinetic friction coefficient: For periods greater than 1-

second, it is considered here that the values of p determined are
“kinetic" values. These values are presented, as explained in (a)

above for each of the 3 densities as follows:

S1liding period: 5 seconds: Figures 118-120
| 10 seconds: Figures 121-123

20 seconds: Figures 124-126

40 seconds: Figures 127-129

- 16 <




50 seconds: Figures 130-132

60 Seconds: Figures 133-135

4. Effect of .Time on Coefficient of Friction: Because of the

large amount of experimental work invelved in this research,
unfortunately time was not available to carry out a complete

study here.

HowéVer, it was possible to make a full study for calcium
stearate alone at 5 density levels. Values determined in this

study are gathered together in_TabTe 177.

From this table, values of u for each of the 5 densities are
plotted against time for periods up to 120 seconds. These plots

can be seen in Figures 136-140.

5. “.Effeét of Density on Coefficient of Friction: Again because
o% Iimitéd time only 3 periods, namely 1, 5 and 30 seconds were
studied here. Ca]cjﬁm stearate only was examined with the varia-
‘tion of density (or hardness). These results are recorded in
Tables 178-180. Values from these Tables are plotted in Figures

141-143, which show the variation of coefficient of friction with

density.

- 6. Effect of Hardness on Coefficient of Friction: From Tables
141-]43, it is pbssib]e to plot the variation of hardness with

the coefficient of friction. These plots are shown in Figures

144-146.

- 117 -



CHAPTER 7 |
DISCUSSION OF RESULTS ON WEAR STUDIES

- 7.1 MATERIALS CHARACTERISTICS
1. Iron Powder
2. Stearate Lubricants
3, Disc Material
7.2 HARDNESS MEASUREMENTS ON COMPACTS OF IRDN POWDER AND ZINC
STEARATE | B : '
1. Hardness Di;tribution Axially
2. Hardness Disffibution Diémetrica]]y

3. Summaries of Hardness Results

7.3 EFFECT OF APPLIED LOAD ON WEAR VOLUME
1. Density Effect for Zinc Stearate
2. Lubricant Content Effect for Zinc Stearate

3. Compa?ison of Stearates

7.4 EFFECT OF SLIDING SPEED ON WEAR VOLUME
T. Deﬁsity Effect for Zinc Stearate
2. Lubricant Content Effect for Zinc Stearate

3. Comparison of Stearates

7.5 EFFECT OF SLIDING DISTANCE ON WEAR VOLUME
1. Density Effect for Zinc Stearate
2. Lubricant Content Effect for Zinc Stearate

3. Comparison of Stearates

- 118 -




EFFECT OF HARDNESS ON WEAR VOLUME

. Hardhess and Load Effects

. Hardness and Speed Effects

Hardness and Distance Effects

Density'Effects

WEAR RATE STUDIES

. Density and Wear Rate
. Lubricant Leve1_and Wear Rate

. Comparison of Lubricants and Wear Rates

CALCULATIONS ON POSSIBLE DIE LIFE FROM WEAR STUDIES

SUMMARY

- 119 -




PARTICLE +PROPERTIES POWDER METALLURGY | AREAS OF STUDIES IN THIS
SHAPE AND SIZE DISTRIBUTION * ‘ : . RESEARCH
TEARATE OF : POWDER COMPACTION _L WEARIN COMPACTION PRESSES
ZINC {
CALCIUM
ALUMINIUM IRON POWDER+ FRICTION IN COMPACTION PRESSES
SO DIUM SOLIO LUBRICANTS
MAGNESIUM }
{
! COMPACTION
S WEAR STUDIES - * FRICTION STUDIES
]
LUBRICANT CONTENT: 0.5
"PIN AND DISC” TECHNIQUE 10and 15wt %. Load : Lubricant type for
LUBRICANT TYPE. 300-3000 q, 1wt% content
DENSITY : 55 59 63

3 .
Load : Speed: Distance: 65 and 6.8 gyem?. ‘—1 l—‘

300-3000 g | [5-4hxiCcrymin| (3-30x 10tcm

| COEEFICIENTS
L—_} { COMPACT HARDNESS DISTRIBUTION OF
WEAR RATES _ : , FRICTION
* Axial Surfaces: Diametrical Surf-
] 10-45 VHN + 25-55VHN
P REDICTION OF POSSIBLE DIEWEA e r{PREDICTION FOR BEST LUBRICANT




CHAPTER 7

DISCUSSION OF RESULTS ON WEAR STUﬁIES

7.1 MATERIALS CHARACTERISTICS

3, the

1. Iron Powder.. From previous researches on iron.powder
Hoganas ASC 100.29 powder was chosen in preference to other similar

powders, see Table 2 for comparisons.

This powder had a high apparent density and a good tapped
density, hence it produced more dense compacts than the other
powders compared in Table 2. These particular properties are
partly due to the powder being produced by the atomisation tech-
nique. Examination of the SEM phaotographs in Figure 21 shows the

typical appearance of such an atomised powder.

2. Stearate Lubricants. The range of lubricants used in this

research were all from one manufacturer. This was done because it
was thought that all the Tubricants would then have a standard

quality.

a) Density: The density values and other properties of the
five stearate lubricants shown in Table 3, indicate that
the most 'dense stearate is zinc stearate and the order of
the other Tubricants in decreasing density is as follows:
zinc, calcium, magnesium, ajuminium and sodium.

Zinc stearate is the lubricant most commonly used by the

powder metallurgy industries for the compaction of iron

- 121 -




and other powders. As Table 3 shows, this stearate
unfortunately aiso has a high ash content, so that the
compacts sintered with this stearate will have a higher
retention of 1ubricant residue than if other lubricants

are used.

b) Particle Size: Figure 22 shows that all five lubricants

have'differing size distributions. The stearate with the
finest particle size distribution is calcium and the others
increase in the number of coarse particles in the fol]oWing
order:

calcium, magnesium, aluminium, zinc and sodium,

¢) Particle Shape: Figures 23 and 24 give some idea of the

various shapes of lubricant particles for each stearate.

The differences in particle size from each type can be
ciearly seen and from these photographs the order in average
particle size, from fine to coarse partic]es is in the
following order:

calcium, magnesium, a]uminium; zinc and sodium stearate.
This coﬁfirms the order already given by the particle size

- measurements shown in Figure 22.

3. Disc Material. The disc material was chosen to be the same

as the die and punch material on the press used in this research

and in commercial presses.

Figures 25 and 26 show the topography of this surface -

over which the compacts slide. It can be seen that these surfaces
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are not.smooth but grooved by the polishing or lapping process
before wear trials were started, These Surfaces can be compared
with Figures 61, 75 and 89, which show the surfaces of the com-
pacts after wear against this type of surface. It is assumed
that these disc surfaces are similar and comparable wifh die

surfaces on production presses.

7.2 HARDNESS MEASUREMENTS ON COMPACTS OF IRON POWDER AND ZINC
STEARATE

1. - Hardness Distribution Axially. Figures 32-34 show that the
compacts with the highest density, at each level of lubricant
content; have the highest hardness as would be expected. Further-
more, it can be seen that the compact with the 0.5 wt% lubricant
content gives the highest hardness levels, refer to Figures

35-37.

The distribution of hardness in the axial direction alters
considerab1y‘as the density is increased, see Figure 32, For low
levels of lubricant, e.g. 0.5 wt%, there is a distinct dip in the
hardness at the centre of the campact. This effect is less dis-
tinct as the lubricant content increases. Compare Figures 32-34,

and Figures 35-37.

These figures all indicate changes of density within a
compact and these changes are to be expected as shown by previous

researchers, see references 3, 4.
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2. Hardness Distribution Diametrically. Figqures 41-43 show

lubricant (0;55wt% zinc stearate) shows the highest overall hardness.
This is due to the fact that the‘best compaction conditions afé for

this Tevel of lubricant, see references 3.and 4,

These also show similar results for the effect of Tubricant
content on the hardness and its link with density. That is, for
the three density Tlevels, the compacts with the lowest Tubricant

content gave the highest hardness.

Examination of Figures 38-40 show these effects in a

sTightly different way.

Comparison of results in both axial and diametric directions
for these compacts (see Figures 32-27 and compare with Figures

38-43) show that in general:

Axia]rdirection, range of hardness: 20-45 VHN

Diametrical direction, range of hardness:  28-55 VHN

a similar trend'for these measurements. The lower level of
Also examination of Figures 38443, show that the variation
of hardness for a given compact over that for the diameter to be
similar to that for the axial direction, with minimum values in ‘

the centre of the compact., This effect is due to uneven compaction

in the press3’4.

For wear and friction studies only the results for the hard-
ness in the axial direction are used. For these researches, an

average hardness value was determined for each compact (or pin). ‘
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3. Summaries of Hardness Results. Using the averaged values

of hardness, Figures 44 and 45 show the link between hardness,

Tubricant content and density in the axial directions.

Similarly, values for the diametrical direction are summa-
rised in.Figures 46 and 47. These results are used in the caicu]a-

tions involving wear and friction.

7.3 EFFECT OF APPLIED LOAD ON WEAR VOLUME

1. Density Effect for Zinc Stearate. Examination of Figures

48-50, show that the pins (or compacts) with the highest density
(6.8 g/cm3) give the highest wear.voiume over the range of loads
(0-3 kg) studied. This is unexpected, as current wear theories
would indicate that materfa1s with a high hardness should give
Tess wear. Furthermore, those compacts with a high level of
lubricant, e.g. 1.5 wt%, have lower wear volume (see below}.
However, increasing the Tload in general, incfeases the wear

volume.

2. ‘Lubricant Content Effect for Zinc Stearate. Figures 51-53

i]luétrate this behaviour. There appears to be a critical load
value, around 2 kg, above which the wear volume increases consi-
derably. Figure 53 shows that those compacts with 1.5 wt% zinc
stearate have a low wear_vo1ume. This effect is not shown for

compacts under the same conditions which have lower densities.

For the densities of 6.3 and 6.5 g/cm° the results can be

confusing for 1oads over 2 kg.
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3. Comparison of Stearates. This was done using compacts

with 1.0 wt Tubricant content (or ratio} only. Figures 49 and
54-56 give these comparisons, Which show that zinc and éa]cium
stearates give the lowest wear volumes. In general, the highest

wear volumes are seen with magnesium stearate.

Considering density, most of the Tubricants give increased
wear volume as the dénsity of the compacts increases, as has
already been indicated for zinc stearate (see above 7.31). This
effect can be seen more clearly in Figures 57-60, where indivi-

dual lubricants are assessed with their density levels.

This effect can be explained from the porosity {related to
density) of the compacts, see Figure 29(a) and (b). Low density
compacts will have more pores at the surface of the compact
{or pin) in contact with the wear disc. This increase in pores
at the surface allows more lubricant to be contained within them,
hence Tow density (high porosity) compacts give Tower wear volumes
since the rubbing surfaces are more lubricated. The reverse is

“true for high density (low porosity) compacts.

However, for densities below 6.3 g/cm3 (see Figures 29 and 57)
it would appear that because of the low compaction pressure needed
: to form compacts at densities of 5.5 g/cm3, the bonding of the
particles is much wedker. Since these compacts are not sintered,
the bonding relies only on the deformation of the particle mass
on compaction. It would appear that in this case greater wear

occurs due to the lower bonding within the compacts (or wear pins).
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Sometimes the wear debris for low density compacts can

be retained within the pores and therefore take no further part
in the process. Nhéreas, for high density compacts, the wear
debris can abrade further surfaces or be thrown clear, hence
affecting the overall wear volume. Examination of Figures 61(a}
and (b) show that for low loads the rubbing surfaces are free
of debris. At high loads of around 2.4 kg, wear debris can be
retained on the surface of the rubbing components., See Figure
61(a), which shows that for 2400g, the surface is very rough,
possibly due to a torh surface or build-up of wear debris which
is cold-welded to the compact surface have Toosely compacted

particles which can easily be broken.

7.4 EFFECT OF SLIDING SPEED ON WEAR VOLUME

1. Density Effect. This had a considerable influence on the

wear volume for these speed studies. Figures 62-64 show that for
_1eve1s of zinc stearate at or above 1.0 wt%, the higher density
compacts had the greatest wear. For compacts of density 6.8 g/cm3, '
the wear volumes were very high so that not all the determinations.
could be drawn on the same scale. Reference to Figure 67 shows
this more-c1ear1y. Figures 63 and 64 indicate that above a

speed of around 25,000 cm/min, the wear volume stabilises to a

néar constant value. This could be explained by the build up

. and maintenance of a lubricant/wear debris layer between the two

sliding surfaces.
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Furthermore, during the determinations at high speed,
an oxide film (presumablyAFéO/Fe203) was seen within the wear

scars.

Unfortuﬁate]y, because compacts broke up at speeds over
30,000 cm/min, no further determinations could be made to eluci-

date this behaviour.

2. Lubricant Content Effect for Zinc Stearate. A1l three Figures

- 65-67 show that, below 15,000 cm/min, all the wear volumes are
similar irrespective of density or lubricant content. However
above this speed, particularly for the high density compacts

(6.8,g/cm3), the wear volumes increase considerably.

It would appear that the 6.8 g/cm3 compacts are very susce-
ptible to wear at speeds greater than 12,000 CM/min} It is sugges-
ted that for this latter situation, the build up of Jubricant/
weaf debris/oxide film (see Section 7.41) can occur at this
density at high speed. Therefore continuous wear is seen, since
fresh surfaces are being exposed throughout the run. At Jower
densities, this behaviogr is masked by the higher porosity at
the rubbing surface of the Tower density compacts (or pins) as

far as these few results show, see Figure 29.

3. Comparison of Stearates. The Figures 72 and 73 show that for

densities below 6.8 g/cm3, zinc stearate has the Towest wear rates
at speeds below 20,000 cm/min for levels of 1.0 wt%. At higher

speeds, magnesium stearate again has the highest wear volume.
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For densities of 6.8 g/cm3, Figure 74, zinc stearate
shows. unusual wear volumes at all speeds. No explanation for
this 1is known at present, it could be that this set of compacts
was unusual in some way; this pofnt will have to be studied
Jater in another project. However, neglecting the_anomaious
zinc stearate values, magnesiuﬁ stearate again has the highest

wear volume,

Figures 63 and 68-71 illustrate individual stearates and
again show that the higher density give higher wear volumes than

lower density ones.

In general, the overall conclusion for these results is that

wear volumes increased with speed, as might be expected.

7.5 EFFECT OF SLIDING DISTANCE ON WEAR VOLUME

1. Density Effect for Zinc Stearate. The compacts with the

highest density (6.8 g/cm3) showed the highest wear volume,
compare Figures 76-78, Again the lower density compacts, 6.3
and 6.5 g/cm3 give very similar wear behaviour, that is Jow
wear volumes which vary linearly with d{stance. Thjs effect can -
be seen differently in Figures 79 and 80, whereas Figure 81
shows the dramatic change in behaviour for the high density

compact.

2. Lubricant Content Effect for Zinc Stearate. Furthermore, the

effect of change in lubricant content in Figures 79 and 80, are

as would be expected, the increase in content from 0.5 to 1.5 wt%




gives an increase in wear volume. It is assumed that this

might be due to the known decrease in compaction behaviour for
materials pressed at lubricant levels beyond the optimum value
of 0.5 wt%. The increase in lubricant content above this value

causes a weakening effect in the compact due to reduced compaction.

Examination of Figures 29(a) and (b), demonétéaﬁesjhow the
density of a compact controls the surface. There aré‘cbhsiderab1e
differences in surface topography between compacts with a density
of 5.5 and 6.8 g/cm3. It is noticeable also, that the surface of
the compact with the highest density is very different from a]T
the others, see Figures 29(a) and (b). It is this difference in
surface character which appears to have such an effect on the wear
measurements, as already reported in past sections (see‘Sections
7.31 and 7.32). This difference in surface would also explain
the results of Figure 81, where the variation of results is
difficult to interpret. Presumably, there is an inter-relation
between Tubricant content and density that cannot easily be under-

stood from these results.

The effect of density on wear volumes for each of the other
1dbricants'can be seen in Figures. 82-85. A1l these lubricants
show the anomalous effects for the high density (6.8 g/cm3)
compacts, as well as a linear relationship for all compacts

below this density.

3. Comparison of Stearates. Direct comparisons are shown in

Figures 86-88 for each density level. These show that for densi-

ties of 6.3-6.5 g/cm3, zinc stearate exhibits the lowest wear
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volume; with the others giving higher wear volumes, in particular

sodium stearate shows high wear volumes.

The ﬁeaf scars shown in Figure 89, give some idea of tEe
effect of sliding distance bn the surfaces of wearing compacts.
These show‘some retention of wear debris on the surfaces, as well
as Wwithin the pores. For comparison of Figure 89 with Figure 30
shows how the surfaces of the compacts have changed. It is assu-
med that similar wear scars are obtained for the other Tubricants,
these cannot be presented here because of the large number of

photographs that would be requfred.

An overall conclusion for this section, would be that wear
volume increases linearly with sliding distance for specimeh; of
density below 6.5 g/cm3. This would agree with Archards equation

of wear.

7.6 EFFECT OF HARDNESS ON WEAR VOLUME

1. Hardness and Load Effects. For a constant speed, increasing

the Toad, increases the wear volumes. Figures'90 and 91 show this
effect, where it is noticeable that for a range axially surface
hardness from 10-40 VHN (also means change in density) there is
minimum wear volume for compacts with surface hardness around

30 VHN. This corresponds to the densities: 6.3-6.5 g/cm-3,
already discussed. At high loads, the results separate c]eariy,
so that it can be seen that again zinc and calcium stearates

give low wear volumes to the compacts containing them. Also,
magnesium and sodium stearates give the highest wear volumes under

the same conditions.
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2. Hardness and Speed Effects. Under constant load conditions,

an increase in speed in general increases the wear volumes, com- |
pare Figures 92 and 93. Zinc stearate again gives low wear
volumes (Figure 93) for compacts having axial surface hardnesses
below 33 VHN., Here magnesium.stearate gives the highest wear
volﬁmes. Again the wear volumes accelerate for compacts with a

high hardness (or high density around 6.8 g/cm3).

3. Hardness and Sliding Distance. If the axial surface hardness

is above 33 VHN, i.e. the density is above 6.5 g/cm3, wear volumes
increase rapidly with siiding distance. Differentiation between

stearates is again difficult here.

In all three cases above, the Archard wear equation could be
applied easily; but above the critical hardness (or density) the

wear behaviour appears to change.

4, Density Effects. Since Density and Hardness are related,

similar conclusions can be drawn from Density versus Wear VYolumes
with varying conditions of load, speed and sliding distance.
Figures 96-101 are included here to complete the survey of

results (see Section 7.2).

7.7 WEAR RATE STUDIES

Although values of wear volume are useful in examining wear
behaviour, some benefit can be obtained in trying to estimate

Kear Rates. These rates were obtained from previous results by
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" computer anélysis,_so that onlyﬁggg_rate was obtained for each

set of results conﬁfdered.

1. Density and Wear Rate.’ Figure 102 shows that in the Load

étudies, the wear rates increase With.density for lubricant Tevels
below 1.5 wt%. The values for 1.5 wt% can be considered to be
either slightly decreasing with denéity, or more .probably they

are static within experimental error.

For Speed Studies, Figure 103, the wear rates also increase

with density.

Similarly in Figure 104, the wear rates in the Distance

Studies show a similar trend.

2. Lubricant Level and Wear Rate. Figures 105-107 illustrate

the above results in a different and perhaps clear manner. The
resylts for the high density, 6.8 g/cm3, compacts behave differently
to the lower density compacts. The fdrmer all have high wear rates
in all the studies with load, speed and distance variations. A];o,
the compacts coﬁtaining 1.5 wt% of 1ubricanf all had lower wear
rates for this density. In generé] the other compacts tended to
havé a progressively increasing wear rate frrespective of the

increase in lubricant content.

Comparison of Figures 102-107, show that load has the greater

effect on increasing wear rates, with speed and distance having

lesser effects respectively.
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3. Comparison of Lubricants and Wear Rates. At 1 wt% level of

lubricant content, a comparison of wear rates is possible by
examination of Figures 108-110. Here again the wear rates

are most effected by variations in Tcad and speed, rather than

distance. Compare these Figures 108-110 with Figures 105-107.

Furthermore, each set of results in Figures 106-108 show that
zinc stearate gives the Towest wear rates and that magnesium stea-

rate gives the highest wear rates,

For varying 'load conditions (see Figure 108), calcium stearate
appears -to have similar lubricating properties to zinc stearate,
~ However, this is not so for variations in speed and distance

(see Figures 109 and 110}.

7.8 CALCULATIONS ON POSSIBLE DIE LIFE FROM NEAR STUDIES

From the resu]ts obtained from the studies of the effect of
applied load, speed, sliding distance, density and hardness on
the wear behaviour of compacts, it has been shown that the volume
of'wear for the compacts is directly proportional to the applied

load, speed, and sliding distance in most cases.

But when the hardness is concerned, two situations were
observed. The first is for the compacts with density value of
less than 6.5 g/cm3, it was shown that the volume of wear is
inversely proportional to the hardness of the compact. For this

case an agreement with Archard's equation can be seen.

For the compacts which have a value of density higher than

6.5 g/cm3, it was shown that the volume of wear is not inversely
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proportional to the hardness of the compacts but directly prop-
ortional to hardness; i.e. the volume of wear was increased

when the hardness of the compact was increased.

_ Before carrying out any calculation of the possible tool
life, the value of wear coefficient in Archard's equation must

be calculated.

1. Calculating the value of Z: The Archard’s equation 2 can be

written in the following form:

™~

]
-
=

(38)

=
b33

volume of wear; H = hardness of compact;

1]

where: V

W applied load; x = sliding distance.

The values of these factors have been determined before,
as shown by the results obtained in Chapter 5. For the accuracy

of the calculation, two cases will be considered:

a) Compact density 6.3 g/cm3 and zinc stearate content of

1.0 wt%.

i) w = 0.6 kg
X = 0.3014 x 106 mm
V= 0.1734 m
H = 26 kg/mn’

by substituting these values in equation'38 the value

“of Z is:

Z, = 2.49 x 1070
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b}

1) w=1.2 kg
x = 0.3014 x 10® mm
v = 0.2171 mn°
H = 26 kg/m

From eduation 37:

_ -5
Zii = 1.5 x 10

2.4 kg

i) w =
x = 0.3014 x 10% mm
V=20.708 mm3 n
H = 26 kg/mi®

n -5
Ziii = 3.2 x 10

An average value of Z is:

7 =2.41 x 107°

Compact density 6.5 g/cm3 and zinc stearate content of

1.0 wt%.
i) w=0.6kg
X = 0.3014 x 10° mm
V= 0.164 m
H = 33 kg/mm’
Then:

Z, = 2.99 x 107°
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i1) w=1.2 kg
% =0.3014 x 10° m
V = 0.38925 mo
W= 33 kg/mm
Then:
Z.. =3.55x 1070
11 .
ii1) w=2.4kg
x = 0.3014 x 10° mm
¥ =1.536 mm3
H= 33 kg/mm2
Then:
) -5
Ziii = 7,0 x 10
The average va]ue'of Zis:
Z=3.277 x 107 (40)

From (40) and (39} the range of the values of Z can be

derived;

5

Z=(2.41 - 3.3) x 107 (41)

The values of Z for compacts of other lubricants have been

obtained by the same way and they are shown in the following

table:




Content
1.0 wt%

Lubricant

Stearate Type

Zinc

Calcium

Sodium

Aluminium

Magnesium

of "Zli
values
x 10-5

The range |

2.4-3.3

0.5-1.7

2.3-4.3

3.2-6.6

3.6-10.6

2. Calculation of Possible Tool Life: An'équation to calculate

the thickness of the worn area on the die was derived by Mallender

"~ and Coleman1 as follows:

H ,
. _ _compact Z
Yate = H,,_~ [F (#-5¢ * Log)]

where: Ydie = thickness of worn area on the die; H

. '='hardness'of_the'die;

hardness of compact; Hd1e
159

F = flow pressure of the softer material “7; ¢ = final

compaction movement; o_ = compaction pressure; L =

o

compact length for our case L = 10 mm; op = ejection stress.

Mallender and Coleman derived this equation by using the

Archard's equation (2) and by assuming ﬁhe applicability of the

statement which indicatés that the amount of wear occurring

between two sliding materials are inversely proportional to their

hardness.

Equétion {41) has been derived by assuming that Archard's

compact -

eQuation can be applied for all densitieé. Our results suggested

that this equation cannot be applied for compacts which have




densities higher than 6.5 g/cm3; i.e. for the first case when
the volume of wear is directly proportional to the load, distance

and 1nverse1y to the compact hardness.

By accepting the applicability of equation (41) for the
densities less than the value of 6.5 g/cm3, the die worn area
thickness can be determined. If the\a]]owance on the die diameters |
was assumed, then the die Tife can'eésily be determined before it

is worn out.

For the cases of 6.3 and 6.5 g/cm3 compact densities and
lubricant content of 1.0 wt%, and by assuming the value of
L =1.0mm and F = 1500 N/mmz, and referring to the following

Table for the stress values®, the values of Y4je Can be deter-

mined.
Radial Stress MN/m2 Ejection Stress MN/m2
Stearate
Content . Compact Density: _ Compact Density:
1.0 wt% _ 3 3 3 3
6.3 g/cm 6.5 g/cm 6.3 g/cm 6.5 g/cm
Zinc 150 215 4.5 6.1
Calcium | 151 213 5.2 6.8
Sodium 176 248 4.5 6.1
Aluminium 175 242 _ 5.9 8.0
Magnesium 174 242 5.8 7.8
|

The -values of Hdie was measured and found to be: 856 kg/mm2

and the hardness values of the different stearate compacts are
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as in the following table:

_ . >
HARDNESS DOF COMPACTS: Hcompact kg/mm
Stearate
Zinc Calcium Sodium Aluminium | Magnesium
Density -
6.3 g/cm° | 26.0 24.3 24.35 26.25 25.39
6.5 g/c_:m3 33.0 30.11 31.26 32.45 32.11
Assuming the value of the clearance for the diameter is
b X 10-3 mm, then the table below gives the 1ife values for the

die used on iron powder with different stearates.

The die life was calculated for the two Timits of Z values

range.

Stearate E? Stearate Lubricant "

(%3

%?Stﬁﬂi 2 Zinc | Calcium| Sodium | Aluminium | Magnesium
Die life 6.3 | 52,910 | 17,353 | 51,860 32,662 30,275

by com- _

pact 6.5 [21,360 | 44,635 | 15,457 9,310 5,895
number

-

Here again Zinc and Calcium Stearates give good lubrication

and hence longer 1ife to powder metallurgy dies.

2.9 SUMMARY OF WEAR STUDIES

Examination of the areas of study in this research (see

diagram at beginning of this chapter), shows that there are many
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variables that are invb]ved, either directly, or indirectly in

these wear experiments,

As has been seen in this discussion thapter, some of the
relationships between the variables are compiex or difficult

to understand or interpret.

For this reason, many of the results have been plotted in
a number of different ways, in an attempt to reach_some con-
clusions about each factor. Some of these Figures have helped
in this discussion of results. It is now possible to make
‘some overall summarj-of the main points discovered in this

research, these are listed as follows:

Load Studies: The effect of hardness has been difficult to

assess, because the exact value of hardness varies within a

wear pin (or compact) as the studies on axial and diametrical

hardness distributions showed (Section 7.2). Therefore the
use of an average hardhess value could be suspect in any wear
calculations. The range of hardness was from 20-55 VHN. It is

‘also obvious that density and hardness are directly linked, and

both of these are affected by the microstructure of the porous

" materials used in this research.

The wear behaviour in these Load Studies was dependent on
~the level of density. Below 6.5 g/cm3 one type of wear behaviour
was seen; whereas above this value, a different behaviour was

observed. In general, wear volume increased with load in a non-

linear manner. Furthermore, high density materials showed high
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wear volumes.
When considering the effects of the presence of stearate
Tubricants, the effect of the content of stearate was difficult

to assess since it was masked by the microstructure and density

effects mentioned above. The effect of lubricant type appears to

be clear in most cases examined the materials containing zinc

stearate showed the lowest wear volumes. In some cases calcium

stearate also showed Tow wear volumes. On-the other hand,

materials containing magnesium stearate nearly always showed

the highest wear volumes.

Speed Studies: As would be expected these experiments showed

that with the increase in sliding speed there was in general an

increase in wear volume. If the speeds were excessive, i.e. about

20,000 cm/min, the materials would tend to break up at the sliding
interface. This effect was seen for very low densities e.g. 5.5,
and for very high densities, e.g. 6.8 g/cm3. With respect to the
preseﬁce of stearate Tubricants in the wearing surfaces; those

materials containing zinc stearate showed the Towest wear volumes.

Magnesium stearate was still the worst Tubricant,

Distance Studies: Many of the plots of wear volume against

sliding distance showed linear relationships. This was particu]arly

true for those materials containing zinc stearate, which again

showed the Towest wear volumes. The linear relationship between

wear volume and distance, for materials containing other types of
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metallic stearates studied in this research, was also

seen.,

Wear Rates: These increased with ldad and increase of density.

The wear rates for the Speed Studies-and'the Distance Studies

showed similar relationships,

As would be expected from the above summaries, the wear

rates for zinc stearate (and in some cases for calcium stearate)
were the Towest when combared with the other stearates. Further-

more, magnesium stearate ‘had the highest wear rates.

Die Wear Estimations: Results presenfed in Section 7.8.2, which

were calculated using some of the measurements and observations
gathered in this research, reinforce the conclusions summarised

above. That is, zinc stearate would give the lowest die wear and

the other stearates in decreasing usefulness would bhe: calcium,
sodium, aluminium and magnesium. These results are for densities
around 6.5 g/cm3, unfortunately because of the anomalous results
for materials with a density greater than this value (6.8 g/cm3),
the Archard type equation does not hold and so the estimations. of
die wear for densities in the region of 7.0 g/cm3 cannot be
easily calculated without further study. This would involve ’.che

development of another wear equation for this system.
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CHAPTER 8

DISCUSSION OF RESULTS OF FRICTION STUDIES

Only a limited study was possible on tﬁe friction behaviour
of these powder metal and Tlubricant systems. Theée results on
friction studies have been separated from the wear studies
(reported in Chapter 7) for clarity. However, the discussion
and idéas.discussed in the previdus chapter must also be consi-

dered here.

8.1 FRICTION FORCE VARIATION WITH LOAD AND TIME

1. Calibration of Friction Force, The calibration graph for

horizontal force and mV output for this wear apparatus is shown
in Figure 111. This explains that ail mV output readings of the
apparatus are linearly propertional to the friction forces mea-

sured in these studies.

2. Friction Force and Load Variation with Time. Figure 112

gives the 1 second values which are closest to "static friction
force” values. It can be seen that for all the lubricants a
similar set of results were obtained. That is, the friction for-

ces in all cases increased with increased loads up to around 2 kg.

Although it is difficult to differentiate between lubricants
at this stage, zinc stearate appears to give a low friction force
value, particularly at high loads around 2 kg. It can be seen also

that the slope of the zinc stearate line is the lowest amongst a
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group of lines which have small slopes anyway.
Force studies after 5 and 15 éeconds,‘Figures 113 and 114,

show that these slopes increase considerably with time.

It will be shoWn-iater; in Section 8.3, thﬁﬁ because of the
large variation in friction force with tiﬁe after periods greater
than 15 seconds, further interpretation of fesu1ts becomes very
difficult. Hence no further results are included here after 60 |

seconds.

8.2 FRICTION COEFFICIENT VARIATION WITH3L0AD‘

1. Static Friction Values. Examination of Figures 115-117 show

 that the coefficient of friction at the start of a test decreases
with the applied Joad. Comparison of these Figures shows that
the density of the compacts does not affect the results in this

case.

The values of u for each stearate are very similar to each
other, and no differentiation is possible between one stearate

and another.

2. Kinetic Friction Values. It has been assumed here that after

5 seconds of sliding that a kinetic state has been reached.'From
Figures 118-120, a near constant value of u = 0.2 appearé to have
been reached. Again the effect of differing densities does not
change these values appreciab1y. Distinction betWeen each stea-
rate is again impossible; since the variatfons in the graphs.is

probably within experimental error.
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After sliding for 10 seconds, the results are slightly
different (see Figures 121-123). The-va1ue of u appears to
increase sliightly abbve 0.2 for each stearate and the effect of
increasing load is becoming more apparent. Furthermore, the
separation between the u values of each stearate are becoming
more distinct. Again the effect‘of different densities does not

appear to affect these results.

Similar results were obtained for values at 15 seconds,

- but these are not reported here.

Results for 20 seconds of sliding are shown in Figures
124-126. Here again there is a slight increase in u values as
the load is changed, but no apparent difference is seen between

compacts with different densities.

Figures 127-129 show that after 40 seconds of sliding,
the values of u are between 0.3 and 0.4 for loads over 1 kg.

Some differences are now seen due to the differing densities.

Results for 50 seconds sliding, see Figures 130-132, begin
to show differences due to the'differing densities. The compacts
with the highest density of 6.8 g/cm3 {and some of the highest
wear) give the lowest value of u, see Figure 132, Presumably, this
is because the lubricants and wear debris help the sliding sur-
faces, giving values of u bétween 0.1 and 0.2. This means that
the shear forces contributing to the friction force are low due

to this "film" between the surfaces.

For sliding times for 60 seconds and longer, this "film"
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effect is more pronounced. Figure 135 shows that as the load
" is increased above 1 kg the value of u is between 0.1 and 0.2,

which is typical of a "lubricated" system.

Figures.133-135 demonstrate how the dénsity,'and presumably
the surface topography, of:the compacts affects the coefficient
of friction yalues. It is'difficu1t to distinguish one stearate
from another, but zinc stearate stifl appears to give Some of
the lowest values of u (see Figure 133). Results from these
Figures are assumed to be those for a “stable" sliding system and

that any increase in time would not affect the results drastically.

8.3 FRICTION COEFFICIENT VARIATION WITH TIME

A full set of results for all the stearates was not pbssible.
However, a study was .possible with calcium stearate over a range
of 5 densities, varyiﬁg from 5.5 - 6.8 g/cm3. These results aré
seen in Figures 136-140. These all demonstrate that "stable" |
sliding conditions are only achieved after 60 seconds. Fluctuationé
in u occur atrhigher times, but these are within certain limits.
For'example,: for the highest wearing system with density of
6.8 g/cm3 (Figure 140), a Fair1y constant value of p between 0.24

and 0.28 is achieved for 16ng stiding times.

Except for results of compacts with density of 5.5 g/cm3
(Figure 136), there is a gradual decrease in u for all the compacts
with increasiné density. Again, it is suggested that this is due to
the development of a "wear film" between the sliding surfaces.

This would assume that high density compacts are approaching a
“Tubricated" system. w
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8.4 FRICTION COEFFICIENT VARIATION WITH DENSITY

The results from the previous Section (8.3) can be
re-examined in a sTightly different way to see if there is any
effect due to density. Becaﬁse of the 1afge number of variables
already discussed, interpretation of Figure§ 141-142 is difficult.
However, it can be seén that the overall conclusion is that the
average coefficient of friction;increases with ‘'time as already

shown and that some stabilisation at times greater than 60 seconds

i—sHding can occur.

8.5 FRICTION COEFFICIENT VARIATION WITH HARDNESS

Figures ]444146 are really a duplication of results discussed .~
briefly in Section 8.4 above, since density and hardness for these
studies are directly related. However they are included for

completeness although their interpretation is difficult.

8.6 SUMMARY

Results in this section are limited because there was not
sufficiépt time to carry out a complete survey as with the Wear
Studies. Again the complexity of the‘s1iding system is apparent,
which often made interpretation df the results difficult., How-

ever, some general points can be summarised as follows:

Friction Force, Load and Time: It was found that the friction

force varied considerably with sliding time between 1 and 60

seconds. For low times, this force increased linearly with load .

As the time increased, the slope of this Tinear relationship tended




to increase. For compaction press studies, only times less
than 15 seconds are useful, since this is the maximum duration
of most industrial pressing cycles. Therefore, more emphasis

was placed on results determined in times Tess than 15 seconds.

Coefficient of Friction: The value of u is obviously related

to the friction force and load resu]ts mentioned ahbove, Va]ues of

u for short times (1 second) for all the stearate lubricants

decrease with load. Such va]ue; have been considered to be

close to “static" coefficient of friction values.

For higher sliding times, W fbr all stearate lubricants
again decreases with load, although this decrease is now not so
severe. Presumably this is due to the Toad spreading out a film
of lubricant and wear debris between the sliding surfaces, so
that the higher the load, the greater area of this film is

present between the sliding surfaces.

For Tonger periods of sliding (over 15 seconds) similar
conclusions have been drawn. That is, u decreases with increasing

load for Tonger periods of sliding.

Finally, for studies with calcium stearate at constant load,

the friction coefficient increases with time.  Presumably because -

the Tubricant film becomes "flooded" with wear debris and the
resultant film between the sliding surfaces loses its Tubricating
properties. Typical increases in u are from 0.20 to 0.39 over a

period of 60 seconds.

- 150 =




CHAPTER 9

CONCLUSIONS AND SUGGESTIONS FOR
' FUTURE WORK

9.1 CONCLUSIONS

\
\
1. Wear Studies ' |
a) Effect of load variation on wear studies

b) Effect of speed variation on wear studies

c) Effect of distance variation on wear studies

d} Mear rate

e) Die wear calculations

2. Friction Studies

9.2 SUGGESTIONS FOR FUTURE WORK




CHAPTER 9
CONCLUSIONS AND SUGGESTIONS FOR

FUTURE WORK

9.1 CONCLUSIONS

Due to the wide range of variables and the complexity of
some of the relationships, definite conclusions are not always
possible for this research. Those conclusions that can be
drawn from the study of the determinations, observations and

calculations are listed as foliows.

1. The density of the iron powder/stearate compacts controls
the overall wear behaviour. This factor also controls the
microstructure and therefore has an effect on the sliding

surfaces.

2. The hardness of the powder compacts varies within the
compact in all three directions, this makes it difficult to
assess an exact hardness value for a metal powder component
unTike a fully dense metal. The hardness distribution is
controlled by the compaction process, the nature of the
metal powder particles and the type and content of the

lubricant {or stearate) addition.

3. There is a direct relationship between density and hardness
for powder metal components. Both of these are related to

the lubricant (or stearate) content.

- 152 -




b)

Wear Studies:

Effect of Load Yariation on Wear Studies:

Wear studies with variation in load show that in general the

wear volume increased with applied load. This wear behaviour

was dependent on density, one type of wear was observed for
compacts with densities below 6.5 g/cm3, where the wear

decreased with increasing density {or hardness) as predicted
by wear equations. For compacts with densities greater than
thié value, increased wear was observed which is the reverse

of predictions given by standard wear theory.

Comparison of stearates as admixed Tubricants in these iron
powder/lubricant systems were shown in these wear studies

to behave differently. Compacts with zinc stearate showed

the Towest wear volumes. In some cases calcium stearate also

showed Tow wear volumes, but magnesium stearate in the compacts

produced high wear volumes.

Effect of Speed on Wear Studies:

In general, increasing the sliding speed increased the wear

voiume.

If speeds greater than 20,000 cm/min were involved, compact

surfaces tended to break up.

In these studies, again zinc stearate showed the lowest wear

volume and magnesium stearate showed the highest wear volume.




c)

10.

d)

11..

12.

13.

14, -

15.

Effect of Distance on Wear Studies:

Many of the plots of wear Vo]ume against sTiding distance

showed a linear relationship.

Zinc stearate again showed the lowest wear volume.

Wear Rates:

These were related to density and load, the wear rates all

increased with increase in these factors.

Wear rates in speed and distance studies also showed a

similar set of relationships.

The lowest wear rate was observed for compacts containing

zinc stearate, and the highest wear rates were again seen

for compacts containing magnesium stearate.

Die Wear Calculations:

Using the data gathered in this research, it is possible to
estimate a die 1ife for a tool steel, as used in industrial

presses.

Calculations indicate, as would be expected from the fore-

going conclusions, that the order of lubricants that would

reduce die wear is as follows:

Best lubricant: Zinc stearate
Calcium stearate
Sodium stearate

Aluminium stearate
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16.

17.

18.

19.

20.

21.

Worst Tubricant: Magnesium stearate

Calculations on die wear were only possible for compacts
of density up to the level of 6.5 g/cms, because the wear
behaviour of compacts with greater density gave anomalous

results (see conclusion 4).

Friction Studies:

Sliding time affected the variation of f}iction force with

load for periods up to 60 seconds of sliding.

For sliding times of Tess than 15 seconds the friction

force increased linearly with load. This period of time 1is

the most important one for industrial press studies, since

most compaction processes take less than this time period.

The coefficient of friction (u)is obviously related to

friction force and load, and for short times of sliding

(around T second) this coefficient decreases with load for

all the stearates examined. These values decreased in the

order of: u = 0.3 to 0.1. These values are considered to be

close to the "static" friction coefficient values for these

iron powder/stearate/tool steel s]idihg systems.

For higher sliding times (greater than 1 second) the coeffi-
cient of friction forall the stearates decreased with load

in a less severe manner, for example y = 0.3 to 0.2.

'For constant load, the value of the friction coefficient

increases with time. Results with calcium stearate only,

show that u changes from 0.20 to 0.38 in 60 seconds.
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9.2 SUGGESTIONS FOR FUTURE WORK

Only a limited amount of study was possible on the friction
behaviour of powder_meta]/stearate/tdo] steel systems, there-

fore it is suggested that the following areas might be studied:

1. Investigation of.friction between other powder/lubricant

| systems and die/tool steels.

2. Examination of friction for other tool materials, e;g.

carbides, nitride materials.

3. Investigation of the effects of the following factors on
friction behaviour, |
lubricant structure
temperature
speed
and distance
4.  An examination of friction under very high loads, similar

to those experienced in industrial production presses,

5. In the wear behaviour area, some consideration might be
given to the study of wear volume or wear rates for high

density compacts with densities above 6.8 g/cm3.
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10.2 APPENDIX

Derivation of the Wear Yolume Equation:

The following equation has been used in calculating the

value of the volume of wear in this work: .

ﬂa‘*

V= @y

-ﬁ

(A)

where: a = small diameter of the worn area; r = compact radius;

and R = disc radius see Figure 147.

This is the well known equation for the case of cross-
161,160 '

cylinders case

In deriving this equation the following procedure was

followed:

When two cross-cylinders are in contact and sliding against
each other, then wear will take place at the area of contact.
This area of contact, which is in fact rectangular, will be given

by the following formula:
A= XY (B)

~where: X, Y are the diameters of this area on X-Y plane, see

Figures 148 and 149,

The volume of this element will be given by an integration

form as follows:

- 172 =



s , S
V= [ XY dz | | (C)
0

This integration cannot be carried out in this form, so it
has to be converted to an acceptable form. From Figure 147 the

following formula can be derived:
R2 = ($)2 + (R-d)? o (D)

where: y £Ilength of the trace on the disc; R = radius of the

disc, and d = depth of the worn area on the disc.

Equation D can be -re-written in the following form:
2 |
J— = Rd-d?2 -~ (E)

Then, by ignoring the terms of the second order equation E takes

the following form:

2
9= = 2Rd
or:
2
d =% (F)

If the same procedure was followed on the disg a very simi=-

lar equation can be obtained as follows:

2 .
5 =3 (6)




From equations F and G:

~ ~b2 2
Z = §-d -gﬁ-*%g
i.e. y = /b2 = 8RZ (H)

~From Figure 149, a similar equation to E can be written:

X2
= (212
i.e. X = /BZ | (1)

where: r = radiﬁs of the compact; Z = depth of the worn area,

and X = length of the worn area as shown in Figure 149.

By the same procedure, an equation similar to G can be

written:
a 2 ’ .
$ = g7r (J)

Substituting equations H and I in equation C, it takes

the following form:

. |
'v=°ffs‘ri./b2-8rzz dz (K)

Equation K is not easy to integrate,however since the
values of r, b and R are constant, it can be assumed that

the following is true:

8RZ = b2 cos2g (L)




By differentiating both sides:

8R.dz = n2‘b2.-sine.cose.de

] b2,51n5.cos6.
i.e. dz = - TR de | (M)

By substituting equations L and M into equation K, the

following form can be obtained:

8 L —— b2 |
V = -f/-g .b.cose.b /1-cose. %ﬁ sind.cose de
o ‘

N~ .
i.e y = DA J cos?e. sin2e, do (N)
- 4 JR3 o :
But:
cos68.5ing = 312 26
| - - gin2
hence cos2e -« sin?g = 5121_39 ' (0)

Also:

2sin2 28 = 1 - cos 46

so that equation O becomes:

c0s29.sin2e ='% (1 -~ cos 4e) (P)

Substituting these in equation N:
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b* /v 1 1 (1 - cos 4e).do

V= - 5
R
4 § =
i a V=2 /E: [ (1 = cos 4e) de (Q)
64 /AT o

The 1imits of this integration must be changed to suit the

value of 9.

Equation L can be re-written in the following form:

cosd = /-—8—R-Z-

h2
i.e. o = cos™! .§EZ (R)
_ b2
when: Z=0 +6 = % (Tower term)
_ b2
LZ=§=gg »0° 0 (upper term)
Substituting in the integration of equation Q we get:
L 0
y=-2 /r [ (1 - cos 48).de
64 vR3 /2
4 .
v=-2b if (- s1n44e]0
64 vR3 /2
b | :
V= m b* v - (s)
64 VR3 |
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where: b is the larger diameter of the worn area.

Alternatively equation S can be written in another form,

in respect to the small diameter of the worn area (a) as

follows:
5 = b2 a2
=B B
Hence:
8R.a?
2
b® = .
4 ok
i.e b = R éa (T)
r .

Substituting equation T into equation S, the following

equation can be obtained:

V = 1r a‘*./ﬁ (U)
64 /r3

In this research work, equation U was used in evaluating .

“the volume of wear.
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Fig, 13 Vickers Pyramid Hardness Testing Machine



Fig.14 Vickers Pyramid Hardness Testing Machine
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Fig. 19 General View cf the Powder Mixer




Fig. 20 Disc Centrifuge with Photosedimentometer




Fig. 21 S.E.M Photographs for Iron
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Fig.23- S.EM Photographs for Lubricants
11Zinc;2)Calcium; 3 ) Sodium
LYAluminium ; 5 )Magnesium

AllPhotographs atX 450







Fig.24 SEM Phetographs for Lubricants
1 Zinc, 2)Calcium; 3)Sodium
L)Aluminium ; S)Magnesium.
All Photographs at X 1800
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Fig.26 TEM. Photographs for the disc surface |
before run faken by replica.
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Fig. 27 OM. Photographs for Ironand different
Stearates Mixtures.
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Powder - All Photographs at X 150 -
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Fig.29a S.E.M Photographs for Surfaces
of Calcium Stearate Specimens
Densifies:1)555, 2)5.93,3)
63; 4 )65 5)6.8 g/cme.

All Photographs at X450






Fig.29b S.EM Photographs for Surfaces
of Calcium Stearate Specimens 1
Densities:1)55° , 2)59. ,3) | ‘
63, 4)65;5)6.8 g/cm.
All Photographs atX180
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Fig. 30a S.EM Photographs for Surfaces of o ;
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1) Zihc ; 21 Calcium, 3) Sodium
L) Aluminium ; S} Magnesium
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Fig. 30b S.E.M Photographs for Surfaces of
Specimens with different Stearate
1) Zinc ; 2 ) Calcium ;3) Sodium

4) Aluminium ; 5 ) Magnesium

All Photographs atX 450
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Fig.61a
S.E.M.Photographs
forWear Scars on
Compacts from Load
Trials.

Density: 6.5 g/crn3
Lubricant contents:
1.0 wt % Zinc.
Loads:1)600,2 )
1200, 3) 2400 g. -
All Photographs at:
X 180




Fig. 615 S.EM Photographs for Wear Scars
on Compacts from Load Trials.
Density: 6.5 g/cmB; Lubricant Cont-
ent: 10 wt% ;Loads 1) 600,
211200 g
All Photographs atX450
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Fig.75 a

SEM Photographs
forWear Scars on
Compacts from Speed
Trials.

Density : 6.5 g/cr%
Lubricant contents:
1.0 wt %Zinc
Speeds 1)6029
2115230, 3)30461
cm/minute.

All Photographs at :




Fig.75b
S.EM Photographs

forWear Scars on
Compacts from Speed
Trials.

Density : 6.5 g/cr%
Lubricant confents:
1.0 wt %Zinc.
Speeds 1)6029 ;
2115230, 3)30461
cm/minute.
AllPhotographs at :
X 450.
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Fig.89
SEM Photographs for

Wear Scars on Compacts
from Distance Trials.
Density: 65 g/cm3
Lubricant confents :
1.0 wt% Zinc.
Distance: 1)60287;
21150718 ; 3 )241149
cm.

AUl Photogrphs at:

X 180.
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TYPES OF ZINC SODIUM MAGNESIUM ALUMINIUM CALCTUM STEARATE
LUBRICANT STEARATE STEARATE STEARATE STEARATE
DENSITY g/cm3 6.3 16,51 6.8] 6.3]| 6.5]6.8 |6.3] 6.5 6.8]6.3 |6.5]| 6.8 5.5|5.9 | 6.3| 6.5/6.8
0.51 0.5/0.5
LUBRICANT
RATIO 1.0{ 1.0[1.0 1,0 1.0 1.0 1.0
wt % l1.5] 1.5[1.5
Table 1 . The densities of the compact s which have been used in this

research and the types of the lubricants and the ratios of these lubricants

which have been used in the wear and friction experiments .




Table 2

COMPARISON BETWEEN THE HOGANAS ASC 100,29 IRON POWDER WHICH USED
IN THIS WORK AND SIMILAR IRON POWDERS .

TYPE OF METHOD OF APPARENT TAPPED FLCW RATE SURFACE
DENSIT DENSITY 2
IRCN POWDER
MANUFACTURING | ") o g/ on3 |0 /%0 & [AREA on’/g
HOGANAS
ASC 100,29 ATOMISED 3,035 4.06 24.8 212
HOGANAS
s 100.29 SPONGE 2,636 3,72 40.4 207
MANNSMANN
WPL 200 ATOMISED 2,508 2,40 45,6 207
MAKINS
100 T REDUCED 2.413 3.28 46.0 332

PROPERTIES OF SOME IRON POWDERS




Table 3

PROPERTIES OF STEARATE LUBRICANTS

LUBRICANT LUBRICANT RATIO | oo {FINES [BULK VOLUME| FREE FATTY| ASH ‘é’ggggm
TYPE wt % % ce / gm ACID 9% % MATTER
e | 1.5 1.0 | 0.5 0.7 %51 5.5 0.8 14,5 0.4
Rttt 1.0 2.3 %%5—§ 5.5 0.3 9.6 0.9
s 1.0 3.5 %36—8- 5.0 0.7 8.4 0.7
AL STEARATE 1.0 e | 22 4.0 3.8 10,7 1.0
SODI‘F’%IS%EARATE 1.0 3.0 %g"d' 2.5 0.5 10,0 —




Table

4

Axial
Readings

Lubricant Type :Zinc Stearate ,lub.Ratioc:0.5 witd%, Density: 6.3 g/Cm5

Reading Distance

( mm.) 1.0 | 1.75 | 2.5 | 3.25 | 4.0 | 4.75 | 5.5 | 6.25 | 7.0 [7.750

H?rﬁgﬁsi" 25.27 127.22 |28.83 | 27.8 | 26.27|256.38 [27.27 é6.4 25.38 123,78
Table 5

Reiziiés Lubricant Type: Zinc Stearate ,Lub.Ratio:0.5 witk%, Density: 6.5 g'/cm3

Reading Distance
( m,)

1.0

2.5

3.25

4-0

4.75

5¢5

6.25

T.0

T+75

Hardness
( VEN )

32.45

36.82

53.88

31452

35.2

34,67

35.43

35-12

32.95




Table

6

Axial
Readings

Lubricant Type: Zinc Stearate yIub.Ratio:0.5 wid%, Density: 6.8 g/cm3

Reading Distance

( wm. ) 1.0 [ 1.75 | 2.5 [3.25 | 4.0 [4.75 | 5.5 [ 6.25] 7.0 | 7.75
H?r%?gsﬁ 45,57 § 46,95 | 44.23 1 42,03 | 38.4 | 41.42 | 43.53 [47.10 | 48.62 | 43.57
Table 7
Axial Lubri . . . 3
Readings ubricant Type: Zinc Stearate ,Lub.Ratio:1.0 wt %Density: €.3 g/em

Reading Distance
( mom.)

1.0

2.5

3.25

4,0

4.75

5.5

6,25

7.0

7475

Hardness
(ven )

23.88

28.72

2778

26,12

24.88

26,88

26.13

25-23

22,92




Table

8

Axial
Readings

Lubricant Type: Zinc Stearate , Lub.Ratio: 1.0 wtl¥ ,Dens.:6.5 g/cm5

Read_i’("gmgfg‘tame 1.0 [1.75 |2.50 [3.25 | 4.0 |4.75 [5.50 |6.25 7.0 [|7.75

H?rfrf}l{;s; 30.27 | 33.52 | 34.62 [ 34.98 [31.93 |33.22 | 34.9 |35.65| 34.8 |29.83
Table 9

Reigiiés Lubricant Type:Zinc Stearate ,Iub.Ratio: 1.0 wi% ,Density: 6.8 g/cm3

Reading Distance
mm.) :

1.0

1.75

2.5

3.25

4.0

4.75

5.5 -

6.29

740

7.75

Hardness
( vin )

39413

39471

40.2

40,23

35.03%

37.83

40.82

40.85

38443

34,23




Table 10
Axial Lubricant Type:Zinc Stearate, Lub.Ratio:1.5 wt % , Density:6.3 g/cm3
Readings ' ’ . 2. ' 10,
Readl?gﬁﬁ%itance 1.0 1.75 | 2.5 3,25 § 4.0 4.75 15.5 6.25 | 7.0 7.75
Herdness 20,63 | 22,68 | 23.68 { 23.52 22,93 | 24.63 | 25.02 [ 24.58 | 23.75 | 20.63
( ven )
Table (|
i | e
AX}al Lubricant Type:Zinc Stearate,lub.Ratio: 1.5 wt % , Density:6.5 g/cm
Readlngs

Reading Distance

1.0

2:5

3.25

(. ) 4.0 | 4.75 | 5.5 [ 6.25 | 7.0 | 7.75
H?”$§§S§ 25,80 [30,92 |32.62 [32.55 | 30.6 [29.83 {31.08 | 31.8 |30.03 26.32




Table 12

Axial
Readings

Lubricant Type:Zinc Stearate,Iub.Ratio: 1.5 wt % ,Density:6.8 g/cm3

Reading Distance
( mm)

1.0

175

2-5

3425

4.0

4.75

De3

6425

7.0

175

_ﬂardness
( vaw )

32.96

3517

33.27

31,68

30,97

35.72

35.57

34457

32.77




Table 13

Diametrical Tubricant Type : Zinc Stearate , ILubricant Ratio : 0.5 wt % , Density : 6.3 g/ om?
Readings
Reads.Number | 1.0 | 2.0 | 3.0 1 4.0 | 5.0 | 6.0 | 7.0 8.0 { 9.0 | 10,0 | 11.0 | 12,0 | 13.0 | 14.0
Reading 1483 | 2.95 [4.08 | 5.2 | 6.35 | 7.45 | 8.78 | 9.7 [10.82 [11.95 | 13.08] 14.20]| 15.33 [16.45
Distance mme.

Hardness |25 10 | 31.92 [32.27 [32.27 |32.63 |33.280] 33.13| 32.03]32.98 |32.53 | 32.3 [52.93 | 33.1 | 34.12
(vim)

15,0 |16.0 | 17.0( 18.0{ 19.0 |20,0 1§ 21,0 | 22,0 | 23,0 | 24.0 | 25.0 | 26.0 { 27.0 | 28.0 | 29.0 | 30.0
17.568 [ 18,70 119.83 { 20.95 | 20.08 | 23.2
34,07 | 33.77 | 33.43 | 33.23 [ 31.67 | 30.58




Table 14

Diametrical

1 4 1 -'\ il b4 0 3 - [ 3
Readings Lubricant Type : Zinc Stearate , ILubrfcant Ratio : 0.50 wt % , Density : 6.5 g /em

Read.Number 1.0 2.0 3.0 4,0 5.0 6.0 7.0 8.0 9.0 10.0 { 1.0 { 12.0 | 13,0 | 14.0

Reading 1,25 2,0 1{2.7501 3.5 |4.250{ 5.0 5.75 { 6.5 17.250 8,0} 8.75 | 9.5 10.25) 11.0

Distance( mm)

H?rdnjss 11,617 43.550 | 42.83 | 43.62 | 43.10 | 43.07 |42.14 | 42.25 | 41.87 [42.53 |43.33 |42.72 |43.67 |43.45
VHN

15,0 |16.0 [17.0 | 18.0 119.0 | 20.0 }21.0 }22.0 |23.0 {24.0 (25.0 26,0 | 27.0 | 28.0 | 29,0 130.0

11.75 (12,50 13,25 [14.00 {14.75 | 15.5 [16.25 17.0 1 17.75 1 18,5 [19.25 | 20,0 }120.75 [21.50 22,25 | 23,0

43.45] 44,024 44,431 43,431 AALT | 4406 | 44321 43.43 | 43.30 | 43.12 | 43.4 | 42.10 [ 42.12 [ 42,98 | 44.10 [ 41.7




Table 15
Diametrical Lubricant Type : Zinc Stearate , Iubricant Ratio : 0.5 wt % , Density : 6.8 & / em’
Readings
Reads.Number | 1.0 | 2.0 | 3.0 | 4.0 | 5.0 | 6.0 7.0 | 8.0 | 9.0 |10.,0 | 11.0[12.0 13,0 | 14.0
Reading 1.25' 2.0 {2.75 3,5 | 4.25 5.0 15.75 6.5 7.25 ] 8.0 18.75 9.5 10,25 11.0
Distance nm.
Harvdness o 820(53.930 [53.867 [53.650 | 52.9 | 51.63 { 52.60 | 52.35 | 52.55 | 53.23 | 53.68 | 53.2 | 50.8 |52.43
(VHN)
15,0 1 16.0 | 17.0 | 18.0 [ 19.0 | 20.0 [ 21.0 | 22.0 | 23.0 l24.0 |25.0 | 26.0| 27.0}28.0 | 29.0{ 30.0
11.75 | 12.50] 13.25] 14.0 114.75 | 15.5 | 16.25|17.0 § 17.75] 18.50 | 19.25 { 20,0 |20.75 | 21.50 | 22.25 | 23.0
51.12f 51.82} 51.22] 51.63] 51.08| 51.33| 49.97] 49.97 } 50.951 50.7 | 50.85 | 52.30 | 52.1 | 51.37 | 50.78 | 50.23




Table 16
Diametrical Lubricant Type : Zinc Stearate , lubricant Ratio : 1.0  wt % , Density : 6.3 g/ em”
Readings i )
Reads ,Number | 1.0 2.0 3.0 4.0 5.0 | 6.0 7.0 8.0 3.0 10.0 11.0 12.0 13.0 14.0

Reading 1.824 1 2.95 ]4.075|5.20 |6.33 T7.45 | 8.58 | 9.70 {10.83 [11.95 [13.075| 14.2 15.325| 16.45

Pistance mm.

-Hﬁgﬁss 27.25 | 29,53 [ 30.28 [ 30.97 31,13 [32.13 |31.48 [31.38 |30.88 [30.37 {30.72 | 31.2 [31.58 | 21.85

15.0 | 16.0 17,01 18,0 | 1.0} 20,0 | 21.0{ 22,0 | 23.0 | 24.0 | 25.0 { 26.0 { 27.0 | 28,0 { 29.0 | 30.0

17.58 | 18.70 | 19.83 | 20.95 | 22.08 | 23.20

32,30 [ 32,08 | 31.68 1} 31.35 | 30.63 | 28,93




| Table 17

Di;.::;ﬁ;zl Lubricant Type : Zinc Stearate , Lubricant Ratio : 1.0 wt % , Density : 6.5 g / en’
Reads.Number { 1.0 2.0 3.0 4.0 5.0 6.0‘ 7.0 8.0 9.0 10,0 | 11,0 | 12,0 | 13.0 | 14.0
pimeadtns 1425 {200 [2.75 3.5 | 425 [5.00 |5.75 6.5 | 7.250 [e.00 [8.75 | 9.5 [10.25 | 14.0

Hardness

(vim) 23,68 [37.58 39..43 41751 42,151 42,22 | 42,87 42.9 41.8 41.02 140,37 | 39.88 | 39.23 | 38.67
15.0 16.0 17.0 18,01 19.0 | 20.0 § 21.0 22,0 123.0 24,01 25,01 26.0 | 27.0 ] 28,0 |29.0 |30.0
11,751 12,5 | 13.25| 14.0 § 14.75( 15.5 [ 16,25 [ 17.0 | 17.75 [ 18.50 [19.25 | 20.0 }20.75 |21.50 | 22.25 [23.0
78.1 38.18 | 38,78 39.471 404121 40.55 | A1.47 | 41.52 140.73 140,27 [39.97 | 39.42 }38.85 |38.6% | 38,08 [35.68




Table 18
Di;z:;ii;al Lubricant Type : Zinc Stearate , Lubricant Ratio : 1.0 wt % , Density : 6.8 g/ cm3
Reads.Number § 1.0 | 2.0 | 3.0 | 4.0 5.0 6.0 7.0 8.0 9.0 |10.0 {11.0 |12.0 [13.0 |14.0
Reading :
Distance wm, | 1425 [ 20 | 275 [ 3.5 | 4.25 | 5.0 | 5.75 | 6.5 | 7.25 [ 8.0 [ 8.75 [ 9.50 | 10.25] 11.0
HerOnsss 472 [46.98 | 47.77(48.83 [49.48 | 49.2 [50.82 [51.17 | 51.0 19.67 | 48.82 | 47.23 | 46.95 | 46.26
15.0] 16.0 | 17.0 { 18,0 § 19,0 | 20.0 | 21,0 | 22.0 | 23.0 | 24.0 { 25.0 | 26.0 | 27.0 V 28.0 | 29,0 | 30.0
11.75] 12,5 | 13.25| 14.0 |14.75 [15.5 {16.25 | 17.0 | 17.75) 18,5 | 19.25[ 20.0 [20,75 [|21.50 | 22.25] 23.0
45.33| 46.62| 47.78|48.78 [48.35 [48.47 [48.37 | 48.02) 48.55| 47.9 [46.47 | 46.32| 46.15| 45.23 | 44.42| 22.83




Table 19
Dig&zzﬁ‘iéal Lubricant Type : Zinc Stearate , Iubricant Ratio : 1.5 wt% y Density : 6.3 g/ em>
Reads .Numbex 1.0 1 2.0 3.0 4.0 5.0 6.0 1 7.0 8.0 9.0 10,0 | 1.0 | 12,0 | 13.0 | 14.0
Reading
Distance . 1.25 | 2.0 275 | 3.5 |4.25 5.0 15.75 6.5 7.25 1 8.0 8.75 | 9.5 10,251 1.0
H?\f}?ﬁiss 30.25 130,88 | 31.3 | 32,0 | 32.7 | 33.12[33.05 | 32.7 |32.15 |31.28 [30.95 {30.55 [30.18 [29.83
15,0} 16.0 }17.0 }18.0 19.0 | 20.0 ] 21.0 | 22.0 | 23.0 } 24.0 } 25,0 | 26.0 | 27.0 | 28.0 | 29.0 | 30.0
11.75 | 12.5 | 13.25] 14.0 |14.75 [15.5 [16.25 [17.0 [|17.75 | 18.5 }19.25 | 20.0 | 20.75| 21.5| 22.25| 23.C
29.12129.73 [30.35 | 30.43 [30.93 | 31.4 [30.22 |32.17 [32.42 | 31.8 |31.10 |31.07 |30.73 {30.33 129.75 [28.67




Table 20
Di;gzgii;al Lubricant Type : Zinc Stearate , Lubricant Ratio : 1.5 wt % , Density : 6f5 g/ cm3
Reads.Number | 1.0 2.0 2.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 | 11.0 | 12,0 | 13.0 | 14.0
Reading . ‘ , .
Distance mm. 1.25 ] 2.0 2.75 3.5 4425 [ 5.0 5.75 | 6.5 7.25 | 8.0 8,75 | 9.5 (10.25 | 11.0
RS |36.92 [38.35 (3893 [39.13 |39.25 [40.23 |39.02 [38.96 | 38.7 [58.35 [37.67 [36.95 [36.35 [35.93
15.0] 16,0 ] 17.0 ] 18,0 | 19.0 | 20,0 | 21.0 | 22,0 | 23.0 | 24.0 | 25.0 | 26.0 | 27.0 | 28.0 | 29.0 | 30.0
11.751 12.5 [13.25 { 14,0 |14.75 |15.50 {16.25 | 17.0 [17.75 [{18.50 [19.25 | 20.0 [20.75 |21.50 22.25 23.0
36.37137.17 |37.68 | 38.3 40.25 38,67 |39.12 | 38.5 [39.25 139.08 38,08 [37.88 [36.58 |38.08 | 36.78{ 35.28




Table 21

Di;2:§§i§al - Tubricant Type : Zinc Stearate , Lubricant Ratio : 1.5 wt % , Density : 6.8 g/ cm?

Reads. Number | 1.0 | 2.0 3.0 4.0 5.0 6,0 7.0 8.0 9.0 |10.0 11.0] 12.0 15.0 14.0
Readin :

Distence mm] 1125 [ 20 | 275 | 3.5 | 425 | 5.0 | 5.75 | 6.5 | 7.25 | 8.0 |8.75 |9.50 [10.25[11.0

Hardness | 5 ) '

(VEN') 39.55( 38.7 | 40.8 | 42.4 | 42.6 | 43.45( 43.5{ 41.95] 41.35| 40.95 | 41.842.3 [40.3 | 40.85

29.0 | 30.0

22,25 | 23,0

42,251 39.25




Table 22 . The hardness values on the axial direction

Lub.Ratio (wt %) 0.50 1.00 1.50

Hardness ( VBN ) [26.49 54:136 44.14 | 26,0 | 33.0 | 38.0 [23.204]30.069 33.670

Density ( g/em ) 6.3 | 6.5 6.8 6.3 6.5 6.8 6.3 { 6.5 6.8
Table 23 .The hardness values on the diametrical direction

Lub.Ratio (wt %) 0.50 1.00 1.50

Hardness ( viN ) {33.57 [43.23 |51.75 |30.76 [39.397|47.55 |30.96 [38.00 [42.810

Density ( g/em ) | 6.3 6.5 6.8 6,3. 6.5 6.8 6.3 |.6.5 6.8




Table 24 . The hardness values on the axial direction

Density ( g/em ) .30 6,56 6.80

Hardness (VEN) [26.490| 26.0 [23.204|34.136| 33.0 [30.069 |44 .14 { 38.0 [53.870

Lub.Ratio (wt %) | 0.5 1.0 |-1.5 0.5 1.0 1.5 0.5 1.0 |1.5
Table 25 » The hardness values on the diametrical direction

Density ( g/em ) 6.30 6.50 6.80

Hardness ( VI ) 133.570{30.765 [30.960 |43.236 [39.397 | 38.0 [1.750 [ 47.55 | 42.81

Lub.Ratio (wt %) | 0.5 1.0 1.5 | 0.5 1.0 1.5 0.5 1.0 1.5




Table 26
LY
5
~
EFFECT : Iub. Typd : Zinc Stearate , Distance : 3.0144 x ‘104 cm
OF
E Iub.Ratio : 0.5 wt % , Speed : 6,0287 x 103 cm/minute
LOAD 2
a
6.3 | 1.32 [1,45 [2.125 | 2.18 | 2.38 |2.415 | 2.52 | 2.88
Worn Area's
Small Diameter |6.5 .1.220 1.48 1.955 [2.075 12.145 |2.285 2.45 {2.475 [2.680
"~ (mm )
. 6.812.28 |2.52 [2,78 [3,04 |3.24 ] 3,37 |3.925 | 4.05
6. 0.02 0.0 Or . . N »
Volume 5 5 344 0.167 [0.178 [0.253 [0.2685{0.3183]0.543
of W%ar 6.5 | 0.0175] 0.0379 0.1153| 0.1463| 0.167 |0.2152}0.2844 |0.2962{0.4072
( mm”) :
6.8 | 0.21%% 0,318% 0.4714 0.,674110.8698}1.0181(1.873 2.124
Applied Load g 300,0 | 600.0 | 900.0 |1200.0] 1500.,0]1800.012100.0 2400,0}12700,0




Table 27
L)
5
BEFFECT ] A Type : Zinc Stearate , Distance : 3.0144 x 104 cm
OF >
LoAD 'é Lub.Ratio : 1.0 wt % , Speed : 6,0287 x 107 em/minute
A
Worn Area's -
Small Diameter | 6-5{1.7050 2,135 [2.2750 | 2.65 | 2,405 | 2.560 |2.990 {3.735 | 3.990
(‘) 6.8 {1.655 | 1.95 |2,255 |2.295 | 3.18 3.575 | 3.685| 3.815
6.3 | 0.0784] 0.1734 0.1799 0.2171 0.3083%10,5099 {0, 7011 10,908
Volume
of w§ar 6.5 10,0667 0,164 | 0.2114]0.3893| 0.2641 0.349716.6309 |[1.5361|2.0005
( om? ) 6.8 10,0592 0.1141] 0.2041}0,219 [0.8716|1.2893|1.4555[1.672
Applied Load g 300.0 |600.0 [900,0 [1200.0}1500,0 [1800.0 [2100.0 {2400,0 |2700.0




Table 28
EFFECT & | Lub. Type : Zinec Stearate , Distance : 3.0144 x 104 cm
OF - '
LoD # | Lub. Ratio: 1.5 wt% , Speed  : 6.0287 x 10° cm/mint
a .
§
=
6.31 1.71 1 2.15 | 2,13 [ 2.235|2.375 ] 2.98 | 3.45} 3%.75|3.850
Worn Area's
Small Diameter | 6.5] 1.73 [1.885 [2.035 2.23 | 2.26 [2,325 {2,845 3.73 | 3.790
(m )
6.8] 1.695| 1.83 | 2.62 12,19 {2.915] 3.12 |3.475 | 3.3 | 3.810
6.310.0675 |0.168710.1625 | 0,197 | 0.2511] 0.623 | 1,1182 1.5279] 1.7342
Volume -
of Wear 6.5 [0.0707 |0.0997 [0.1354 [0.1952 | 0.2059| 0.2306| 0.5171} 1.5279}11.6286
(mn’ )

6.8[0.0652/0.0885]0,3719 [0.1816 [0.5699 | 0.7479 1.151 0.936 | 1.663

Applied Load e 300,0 {600,0 |900,0 | 1200.4 1500.Q 1800.08 2100.Q4 2400. | 2700,




Table 29

38

=]

3) . .

EFFECT 5 Lgb . Type : Calcium Stearate
By Inb . Ratio ¢ 1.0 wt %
OF 5 A
o . R
LOAD & Distance : 3,0144 x 10 cm

QO

a

Speed : 6.0287 x 10° em/minute

Worn Areal's

5.531 1.64 | 2.14 | 2,38} 2,64

Small Diameter

(m ) 5,931 1,62 | 1,975 | 2,195 | 2,415 [ 2,465 [2.515
Volume
5.5310.0571]0.1655 [0.2533 [0, 3834
of VWear
( mn’ ) 5.93]0.0544{0.1201 [0.1832 |0.2685 [0.2914 [0.3158

Applied Load g 300.0 | 600.0 {900.0 |1200.0}1500.0 [1800,0




Table 30

NN
=
EFFECT % Iub, Type : Calcium Stearate
0F : » | Lub.Ratio : 1.0 wit %
Y 3
LOAD ‘2| Speed + ¢ 6,0287 x10”cm/minute
5 ‘ 4
2 [ Distance _: 3.0287 x10" cm
6.3] 1.0851 1.6291 1.975 | 2,170 | 2.225
Worn Areals
Small Diameter 6.5] 0,96 11,525 |1.885 |3.105 2.91
(mm ). 6.8 | 1.42 |2.795 {3.105 |3.665 | 3.61
6.3 10.0109|0.055 {0.120 [0.175 |0.1935
Volume
of Wear 6.5 | 0.0067|0,042710.0997|0.7337 |0, 5660
3
- ( e ) 6.8 [ 0.032 |0.4817|0.7337[1.4241 {1.3405
Applied Load s 300.0 }1900.0 |1500.0]12100.0}2700,0




Table 31

N
g . -

EFFECT i% Lub.Type :Aluminium Stearts

Lub.Ratio: 1.0 wt %

OF e 4

LOAD -3 Distance : 3.0144 ;10 cm
§ Speed: 6.0287 x 10”cm/mint,
6.3] 1.72 | 2.10 [2.4350} 4.02

Worn Area's
Small Diamster | 6,5}1.9350| 2.25 | 3.31 | 4.195

( mm ) _
6.8 [1.980 | 2.99 |'3.58 | 4.095
6.3 |0.0691 [0.1535 0.2775 20614
Volume
of  ear 6.5 | 0.1107| 0.2023} 0.9475 |2. 4444
3
( mn” ) 6.8 [ 0.1213]0.631 | 1,29652.2196

Applied Load g 600.0 [1200.0C| 1800.0(2400,0

- Table 32
28}
5§ |Iub.Type :Magnisium Steat.
" EFFECT = _
Lub,Ratic: 1.0 wt %
0F 2l 4
o | Distance : 3.0144 x107 cm
- /33
LOAD S | Speed :6,0287 x103cm/mint.
s
6.3 | 2.15 |2.595] 3.035 | 3.36
Worn Area's
Small Diameter | 6.5 |2.075 {3.055{ 3.985 | 4.26
( mm )
, 6.8 12.045 | 3.34| 3.8 4.45
6.3 10.1687[0.3579] 0.6697 [1,0060
Volume
of  Wear 6.5 [0.146310.687501.9905 | 2.599
(mr)
6.8 |0.1381]|0.982| 1.646 3.095
Applied Load g 600.0 |1200. {1800.0 [2400.0




Table 33

N™ -
EFPFECT é% Lub.Type :Sodium Stearate
oF .., |[Lub.Ratio: 1.0 wt %
i Distance : 3.0144 x ‘IO4 cm
LOAD g 3
2 Speed: 6,0287 x10”cm/mimte
6.3 2.25 2,42 2.77 3,04
Worn Area's
Small Diameter |6,5| 2.085 |2.520 |[3.085 [3.840
( mm ) -
6.8 2.36 | 3.270 5.93 14.105
6.3 | 0.2023| 0.2707] 0.4647}0.6741
Volume
of VWear 6.5 0.1492] 0.3183 0,715911.7162
(mn’ )
6.8 [0.24485[0.9025 1.88291 2,241 3
Applied Load g | 600.0[1200.0 [1800.0 | 2400,




Table 34

M
=]
Q
EFFECT © Iub.Type :Zinc Stearate , Running Time : 2 min®
OF >
SPEED | ub.Ratio: 0.5 wt % , Load : 600,0 g
g
a
Worn Area's 6,31 1.85 [1.975 | 2.04 | 2.16 |2.255 [2.335 | 2.790
Small Diemeter [ o | 4 73| 1.8 | 2.06 | 2.19 |2.110 |2.235 | 2.71
() ‘
6.8 12,645 (2,765 {2.415 | 3.63 |3.955 | 4.39 [5.9450
6.% | 0.0925|0.120 {0.1367]0.1718 0.204 |0.23460.478%
Volume
of wear 6.5 | 0.071 |0.0827]0.1421|0.181610.1565 |0.1970| 0.426
(‘)

6.8 [0.3863 [0.4614 [0,2685 1.3705([1.9312 {2.9316 [9.8596

Speed x10° cm/ mirute |6.0287|7.6152(10.154 [15.230(18.277 [22.846 {30461




Table 35
K
=]
FFECT 2 :
E ] % |Lub,Type :Zinc Stearate , Running Time : 2 min:
0¥ z | - |
wi TR o .
SPEED i Iub.Ratio: 1.0 wt % , Load + 600.0 g
Q
A

6.311.770 | 1.97 } 2.07 | 2.29 2.3850 2,805 | 3.07 |3.375

Worn Area's .
Small Diameter | 6.5| 1.80 | 1.81 [1.955 | 2.06 | 2.22 | 2,59 [3.4750 3.2

( mm )
6.8 13,29 [2.665]3.090 | 4.44 |4.490 | 5.6 |6.875

6.3 ] 0.0775) 0.119 |0.1449 |0.2170]0.2554 |0, 4886 [0. 7011 1?2260

Volume
0f  Wear 6.5 |0,0829{0,847 | 0.1153[0.1421{0.1917]0.3552 11,1510 |0.8277

>

( m

6?8 0.925 [0.398 |0.720 [3.0675[3.208 |7.7625]17.6%4

Speed x 107 om/mimute |6.0287 |7.6152|10.154 h5.230 {18.277 |22.846 |30. 461 |45.244




éable 36

Ny
£
BFFECT W] Lub.Type :Zinc Stearate , Running Time : 2 min’
0F ks
ot . . o .
SPEED i Lub,Ratio: 1.5  wt % , Load : 600.0 g
A
6.3( 1.705[1.960 | 2.120 | 2,175 [ 2.32 | 2,685 } 3.05 [4.445

Worn Area's

Small Diameter | 6.5{1.805} 1.74 | 1.945{2.175 | 2.190 | 2.710 | 3.28 |3.115
(mm )
6.8 2.28| 1.935] 2.015 | 3.010 | 4.02 | 4.625 | 5.47
6.3 10.066710.1165 1 0.1594] 0.1768 0.2287] 0.4102| 0.683 | 3.081%
Volume - '
of  Wear 8.5 10.0837[0.0724]0.1130 [0.1766 |0.1816 [0.4257 |0.9136] 0. 743
3
( mn” ) 6.810.213] 0,111 [ 0.13 10,648 [2.0614 |3.6116]7.0664

Speed x10° cm /minute |6.0287|7.615210.154 h5.230 118,277 |22.846 |30.461 |45.244




Table 37
LaaY
E Lub.Type : Calciume Stearate
EFFECT : Lub.Ratio: 1.0 wt %
¢ F E Running Time: 2,0 mimutes
5 P EED § Load : 600,0 g
Jorn Area's 6.3 1,565 1.83 | 2.595 | 4,140
Small Diameter ¢ 5| 1,435 2,320 | 3,365 |4.335
JOT
6.8 2.30 | 2.920| 3,750 | 4.670
6.3 [0,0473 | 0.0889 0.358 {2.3189
Volume
of Wear 6.5 0,034 | 0.227(1.012 | 2.787
3
mm 6.810.221]0.574 1.591 | 3.755
Speed x 10° em/minute | 6,028 | 10,15 | 18.277} 30. 461




Table 8
™
g .
EFFECT Y Iub.Type : Sodium Stearate
0 F » | Iub.Ratio: 1.0 wt %
SPEERD é‘ Running Time : 2,0 minutes
A& |_Load s 600.0 g
6.3| 1.44 | 1.725 2,052 | 3.775
Worn Area's - :
Small Diameter | 6.5] 1.63 2.4 3.0 |4.46
TIm
6.81 1,735 2,87 | 3.435 | 4.415
6.3 | 0,034 10.0669 [0.1394 | 1.603
Volume
of wear 6.5 0.056 |0,2619 0.639 | 3.12314
3
i 6.8] 0,072 0.536 | 1,099 [2.999
Speed x 10° cm/mimute | 6.028710.154 118,277 | 30,461




Table 39
Ny
- 5
EFFECT % | Iub.Type :Magnesium Stearate
0F > | Lub,Ratio: 1.0 wt %
. o
SPEED 2 | Running Time : 2.0 mimtes
A | Load : 6000 g
Worn Area's 6.3 |1.495 | 1.705 | 2,735 |4.395 -
Small Diameter |g 5| q,7712,420|3.060 |4.550 | -
mm
6.8 | 2,635 | 3.04 | 3.80 [5.035 | -
6.3 | 0,0394] 0,067 | 0.4417]2.945 | -
Yolume
of Wear 6.5 | 0.0775{ 0,271 | 0.692 | 3.383 | -
3
mm 6.8 | 0,378 | 0.674 | 1.6458 5.0728] =~
Speed x 105 cm/minute- 6.0278] 10,154} 18,277]|30.461] =




Table 40
[
g
N Lub.Type : Aluminium Stearate
EFFECT )
o F » | Lub.Ratio: 1.0 wt %
'g Running Time : 2,0 minutes
SPEED 2 Load :600.0 g
6.3 1.605]1.720 | 3.135 | 3,370 -

Worn Area's
Small Diameter

[0
.
NAYL

1.48 [1.660 | 1.925 | 4.50 -

mm
6.8 {1,730 | 2.155 [ 3.560 | 4.52 | -
6.3 { 0.0524] 0.0691| 0,7624]1.0181] -
Volume -
of Wear 16.5 ] 0.0379 0.0599] 0.1084| 3.2367] -
m m>

6.8

0.0699] 0.1702 1.2678| 3.2946] -

Speed x 107 em/minute

6.0278 10.154 18.277] 30.461] -




Table 41
Ny
5
EFFECT B Lub,Type :Zinc Stearate , Speed: 6.0287 1::103 em/mimte
0F >y
DISTANGCE é Iub.Ratio: 0+5  wt % , Load : 600.0 g
a
6.3 | .2.1 12.475 | 2.65 12.790 | 2.69 | 2.895}3.005 [3.125
Worn Area's '
Small Diameter | 6.5 |1.985 | 2.39 |2.545 [2.676 |2.755 {2.815 [2.825 [2.925
( mm )
6.8 1%.155 1 3,965 13.665 | 4,09 |4.375 |4.725
Volume 6.3 | 0.1535| 0.2962| 0.3893]0.4783] 0.4133]0.5544 |0.6436 |0.7528
°f( :w§a§ 6.5 | 0.1225] 0.2554] 0.3%1110.4048|0.4547|0.4956[0.5027[0.5778
mm
6.8 | 0.7821] 1.9508] 1.4241]2.2087|2.905 |3.9342
Sliding Distance cm | %0144.] 60287.] 90431, (120574 150718./180861J211005./241149.




Table 42

NN
g8 .
EFFECT ® |Lub.Type :Zinc Stearate , Speed: 6.0287 x 10° cm/min.
0¥ z .
D ISTANGCE -é Iub.Ratioc: 1.0 wt % , Load : 600.0 g
A
6.3 1 2,121 2.49 | 2.75 {2.955 |3.085 |2.985 | 3.06 }3,195
Worn Area's
Small Diameter |6.5 |1.665 |2.25 |2.560 |2.745 | 2.80 }2.825 | 2.96 {3.255
(mm) ,
6.8 12.43 |3%.850 | 4.540 [4.765 15.215 | 5.3%1
6.3 10,1595] 0.303 } 0.4514}0.,6016] 0, 7149 0.6267]0.6921]0.8225
Volume ‘ :
of Wear 6.5 10,061 |0.202%| 0.339 |0.4482{0.4852]0.5027 0.6059 |0.8861
( )
6,810.275 [ 1.734 | 3.353 {4.069 | 5.838 {6.252
Sliding Distance cm P0144. 60287.] 90431, 120574150718.180861.211005.241149.




Table 43

N
5 |
EFFECT 2 Lub,Type :Zinc Stearate s Speed :6,0287 x103 cm/minute
oFr +5
. ia [ v .
DISTANCE % Iub.,Ratio: 1.5 wt % , Load : 690.0 g
a
6.31 2.04 {2.47 {2.68 2.81 3.035 3,155 |3.275 |3.325
Worm Area's '
Small Diameter {6.5]11.915 | 2.41 | 2.490 |2.835 |2.995 |3.175 .24 | 3.31
( mm )
6.8 11.975}12.2851 3.54  3.88 .4'775 4.795 | 5.13
6.310,1367 0.2934 0.4072| 0,4921} 0.6697]0.7821]|0.908 |0.9648
Volume
of w§ar 6.5 | 0,106 0.2663 0.3034| 0.5099| 0.6351|0.8021|0.8698]0.9475
(om? )

6.8 | 0.1201 0.215d 1.2396] 1.7889| 4.10%4} 4.1726|5.4667

Sliding Distance om [30144. |60287.] 90431.[120574.{150718. | 1808614 211005{241149.




Table * 44
mﬁ
EFFPECT % Tub. Type : Calecium Stegrate
oF > | Lub.Ratio : 1,0 wt %
fe ;
Drscamce | 3| Seeed  6.0267 x10%cn/minute
2 | Load s 600,0 g
Worn Area's
6.3 1.76 | 3.05 | 3.25 | 3.49 |3.920
Small Diameter
6. » 6 L ] 2 L] 6 L ] -
() 511.565 | 2.62 {3.165 | 3.39 |3.720
5.93] 0.0237| 0,0631(0.1171
Volume 6.3 ]0.0757] 0.0683]0.0881]0.1171 | 0. 1864
of VWear
3 6.5 | 0.0047| 0.0372{0.07920,1042]0.1512
mm” x 10
6.8 | 0.0046] 0.0258|0.0843|0.3868|0.4476
Distance x 10° om  |30.144] 90.431[150.72|211.01|271.29




Table 45
mEi
EFFEQT % Lub. Type : Alumirium Stearate
0F > tLub.Ratio : 1.0 wt %
o 3
DISTANGE Eq Speed : 6,0287 x 10”7 .cm/min".
2 lLoad : 600.,0 o
6.3| 2.11 | 2.78 | 3.33 |3.565 | 3.86
Worn Area's
Small Diameter [£,5f 2.12 | 2.69 | 3.225 }3.545 | 3.65
( m )
6.8 ]2.48 ]2.99 3.475 | 4.10 |4.235
6.3 ]0.0157]0.0472{0.0971 [0.1275 [0.1752
Volumse
of Wear 6.5 P.0159 {0.0413|0.0886 [0.1247 [0.1401
mm3 x 10
6.8 10,0299 |0.,06%1|0,1151 [0.2231 ]0.2539
Distance x 103 cm 20.144190,4311150,72 |211.01 [271.292




Table 46
NN
EFFPECT g Iub.Type : Magnisium Stearate
Lub.Ratio: 1.0 wt %
OF > 3
DISTANGCE El Speed : 6,0287 x 10”cm/minute
& | Load : 600.0 g
a
6.3] 2.065| 2.82] 3,195 | 3.555 | 3.85
Worn Area's
Small Diameter ¢ 5| 2,21 | 2,90 | 3.215|3.335 | 3.650
(mm )
6.8] 3.14 4,18 4,43 14,65 4.970
6.3 0.0144 0.0499 | 0.0823 0.1261] 0.1734
Volume
of Vear 6.5 |0.01271 0.0558| 0.0843(0.0976|0.1401
3 ‘
ma” x 10 6.6 10.07670.241 |0.304 |0.369 |0.4616
Distance x 10° com | 30.144]90.431{150.72[211.01271.29




Table 47
: ey
EFFECT E Iub. Type : Sodium Stearate
0 F : Iub.Ratio ¢ 1.0 wt %
DISTANGE "é Speed : 6,0287 x 10° em/min:
5 | Load : 600.0 g
a
Worn Area's
Small Diameter 14,5 2.11|2.885| 3.28 |3.585 [3.785
{ mm )
6.8 2.930 | 4.285 { 4.855 5.16 ]2.93%5
6.3 [0.01492] 0.0503 0.0é54 0.1254 ]10.1448
Volume -
of Wear 6.5 10.0157|0.0547|0.0914 |0.1304 |0.1620
5 .
ma” x 10 16,8 0,058 |0.266 |0.439 |0.5596
Distance X‘IO3 ‘cm 30,1441 90,431 150.72 211.011271.29




Table 48

Load : 600.0 g , Speed ¢ 6.0287 x107cm/min,
Distance : 3.0144 x10% om , Lub.Ratio : 1.0 wt %
N
EFFECT OF E E Lubricant Stearate
. DENSITY . )
0w ™
& & e
: o] 4]
HARDNESS 5 g Ca Zn Mg Al So
o A
10.0 | 5.54 |1.655
VOLUME )
- 18.0 }5.93 |1.201
WEAR o560 | 6.3 | 0.4 |1.7341|1.6866|0.6828] 2.0229
(m’ ) x
16" 33,0 | 6.5 |0.336 | 1.64 |1.4633/1.107 [ 1.4917
38,0 | 6.8 | 3.0 |1.1413|1.3805/1.213 |2.4485




Table 49

Load : 1200,0 g , Speed : 6,0287 x10° cmfuin.
Distance : 3.0144 x10%em » Lub.Ratio: 1.0 wt %
EFFECT OF g \:
T S Lubricant  Stearate
DENSITY ¥ .
o +
& 8 g
HARDNESS g 3 ca | 2n Mg | Al So
10.0 | 5.54 | 3.834
VOLUNE .
op 18.0 | 5.93 | 2.685
VEAR 26.0 | 6.3 |0.880| 2,171 | 3.579 | 1.535 | 2.707
( mo® ) x
61 33,0 | 6.5 | 0.662|2.096 | 6.875 | 2,023 | 3,183
1
38,0 | 6.8 | 6.0 |2.1897 9.823 | 6.309 | 9.025




Table

50

Speed 1 6.0287 X 10° cm/min . , Load : 600.0 g
Distance: 3.0144 x 104 cm y Lub,Ratio : 1.0 wi 9%
NS
EFFECT OF E §
:B Lubricant Stearate
DENSITY w
0 b3
& _g A
a
HARDNESS d & Ca Zn e | a1 So
10.0 | 5.54
" VOLUME
o7 18,0 } 5.93
WEAR 26.0 | 6.30 | 0.043 | 0.0775| 0.0394] 0.0524} 0,033
( mm’ ) |
33,0 | 6.50 | 0.0%4 | 0.0829|0,0775|0.0379]0.0557
38.0 | 6.80 | 0,221 | 0.9248|0.3805] 0.0707|0.0715




Table

Speed  : 18.2765 x 107cm/min , Load ¢ 600.0 g
Distance ¢ 3.0144 x 10%  om , Iub.Ratio : 1.0 wt %
z | g
EFFECT OF - 5 Lubricant Stearate
DENSITY )
15} ]
& g A
v /2]
HARDNESS 5 & Ca 7n Mg Al So
= A
10.0 | 5.54
VOLUME
o7 18.0 | 5.93
WEAR 26.0 | 6.3 [0.3579/0.2554 [0.4417(0.7624 [0.1394
(mm° )
33,0 | 6.5 1.012]|0,1917|0.6920 |0.1084 [0.63%93
38,0 | 6.8 [1.5609|3.2080 [1.6458 |1.2678 |1.0989




Table 52

Distance : 3.0144 x 104 em o Load ¢ 600.0 &

Speed : 6.0287 x103 em/min , Lub.Ratio : 1.0 wt %

N
£
EFFECT OF é 3 Lubricant Stearate
DENSITY @ %
w ™
& o o
Lo w
Hardness 5 §
o sl =]
10.0 5.53
VOLUME
18,0 |[5.93 [0.2367
OF

WEAR 26.0 6.3 10,0757[0.1594|0,1435(0,1565{0.1492

33,01 6.5 |0.0473|0.0599|0.1883|0,1594{0.1565%

38,0 | 6.8 |[0.0461/0.2729|0.767310.,2986|0.5817




Table 53

Distance : 15.0718 x 104 em , Load : 600,0 g

Speed : 6,0287 x 103 em/min , Lub,Ratio : 1.0 wt %

EFFECT OF E mg
DENSITY " = Iubricant Stearate
. 8 |z
. g | @
HARDNESS K| 9 Ca Zn Mg Al So
10.0 5.54
VOLUME
OF 18.0 | 5.953 1,17
WEAR
26,0 6.% [0.8806 [0.7149 | 0.823| 0,971 | 0.854
(m’ )
33,0 6.5 [0.7920| 0.485 | 0.843 | 0.886 | 0.854
38.0 6.8 | 0.843]5.8381 13.0399 [1.1510 |4. 3854




Table 54

WEAR RATE Zine stearate
2R IOE
FFFECT OF Iubricant
DENSITY
& T}i
LUBRICANT & Lubricant Ratio wi %
b
RATIO s
2
g 0.5 1.0 1.5
6.3 2.20 3.80 T30

Wear Rate

3
( mm {48) 6.5 | 1.50 7.0 6.30
x 10 ‘

6.8 9.1 8.7 6.10




Table 55

WEAR RATE Z2inc Stearate
DT
EFFECT OF Lubricant
DENSITY
N
& 5
~ Lubricant Ratio wt %
LUBRICANT % .
&,y
RATIO ¥
§ 0.5 1.0 1.5
=

0.238 0.2971 0.4016

o
.
N

Wear Rate

(mm’ /em ) | 6.5 | 0.0275 | 0.3287 | 0.4377

X 155
6.8 1.8358 4.078 3.177




Table 56
WEAR  RATE Zine Stearate
E 3. 3.2.0.2.]
EFFECT OF Lubricant
DENSITY
& '“E _
LUBRICANT % | Iubricant Ratio wt %
RATIO e
3
g 0.5 1.0 1.5
6.3 | 0.1378 | 2.510 | 0.2334
Wear Rate
(mma/cm/minutej 6.5 0.1233 0.379 0.3517
x 154
6.8 3.44 2.79

6+5110




1
Table 57

THE CALIBRATION VALUES OF THE PIN & DISC MACHINE USED IN FRICTION MEASURMENTS

No. L 2 3 4 5 6 7 8 9 10 11 12 13 14
BORIZONTAL
FORCE ( g ) 100 | 200 | 300 | 400 | 500 600 | 700 | 800 | 900 |1000 | 1100 | 1200 | 1300 | 1400
RECORDED

. . 8. 2. 15. o] 22, o5, . . ] . . .
oot Tun (mo) | 2030 | 4 95 | 12.79| 15.72| 19.17| 22.59 | 25.85 | 29.38 | 33.16 | 36.75 {40.28 |43.89 | 47.38




Table . 58

PTIME Lub.Type :1Zinc Stearate ,Density : 6.3_8’/cm3
1.0 Lub.Ratio: 1.0 wt % ,Distance:18086.1 cm
SEC ONDS| Speed : 6.0287 x 10° cm / minute .
Out Put '
(o) 4.167 | 5.967 | 4,967 [ 6.233 |5.733 |6.033 [5.933
Applied Load
( g ) 700,0 | 600.0 | 900.0 { 1200,0] 1500.0]1800.0}2100.0
Friction
Force { g ) 139.43 195.79f 193.71) 221.84} 210,751 217.40}215. 18
Friction '
Coefficient 0.4648.0.3265 0.2152§ 0.184910.1405(0.1208}0,1025
Table 59
TIME Lub.Type : Zinc Stearate, Density : 6.3 g/cm3
5.0 Lub.Ratio: 1.0 wt % , Distance: 18086.1 cm
SECONDS| Speed : 6,0287 x 10° cm / minute .
Qut Put
1,833 1 4.667 14.70 |7.333 |7.333 |8.333 |9.167
(mv)
Applied Load
300.0 { 600.0 | 900.,0 {1200,0{ 1500.0{1800,0]{2100.0
(g)
Friction
Force ( g ) 62.87 | 155.32} 187.78| 246.29{246,29 268.53 287.04
Frietion '
Coefficient 0.2096{ 0,2589] 0.2086]|0.2052]0.1641]0,1492|0.1367




Table 50

TIME Lub.Type : Zinc Stearate , Density : 6.3 g/cm3
10.0 Lub.Ratio: 1.0 wt % » Distance:18086.1 cm
5 ECONDS| Speed 3 6.0287 x 10° cm / minute .
Out Put .
(mv ) 2.533] 5.20 5,767 | 9.00 ] 9.333| 11.40} 11.35
Applied Load .
(g) 300.0| 600.0| 900.0{1200.0 [1500,0 [1800,0 [2100,0
Friction
Force ( g ) 86.24 [172,06)211.49 [283.33 | 290,73} 336.67]335. 18
Friction
Coefficient |O¢2875[0.2868(0.235 [0.2361{0.1938]0.187 [0,1596
Table 61
TIME Tub.Type : Zine Stearate , Density : 6.3 g/em’
20.0 ILub.Ratio: 1.0 wt % , Distance:18086,.1 cm
SECONDS{ Speed : 6.0287 x 10° cm / minute .
Out Put : '
(v ) 3,033 | 6.367 { 6.833 19,233 | 10.767}12.667]|12.600
Applied Load
Friction
Force ( g ) 102.72} 208.0 | 235.18| 288,51] 322,.60| 364.82]363.33
Friction
Coefficient 0.3424} 0,3467] 0,2613| 0.2404/0.2151{0,2027]0.173




Table 62

TIME Lub.Type.: Zinc Stearate , Density : 6.3 g/cm
40,0 Lub.Ratio§1.0 wt % , Distance:18086.1cm
SECONDS| Speed : 6,0287 x 10° cm / minute .
Cut Put
( mv ) 3.2 6.9 19.067 | 11.1 NM1.333116,50 [14.333
Applied Load
(g) 300,.0 }600,0 ]900.0 [1200.0 |1500.0 j1800.0 {2100,0
Friction -
Force ( g‘ ) 108.191224,091284.82 |329.99 |335.18 [449.99 [401.84
Friction
Table 63
TIME Iub.Type : Zine Stearate , Density : 6.3 g‘/cm3
50.0 Lub.Ratio: 1.0 wt % y Distance:18086,1cm
SECONDS| Speed : 6.0287 x 107 em / minute .
Qut Put :
( mv ) 3.233 [ 7,167 10.0 111.50 13.0 18,0 [15.83%3
Applied Load '
(g) 300.0 | 600,0 {900.,0 |1200.0]1500.0 [1800,0§2100.0
Friction
Force ( g ) 109.26{232,07|305.55{33%8.89 {372, 22 [483,33]435.18
Friction
Coefficient 0.3642}0,3868]0,3395]0.2824 |0,2482 |0.2685 {0.2072




Table 64

TIME
60,0

Lub.Ratio: 1.0

wt %

Iub.Type : Zinc Stearate , ﬁensity t 6.3 g/cm3
y Distances18086,1 cm

SECONDS Speed : 6.0287 x 10 cm / minute .
Out Put . . : . |
(mv ) 3,333 1 7,067 ] 10,60 | 11.667| 13.667| 19.66T}16.267
Applied Load
(g ) 300.0 | 600.0 | 900.0 | 1200.0| 1500.0| 1800.0|2100,0
Friction
Force ( g ) | 112-59229.08}518.89|342.60|387.04 520,57 |444.82
Friction
coefficient |0+3757[0.3818|0.354310.2855}0.258 [0.2891 (0,218




Table 65

TIME Lub.Type.: Zinc Stearate , Density : 6.5 g/cm3
1.0 Lub.Ratio: 1.0 wt % , Distance:18086.1 cm
SEC OND S| Speed : 6.0287 x 10° em / minute .
Out Put .
(o ) 3933} 5.533] 5.433) 5.40 | 5.30 | 7.567] 9.467
Applied Load
(&) 300.0{600.0 |900.0 {1200.0 }1500.0 |1800.0 [2100.0
Friction
Force ( g ) 131,93 182,42 (204.07 203,33 [201.11 [251.49 293.71
Friction :
Coefficient |O0*4398[0.3040 0.2267 0.16?4 0.1341 [0.1397 0.1399
Table 66
TIME Lub.Type : Zinc Stearate , Density : 6.5 g/om’
5.0 Lub.Ratio: 1.0 wt % , Distance:18086.1cm
SECONDS] Speed : 6.0287 x 10° em / mimte .
Out Put _ _ _
Applied Load
(e) 300,0| 600.0§ 900.0 }1200.0 h500.0 h800.0 |2100.0
Friction 61.11
. .32 1207.781247.78|238.89}327.78|361.
Force ( g ) T7.41 155.32 |2 7.78]247.78|2%8.89}327 1- 3
Friction 2309(0.2065{0.1593[0.1821{0.1710
Coefficient |0+258 |0-2589]0. 309|0.2065|0. . .




Table 67

TIME Iub.Type : Zinc Stearate , Density : 6.5 g/qm3
10.0 " Lub.Ratio: 1,0 wt % , Distance:18086,.1 cm
SECONDS| Speed : 6.0287 x 100 e / minute .
Out Put _ i
¢ ov ) 2,667 5.5 | 7.133(8,833 [9.333 | 16,0 | 16,167
Applied Load
(g) 300.0 | 600.0 1 900.0 | 1200.0| 1500.0} 1800.0}2100.0
Friction
Force ( g ) 90.68 | 181.39] 241.84] 279.62| 290.73| 438.89| 442.60
Friction _
Coefficient 0.302% 0.3021 0.2687 0.233 | 0.1938{ 0.2438/0.2108
Table 68.
PTIME Lub.Type : Zinc Stearate , Density : 6.5 B'/Cm3
20.0 Lub.Ratio: 1.0 wt % + Distance:18086,1 cm
SEC OND S| Speed : 6.0287 x 10° em / minute .
Out Put .
(mv ) 3.067 | 7.167) 7.833] 9.333111.433 14.60 } 18.10
Applied Load _
(&) 300.0} 600.0| 900,0}1200,0 [1500,0 [1800.0 2100.0
Friction
Force ( g.) 103.84)232.071257.40 290,73 |337.40 J407.77 485.55
Friction
Coefficient 0.34610,3868(0.286 |[0.2423] 0.22490,2265|0.2312




Table 69

Lub.Type : Zinc Stearate , Density : 6.5 8/0m5

TIME
40.0 Lub.Ratioc: 1.0 wt % , Distance:18086.,1 cm
SECONDS| Speed : 6,0287 x 103 cm / minute .
(ut Put :
( v ) 3,933 | 7.2 19.633 110.883] 12.33} 16.0 |20.267
Applied Load
(&) 300.0] 600.0{ 900.0]|1200.0}1500.0|1800,0}2100.0
Friction
Force ( g ) 131.93|233.05{297.40]325,18|357.40{438.89 |533. T
Friction :




Table 70

SECONDS

Speed : 6,0287 x 10°

cm / mimte ,

TIME Lub.Type : Zinc Stearate , Density : 6.5 g/cm3
50.0 Lub,Ratio: 1.0 wt % , Distance:18086.1 cm
IS ECONDS| Speed : 6.0287 x 107 em / mimute ,
Out Put :
( v ) 4,067 | T.767 | 10.333 104833| 13, 167[16.167}21.333
Applied Load :
. 300.0 | 600.0 | 900.0 | 1200.0f 1500.0} 1800,0{2100.0
(g)
Friction
Porce ( g ) | 176+25)249.82 312.?5 524.07(375.93[ 442.60{557. 40
Friction
Coefficient 0.4541] 0.4164] 0.3477f 0.2701] 0. 2506} 0.2459 0. 2654
Table T1
TIME Lub.Type : Zinc Stearate , Density : 6.5 g/cm3
60,0 Lub.Ratio: 1.0 wt %. _, Distance:18086.1 cm

Out Put '
(v ) A.167 |8.,167 | 10.4 | 11.5 | 12,731 16.5 | 21.87
Friction
Coeficient 0.4648} 0.4359{0.3494|0.2824 {0,2442{0.250 |0.2711
Applied Load
(&) ' 300.0 j600.0 |900.0 |1200.0{1500.0§1800.0 [2100,0
Friction
139.43]261.51314.44|338.89 [366. 29 §449.99 |569. 26

Force { g )




Table 72

Tub.Type : Zinc Stearate , Density : 6.8 g/cm3

TIME
1.0 Lub,Ratio: 1.0 wt % , Distance:18086.1 cm
SECODXNDS| Speed : 6,0287 x 10° em / minute .
Qut Put
(av) |390 |5:90 14,467 | 4.80 | 6.50 [6.767 | 8.333
Applied Load
(g) 300,0 | 600,0 | 900,0 | 7200.0] 1500.0} 1800,0{2100,0
Friction ' ]
Force { g ) 130.87] 193.74] 182.60} 189,99(227,78 233.7] 268.51
Priction : :
0.4362] 0,3229;0.,2029|0.158%|0,1519]/0,1298 |0,1279

Coefficient




Table 73

TIME Lub.Type ¢ Zinc Stearate , Density : 6.8 g/cm3
5.0 Iub.Ratio: 1.0 wt % » Distance:18086,1 cm
SEC O ND S| Speed ¢ 6.0287 x 10° cm / minute .
Out Put .
(mv) [1°933 | 4.8%3 6.333| 5.667] 11.0 [ 10,1674 11.0
Applied Load
(e) 300.0 {600.0 [900.0 {1200.0 |1500,0 |1800.0 [2100.0
Friction
Force ( g ) 66.2331160.56|224.07|209.27 1327.78 |309.27 {327.78
Friction ,
Coefficient [0+2208{0.2676]0.249 [0.1744[0.2185[0.1718 |0.1561
Table 74
TIME { Iub.Type : Zinc Stearate , Density : 6.8 g/cm
10.0 Lub.Ratio: 1.0 wt % » Distance:18086.1 cm
SEC ONDS| Speed : 6.0287 x 10° cm / minute .
Out Put
(mv ) [2+233 16.433 | 7.233] 7.50 | 12.33] 13.50} 12.5
Applied Load .
(g) 300.0} 600,0] 900.011200.0 {1500,0 |1800.0 {2100.0
Friction
Force ( g ) |76+271]210.001244.071249.99 [357.38 {363.33 [361.11
Friction
Coefficient }0°2942[0.350 [0.2712 10,2083 [0.2383 [0.213 [0,1720




Table 75

TIME Lub.Type : Zinec Stearate , Density : 6.8 g/cm3
20,0 Lub,Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS| Speed : 6,0287 x 10° cm / minute .

Out Put
() 3.467 | 6.5 74267 19.333 | 12.0 [11.667]12.167

Applied Lead

(g) 300.0 [ 600.0 | 900.0 |1200.0|1500.0[1800.0|2100.0] .
Friction ‘
Force ( g ) 116.88¢ 212,03] 244.82}1 290.73}349.99342.60 |353. 71

Priction
Coefficient

0.3896} 0,3534]0.272 [0.2423[0.2333]|0,1902 |0.1684




Table 176

TIME Lub,Type : Zinc Stearate , Density : 6.8 g/cm3
40,0 Lub.Ratic: 1.0 wt % , Distance:18086.1 em
SECONDS Speed : 6.0287 x 10° cm / mimute .
Out Put : . )
’ ( mv ) 3,033 1 6.833 | 7.567 | 9.80 12.50 11,0 9.167
Applied Load _
(g) 300.0 | 600.0 !900.0 }1200,0} 1500,0)1800,0]2100.0
Friction
Force ( g ) 102,721 222.08|251.49}301,11]361,11|327.78[287.04
Friction _ ‘
Coefficient 0.3424[{0.3701[{0.2794{0.25090.2407]0.1821]0. 1367
Table 77
TIME -Lub.Type t Zinc Stearate., Density : 6.8 g/cm3
50,0 Lub,Ratio: 1.0 wt % s Distance:18086,1 cm
SECONDS Speed : 6.0287 x 103' em / mimute .
Out Put
( av ) 3.267| 7.067| 7.667| 9.833|12.333 110,667 | 8.833
Applied Load
(g ) 300.0}{ 600.0] 900,0 {1200,0 |1500,0 [1800.0 | 2100.0}
Friction ]
Force ( g ) 110437 1229.09 1253. 71 [301.84 | 357.40}320,.38)279.62
Friction -
Coefficient |0+3679)0.3818/0.2819]0.2515/0.2383[0.178 |0.1332




Table 178

TIME Lub.Type : Zinc Stearate , Density : 6.8 g/cm3
60,0 Lub.Ratio: 1.0 wt % ', Distance:18086.1 em.
SEC ONDS| Speed : 6,0287 x 10° em / minute ,
Out Put | :
( ov ) 3.467 | 7,033[7.833 [10.067 11.8331 11.50 | 8,067
Applied Load
(g) 300.0( 600,0| $00,0/1200.0 1500.0 [1800.0 [2100,0
Friction :
Force ( g ) 116.88[228,07(257.40}307.04 346.29 [3%8.89 [262,60
Friction
Coefficient 0.3896| 0.3801| 0.286 }0.2559(0.2309 0.1883 |0, 1251




Table 79

TIME
1.0
SECONDS

Lub.Type : Aluminium Stat.,Density : 6.3 S/Cm3
Lub.Ratio: 1.0  wt %  ,Distance:18086.1 cm
Speed : 6.0287 x 103 em / minute .

Qut Put

(mv)

3,00 | 4.70 14.733 |5.267 [5.933 | 7.30 [6.90

Applied Lead

(&)

300.0 | 600,0 |900.0 |1200,0|1500,0{1800.0[2100.0

_ Friction
Force ( g )

130,87 156, 36| 188,511 200, 38]215,181245.56|236.67

Friction

Coefficient

0.4362 0,2606/0,2095|0.167 10.1435]0.1364|0.1127




Table 80

TIME Lub.Type : Aluminium Stat.,Density : 6.3 gfcm’
5.0 Iub,Ratio: 1.0 wt % yDistance:18086,1 cm
5 ECONDS| Speed : 6,0267 x 10° cm / mimte .
Out Put :
Applied Load
(e) 300,0 |600.0 [900.0 |1200.0|1500.0{1800.0 [2100.0
Friction
Friction
Goerficient |0+2002[0.1948]0.2202[0.154 [0.1519 [0.1623 [0.1279
Table 81
PTIME | Lub.Type : Aluminium Stat.,Density : 6.3 gfcn’
10.0 Lub,Ratio: 1.0 wt % ,Distances18086,1 cm
SECONDS| Speed : 6.0287 x 10° em / minute,
Out Put
(av ) 2.2 [4.333 | 6.0 [6.333 [ 9.667[ 12.50] 11.33
Friction ..
Force (g ) | T9-17{144.72 216.67]224.07 [298.15 {361.11 [335.18
Applied Load|300.0 [600.0 |900.0 |1200.0 [1500.0 [1800.0 [2100.0
(eg) .
Friction
Coefficient |0+2506[0+2412[0.2407 [0.1867 j0.1988 0.2006 [0.1596




‘Table 82

Lub,Type : Aluminium Stat,,Density : 6.3 S/Cm5

TIME
20,0 Lub,Ratio: 1.0 wt % ,Distance:18086.1 cm
SECONDS] Speed 3 6.,0287 x 103 cm / minute .
Qut Put
(v ) 2,867 14.433 | 6,90 | 8.433]10.833[14,767|14.833
Applied Load
300.0 | 600,0 | 900.0 | 1200.0]1500,011800,0§2100,0
(&)
Priction .
Force ( g ) 97.272{ 147.91] 236.67] 270.73] 324.07 411.4? 412.9%
Friction

Coefficient

0.3242| 0.2465 0.263 0.2256{0.216 |0,2286]0,1966




Table 83

TIME Lub.Type : Aluminium Stat.,Density : 6.3 g/cm’
40,0 Iub.Ratio: 1.0 wt% ,Distance:18086,1 cm
SECONDS| Speed : 6.0287 x 10° cm / minute .
Out Put .
(v ) 3,80 | 7.067|10.0 | 10,667| 14.833] 19.0 [19.333
Applied Load .
(e) 300.0 ) 600.0 | 900.,0 | 1200.0] 1500.0| 1800.0} 2100,0
Friction
Force ( & ) 127,64 229.09[305.55[320. 38 {412.95 |505. 55 [512.95
Friction
Coefficient |0+4255(0.3818(0.339510.267 [0.2753[0.2809 [0.2443
Table 84
TIME Lub,Type : Aluminium Stat.,Density : 6.3 g/cm3
. 5040 Lub.Ratio: 1.0 wt % ,Distance:18086.1 cm
SEC ONDS| Spéed : 6.0287 x 10° cm / mimute .
Out Put
( ov ) 4,467 |7.767 [11.333 12,333 15,833 [20.667 | 19.0
Applied Load ‘
Ce) 300.0| 600.0} 900.0}1200,0 1500.0 [1800,0 R100.0
Friction
Force (g ) |148-98|249.821335.181357.40 1435.18 542.60}505.55
FPriction
coetficient |0+496§ 0.4164f 0.3724} 0.2978| 0.2901{ 0. 301410.2407




Table B85

TIME Lub.Type : Aluminium Stat.,Density : 6.3 g/cn’
60,0 Iub.Ratios 1,0 wt % yDistance: 18086.1 cm
SECONDS| Speed : 6.0287 x 10° om / minute .
Out Put : . i
(mv ) 4.30 18.00 [ 13.33}13.33 | 16.167| 21.333[20.667
Applied Load
(&) 300,0 | 600.0 | 900.0 | 2100.0 1500.0| 1800.0| 2100.0
Friction e
Force ( g ) 143.67256.65|379.62|379.62 (442,60 [557.40 [542. 60
Friction
Coefficient |0-4789(0.4277[0.4218(0.31640.2951 [0.3097 |0. 2584




Table 86

T I.M E Lub.Type : Aluminium Stat.,Density : 6.5 g/cm3
1.0 Lub.Ratio: 1,0 wt % sDistance:18086.1 cm
SECONDS| Speed : 6,0287 x 10° cm / minmute .
Out Put - :
( mv ) 34933 | 4367 [ 4.633 [4.867 |6.333 6.4}3 6,933
Applied Load
(g) 300,0 | 600,0 }900.0 ]1200.0}1500.0]1800.0|2100,0
Friction
Force( g ) 131,93| 145.81]|186.291191.491224.07|226.29 |237.40
Friction
Coefficient 0.439810.24% {0,207 {0.1596[0.1494{0.1257 (0. 1131
Table 87
TIME Lub,Type : Aluminium Stat.,Density : 6.5 g/cm3
5.0 Lub.Ratio: 1.0  wt % yDistance:18086.1 cm

BE ECONDS

Speed : 6.0287 x 10° cm / mimute .

Out Put _
(mv ) |1+833 |4.033 | 5.667] 4.833| 7.0 |9.0 |7.333

Applied Load
( g) 300.0 |600.0 |900.0 [1200,0 §1500.0 [1800,0 |2100.0
Friction

Force ( g ) |62-87 |135-14}164.82(190.751238.89 |283.33 1246.29
Friction

Coefficient |0+2096/0.2252]0.1831 (0.1589 [0.1593 (01574 (0. 1173




Table 88

SECONDS

PTIME Lub.Type : Aluminium Stat.,Density : 6.5 g/em’
10.0 Lub,Ratio: 1.0 wt % yDistance: 18086.1 cm
SECONDS| Speed : 6,0287 x 10° cm / mimnute .
Cut Put :
Applied Load
(g) 300.0 | 600.0 | 900.0 {1200.0 [1500.0 [1800,0 | 2100.0
Friection
Force (g ) | 1741 (166-84 180.34227.78/257.40(343.53 [290. T3
FrictiOn'_ .
Coefficient 0.258 {0,2781|0.2004|0.1898]0.1716[0,1907 [0.1384
Table 89
1
TIME Lub.Type tAluminium Stat.,Density : 6.5 g/cm3
20.0 . Lub.Ratio: 1,0 wt % yDistance:18086.1 cm

 Speed : 6.0287 x 10° cm / mimute .

Cut Put .
( nv ) 2033 5090 5'?33 7-967 9.667 13090 12.167
Applied Load
( g ) 300.0 | 600,0.{900,0 {1200.0}1500.0§1800,0{2100.0
Friction
Friction
Coefficient 0.265 10.322910.2342|0.217 |0.198810.2179]0.1684




Table 90

Lub,Type : Aluminium Stat.,Density : 6.5 g/cm3

TTIME
40,0 Lub,Ratio: 1.0 wt % ,Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° e / minute .
Out Put ‘
(ov ) 3,0 | 6,667 |6.66T7 [8.867 | 11.60[154333[16.167
Applied Load
( g ) 300.0 | 600.0 |900.0 |1200.0|1500.0|1800,0 2100,0
Friction < ' :
Force ( g ) 101.64| 217.08} 231.49]|280.38]341.06 424.05 442,60
Friction '
0.3%3%88| 0.3618|0,2572]0.,2337[0.2274 0.235610.2108

Coefficient




Table 91

TIME Tub.Type ¢ Aluminjum Stat.,Density : 5.5 g cm3
50.0 ILub.Ratio: 1.0 wt% ,Distance: 18086,1 cm
SECONDS| Speed : 6.0287 x 10° em / mimute .
Out Put .
Applied Load
' 300.0 | 600,0 } 900.0 [1200.0 1500,0 {1800.0 |2100,0
(g)
Friction
Force ( g ) 121.19 [232.07 |252.95 {294.44 |357.40| 453.71]479.62
Friction 6 0.2383|0,2521]0.2284
Coefficient | 0+404 | 0.3868 0.2811] 0.2454{0,2383] 0,25 .
Table 92
TIME Lub.Type : Aluminium Stat.,Density : 6.5 g/cm’
60.0 Lub.Ratio: 1.0 wt % ,Distance:18086.1 cm
SECONDS| spéed : 6.0287 x 10° cm / mimute .
"~ Out Put
( mv ) 2.86TF T.60 | 7.867] 10.40| 13,33 | 16.833| 17.833
Applied Load ‘
(g ) 300.0| 600.0] 900.0} 1200.d 1500.0] 1800.0| 2100.0
Friction
Force ( g) |129+87[244.91[258.15 [514.44 |379.62|457.40 [479.62
F‘riction'
Coefficient |0+4327[0.4082 0.2868(0.262 0.2531(0.2541 [0.2284




(
|

* Table 93

Lub.Type : Aluminium Stat.,Density : 6.8 g'/cm3

TIME
1.0 Lub.Ratios 1.0 wt % ,Distance:18686.1 cm
S £ C ONDS| Speed 1 6.0287 x 10° cm / mimute .
Out Put
( mv ) 4.233 | 4,967 [5.367 [5.033 | 5.80 }5.733 | 5.167
Applied Load
(& ) 300,0 |600.0 |900.,0 [1200.0[1500,0[1800,0 2100,0
Friction
Force ( g ) 141,54]164.77|202.60[195.18 [212,22 |210.73 198.16
Friction

Coefficient

0.4718[0.2746 0.?251 0,1627 10,1415 {0.1171 [0.0944




Table 94

TIME Lﬁb.Type + Aluminium Stat.,Density : 6.8 g/bm3
5.0 Lub.Ratio: 1.0 wt % ,Distance:18086.1 cm
S ECONDS| Speed : 6.0287 x 10° om / minmute .
- 0t Put .
( mv ) 1.90 | 3.567{ 4.333| 4,667 5.333 | 5.833 | 5.50
Applied Load
( 2 ) 300.0] 600.0] 900.,0|1200,.0 |1500,0 |1800,0 [2100.0
Friction
Force ( & ) 65,125 (120,12 |179.62 |187.04 [201.84 {212.96 | 205.55
Friction
Coefficient 0.21710.2002 {0, 1996 [0, 1559 [0.1346 [0.,1183 0.0979
Table 95
TIME Lub.Type : Aluminium Stat.,Density : 6.8'g/cm5
10,0 ‘Lub.Ratios 1.0 wt % sDistance:18086,1 cm
SECONDS| Speed : 6.0287 x 10° cm / mirute .
Cut Put
Applied Load ‘
( g ) 300.0| 600,0} 900.0 {1200.0 [1500.0 [1800,0 §2100.0
Friction
Force ( g ) 62.872| 137.29|201.84|216.67|210.73|227.78 |238.89
Friction
Coefficient 0.2096| 0.2288]0.2243 0,1806(0.1405{0,1265}0.1128




‘Table 96

TIME Lub.Type : Aluminium Stat.,Density : 6.8 g/cm3
20.0 Iub.Ratio: 1.0  wt % yDistance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° cm / mimute .

Out Put :
(mv ) 2,233 15.533 | 6.7 | 8.5 | T.233| 9.167| 9.833

Applied Load

(g) 300,0 | 600,0 |900,0 11200,0[1500.01800,02100,0
Friction . ‘
Force ( g ) 76.27| 182,42| 232,22]272,221244.07 237.0? 301,84

Friction

Coefricient |0+2542|0430400,2580|0,2267 (0.1627 041595 [0, 1437




Table 97

TIME Lub,Type : Aluminium Stat.,Density : 6.8 g/cm3
40,0 Iub.Ratio: 1.0 wt % ,Distance:18086.1 cm
SECONDS| Speed s 6.0287 x 10° cm / mimte .
Out Put '
(ov ) 2.50 | 5.50 8.0 | 8.533} 9.433[10.833 | 13.0
Applied Load
(g) 300,0 600.0{ 900.0]1200,0 {1500.0 [1800,0 2100,0
Friction .
Force { g ) | 89+191181.39)261.11|272,95/292.95|324.07 {372, 22
Friction ‘
Coefficient |0+2838[0.3023|0.2901)0.2275|0.1953|0,1800[0.1773
Table 98
TIME Lub.Type : Aluminium Stat.,Density : 6.8 g'/cm3
50.0 Lub.Ratio: 1.0 wt % sDistance: 18086.1 cm
SECONDS| Speed : 6,0287 x 10° om / mimute .
Out Put
Applied Load :
(g) 300.0{ 600.0{ 900.0 1200.0 “500.0 1800,0 {2100,0
Friction
Force ( g ) 80.73 [182.42 1244.07{268.51]302.60[324,07 |372.22
Frietion
Coefficient 0.2691]0.3040{0,2712|0.2238[0,2017 [0.1800 |0.1773




Table 99

TIME Lub,Type : Aluminium Stat.,Density : 6.8 g/cm3
60,0 Lub.Ratio: 1.0 wt % sDistance:18086.1 cm
SECONDS| Speed 3 6.0287 x 10° cm / mimute .
(ut Put : .
Applied lLoad
( g ) 300,0 | 600.0 | 900.0 | 1200,0{ 1500.0] 1800.0] 2100.0
Friction
Force ( g ) 96415 181439 257.40[272,95]298.15|327.781368.51
Friction '
Coefficient 0.3205] 0.3023} 0.286 |0.2275]|0.1988{0.1821|0.1755
‘Table 100
TIME Iub.Type : Calcium Stat., Density :5.53 g/cm3
1.0 Lub.Ratios 1.0 wt % , Distance:18086.1 cm
SECONDS Speed : 6,0287 x 10° em / minute .
Out Put
( mv ) 4.10 5.60 6.0
Applied Load
( e ) 300,0 | 600,0 {900.0 |1200.0| 1500.0| 1800,0}2100.0}
Friction k
Force ( g ) 137.29} 184.49| 216,67
Friction
0.4576 0.3075] 0.2407

Coefficient




Table 101

TIME Lub.Type : Calcium Stat., Density :5.53 g/em’
5.0 " Lub.Ratio: 1.0 wt%¥ , Distance:18086.1 cm
SECONDS| Speed : 6.0287 cm / mimte . '
Qut Put
Applied Load
Friction
Force ( g ) 109.82 [134.08 [194.44
Friction -
coettiotent |0+3661]0-2235 k).zm
Table 102
TIME | Lub.Type : Calcium Stat.,Density : 5.53 g/ cm’
10.0 Lub.Ratio: 1.0 wt% , Distance:18086.1 cm
ECOND S} Speed : 6,0287 x 10° cm/ mimite ,
Qut Put
(av ) 3,45 | 4.6 | 6.5
Applied Load
(&) 300.,0 {600.0 }{900.0
Friction
Force ( g ) 116,33} 153.20]227.78
Friction
Coefficient |0+3878[0.2555{0.2551




Table 103

Lub.Type : Calcium Stat., Density : 5.53 g/cm3

TIME
20,0 Lub,Ratio: 1.0 . wt % , Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° em / minute . '
Cut Put .
( v ) 3.55 [ 5425 7.0
Applied Load
Friction
Force ( g ) 119.57¢ 173.62|238.89
Friction

Coefficient

0.3986} 0.2894|0.2654




Table 104

TIME
40,0

Iub.Type :

Lub.Ratio: 1.

Calcium Stat., Density : 5.53 gfcm’

0 wt% , Distance: 18086.1 cm

SECONDS Speed : 6,0287 x 10'5 cm / minute .

Out Put ;
(mv) 5.55 |6.25 6.5
Applied Load P
00.0 | 600.0 { 900.0
(&) ’ ?
Friction
Force ( g ) 119.57] 204.44] 227.78
Friction B ‘
Coefficient | Or3986 0434071 0.2551
Table 105
TIME | Iub.Type :Calcium Stat., Density : 5.53 g/cm’
50.0 Lub.Ratio: 1.0 wt % , Distance: 18086.1 cm

SECOXNDSE

Speed : 6.0287 x 10° cm / minute .

Out Put
( my ) 3‘5 600 6.8
Applied Load )
O 'O 0 CO 00.0
(g) 300.0 1 600.0 {9
Friction |
Force ( g ) 117.95 196.8 | 234.44
Friction
Coefficient |0+39390.528 |0.2605




Table 106

Iub.Type : Calcium Stat., Demsity t 5.53 g/Cm3

TIME
60.0 Lub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS Speed : 6.0287 x 10° em / minute .
Out Put
(mv ) 3.5 6.0 7.0
Applied Load
00.0 | 600,0 | 900,0
(g) 3 9
Friction
coeffictent |0+393 |0-328 [0+265
Friction _
| Force ( &) 117.9 | 196.8 | 238.89




Table . 107
TIME Tub,Type :Calcium Stat., Density : 5.93 S/Cm3
1.0 Iub,Ratio: 1.0 wt % , Distance:18086.1 cm

SECONDS| Speed : 6.0287 x 10° em / mimte . |

Out Put :

(mv ) 3533 [ 5933 | 44233 | 4.8 |5.733 | 6.5 -
Applied lLoad

(e) 300.,0 | 600.0 | 900,0 | 1200.0/1500,0 {1800.0 {2100.0
Frietion  [440.021194.75(177.40|189.99(210.73{227. 78] -
Force ( e ) ‘
Friction _
Coefficient 0.3967]0.3246]0.1971§0.1583{0.1405[0.1265] -
Table 108
TIME Lub.Type : Calcium Stat.,, Density : 5.93 g/cm’
5.0 Inb.Ratio: 1.0 wt % , Distance:18086.1 cm

SECOYNDY Speed : 6.0287 x 105 cm / mimite .

Out Put
Applied Load :

(&) 300.0 [600.0 [|900.0 |1200.0 [1500,0 |1800.0 | 2100.0

Friction
Force ( g ) 77.405(163.70 [198.89 {235.18 | 272,2 { 261.11] -

Friction 15 258 [0.273 lo.221 | 0.196 | 0.182 } 0.145 | -
Coefficient




Table 109
TIME Lub.Type : Calcium Stat., Density : 5.93 g/cm3
10.0 Iub.Ratio: 1.0 wt % , Distance:18086,1 cm
SECONDS| Speed 1 6,0287 x 10° cm / minute.
Cut Put
Friction
Force ( g ) 84.06 [197.81 R22,59 1 272.2 | 307.78] 311 .11 -
Friction ’
Coefficient 0.280 0.?30 0.247 | 0.227 | 0.205 | 0.173 -
Applied Toad | 354 6| 600,0 | 900.0 | 1200.0] 1500.0| 1800.0] 2100.0
(g) )
Table 110
TI M-B Lub.Type-:Calcium Stat., Dengity 1 5.93 g/cm3
20,0 Lub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° em / minute .
Oout Put
Applied Load
( g ) 300,0/| 600.0{ 900,0(1200.0 |1500,0 |1800.0 {2100.0
Friction
Force ( g ) 107.11 225.1 228,51 |296.67 |331.49 [383.33 | =
Friction
0.357]0.372 [0.254 [0.247 | 0.221} 0.213 | _
Coefficient ;




Table 111

TIME Tub,Type ¢ Caleium Stat.,Density :5.93 S/Om3
40.0 Iub.Ratio: 1.0 wt % ,Distance:18086.1 cm
SECoONDS| Speed :6.0287 x 10° cm / minute .

Out Put
(mv ) 3,933 | 7.433 | 11.10 11,467 115.567| 18.25 | -

Applied Load

(g)

Friction
Force ( g )

300.0 | 600.0 | 900.0 | 1200,0} 1500.0 1800,012100.0

131.9% 239.97| 329.99| 338.15 429,26 488.88 -

Friction
Coefficient

0.440 | 0,40 }0.367 {0.282 0.286 [0.272 -




Table 112

TIME Lub.Type : Calcium Stat., Density : 5.93 g/cm
50,0 Lub,Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° cm / mimute .
Out Put .
(mv.) 4.067] 8.033] 11.5 |13.333 15,667 18.75 | -
Applied Load .
Friction '
Force ( g ) 136.231257.61]338.89 |379.62 |431.49 [499.99| -
Friction
COefficient 0.454 | 0.4294]| 0.3765|0,3164}0,.2877|0.2778| -
Table 113
TIME | Lub.Type : Calcium Stat., Density : 5.93 g/cm>
60,0 Iub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDSY Speed : 6.0287 x 107 em / minute .

Out Put

(v )

4,333 18.367 | 11.267]14.16T116.333}16.50 -

Applied Load

(g)

300.0 | 600.0 |900.0 |1200.0f1500.0]1800.0}2100.0

Friction
Force ( g )

144,72 267.31 333, 71{398.15|446.29449.99 ;-

Friction
Coefficient

0.4824] 0.4455|0.3708)0. 3318 [0.2975| 0.25 | -




Table 114
TIME Lub,Type :Calcium Stat., . Density : 6,3 g/cm3
1.0 Tub,Ratio: 1.0 wt % , Distance:18086.1 cm
SECOND [Speed 16,0287 x107em/ mipute .
Out Put
(mv ) 2,867 | 4.20 S.QO 6.167 | 6.83 | 8,00 -
Applied Load
(g) 300.0 |600.0 [900,0 [1200.0([1500.0(1800.0[2100.0
Friction
Friction
Table 115
TIME Lub,Type :Calcium Stat., Density: 6.3 g/cm5
5.0 Tub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECOND [Speed : 6,0287 x 10° em / minute .
Out Put
(mv ) 24433 |3.767 |4.733 | T.50 [9.1670| 11.0 -
Applied Load
(g) 300,0 {600.0 }900.0 {1200.0[1500,0[1800,0|2100.0
Friction
Force ( g ). 82.927(126.59|188,511249.99 |287.04 [327. 78 -
Fricticon
Coefficient 0.276470.211 [0.2095|0,2083]0,1914 |0,1821 -




Table 116

TIME
10.0
SECONDS

Lub.Type :Calcium Stat. , Density : 6.3 g/cm’
Iub.Ratio: 1,0 wt % , Distance: 18086.1 cm]
Speed : 6,0287 x 10° cm / mimte .

Cut Put
( - ) 3.20 {5,333 |6,067 10.167 11.50 |13.667f -
Applied Load .
( g) 300.0 | 600.0 }900.,0 |1200,0[1500,0]|1800.0(2100.0
Friction
Force ( g ) 108.19| 176.21|218.15|309.27} 338,88|387.04| =
Friction _ .
Coefficient 0.3606} 0,294 |0.2424 0.25?7 0.2259]10.2150] =
Table 117
TIME Lub.Type : Calcium Stat,, Density : 6.3 g/cm3
20.0 Lub.Ratio: 1.0 wt % , Distance: 18086.1 cm
SECONDSY Speed : 6,0287 x 103 cem/ mimate .
Out Put -,
(v ) 3.833 16,233 | 6.9 |10.833]13.167|14.667 -

Applied Load
(&)

300.0 | 600,0 ] 900.0 | 1200.0] 1500,0| 1800,0]2100.0

Friction
Force ( g )

128.71] 203.92| 236.67| 342,07| 375,93} 409.26} -

Friction
Coefficient

0.429 | 0,340 | 0.263% | 0.270 |0.251 10.227




Table 118
TIME Lub.Type : Calcium Stat., Density : 6.3 g/cm3
40,0 Lub,Ratio: 1.0 wt% , Distance:18086.1 cm
SEC ONDS| Speed : 6,0287 x 10° cm / minute o
0 ut Put 7
Applied Load
(g) 200,0 |600,0 [900.0 |1200,0}1500.011800.0 {2100.0
Friction
Force ( g ) 157.40{2%2,07{310.73|415.18| 498.2]544.82
Friction
0.525 }0,387 10.345 [0.346 |0.332.]0.3027

Coefficient




Table 119

. !
TIME Lub,Type : Calcium Stat., Density : 6.3 g/cm3
50.0 Lub.Ratios 1.0 wt % , Distance:18086.1cm
SECONDS| Speed : 6,0287 x 10° cm/ minute .
Cut Put
( v ) 5133 | 6.667 | 10.83 | 17.50 | 19,50 | 22.17 -
Applied Load M ]
(e) 300,0 | 600,0 | 900.0 {1200.0 { 1500.0{ 1800,0{ 2100.0
Friction
Force ( & ) 169.96 217.08] 324,04 472.22] 516,66/ 575.9 | -
Friction
Table 120
TIME Iub.Type ¢ Calcium Stat.,Density :76.3 g/cm3
60,0 Iub.Ratio: 1.0 wt% , Distance:18086.1 cm
SECONDS| Speed : 6,0287 x 10° om / minute .
Cut Put
(v ) 56167 { T.2 11.0 [19,167]21.50 [23.333] -
Applied Load
(g) 300,0 {600.0 |900.0 |1200.0}1500.0}1800,0]2100.0
Friction
Force ( g ) 171.03| 233.05|327.78|509.26{561.11 601,84 -
Friction
Coefficient 0'57 00383 0-364 0'424 00574 003344 -




Table 121
TIME Lub.Type : Calcium Stat., Density : 6.5 g/cm’
1.0 Iub.Ratio: 1.0 wt % , Distance:18086,1 cm
SECONDS| Speed 1 6.0287 x 107 em / mimute.
Out put . :
( ov ) 3,33 {5,233 [5.333 [4.4330| 4.667 | 6.50 | 7.667
Applied Load .
' 300.0 [600.0 [900.0 |1200.0{1500.0{1800,0}2100.0
(&) :
Friction i o4l22 .B 253.M
[ . ' 08 18 . H .
Force (g ) |112+52]173:09{201.84 181,84 [187.04 [227. 78 [253
FPriction : ¢ 08
cousficient |0+3T5 |0+2885/0.22430.1515]0,1247{0,1265 0,12




Table 122
TIME Iub.Type : Calcium Stat., Density : 6.5 g/cﬁl5
5.0 Lub.Ratio: 1,0 wt % , Distance:18086.1 cm
S ECONDS| Speed : 6.0287 x 10° em / minute .
Cut Put '
Applied Load
(g) 300.0 | 600.0 { 900,0 | 1200.4 1500,0] 1800,0(2100.0
Priction
Force ( g ) |60+65 |155+32]194.44]205.56| 277.40 283.53|320. 38
Friction |
Coefficient 0.202 [0.259 [0.2161)0.171 |0.185 [0.157 0,153
Table 123
?IME | Lub.Type : Calcium Stat., Density : 6,5 g/cm>
10.0 Iub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS| Speed : 6,0287 x 10° e / mimute .
Out Put '. .
( ov ) 2.133}6.335% 6.50 | T.33 |9.6670[10.667 [16.833
Applied Load
(g) 300,0 [600.0 [900.0 [1200.0 1500.0 [1800.0 [2100.0
Friction
' Force ( g ) 72.9%]|206.97{227.77 [246.29 | 298,15 |320.37 [457.40
Friction
Coefficient 0.243 10,345 ]0.253% |0.209 |0,199 |O.,178 (D,2178




Table

124

TIME
20.0
SECONDS

Lub,Type : Calcium Stat., Density : 6.5 E/cm3
Iub.Ratios: , Distance:18086,1 cm

Speed : 6.0287 x 107 cm / minute .

1.

0 wt%

Out Put
(v ) 3.033 6.167 7.50 | 7.833 [10.07 |12.50 |13.833
Applied Load
(g) 300,0 | 600.0 | 900,0 | 1200.0| 1500.0[1800,0[2100.0
Friction
Force { g ) 102.72 201.91| 249.99| 257.40] 307.04}361.,11[390,.73
Friction
0.342 | 0.337 1 0,278 |0.215 0,205 |0,201 |0,.1861

Coefficient




Table 125
TIME Lu'b."I‘ype : Calcium Stat., Density : 645 g-/cm5
40.0 Lub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 10% cm / minute .
Out Put i ‘
(o ) 34433 | T.933 | 8.533| 8.50 | 10.433 12.50 | 14.67
Applied Load
Ce) 300.0 | 600.0 } 900.0 [1200,0 [1500.0 {1800.0|2100.0
Friction
Force ( g ) {'17+18 254.69)272.95| 272,22| 315.18|361.11 [409.26
. Frietion .
Coefficient |0386 |0-4245[0.303 [0.2268[0.2101(0,2006(0,1949
Table 126
TIME | Lub.Type : Calcium Stat,, Deﬁsity : 6.5 g;/c:m5
50,0 Lub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS Speed : 6.0287 x 10° cm /£ mimte .
Out Put
Applied Load
(g) 300,0 |600.0 | 900,0{1200.0 1500.Q 1800,0 | 2100,0
Friction
Force ( g ) | 13%+07220-09 | 283.33] 310.73] 520, 38| 36t.11(409.26
Friction ' _
Coefficient 0.443 | 0.367 |0.315 | 0.259 {0.214 |0.201 {0.1949




Table 127
T ME | Lub.Type : Calcium Stat., Density : 6.5 g/cm’
60.0 Lub.Ratio: 1.0 wt% , Distance:18086.1 em
SEC O NDS| Speed : 6.,0287 x 103 cm / mivute .
Out Put
Applied Load
( g ) 200.,0| 600,0} 900,0(1200,0 }1500,.0 [1800,0 {2100,0
¥riction
Force ( g ) |'28+71]220:09 263,33 {301.84 |351.49 |383.33 [461.108
Friction
Coefficient 0.4291[0.3668|0.3148{0.2515{0.2343 |0.2129 |0.2196




Table 128
TIME Lub,Type :Calcium Stat., Density :6.8 g'/cm5
5.0 Lub.Ratioz1,0 wt¥ , Distance:18086.1 cm
SECONTDS| Speed : 6.0287 x 10° cm / mimute .
Cut Put ‘
(v ) 2.167 4.657 6,0 | 7.50 |9.333|11.33 | 8,667
Applied Load .
( a ) 300.0 | 600.0 | 900.0 [1200,0 [1500.0 | 1800,0{ 2100.0
Friction
Force ( g ) 74.07 |155.32 | 216.67249.99 [290.73|335.18(275.93
Friction
Coefficient 0.2469(0.2589{0,2407]0.2083%}0.1938|0.,18620,1314
Table 129
TIME Lub.Type :Calcium Stat.,Density : 6.8 g/cm’
1.0 Lub.Ratio: 1.0 wt % , Distance:18086.1 cm
S E C O NDS| Speed : 6.0287 x 10° cm / minute .
Out Put
( ov ) 3,067 | 5.50 5.50 5.167|6.167 {7.667 [7.167
Applied Load
( g ) ’ 300,0 | 600.0 | 900.0 |1200,0]1500.0]|1800.0}2100.0
Friction ol
Force ( g) 103.84{ 181.39[201.11{198.16{220,38]253.71|242.60
Friction
Coefficient 0.346 | 0.3023] 0.2235| 0,165 {0.147 |0.141 10,1155




Table 130

TIME | Iub.Type :Calcium Stat., Density : 6.8 g/em>
10.0 Lub.Ratio: 1,0 wt % , Distance: 18086.1 cm
SEC OND S| Speed : 6,0287 x 10° em / mimute .
Out Put
( mv ) 2.8 5.833 8.1 9.5 13.0 13,833 12.85}
Applied Load
Friction
Porce ( g) 95,066 |191.68(263.33|294.44 372,22 590.73 368.51
Friction.
Coefficient 0.316910.3195]0,2926 0.2454 0.2482 10,2171 } 0.175
Table 131
TIME Lub.Type : Calcium Stat,, Density : 6.8 g/cm3
20.0 Lub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDSE Speed : 6.,0287 x 10> em / mimte .

Out Put

(mv)

3.50 | 7.367 | 8.1 10,167 10,00 | 11.,66T|15.00

Applied Load

(g)

300.0 | 600.0 | 900.0 | 1200,0] 1500.0] 1800.0{ 2100.0

Friction

Force { g )

117.95] 238.02| 263.33]| 309, 27| 305.55| 342.60] 416,66

Friction

Coefficient

0.393 | 0.3%397 | 0.293 | 0,258 | 0.204 0.1903 0.1984




Table 132
TIME | Iub,Type : Calcium Stat., Density : 6.8 g/em’
40,0 Lub.Ratio: 1.0 wt % , Distance:18086.1 cm
SEC ONTDS| Speed : 6.0287 x 10° cm / minute .
Out Put .
Applied Load
(&) 300.0 | 600.0 [900.0 [1200,0{1500.0{1800.0{2100.0
Friction
Fores ( g ) |131°93 196.80(242.60[290.731253.711331.49 [357.93
Friction
0.4398]0.328 |0.2696(0.2423[0.169 [0.1842 10,1790

Coefficient




Table 133

TIME . | Lub.Type : Calcium Stat. ,Density : 6.8 g/em>
60.0 Lub,Ratio: 1.0 - wt % ,Distance:18086.1 em
SECONDS Speed : 6.0287 x 10° em / minute .
Out Put .
(mv ) 3.667 | 6.1 |7.333}9.167 | 6,667 |11.667{.13.0
Applied Load
(&) 300,0 | 600.0 |900.0 | 1200,0| 1500.0{ 1800.0l 2100.0
Friction
Force ( g ) 123,36} 199.86] 246.29| 287.04| 231.49| 342,60| 372,22
Friction
_ 0.4112[ 0,333 10,273 [0.2392]0.154 [0.1903{0.1773
Coefficient
Table 134
TIME Lub,Type : Calcium Stat., Density : 6.8 g/cm3
50.0 - | Lub.Ratio: 1,0 wt % , Distance:18086.1 cm

SECONDS] Speed : 6.0287 cm / minute .

Cut Put

Applied Load
( g ) 300.0 [600.0 }900.0 |1200,0{1500,0|1800.0[2100.0

Friction

Force ( g ) 120,121198.85(253.71]275.93231.49 |335. 18 |364.82

Friction

Coefficient
[

0.401 {0.331 {0,282 [0.2299 |0,1543 |0.1862 0. 1737




Table 135

TIME Lub.Type : Magnesium Stat., Density : 6.3 g/bn?
1.0 Lub.Ratio: 1.0 wt % ,Distance:18086.1 cn
SECONDS Speed : 6.0287 x 10° em / mimate ,
Out Put
( mv ) 3.2 5.767 5.3 40233 6.2 7075 9-0
Applied Load
(g) 300,0 { 600.0 | 900.0 | 1200,0} 1500,0|1800.0}2100.0
Friction
Force ( g ) 108.19| 189.64| 201.11| 177.40| 221,11|255.56|283.33
Frietion
Coefficient 0.3606] 0.3161} 0.2235/ 0,1478] 0.1474}0.142 [0.1349
Table 136
TIME Lub.Type : Magnesium Stat,.,Density :6.3 E’/cm3
5.0 Lub.Ratio: 1.0 wt % ,Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 103 em / mimite .
Cut Put _ _ '
( nv ) 2‘0 4.067 5.667 6.0 8.5 9.5 9.5
Applied Load
(g) 300.0 | 600.0 |900,0 }1200.0)1500.0]1800.0}2100.0
Friction
Force ( & )' 68.48 | 136,23 209.,27|216.67{272.22{294.44{294.44
Friction
Ceefficient |0+2283}0.227 |0.2325]|0.1806/0.1815[0,1636]0,1402




Table 137

TIME Lub.Type : Magnesium Stat,, Density : 6.3 SVCnP
10,0 Lub,Ratios: 1.0 wt % yDistance:18086,1 cm
SECONDS| Speed : 6.0287 x 10° en / mimute .
Out Put _ ,
( mv ) 2.467 | 5.167{7.833 | 8.0 10.5 § 12.5 | 11.0
Applied Load .
( 2 ) 300.0 {600.0 }900.0 |1200,0|1500,0}1800,0|2100.0
Friction '
Force { & ) 84.06 ]171.03]|257.40|261.11 316.66 361.11 {327.78
Friction : : .
Coefficient 0.2802{0,2851{0.286 [0.2176/0.2111]0.2006 {0, 1561
Table 138
TTIME | Lub.Type :Magnesium Stat.,Density : 6.3 g/em’
20.0 Lub.Ratio: 1.0 wt % ,Distance:18086.1 cm
S ECONDS| Speed &+ 6.0287 x 103 cm / minute .
Out Put ‘
(mv) [2:833]5:8%3 8,767 |9.66T [11.333{14.55 | 16.5
Applied Load
( g ) 300.0{600.0 |900,0 |1200.0]1500,0|1800,0(2100.0
Friction '
Force ( g ) 96.153[191.68]278.15]298.15 335.18 406,66 |1449.99
Friction 4 .
Coefficient |0+3205]0.3195]0.3091]0.2485 {0.2235 |0.2259 [0.2143
N




Table 139

PTIME | Lub.Type :Magnesium Stat.,Density : 6.3 S/Cm3
40,0 Tub.Ratio: 1,0 wt % . ,Distance:18086.1 cm
SECONDS| Speed : 6,0287 x 10° em / minute .

Out Put ‘

Applied Load
(g) 300,0| 600,0]900,0 [1200,0 {1500,0 [1800,0 | 2100.0

Friction
Force ( g ) | 12019 223.1 |361.11|348.51442.60|461.11 |461.11

Friction

0.4004|0.371810.4012{0.290410.2951|0.2562|0,2196
Coefficient

e



Table 140

TIME Lub.Type :Magnesium Stat.,Density : 6.3 g/cm3
50,0 Lub,Ratio: 1.0 wt % yDistance:18086.1 cm
S ECONDS| Speed : 6.0287 x 107 om / minute .
Out Put ‘
3.833|7.167 [12.50 {13.00 [17.167| 18.4 | 18.5
( mv ) -
Applied Load . '
(g ) 300.0 }|600.0 [900.0 |1200,0[1500,0{1800.0{2100.0
FPriction
Force ( g ) 128,71} 232,071361.11] 372.22| 464.82]492.22]494. 44
Friction )
Coefficient §0+4291]0.3868/0.4012}0.3102/0,3099)0.2735[0.2355
Table 141
TIME | Lub.Type :Magnesium Stat.,Density : 6.3 g/cm’
60.0 Lub.,Ratio: 1.0 wt % ;Distance:18086.1 cm

SECONDS

Speed : 6,0287 x 102 cm / minute .

Out Put

((mv )

3.867 | 7.0 [12.833|14.167|17.20 [17.65 [ 19.5

Applied Load

(g)

300,0 [600.0 |900.0 |1200.0[1500.0|1800.0[2100.0

Friction
Force ( g )

129.81]227.08]368,.51|398.15(|465.55 |475.55 |516.66

Friction
Coefficient

0.4323]10,3785]0.409510,33180,3104 |0, 2642 [0.2460




Table

142

Iub.Type :Magnesium Stat.,Density : 6.5 g/cm3

TIME
1.0 Lub,Ratio: 1.0 wt % ,Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° cm / minute o
Out Put '
( mv ) 3,433 | 5.0 |[4.033 |5.767 [5.667 [9.333 | 9.333
Applied Load
( G ) 300,0 | 600.0 |900.0.]1200.0 1500.0}1800,012100,0
Friction :
Friction
Coefticient | O+ 3859|0+2763]0,1922|0,1762(0.1395{0,1615 01354




Table 143
TIME Lub.Type :Magnesium Stat.,Density :6.5 g/cm’
5.0 Lub,Ratio: 1.0 wt % ,Distance:18086.1 cm
SEC ONDS| Speed : 6.0287 x 10° cm / minute .
Out Put
(mv ) 1.933 [3.233 |4.667 |7.333 {6.167 [12.667 [t2.167
Applied Load
(g) 300.0 |600.0 [900.0 [1200,0 [1500.0 {1800.0 [2100.0
Friction 1
Force ( g ) |66+233|109.261187.04 |246.29 [220.38 364.82 [353.T1
Friction
Coefficient |0+2208 [0.1821]0.2078 [0,2052 |0.1469 [0.2027 P.1684
Table 144
TIME Iub.Type. :Magnesium Stat.,Density : 6.5 g /cm3
10.0 Lub.Ratio: 1.0 wt % sDistance: 18086.1 cm
SEC O N D S| Speed : 6,0287 x 10° om / minute .
Qut Put :
( mv ) 2.333| 4.10 [6.167 10,167 |7.667 |18.667] 16.0
Applied Load
. 300,0 | 600.0 |[900.0 |1200.0|1500,0}1800.0/2100.0
(g)
Friction
Force ( g ) 79.603] 137.29] 220.38 399.27 253.714498.15]438.89
Friction _
Coefficient |O+2693(0-2288{0.244910,2577/0. 1691 0.2765 0,209




Table

145

TIME Lub.Type :Magnesium Stat.,Density : 6.5 g/cm3
20.0 Lub.Ratio: 1.0 wt % yDistance:18086.1 cm
5 ECONDS| Speed : 6,0287 x 10° cm / mimte .
Cut Put _ '
( mv ) 2.5 |5.833 | 7.1 [11.667]20.83%3 [20.833 [20,333
Applied Load
(g) 300,0 {600,0 {900,0 {1200,0 {1500,0 [1800.0 [2100.0
Friction
Force (g ) |82+121 191,68 241,11 [342.60 [546.29 [546.29 535,17
Friction
Coefficient 0.28380.3195 |0.2679 10.2855 [0.3642 | 0,3035(0,2548




Table 146

SECONDS

Speed : 6.0287 x 10° em / mirute .

TIME Lub.Type :Magnesium Stat.,Density : 6.5 g/cm5
40,0 . Iub.Ratio: 1.0 wt % ,Distance:18036.1 cm
5 EC O ND S| Speed = 6.0287 x 10° em / minute .
_ Out Put . |
(av ) 3.10 | 6.0 [B.267 [11.533[13.067 | 26,00 |25.833
Applied Load _
(&) 300,0 | 600.0 {900.0 {1200.0{1500,0(1800,0]2100,0
Friction
Force ( & ) 104.92} 196.8 | 267.04 359.?2 373.62|661.11]1657.4
Frietion )
Coefficient |0+3497|0-328 [0.2967/0.283 [0.2491[0.3673|0.5131
Table 147
TIME Iub,Type :Magnesium Stat.,Density : 6.5 g/ cm3
50.0 Lub,Ratio: 1.0 wt % yDistance:18086.1 cm

Out Put _
( mv ) 3.17| 6.0 |8.333 {12,110 |13.80 |23.50 |25.867
Applied Load
(g) 300,0 { 600.0 {900,0 {1200,0{1500.,0}1800.0}2100.0
Friction
Force (g ) |107+11]196.87|268.51|352.22389.99[605.55658.15
Friction
Coefficient |0+357 |0-328 [0.2983]0.2935]0.260 [0.3364[0.3134




Table 148
TIME Lub,Type :Magnesium Stat.,Density : 6;5_g/cm3 ‘ |
60,0 Lub.,Ratio: 1.0 wt % ,Distance:18086.1 cm

SECONDS Speed : 6.0287 x 103 cm / minute ,

Out Put ¢ 66 - ~
( mv ) 3+233 | 6,10 | 8.667 | 12.233| 14,33 | 23.667| 26.667)
Applied Load
(g) 300.0 | 600,0 | 900.0 [1200,0 | 1500.0| 1800.0] 2100,0
Friction
Force ( g ) | 109+2§199.86{275.93|355.18401.84 609,26 [675.93 |

Friction

Coefficient |O°3642[0+3331|0.5066]0.296 |0,2679 [0,3385]0,3219




- Table - 149
TIME Lub.Type : Magnésium Stat.,Density 16.8 g/cm3
- 1.0 Lub.Ratio: 1.0 ~wt % ,Distance:_18086'.‘lcm
SECONDS Speed : 6,0287 x 10° cm / minute .
Out Put , L
( mv ) 3.267 5.3 4.967 | 5.333 6-9_33 T.76T | 745
Applied Load ' .
( g ) 300.0 600.0 900,0 N200.0 ] 1500,0| 1800.0[2100.0
Friection
Force ( g ) 110.37 175,181 193.71) 201.84] 237.40] 255.93] 249.99
Friction '
Coefficient 0.3679] 0.292 | 0,2152 0.1682 0.158%] 0,1422]0.1191
Table 150
TIME Lub.Type :Magnesium Stat.,Density :6.8 g /cm‘j_
5.0 Lub.Ratio: 1.0 wt % ,Distance:18086.1 cm
SEC O NDS| Speed : 6.0287 x 10° em / minute .
Cut Put }
Applied Load : '
(e) 200.0 | 600.0 | 900.0 [1200.0 { 1500,0} 1800.0 2100.0
Friction ' ‘
Co.efficient 0.1797% 0.2501}0.1963%|0,175 [0.178 [0.1685[0.1543
Friction
Force ( g ) |?7+899[150.03 176.67}209.99[267.04 (303,33 [324.07




Table .- 151

TIME | Iub.Type :Magnesium Stat.,Density : 6.8 g/em’
10,0 Tub.Ratio: 1.0 wt % sDistance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° cm / minute .
Out Put
(o ) 1.9 { 5.5 | 5.6 | 8.167| 10.839 12,00 13.167
Applied Load '
(e) 300.0 [600.0 (900.0 {1200.0 {1500.0 {1900,0 { 2100.0
Friction
Force ( g ) |[67+127(181.39[207.78 1264.82 1524.82 349.99 [575.93
Friction : '
Coofficient |0+2171{0+30230.2309 0.2207 10,216 0.1944 | 0.179
Table 152
TIME Inb.Type : Magnesium Stat.,Density : 6.8 g/cm3
20.0  Lub.Ratio: 1.0 wt % yDistance:18086.1 cm
SEC ON D S| Speed : 6.0287 x 10° em / mimte .
Out Put
v ) 3.3 16.333 | 7.0 [10.80 |[13.167[15.667| 17.5
Applied Load
Friction '
Force ( g ) |111-49|206-97|238.89|523.331375.93 |431.49 [472.22
Friction
Coefficient {03712[0.3449(0.2654(0.2694]0.2506 [0.2397 [0.2249




Table 153

TIME Lub.Type : Magnesium Stat.,Density : 6.8 g/cm3
40.0 Lub,Ratio: 1.0 wt % ,Distance:18086.1cm
cgconDd Speed s 6.0287 x 10° om / mimute .

Out Put -
(v ) 2,367 | 6.667 6.7}3 9.%33 |12.20 16,567]19.033

Applied Load

(& ) 300.0 | 600.0 9000.0} 1200,0 1500.0] 1800.0 2100.0
Friction ‘
Coefficient 0.2691 0.23%18| 0.2588 0.2423| 0,2363] 0.2508 0.2411

Friction

Yorce ( & ) 80.73 [217.08 [232.96 [290.73 354. 44 451.49 p06.29




Table 154
TIME Iub.Type : Magﬁesium Stat.,Density : 6.8 g/cm3
50.0 Lub.Ratio: 1.0 wt % ,Distance:18086.1 cm
SEC ONDS| Speed : 6.0287 x 10° cm / mimute .
Out Put ' ‘ - _
(mv ) 2.733 |6.233 | 6,133 | 11.167] 12.367/18.333|19.50
Applied Load
(g) 200.0 | 600.0 }900.0 | 1200.0} 1500.0| 1800.0{2100.0
+ Friction
Force ( g ) 92,857| 203,92 219,62 331.49] 358.15| 290.73| 416.66
Friction C
Coefficient | C°3095) 0+3399]0.2440} 0.2762]0.2388] 0.2726}0,2460
Table 155
CTIME Lub.Type : Magnesium Stat.,Density : 6.8 g/cm3
60.0 Iub.Ratio: 1.0 wt % yDistance:18086.1 cm
SECONDS Speed : 6,0287 x 10° em / minute .
Qut Put
(v ) 2.333 | 6,033 | 6,467 | 11.33 |13.167]| 18.833]|16.50
Applied Load
(g) 300.0 | 600.0 | 900.0 }| 1200,0| 1500.0| 1800,0{2100.0
Friction
Force ( g ) | 79607 19781} 227.041 335.18] 375,93 501.841449.99
Friction
Ceefficient 0,2653 0.3297} 0.2523] 0.2793%| 0,2506| 0.2788]0.2143




Table 156

TIME Lub,Type : Sodium Stat., Density : 6.3 g/cm3
1.0 Iub.Ratio: 1.0 wt % |, Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° em / minute .
Qut Put
Applied Load '
(2) 300.0 | 600.0 | 900.0 | 1200.0 1500.011800.0 2100.0
Frietion
Force ( g ) 134.08155.32 | 175.18| 172.22| 211,11| 261.11| -
Friction
Coefficient | O¢4469] 0.25891 0. 1946f 0.1435| 0,1407| 0.1451] -
Table 157
TIME | Iub.Type : Sodium Stat., Density : 6.3 g/cm’
5.0 Lub.Ratio: 1,0 wt % , Distance: 18086.1 cm
SECONDS| Speed : 6.0287 x 10° cm / minute .
Out Put
Applied Leoad
(&) 300,0 | 600.0 1900.0 }1200.0}1500,0)1800.0}2100.0
Friction
Force ( g ) | 5728 150.03|183.33|177.781233.331316.66( -
Friction
Coefficient |O+1909(0.2501|0.2037(0.1482[0.1556]0.1759| -




Table 158
TIME Lub.Type : Sodium Stat., Density :6.3 g/cm3
10,0 Lub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° cm / minute .
Out Put _ '
(mv ) 2.08 [|5.167 | 6.10 | 6.90 |8.75 |14.25 -
Applied load
( g ) 300.0 | 600.0 | 900,0{ 1200.0 1500.0 1800.0 2100.0
Frietion
Force ( g ) 71.26 [171.03 | 218,89 236,67 277.78] 399.99| -
Friction
Coefficient 0,2375] 0.2851] 0,2432] 0.1972]0,1952)0,2222} -
Table 159
TIME Tub,Type :Sodium Stat.,.Density : 6.3 g/c:m3
20.0 Lub,Ratio: 1.0 wt % , Distance:18086,1 cm

SECONDS

Speed : 6.0287 x 10% em / minute .

Out Put
(v ) 3,0 |6.33 [6.867 8.25 [11.75 [15.25 | =
Applied Load
(g) 300.0 | 600.,0 | 900.0 | 1200.0|1500,0)1800.0}2100.0
Friction
Force ( g ) |101-64[206.97[235.93(266.67| 344.441422.22| -
Friction . '
Coefficient |0+3388[0.3449]10.2622|0.2222|0,2296{0.2346( -




Table 160

TIME

Lub.Type : Sodium Stat., Density : 6.3 g/cm

3

40.0 Lub.Ratio: 1.0 wt% Distance: 18086:1 cnm
S ECONDS| Speed : 6.0287 x 10° cm / minute .
Qut Put
Applied Load .
( g ) 300,0 | 600.0 |900.0 1200,011500.0]1800.0 2100.0
Friction | |
Force ( g ) 129.81] 251.76] 331,49} 355.551455.55 533¢35} -~
Friction
Coefficient 0.4327| 0.4196|0,3683]0.296310.3037 0.2963| -




Table 161

TIME Lub.Type ¢ Sodium Stat., Density : 6.3 g/cm3
- 80.0. Lub,Ratio: 1.0 wt % , Distance:18086.1 cm
S EC ONDS| Speed : 6,0287 x 10° em / mimte .
Out Put
(mv ) 4.333 |8.433 (11,50 |14.50 | 19.0 {20.50 | -
Applied Load
(g ) 300.0 {600,0 {900.0 [1200.0}1500,0]1800.0 2100.0
Friction , '
rorce ( g ) 144.72{269.223338.89(405.55(505.55/538.89{ =
Friction
Coefficieht 0.4824 0-4487 0.3765 0-3380 0.3370{0.2994} -
Table 162
TIME Lub.Type : Sodium Stat., Density : 6.3 g/cm5
60.0 Iub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS| Speed : 6.0287 x 10° cm / minute .
Out Put
( mv ) 4.5 8.7 [12.5 17.25 21.0 20,751 -
Applied Load
(g ) 300.0 | 600.0 |900.0 |1200,0|1500,0{1800.0|2100.0
Friction .
Force ( g ) 150,03 | 276.91} 361,11 466.66]549.99|544.44] -
Friction :
Coefficient 0.50 {0.,4615/0.4012}0.3889|0.3%667|0.3025| -




Table 163
TIME Lub,Type : Sodium Stat., Density : 6.5 g em’
1.0 Lub.Ratio: 1.0 wt % , Distance: 180%6.1 cm
sEcounDs| Speed : 6.0287 x 10° cm / mimte .

Out Put -
(v ) 4.33314.967 3,2 14.43% | 4,933 1 5.633 | T.95
Applied lLoad
(g ) %00,0 |600.0 [900.0 11200.0 1500, 01800.0 P100.0
Friction

Force ( g ) 144.721164,77 [154.44 [181.84 1 192,96{208,511259.99

Friction _
Coefficient | O4824] 0-2746|0.1716) 0.1515 0,1286}0.1158|0.1238




Table 164
PTITMERE Lub.Type : Sodium Stat., Density : 6.5 gﬁcm3
5.0 Iub.Ratio: 1.0 wt % , Distance:18086.1 cm
SECONDS| Speed : 6,0287 x 10° cm / minute .
Cut Put
Applied Load :
Friction ' :
Force ( g ) 115.78|108.13 |164.82{238.89 |209.27 {268.51 [283.33
Friction _ _
Coefficient 0.3859]0.1803%|0.1831 |0.1991 |0.1395 |0.1492 [0.1349
Table 165
TIME Lub.Type : Sodium Stat., Density : 6.5 g/cm3
10.0 Lub.Ratio: 1.0 wt % , Distance: 18086.1 cm

S ECONDS

Speed : 6.0287 cm / minute .

Out Put
( av ) 4,167 | 3.9 | 5.4 9.0 8.367 10.667] 12.75
Applied Load
(g) 300.0 |600.0 |900.0 |1200,0]1500.0 [1800,0 [2100.0
Friction
Force ( g ) |139+43|130.87]203.331283.351269.27 320.38 [366.66
Friction ' . .
Coefficient |O+4648[0+2181{0.22590.23610.1795 (0.1780 [0.1746




Table 166

TIME
20,0
SECOND S

Lub.Type : Sodium Stat., Density : 6.5 g/cm3
Lub.Ratio: 1.0 wt % , Distance: 18086,1.cm

Speed : 6,0287 x ‘IO3 em / minute ..

Out Put : _
502 | 64333 17.43% [9.93% 111,60 {14.067}17.250
(mv )
Applied Load
(e ) 300.0 | 600.0 |900.0 |1200,0}1500.0]1800.0§2100.0
Friction
Force ( g ) |172-06]206.97|248.51)304.07]|341.11|395.93|466.66
Friction : : ‘
Coefficient |0°5735]0.344910.2761(0.253410.227410.220 10,2222
Table 167
TIME Lub.Type : Sodium Stat., Density ;6.5 g/cm’
40.0 Iub,Ratio: 1,0 wt % , Distance:s 18086.1 cm-

SECONDS

Speed : 6.0287 x 10° em / minute . .

Out Put
(o ) (6.1 Ta1 B.433% 114.33 14.667 16.50 [19.75
Applied Ioad
( g ) %00.0 | 600,0 1900.0 |1200.0]1500.0]1800,0/2100.0
Friction
Force (' g ) 199.86] 230.07| 270. 73| 401.78]409.261449.99|522.22
Friction
Coefficient 0.6662( 0,383510,3008]0.3348}0,2728]0.250 |0.,2487




Table 168

TIME Lub.Type : Sodium Stat., Density : 6.5, g/cm3
50,0 Iub.,Ratio: 1,0 wt % , Distance: 18086.1 cm
SECONDY Speed : 6.,0287 x 103 cm / minute .
Out Put i
Cav ) 5.9 |7.333 1293 | 15.0 | 18.5 |20.00
Applied Load | 304 0 | 600,0 4200.0 | 1500.0| 1800.0] 2100.0
(g)
Friction ‘
Friction | |
Coefficient | 0+6497 0+395 0.3094 0.2778] 0.2747[0.2513
Table 169
TIME Lub.Type : Sodium Stat., Density : 6.5 g/ cm’
60.0 Lub,Ratio: 1.0 wt % , Distance:18086,1 cm
SECONDS Speed : 6.,0287 x 10° em / minute .
Cut Put
6.0 . 12.03 }15.167]| 15.40 | 23.
(mv ) T.T7 3 [15.167|15.4 3.75
Applied Load | 564 6 | 600.0 1200.0] 1500.0} 1800.0} 2100.0
(6)
Friction
force ( g ) | 196-89247.85 350.73]420,38]425.55 611,11
Friction
Coefficient |0+656 [0+4131 0.2923/0.2803 {0.2364 [0.291




Table 170

TIME

Iub.Type : Sodium Stat., Density : 6.8 g/cm>

1.0 Lub.Ratio: 1.0 wt % , Distance: 18086.1 cm
SECONDS| Speed : 6,0287 x 10° em / minute .
Out Put
( ov ) 4,033 |4.433 | 4.6 3.83314,767 {5.633 | 5.0
Applied Load
(g) 300,0 |600.,0 |900.0 1%200,0(1500,0{1800,0 |2100,0
Friction
Force ( g ) 135.14]147.91]185.56|168.51[189.271208.51 [194. 44
Friction
0.4505}0,2465}0,2062|0,140410.1262 [0.1158 | 0.0926

Coefficient




Table 171

TIME " Lub.Type : Sodium Stat., Density :6.8 g'/cm3
5.0 lub.Ratio: 1.0 wt % , Distance: 18086.1 cm
SEC ONDS|{ Speed : 6.0287 x 103 cm / minute . '
Oout Put
( mv ) 2.267 |3.333 4,167 |4.176 | 6.0 |7.833 | 7.333
Applied Load
300.0 | 600.,0 [900.0 |1200.0}1500.0[1800.0]2100.0
(g)
Friction
Force ( g ) 77.405{112.53[175.93| 175.93|216.67]257. 40 }246.29
Friction .
Coefficient | 0+2580]0-1875{0.195510.1466(0.1444]0.143 |0.1173
Table 172
S TIM E Lub,Type : Sodium Stat., Density : 6.8 g /cm3
10,0 Lub.Ratio: 1.0 wt % , Distance: 18086.1 cm
SECONDS| Speed : 6.0287 x 10 cm / minute .

Out Put
(av ) 2.833 | 3,676 |5.176 [5.833 [8.667 |8.833 19.833
Applied Load
(g) 300.0 | 600.0 |900.0 |1200.0{1500.0|1800.0}2100.0
Friction .
Force ( g ) | 95153 123-65|198.161212.96(275.931279.62|301.84
Friction
Cosfficient | O*3205]0.2061(0.220210.1775(0.1839(0.1555 (0. 1437




Table 173
TIME Lub.Type : Sodium Stat., Density : 6.8 g/cmB'
20.0 Lub.Ratio: 1.0 wt % , Distance: 18086.1 cm

SECONDS| Speed : 6,0287 x 10° em / mimte .

Out Put

(o ) 3.733f 641671 7.333| 8.5 ] 9.767[11.00 | 12.33
Applied Load .

( g ) 300.0) 600,0} 900,0 {1200.0 [1500,0 [1800,0 2100,0

Friction :
Force ( g ) |12549|201.91246.29 272,22 | 300.38)| 327,78 357.40

Friction
Coefficient |0+4183] 0.3365]0.2737|0.2269]0,2002|0.1821|0,1702




Table 174

TIME “Lub.Type : Sodium Stat., Density : 6.8 g /cm3
© 40,0 Lub,Ratio: 1.0 wt % , Distance: 18086.1 cm
SEC ONDS| Speed : 6,0287 x 10° ecm / minute . | |
Cut Put ' .
Appliéd Load :
(&) 300.0 [600.0 [ 900.0 [1200.0 [ 1500,0{ 1800.0|2100.0
Frietion
Force ( g ) 123.36) 196.8 | 238.89) 249.99| 268,51| 278.15{ 253, 7t
‘Friction
Cosfficient |0+4112|0.328 [0,2654{0.2083/0.179 [0.1545(0,1208
Table 175
TIME Lub.Type : Sodium Stat., Density : 6.8 g/cm3
50.0 Lub.Ratio: 1.0 wt % , Distance: 18086.1 cm
SE.C O N D S| Speed : 6,0287 x 10° cm / minute .
Out Put _ ‘
(ov ) 3.5 ]5.833 | 6.667 7.167 8.333] 9.40 | 7.833
Applied Load :
(g) 300.Q 600.0§ 900,0}1200,0 [1500.0 [1800.0 2100.0
Friction
'Force ( g ) 117.95(191.67 [231.49 |242.60 268.51] 292,22{ 257.40
Friection |
Coefficient 0.39310.3195|0.257210.2022|0.179 10.162%]0,1226




Table 176
PTIME | Lub.Type : Sodium Stat., Density : 6.8 g/em’
60,0 Lub,Ratio: 1.0 wt % , Distance: 18086.1 cm
SECONDS| Speed : 6,0287 cm / minute .
Out Put
3,9 15,667 [6.667 | 7.333 | 8,067|10.10 | 7.167
(mv ) :
Applied Load ‘
(&) 300.0 | 600.0 |900.0 |1200.0}1500.0}/1800,0]2100.0
Friction '
rorce (g ) |130+87 186.56| 2%31,49| 246.29( 262, 60| 307.78|242. 60
Friction
Coefficient |O+4362]0+310910.2572|0,2052|0.1751 0.17? 0.1155




Table 177

Effect of Running Time on the Friction Coefficient

' Load £600.0 g ,Distance:1.80861 x10% cm
Calcium St.Ratio: 1.0 wi% ,Speed :6.0287 x103 em/min -,

Friction Coefficient '
Dens;ty3
g/cm ‘

D ime 5.5360 |5.9320 | 6.30 6.50 6.80
secs., '

} 1.00 | 0.2407 10.19711 | 0.2160 0.2243Lo.22346
5.00 0.,2160 0.2209_ 0.2095 {0.21605 [0.24074
10,00 0.2531 10,2473 | 0.2424 0.25309 0.29259
15.00 0.2654 |[0.24896{ 0.2572 |0.2844 0.29834

| 20,00 0.2654 |0.2539 | 0.26296{0.27778 [0.29259
25,00 0.2654 |0.26625 | 0.26955|0.29012 10.28684
30.00 0.2531 {0.31481 | 0.3140 |0.2860 | 0.2720
40,00 0.2531 | 0,36667 '0.34526 0.30328 {0,26955
50.00 0.26049(0.37654 [0.39352 [0.31481 | 0.2819
60.00 0.2654 |0.37079 | 0.3642 {0.31481 | 0,2737
120,00 0.3395 {0.39711 | 0.3395 |0.35185 | 0.24239




Table 178

Effect of Density and Hardness

Time : 1.0 sec.

Calcium Lub.Ratio: 1.0 wt %
Applied Load : 600.0 g
Hardness Density Friection
(VEK) (g/cms) Coefficient
10.0 5.5360 0.240740
18,0 5.9300 0.19711
26.0 6.300 0.21605
33,0 6.500 0.22427
38,0 - 6,800 0.22346




Comable 179 o T - Table 180

Effect of Denlsity and Hardness Effect of Density and Hardness
Time ¢ 5.0 sec. Time ¢ 30,0 sec.
Calcium Lub,Ratio: 1.0 wt % Calcium Iub,Ratio: 1,0 wt %
Applied Load : 600.0 g Applied Load : 600.0 . g '
Hardness Density Friction Hardness Density Friction
(Vi) | (g/em?) |coefficient (VEK) (g/cm’) |coefficient
*10.0 5¢536 0.21605 10.0 5.536 0.253090
18,0 5,932 | 0.22099 : 18.0 5.932 | 0.314810
26,0 6.30 0.20946 26,0 6,30 | 031400
3%.0 6,50 0.,2160% 33.0 6.50 0.28600
8.0 6.80 0.24074 | 38.0 6.80 0.27202 |







