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SYNOPSIS

A high speed reciprocating sliding wear test rig was used to examine the metal on
metal surface interactions of materials under consideration for application in water
powered stoping equipment.

The suitability of this tlesl rig was investigated by implementing a tesl programme
covering self-mated stainless steel and stainless steel-on-bronze couples. These
couples were examined under waler lubricated conditions in a broad test matrix,
covering sinusoidal peak velocities of 1, 5 and 10 m/s; loads of 5, 10 and 20N and
surface roughness values ranging from 0.2 to 0.4 um, CLA.

Due to poor reproducibility and inconclusive wear behaviours, no inferences could be
made as to the relative performance of the couples tested and no ranking tables
could be compiled. In response to these findings, the emphasis changed to the
design of a better test facility which could more accurately simulate the
tribological interactions of interest.

A new laboratory test rig, capable of investigating the performance of material
surfaces, rubbing against one another under conditions of high speed reciprocating
sliding in specific environments, was designed, built and commissioned. Subsequent
tests conducted on this new facility showed average reproducibility for a 122
stainless steel rubbing against a CZ114 manganese bronze to have improved by a
factor of two to approximately + 20%. Initial results confirmed that adhesive wear
is the dominant wear mode for the materials under consideration. This is manifested
by homogenecus transfer layers and subsequent grooving of these layers.
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1.0 INTRODUCTION

The South African gold mining industry has to work in exceptionally arduous
conditions. Narrow and steeply inclined reefs at ever increasing depths need
to be exploited. Recovery of gold bearing ore is further complicated by the
hard and abrasive quartzitic rock surrounding the reefs. Highly stressed and
consequently heavily fragmented, this rock causes extremely abrasive conditions
underground.

Cooling of the stoping front, as well as the need for high pressure water to
clear the workings after blasting, result in humid and therefore highly
corrosive environments. Dissolution of minerals further aggravates this
problem.

Only the simplest forms of stoping equipment have therefore been able to endure
this synergistic effect of abrasion and corrosion. This coupled with the
confined working spaces, has resulted in low levels of productivity. The ever
increasing depths of exploration have made these levels unacceptable and the
development of unique mechanized stoping methods and equipment has thus become
necessary.

Work done in recent years by the Chamber of Mines Research Organisation has
identified "hydro-power" as the most suitabl: means of providing the power
requirements at the stoping front in the future generation of deep level mines.

This concept is unique in that it has the poten!ial to replace all existing

stope services of water, compressed air, hydraulic oil and electricity with a
single high-pressure mine water supply (Gundersen {1]).

1.1 THE HYDRO-POWER CONCEPT

This concept makes use of the hydrostatic head gained when mine service
water descends in pipes within the mine shafts. The unique feature of
this concept is that the stored hydraulic energy in these water columns is
used directly in the working areas where it is needed. The conventional
route, in contrast, would first harness the hydrostatic head by converting
it into mechanical energy using pelton wheel turbines which are placed in
line with the vertical water pipes. This mechanical energy would then be
reconverted into electrical or hydraulic energy for distribution to the
workings.

The hydraulic energy in these pipes 1is exploited in two basic ways.
Firstly, to clear the workings by using the impact force of water jets;
and secondly, for powering the actuators in the various types of stoping
equipment where the need for high forces in restricted spaces precludes
the use of other forms of power. Such equipment includes rapid-yielding
props, power packs, high performance rockdrills and rockbreaking impact
hammers for non-explosive mining.
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Hydro-power is also fully compatible with conventional mine cooling
techniques. By chilling the water in surface refrigeration plants before
it descends in pipes down the mine shafts, the cooling requirement of the
entire mine can be met (Brown and Wymer [2]).

It is this combination of using one medium for ultimately all power and
cooling requirements that holds such attraction in this concept. The
biggest advantage, however, lies in its inherent simplicity and ease of
maintenance. Some of the other noteworthy advantages of hydro-power are
outlined below.

1.1.1 HEAT LOAD

Conventional stoping equipment adds a considerable amount of
additional heat to the high geothermal heat loads in the stopes.
Changing to hydro-power negates the need for heat rejection
facilities as are required by conventional compressors, hydraulic
oil power packs or electric motors.

1.1.2 FIRE HAZARD

No fire hazard is posed as water is inflammable. In addition,
leakages from burst pipes or faulty connections will neither
pollute the workings nor present sigiificant financial losses for
clean-up or replacement. Mineral oil on the other hand is costly,
reduces yields by polluting the ore on leakage and presents a
serious fire hazard.

Absence of high voltage or current power cables prevents
electrocutions and fire hazards.

1.1.3 INFRASTRUCTURE

The number of support equipment and size of alternative stoping
machinery is drastically reduced. Congestion in the stopes is thus
significantly eased. This coupled with fewer mine services,
greatly simplifies mine infrastructure and considerably increases
safety in the mine.

Two major drawbacks are unfortunately linked to using pure walter as the
driving medium in stoping equipment: poor lubricicity and high
corrosivity.

Of particular concern, with respect to these problens, are the
reciprocating components in the rockdrills and impact hammers. Supply
pressures to these components typically range from 15 to 20 MPa and
oscillating frequencies of 5 to 50 Hertz are attained. These result in
high surface loads and peak velocities of up to 10 m/s. Consequently the
single biggest problem with these stoping machines are the high rates of
surface degradation. The principal mechanisms responsible for these are:
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o cavitation and flow erosion
o 1impact damage causing spalling and cracking
o sliding wear - both adhesive and abrasive

The OOMRO has tackled these problems from several angles: additive
additions to confer corrosion protection and lubricicity to the service
water (Lindsay-Scott and Wymer [19]); improved filtration and treatment
plants; use of superior materials; and improved designs.

A good measure of success has consequently been achieved in overcoming
most of the above problems. This has resulted in the implementation of a
pilot plant, the operation of which has been very encouraging.

Problems do, however remain and finding solutions to minimize sliding wear
damage and, more specifically, galling (adhesive wear) between metallic
surfaces poses a big challenge. Adhesive wear is of particular interest
as it is the only one of the four principal types of wear (adhesive,
abrasive, corrosive and surface fracture) which can never be eliminated.

The obstacles that still need to be overcome for successful implementation
of the hydro-power concept are thus identified as being of tribological
nature. This thesis project will seek to make a contribution to help
overcome these obstacles.

LONG TERM OBJECTIVES FOR THE HYDRO-POWER PROGRAMME

This research initiative is intended to make a short term contribution to
the long term objectives of an ongoing research progranmme. These long
term objectives, in turn, must be met in order to facilitate the eventual
transition to hydro-power for all'deep level gold mining.

The Chamber of Mines Research Organisation has identified three specific
long term objectives, the realization of which are expected to contribute
significantly to the successful implementation of hydro-power. These
objectives are as follows:

o produce ranking tables of material combinations suitable for use in
stoping equipment operating on hydro-power,

o extend the current boundaries of  fundamental understanding of
tribological interactions in general and the interactions at high speed
reciprocating interfaces in particular, and

o determine the threshold galling stresses for the ranked materials and
development of empirical equations to describe the wear processes.

Motivation for the first objective comes about as a consequence to the
proposed change of medium powering stoping equipment. A successful
temporary transition was made from mineral oil and compressed air to water
based emulsions. From there, a final transition is anticipated to pure
mine service water. Because of this change in hydraulic medium, the
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materials used in stoping equipment must now contend with poor lubricicity
and high corrosivity.

Materials good enough for pre hydro-power machinery are thus no longer
adequate for equipment operating on hydro-power. Only limited recourse
can be made to the literature as tribological knowledge in respect of
water lubrication is somewhat wanting, and design for wear as an
engineering discipline is in its infancy stages.

Ranking tables will go a long way in determining to what extent existing
stoping equipment designs can be upgraded to hydro-power through material
upgrades, rather than complete redesigns. The former route is obviously
favoured from an economic point of view and the fact that a move to hydro-
power could be achieved much sooner and less reluctantly.

The second objective is of an academic interest, in that it seeks to
clarify what bulk properties make for good "hydro-power materials".
Ultimately, a better understanding of tribological systems will enable
better materials to be developed in the future.

The third and last objective will help compare the performance of ranked
materials with published information in the literature. In addition,
empirical formulae could enable engineers to make definile prediclions in
respect of useful life for different materials under specific operating
conditions.

With the field of tribology emerging only in recent years as an
engineering discipline, the last two objectives are seen as somewhat
ambitious and it is unlikely that this research initiative will make more
than a modest contribution to these objectives.

OBJECTIVES FOR THIS RESEARCH INITTATIVE

To meet the long term objectives as set out in the previous section, a
collaborative research agreement was initiated between the COMRO and the
Department of Materials Engineering at UCT. The extent of the authors
involvement in this ongoing research programme is outlined in fig. 1.1
below.

Because the programme hinges on stage 1 (the outcome of which was not
certain at its inception), it was acknowledged that programme emphasis
could change significantly. Consequently, the extent to which the short
term objectives could be met was unknown.

In the first instance the authors brief was to investigate whether an
existing high speed reciprocating sliding wear test rig could be used to
meet the long term objectives outlined previously. This was to be done by
way of testing various promising material combinations under different
operating conditions on this test facility.



STAGE 1

quantifying the suitability

of the inherited test facility
in respect of meeting the

long term objectives

not
suitable

SUBSTAGE 1

modify the test facility

until suitable for tribo-

testing

not
successful

SUBSTAGE 2

redesign a completely

suitable

new test facility with
successful

expanded features

STAGE 2  J
implement a test programme <_J

to examine the most promising

4

material combination

STAGE 3

continue test programme on an

ad hoc basis

Fig., 1.1 STRUCTURE OF THE SHORT TEEM CONTRIBUTIONS TO THE LONG TERM OBJECTIVES

If the test rig was to establish itself as yielding reproducible results
on a consistent basis, then an extensive test programme was to be
implemented as the second and final phase of the authors involvement.
This test programme would look at the effects of surface finish, speed of
reciprocation, loading, environments, temperature, pressure and lastly
test duration to fully quantify the performance of a select group of
different materials.

The purpose of this building up of experimental data is, on the one hand,
to produce ranking tables and, on the other hand, to form a basis for
compiling empirical equations and further basic understanding. Because
the field of contender materials is vast, ranking tables for materials not
covered in stage 2 would be tested under stage 3 on an ad hoc basis.
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Should the outcome of stage 1 be unfavourable, however, stage 2 would be
aimed for via substage 1. If modifications made under substage 1 were
unsuccessful in respect of attaining reproducibility then all testing
would be suspended. The author’s attention would then focus on completely
redesigning a new tesl facilily.

Once substage 2 has been successfully completed the author would phase out
of this project. Implementation of stages 2 and 3 would then be conducted
by another researcher.

As it turns out, this research initiatlive was forced to follow the later

route.

STOPING EQUITPMENT UNDER CONSIDERATION

Only the rockdrills and impact hammers are of interest in this thesis.
Even more specifically, only those reciprocating components that are in
metal to metal contact will be covered.

1.4.1 THE TMPACT HAMMER

The hydraulic impact rock breakint machine was developed for
mechanized non-explosive mining using hydro-power as the powering
medium. It consists of a chisel ended impact hammer mounted via
hydraulic actuators to a machine frame. Housed in this frame are
hydraulic generation systems and control mechanisms to manipulate
the actuators. The frame in turn crawls along a guide rail which
is linked to a rockhandling conveyor.

Based on the struck bit principle, the percussion mechanism in the
hammer can deliver blows of 4 KJ at a frequency of 5 Hz. These
blows fracture the rock, causing the collapse of the rock face.
Fragmented rock is then scraped away from the workings and onto the
conveyor for further handling.

To commence the firing stroke, the tool bit is driven hard up
against the rock face. It is then struck by an impact head
weighing 80 kg and moving through a stroke of 85 mm within the
body of the machine. A maximum sliding velocity of 10 m/s is
attained and fluid pressures rise to 18 MPa. Figure 1.2 shows one
of these machines in operation underground.

During the return stroke, high pressure water forces the closure of
the poppet valve mechanism. This causes the impact head to slide
backwards, compressing hydraulic fluid in a cavity and gas behind
an accumulator piston. The subsequent release of this pressure
provides the thrust force during the firing stroke of the cycle.
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Fig.1.5  VELOCITY AND DISPLACEMENT PROFILES (Lloyd [3])

Table 1.1 sumarises the salient features for both these components
as well as the other reciprocating items in rockdrills and impact
hammers.

1.5 THESIS LAYOUT

Afier presentation of a brief review of the literalure relevant to this
research initiative, the test programme which was implemented to meet the
set objectives is discussed. This discussion will cover all aspects
pertaining to test materials, specimen configurations, test facilities,
test parameters and testing techniques used. The findings of the tests
conducted on the various test facilities are presented and discussed next.
A summary section follows in which all results oblained are summarized in
terms of reproducibility levels attained and the dominating wear
mechanisms observed.
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Based on these findings, motivations are presented for the design of a new

test facility. A formal problem statement and testing of the
requirements, constraints and criteria for the new design are given
thereafter. This 1is followed by chapter 5 which summarizes the

specifications of the new test rig. Chapter 6 covers the concept
formations stage for the new design which 1is then discussed 1in itS
entirety in the succeeding chapter. An evaluation of the new test rig in
respect of meeting its design requirements and the findings of a limited
number of tests conducted on the rig are then presented. The conclusions
that were arrived at and recommendations based on these conclusions make
up the last two chapters respectively. All design calculations, general
assembly drawings and component drawings are listed in appendices.
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REVIEW OF THE RELEVANT LITERATURE

The discipline of "tribology" embraces all the work that was done in this
research initiative and it therefore seems fitting to begin with an
introduction into the topics which constitute this discipline. This is
followed by a look at how wear progresses 1in sliding systems. Thereafter
tribological testing and the modelling of both triboprocesses and of tribo-
systems is reviewed. The chapter ends with a review of water as a lubricant
and the work done by other researchers on bronze/brass-on-steel sliding
systems.

2.1 DEFINITION AND SCOPE OF TRIBOLOGY

Tribology is a term thal is derived from the Greek word "tribos", meaning
rubbing. It was forwarded by a British committee on lubrication, chaired
by Jost in 1966 and defined as "the science and technology of interacting
surfaces in relative motion and of the practices related thereto” (as
reported by Zum Gahr [4]). A more specific definition 1is offered by
Czichos [5], who defines tribology as the study of the friction,
lubrication, and wear of engineering surface- that embraces all aspects of
moving surfaces as well as the transmission and dissipation of energy and

materials in mechanical systems.'

Tribology, then, is a relatively new discipline which covers three
specific topics : friction, wear and lubrication. Zum Gahr [4] suggests
that each one of these topics can be interpreted as a dissipation process.
Friction is a dissipation of energy, wear is a dissipation of surface
structure and/or mass and lubrication is a dissipation of load between two
solid bodies moving relatively to each other. Figure 2.1 presents a
simplified "birds-eye view" of the subject of tribology as compiled by
Archard {6].

Tribology is thus a truly interdisciplinary science and involves such
traditional disciplines as fluid mechanics, solid mechanics, materials
science, chemistry, physics, and mathematics. Research 1issues in
tribology are therefore generally complex and require interdisciplinary
team approaches. (Jahanmir [7]).
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Being synonymous with reliability, long life and energy savings, tribology
has emerged as one of the most important fields in science and
engineering. Zum Gahr (4] cites several economic studies done in
different industrialized countries in recent years, which peg economic
losses due to friction, wear and corrosion to between 1% and 4.5% of the
gross national product.
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Fig. 2.1 BASIC TRIBOLOGY (ARCHARD [§])

The need for systematic research and improved transfer of theoretical
knowledge in this field are today well recognized. Research activities
in different countries (Czichos [8], Roberts [9]) emphasize the acceplance
of and importance placed on this discipline.

SURFACE TOPOGRAPHY

In practice, all engineering surfaces are rough. In tribological terms
this is their first important characteristic, as it implies that when two
nominally flat surfaces are loaded together, they touch only over a very
small part of their apparent area of contact. This difference between the
apparent and real area of contact is clearly presented in fig. 2.2.
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real area contact (A;)

Fig. 2.2  APPARENT AND RBAL ARBA OF CONTACT (Zua Gahr {4])

The ratio of apparent to real area of contact can be several orders of
magnitude and depends on essentially three fa tors:

o distribution of surface irregularities
o contact forces, Fa
o vyield strength of the softer material

The imperfections of a typical surface take the form of a series of peaks
and valleys which vary both in height and spacing and result in a texture
which, in feel and appearance, and in properties generally, is often
characteristic of the process employed in its production (BS 1134 [10]).
These surface irregularities are generally termed "asperities" (hills and
valleys on a microscopic scale).

Figure 2.3 below shows a schematic of a typical ‘rough’ surface
topography. The various geometric components that make wup this solid
surface are depicled in fig. 2.4.

A large nunber of instruments which measure surface roughness of
engineering components have been developed. Of these, the stylus
instruments are by far the most commonly used. In these devices, a fine
diamond stylus traverses the surface and 1its vertical movements are
amplified and recorded. The resultant profile represents only one pass in
a linear direction across a three-dimensional surface. Despite several
disadvantages, it has proved versatile and reliable in both the
manufacturing and the research environment. It is also the instrument by
which national standards are defined (Sherrington and Smith [11] and
[12]). The disadvantages with this instrument are that:



- 14 -

o 1t only provides information for a profile section of a surface i.e.
two—dimensional (by recording several parallel profiles, each displaced
laterally from the previous one by a short distance, an areal record
can, however, be built up)

o 1t relies on direct contact between stylus tip and surface of inlerest
and therefore permanent damage can occur on the surface

o it operates slowly, requires rigid supporis and can not be used as an

"in-process' measurement technique.

Actual surface
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Waviness
Lay i
| e
-'\ 7 Error of form
» +
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epacing Rowghness
|
Fig, 2.1 SCHEMATIC REPRESENTATION Fig, 2.4 CONSTITUENT GCEOMETRIC

OF SURFACE TOPOGRAPHY CONPONENTS OF A SOLID
{88 1134 [10]) (HALLING {13])

Today optical methods are beginning to replace stylus instruments as they
suffer from none of the above limitations. Most of the current research
programmes are, however, still based on two-dimensional surface roughness
interpretations. It is for this reason and the lack of access to three-
dimensional surface scanners that two-dimensional surface profilometry is
used in this research initiative.

The internationally adopted parameter of surface roughness is the centre-
line-average (CLA) height method of assessment, which is also known as the
roughness average, Ra. This CLA value represents the arithmetic mean of
the vertical deviations of the profile from the centre line, i.e. a line
which is positioned such that the sum of the areas above and below it are
equivalent. This is shown in fig. 2.5.
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fFig, 2.5 THE CALCULATION OF R, (BS 1134 [10]}

Some caution is required in the use of this parameter, as it concerns
itself only with the vertical deviations and provides no information about
the slopes, shapes and sizes of the asperities or about the frequency and
regularity of their occurrence. Identical CLA values can therefore be
obtained for different profiles as depicted in fig. 2.6.
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Fig, 2. PROFILES WITH IDENTICAL CLA VALUES (Halling [14])

LUBRICATION

Any material capable of reducing friction, wear or surface damage of
sliding components is termed a lubricant. It functions by preventing or
mitigating the formation of strong adhesive junctions between the high
spots, or asperities, on opposing surfaces. Rowe [6] states that this may
be accomplished by one or more of the following mechanisms:

o the complete separation of the surface by a sufficiently thick
hydrodynamic or elastohydrodynamic (EHL) film which prevents opposing
asperities from contacting (regime IV in fig. 2.7).
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o formation of surface films by either physical or chemisorption of a gas
(vapour), liquid, or compounds dissolved in a liquid (eg. oxide films)

o formation of a tenacious surface film by chemical reacltion of the
lubricant with the metal surface

o prior treatment of one or more of the surfaces with some material to
form a tightly adhering solid film or coating.

Lubricants can thus be in a solid, 1liquid or gaseous phase. For the
purpose of this research initiative, only liquid lubrication is of
interest.

Over and above their primary function of controlling friction and wear by
separating two surfaces in relative motion by way of an easily sheared
fluid, liquid lubricants have two secondary functions. These are their
ability to firstly remove wear debris, and secondly frictional heat from
the interacting surfaces.

Depending on the thickness, (h) of the lubricant film, the materials, the
interfacial height distribution of the film, the operating conditions and
the degree of geometrical conformity, different lubrication modes can be
distinguished (Czichos [5]). These are:

I. Boundary Lubrication (Also termed ‘boundary friction zone’ or ‘thin
(unstable) film’)

II. Mixed film lubrication (also termed ‘partial EHD lubrication’ or
‘quasi-hydrodynamic’)

ITI. Transition Zone lubrication (usually incorporated under II)

IV. Hydrodynamic lubrication (also termed ‘thick (stable) film’ or‘full
fluid film’; also includes elastohydrodynamic, EHD, lubrication)

These zones are usually depicted in a ‘Stribeck Curve’ which plots the
‘Hersey Number’ as a function of the friction coefficient, u . This Hersey
Number is made up of the lubricant viscosity, Z, the relative sliding
velocity, N and normal load, P. Figure 2.7 shows a typical Stribeck
Curve.

In regime IV the surfaces are prevented from coming into direct contact,
and wear - with the exception of surface fatigue wear, cavitation and flow
effects - is essentially eliminated. Any resistance to motion is thus due
only to the shear resistance or viscosity of the lubricant itself. If the
Hersey Number decreases substantially, the number of asperity interactions
increases as the film thickness becomes too thin to effectively prevent
asperity contact through the film. This situation is termed boundary
lubrication (I). In this regime the bulk rheological properties of the
lubricant become less important and load is carried almost entirely
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through the deformation of the asperities. Regimes I1 and III represent
situations intermediate to boundary and hydrodynamic lubrication, where
only a portion of the load is transmitted by the fluid pressure.
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Fig. 2.7 STRIBECK CURVE {adapted frcm Saith [i5] and Czichos [5])

Being dependent on speed, it is clear that irrespective of what regime
constitutes normal operation for a given system, boundary lubrication will
occur during starting or stoping. As the bulk of wear processes occur due
to contact mechanics, wear will occur during the time spent under boundary
lubrication.

FRICTION

Friction is a central issue 1in tribology. Halling [14] states that
friction is due to some interaction between opposing surfaces and that
this results in resistance to relative motion. As the surfaces move
relative to each other, work is done by the forces causing this motion
i.e. there is an energy loss at the contacting surfaces.

It was originally found experimentally that there are three basic ‘'laws of
friction’. Amontons (1699) is credited with the first two, which are
obeyed over a fairly wide range of conditions. The third law was
introduced by Coulomb (1785) bui the range of its applicability is much
smaller.

o 1lst law : friction 1is independent of apparent area of contact
between contacting bodies

o 2nd law : friction force (F) is proportional to load (W) between
bodies 1i.e. F = uW, where u is a constant of

proportionality termed the friction coefficient
o 3rd law : kinetic friction is nearly independent of sliding speed.
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These laws are in general use in the field of applied mechanics. But,
because they do not hold for all cases, they are regarded as empirical
laws of limited value only in the discipline of tribology.

Tabor [16] refers to three main factors which are today universally
recognised as being involved in friction. These are : the true area of
contact, the strength of the interfacial bond and thirdly the deformation
process involved when these interfacial bonds are broken during sliding.
The current state of knowledge in these fields 1is limited and many
questions remain unanswered. Tabor [16] gives an excellent breakdown of
what is known and which questions need still to be answered. Jahanmir {7]
concurs with this, stating that much research still needs to be done. He
also reiterates that there is no widely accepted theory for predicting
friction. He ascribes this to the fact that friction depends on many
complex processes that occur al the interface.

Nonetheless various theories have been advanced. Of these the adhesion
theory has emerged as the most popular. The basis of this theory is the
fact that when metal surfaces are loaded against each other they contact
only at isolated high points. The real area of contact is thus only a
fraction of the nominal area of contact (see fig. 2.2). Tabor [16] states
that these surface asperities are themselves deformed elastically,
plastically, viscoelastically or in a Ui ittle manner and the area of
contact is determined by deformation properties of the material and
detailed topography of the surfaces. According to the adhesion theory,
these contacting asperities deform until such time as they can support the
given load. This intimate contact in turn allows strong adhesion to take
place and the junctions ‘cold-weld’. To satisfy the kinematic requirement
when motion occurs, these junctions must then be sheared. Lim and Ashby
[17] on the other hand believe that the average area of contact of an
asperity remains constant and that it is their numbers and not size which
increases with load. They cite several other investigators that concur
and indirect experimental evidence appears to support this view.

The adhesion theory is, however, of limited use because it can not explain
the discrepancy between experimentally measured and the theoretically
predicled friction coefficient. Suh and Sin [18] have tried to explain
the genesis of friction with a new theory which postulates that the
frictional force (and therefore u) are not inherent material properties
but instead are affected by sliding distance and environment. The
coefficient of friction, u does not remain constant but instead moves
about in friction space during sliding. They believe u to be composed of
three components : uq4 due to the deforming asperities, pup due Lo plowing
by wear particles entrapped between the sliding surfaces and hard
asperities; and ua due to the adhesion. With this theory Suh and Sin [18]
have been able to narrow the gap between experimental and theoretical data
for u.
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THE RELATIONSHIP BETWEEN FRICTION AND WEAR

Tabor [34) quotes from a conference in 1937 in which it was already
recognized that "it is futile to predict wear reducing values from
friction tests". Schuhmacher [20] observed that some metals sustain high
friction and low wear whereas others exhibit low friction and high wear.
High values of wear are therefore not necessarily associated with high
values of friction. Ko {22] states that for common engineering materials
under lubricated conditions, wear rates cover a range of approximately
five orders of magnitude (i.e. 105) while wvalues of coefficient of
friction cover a range of only three.

De Gee [21] observed that wear in general is caused by overstressing of
the surface zone of materials due to normal and Langential forces, with
metal transfer from one mating component to the other possible but not
necessary. This implies that friction (resulting from adhesive forces
and ploughing) and the dynamic strength properties of other materials
(subjected to friction) are equally important in determining wear
resistance. He thus concludes that there can be no wear without friction.
This does, however, not automatically imply that it would in general be
possible to predict wear reasonably accurately from friction readings.

Kragelskii [23] reiterates the fact that neither friction nor wear are

properties pertaining to the material, but are in fact characterized by an
engineering system and therefore not interdependent.

WEAR CLASSIFICATIONS

Wear is generally defined as '"the progressive loss of substance from the
operating surface of a body occurring as a result of relative motion at
the surface". This somewhat simple definition embraces many complex wear
mechanisms involving a diversity of processes. Most of these are not
fully understood and according to Ko [22] confusion exists to this day as
to the classification of wear.

The attempts al systemalic study of failure of surface layers during
friction have resulted in a great number of classifications of wear types.
According to Kragelskii [23] there is no universally accepted
classification. He ascribes this to there being no clear-cut features on
which to base such classifications. All classifications put forward thus
far agree on adhesion and abrasion as being two distinguishable types of
wear. There is, however, no agreement in describing other types of wear.
In response to this Kragelskii [23] proposed that wear should, in the
first instance, be catalogued according to whether molecular attraction
(adhesion) or mechanical deformation (abrasion) are the dominating
interaction. Secondly, the failure should be classified according to the
following factors:
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the nature of the main interaction

the type of deformation

the characteristic changes in the surface layer
the characteristic loading

O O O O

In his excellent review paper on metallic wear, Ko [22] has summarized the
various schemes according to which wear has been classified 1in the
literature. These are:

o by relative motion
o by mechanisms of particle removal
o by severity

Figure 2.8 1is an attempt by Ko [22] to group together the various schemes
(listed above) connecting the various motions with the possible basic
mechanisms involved in the wear processes and the characteristic modes of
damage that may result.

Characteristic
mode or Basic
Motion type of wear mechanism

Fretting Adnesive

Reciprocating
(vibration)

Delamination Abrasive or

cutting

Scoring or
Sliding gauging e

Delamination

Scuffing
(metal transfer)

Fatigue

Rolling Pitting or

spalling

Corrosion or
Erosive oxidation

Impacting

Impacting El:i:;gial

Fig, 2.8 CLASSIFICATION OF WEAR (Eo[22])

Zum Gahr [4] suggests that delamination and electrical attack represent
merely a special case of what is a basic mechanism of surface fatigue and
tribochemical reaction respectively. He therefore reasons that there are
only four main wear mechanisms. These are schematically represented in
fig. 2.9.
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Fig, 2.9 THE FOUR MAIN WEBAR WECHANISHS (Zum Gahr [4])

The West German Standard Din 50 320 {24} concurs with this classification
as all other classifications presented in the literature can be grouped
into one of these four mechanisms. DIN 50 320 defines each of these four
basic mechanisms as follows:

o ADHESION : formation and breaking of interfacial adhesive bonds
(e.g. cold-welded junctions)
o ABRASION : removal of material due to scratching
o SURFACE
FATIGUE : fatigue and formation of cracks in surface regions due

to tribological stress cycles that result in the
separation of material (e.g. pits).
o TRIBOCHEMICAL
REACTIONS : formation of chemical reaction products as a result of
chemical interaction between the elements of a
tribosystem initiated by tribological action.

ADHESTVE WEAR IN METAL-ON-METAL SLIDING SYSTEMS

This is the most fundamental of the four principal wear mechanisms because
it is a basic phenomenon that takes place whenever two solid surfaces are
in direct rubbing contact. Because the components of interest for this
thesis undergo boundary contact during their oscillating motion and
because this form of wear can not be ‘engineered out’, only this wear
mechanism is relevant to this investigation.
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Whenever two surfaces slide against each other they will contact over
isolated asperities. These will deform plastically to support the applied
load, and adhesive junctions are formed. On relative motion between the
contacting surfaces, these junctions are ruptured and frequently transfer
of material will occur from one surface to the other.

Figure 2.10 below shows different separations of surfaces welded together
according to Zum Gahr [4]. In case (a) the contacting surfaces are
disintegrated at the former interface if the shear strength of the
junction is less than the strength of both materials.

fal )
al A A
S 8

Fig, 2.1% DIFPERENT SEPARATIONS OF SURFACES WELDED TOGETHE™ Zum Gahr {4])

This situation is typical of cases where oxide films reduced adhesion.
Case (b} depicts characteristic rupture when one material is softer i.e.
if strength of A is substantially less than either junction or B. For
Jjunctions of high strength, material A will rupture if its strength is
lower than B (Case (c)). For similar metals of equal strength the
Jjunction exceeds both A and B in strength because of work hardening and
when shear occurs a lump is torn out of both surfaces.

Ko [22] states that in general adhesive wear 1s more severe under
unlubricated conditions. This is not unexpected because the absence of a

lubricant/separating layer promotes greater asperity interaction and
therefore adhesion.

Many theories of adhesion have been presented in the literature. The main
groups of mechanisms of adhesion according to Zum Gahr [4] are:

mechanical-interlocking theory
diffusion theory

electronic theory

chemical theory

O 0O O 0 ©

adsorption theory
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In sliding contact, wear can occur due to any of the four basic mechanisms
previously listed. Thege are depicted in [fig. 2.11 below, where (a)
refers to formation of adhesive junctions, material Lransfer and grooving;
(b) surface fatigue due to repeated plastic deformalion on ductile solids;
(c) surface fatigue resulting in cracking on brittle solids, {d)
tribochemical reaction and cracking of reaction films.

Fig. &.10 WEAR MECHANISNS DURING SLIDING CONTACT (Zua Gah: :ji

Galling according to Schuhmacher [20], [25] 1is an 1insidious form of
adhesive wear and almost always results in seizure of the mating surfaces.
When two surfaces are loaded against one another, the contacting
asperities form strong bonds due to the high localized pressure and heat
generation by subsequent motion. If these bonds do not sever, fracture
takes place in both surfaces and gross damage - galling results. The
onset of this gross damage is termed the ‘galling threshold stress’.

WEAR VARIABLES AND THE PROGRESSION OF WEAR IN SLIDING WEAR

According to Ko [22] the majority of variables affecting metallic wear
fall into four categories:

0o OPERATIONAL -~ normal load (pressure), sliding distance, sliding time,
number of cycles, relative sliding velocity, impact
velocily, slide/sweep and slide/impact ratios,
temperature rise

o GEOMETRICAL -~ area, clearance, shape, size and finish
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o MATERIAL - mechanical and physical properties of contacling
materials and lubricants

o ENVIRONMENT - water chemistry, temperature, presence of medium {eg.
air, gas, water, steam)

These  variables are affected by other factors and are heavily
interdependent. It is thus possible to find two opposing trends for one
variable when 1t is subjected to two different set of test conditions or
two different material combinations.

Peterson [6] summarized the general trends of selected operational
variable for different lubrication conditions. Figure 2.12 below shows
the effect of time, load, temperature, velocity and film thickness on wear
rate for unlubricated (1), boundary lubricated (2) and fluid film
lubricated (3) conditions; with the following fixed conditions:
material, lubricant, viscosity, geometry, fluid and ambient temperature
and pressure.

WR WR WR

3

TIME LOAD TEMPERATURE VELOCITY FILM THICKNESS

Fig. 2,17 WEAR RATE AS A FUNCTION OF DIFFERENT OPRRATING VARI:BLES
{Peterson [6]}

What is interesting to observe in all these trends is that a transition
point or critical value occurs sooner or later with a rapid increase or
decrease in wear rate.

Work done by Hirst and Lancaster [26] on dry sliding wear of brass on
steel showed wear rate as a function of sliding velocity to decrease
steadily to a minimum with increasing velocity and then rise sharply at a
speed at which a critical temperature is attained (see also fig. 2.21 in
section 2.13). This is depicted in the velocity graph of fig. 2.12 as 1'.

The progression of wear according to Sarkar [27] usually takes on a "curve
linear" pattern with a rapid increase in volume loss during the so called
running in stages and a constant rate of volume loss thereafter. Peterson
[6] concurs with this but expands further on the stages of wear depending
on the lubricating conditions as depicted in fig. 2.13 below.

Surface roughness affects the load carrying and lubricating capacity of
the contacting surfaces. Generally the rougher the surface the greater
the wear. Very smooth surfaces on the other hand (according to reference
{28] below about 0.20 um) lack the ability to store wear debris and/or
lubricant due to the absence of valleys between asperities. In addition,
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surfaces increase molecular interaction forces that promote

cold welding. The force per unit area will however be smaller for smooth

surfaces as more asperities per unit

applied load.
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2.9 WEAR THEORIES, WEAR COEFFICIENTS AND WEAR MAPS

It is generally difficult to formulate unequivocal laws of wear. Broadly
speaking, wear increases with load and running time, but there are many
exceptions to this and wusually hard materials wear less than soft
materials. Peterson [6] is therefore of the opinion that in discussing
wear mechanisms, one can do so only in a qualitative rather than
quantitative manner. Nonetheless the following three '"laws of wear” are
presented as they are correct more often than not:

o Wear volume « load

o Wwear volume « sliding distance

o Wear volume « {hardness}-!
{according to Lenel ([31] this hardness is not the bulk
hardness but rather that which is attained at the wear
interface during relative motion)

wallbridge and Dowson [30] state that it is usual for the quantitative
analysis of wear rates in sliding wear to describe the rate of wear in one
of two ways.

o by the dimensionless Holm-Archard wear coefficient K, defined by
K = VH/(Lx) or

o by the simpler, empirical wear factor, h or specific wear rate, SWR as
proposed by Lancaster, given by
SWR[k]: V/ (Lx) [mm3 /Nm], where V = volume loss [mm3 ]}

H = hardness [N/mm? ]

L = applied load [N]

x = sliding distance [m]

The later has proved more useful for the comparison of the wear behaviour
of different materials, but K 1is frequently used as a basis for the
comparison of wear data. Both of these have therefore been used in the
presentation of results in chapter 3.0.

According to Ko ([22], K 1is a proportionality number that may be
interpreted as the probability of producing a wear particle at any given
asperity encounter. K rarely takes on a constant value but will vary
depending on the tribological conditions present. Thus, depending on the
test conditions, design and contact geometry, different K values are
possible for the same material combination. Caution therefore needs to be
exercised when quoting values for K.

Rabinowicz [32] has compiled tables of typical wear coefficients that can
be expected for sliding systems under different conditions of lubrication
for each of the four basic wear mechanisms (see fig. 2.15) and for
adhesive wear separately (fig. 2.16).
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More recently Rabinowicz [33] has condensed this information for metal on
metal sliding systems on the chart shown i:. ‘ig. 2.17.

RAINGE
10_2 - 10_8
|
{ | | 1
uihesive wear abrasive wear corrosive wear surface fracture wear
- - - -5 -4 -8
1073 - 107 1072 - 107 1072 - 107 107% - 10
1 1
i - 1 1 I 1
severe moderate burnishing severe solid
galling wear corrosion lubricant
) -
1073 1070 1077 1072 107>
i A I 1
severe polishing brittle surface
abrasion fracture fatigue
1072 107° 1074 1078

Fig. 2.17 TYPICAL RANGES OF WEAR COEFFICIENT K FOR METAL-ON-MBTAL SLIDING SYSTEMS (Rabinowics [33])

The wear mechanism of principal interest in this investigation is adhesive
wear. According to fig. 2.17 typical wear coefficients for this mechanism
span over four orders of magnitude from 10-3 to 10-7. As the other three
wear mechanisms cover K values that overlap those of adhesive wear it
becomes clear that dominant wear mechanisms cannot be established soley on
the basis of a K value. Micro- and macrographical evidence is therefore
needed to more fully quantify a wear mechanism.
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Tabor [34] questions the use of conducting research into these specific
wear mechanisms, because in practical wear situations it 1is not obvious
that a single wear mechanism is dominant. Researchers concentrating on a
particular wear mechanism should therefore make an effort to indicate the
condition under which their mechanism ceases to be important.

Tabor [34] therefore suggests that in order to determine the relationship
between mechanisms, '"wear-mechanism-maps" should be constructed. These
summarize data and models for wear, showing how the mechanisms interface,
and allowing the dominant mechanisms, for any given set of conditions, to
be identified. Jahanmir [7] feels that this is probably the best means of

classification of wear mechanisms in an organized fashion. This concept
was refined by Lim and Ashby {17] who followed two converging paths in
constructing these maps: an empirical path (plotting normalized

experimental data and identifying mechanisms at each point by observation)
and secondly a physical modelling path (by model based equations
describing wear rate caused by each mechanism and combining these into a
total picture). Figure 2.18 below shows a typical wear map for a steel-
on-steel sliding system.
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Fig. 4.18 WEAR-METHANISH MAP FOR DRY §TBBL-ON-STBRL SLIDING SYSTEM (Lim and Ashby [17]}

The diagram uses normalized axes because this allows the important effects
of surface hardness, thermal conductivity and sample geometry, as well as
data from different test configurations and different materials to be
plotted together. Thus a single diagram can describe, approximately, the
wear behaviour of a wide range of steels as a function of load and
velocity. Peterson {35] concludes that wear information can thus be
reduced from theory to practice and in that manner become accessible to
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caution must be exercised as these graphs are

not precise but merely summarize the current, imperfect understanding of

sliding wear.

2.10 SYSTEMS ANALYSIS
The foregoing sections have shown that wear of materials is not simply a
material property but instead depends on the manner in which the materials
and components involved in the wear process interact. Ko [22] stresses
that wear must therefore be considered as a general characteristic of a
given system.
T
System’s function: X— Y
X: r- ] Y.
Input p——— ]| System’s structure: S = (A, P, R) ——.{ Use - output
type of motion — motion
velocity ::q 4 b—— work
load — information
temperature 3 T materijal
duration time —_ RN
material ‘s flow 5

“noise"

System’s envelope ———————¢

A:

P:

R:

Material elements

1, 2: 1st and 2nd tribc-element
3 : interfacial medium
4 : environment

Properties of elements

geometrical, physical, chemical,
mechanical, thermal

Relations between elements
mechanisms of contact,

friction and wear; modes
of lubrication

Z:

loss - output

Fig, 2,19 GBNBRAL "INPUT-OUTPUT" DESCRIPTLON OF A TRIBOSYSTEBN {Frees [36])

Using systems thinking for

solving wear problems. Good summary descriptions of

—— wear
—— friction
—— "noise"

tribological processes

can be very useful in
systems analysis

techniques are given by Zum Gahr (4], Frees ([36] and Kragelskii, Dobychin
Essentially it comprises four fundamental steps:

and Kombalov [48].
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o characterization of the technical purpose of the system subjected to
wear

o compilation of operating variables

o description of the structure of the system, consisting of:
- the elements involved in wear
- geometric and material properties of the elements
- interaction between these elements

o evaluation of wear characteristics and presentation of these as a
function of operating variables and system structure.

Figure 2.19 above gives a diagram of a typical tribosystem according to
Czichos (as reported by Frees [36]).

WEAR TESTING

Neal [37] and Peterson [35] recount that until approximately 5Q years ago,
laboratory tests were conducted only on full scale machine components, the
reason being that it was considered "futile to attack problems of bearing
materials by simplifying assumptions as simplified laboratory tests have
no meaning". This attitude has stifled research in tribology more than
any other factor. Fortunately, this attitude no longer prevails and it is
considered reasonable to make simplifyin: assumptions when conducting
model tests.

Using simplified models/components which simulate only certain aspects of
real engineering systems has the merit, that being simple, they can be
matched to basic theories without the complication of other variables.
This technique has contributed vastly to basic understanding of generic
technologies that lie behind the operation of real tribo-systems.

There are, to date, no ASTM or BSI standard test procedures for either
adhesive wear testing or determining galling thresholds. Zum Gahr {4}
states that a number of techniques have, however, received wide acceptance
in laboratories around the world. Jahanmir [7] and Roberts [9] reiterate
that the need for standard test procedures and methodologies, particularly
for comparing results from different laboratories, nevertheless still
needs to be met.

The only wear test rig commonly used by researchers in this field is the
pin-on-disc apparatus. Other configurations that have been used by
various researchers are depicted in fig. 2.20 below.

Czichos [8] concludes from a review into tribo research in West Germany
that transferability of tribo data and studies of material compatibility
in adhesive failure are the background of most of the studies currently
undertaken. Amongst the other interesting factors to emerge are:

o material combinations are the main interest in 71% of projects involved
in metal-on-metal studies



- 31 -

sliding wear is cited in 55% of the projects

27% of experimental work is conducted on so called model tests
o the mogt often measured quantities are:

- friction force (50%)

- material loss (46%)

- temperature (41%)

- roughness (26%)
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According to HKrause and Senuma [29] the influence of each of the wear
variables must be known, as wear rate is system dependent. This is
obviously very difficult to do as numerous factors interact in a complex
manner. Fortunately, more often than not it is the qualitative statements
which are important and not the absolutie numerical data. It is emphasized
that unless temperatures in the model are the same as those of the
modelled system, it 1is virtually impossible to assess correctly the
applicability of any test results. Ball and Ward [38] recognizing the
above, suggest that in-situ tests should complement model testing.

Wear rate data generated from model testing shows considerable scatter,
often over several orders of magnitude and all results to date are
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presented as arithmetic means (Rabinowicz {32]). Wallbridge and Dowson
[30] suggest that lognormality is a common feature of sliding wear and
instead of additive combination of lognormal random variables, they should
be multiplied out to give lognormal results.

WATER LUBRICATION IN TRIBOLOGY

Research on tribosystems operating under reciprocating sliding conditions
in water lubricated environments is scarce. This, no doubt is due to the
fact that water is not usually chosen as a lubricant because it possesses
poor lubricicity and promotes corrosion in susceptible metals.

As outlined in section 2.3, a good lubricant must, among other things,
possess high viscosity and be readily sheared if it 1is to function
successfully. Having a viscosity of only one hundredth that of oil, water
clearly is not a good lubricant. Black [39], Smith {15] and Stolarski
[40] do, however, all concur that, depending on the particular conditions
of sliding, the presence of water in any sliding system can result in
fluid film lubrication, boundary lubrication or a mixture of the two.

Because of the low viscosity, water lubricated surfaces will, in general,
have very thin lubricant films to support 1 :ds and therefore spend a much
greater proportion of their lives in the oundary or mixed film regions
than would the same system under oil lubr: -ation. This is significant
because in these two regimes material properties are significant in terms
of affecting wear rate and friction and therefore service life.

Water is beneficial in sliding systems as it has a much higher heat
capacity than oil and can therefore remove heat much more effectively from
the interacting surfaces. Tolerance of thermal upsets associated with
sudden speed or direction changes is thus much better. Smith [15]
emphasizes the importance of this transient thermal behaviour when
establishing minimum design clearances. If insufficient clearances are
provided, the reciprocating components will close in until heat generation
rises sharply, water viscosity decreases (as it is temperalure sensitive),
and seizure will ultimately occur.

Smith [15]) also warns that wear and sliding data generated in dry tests
can be very misleading if applied to water lubrication. Stolarski [40],
who Lesled polymers and composites rubbing against stainless steel in
water lubricated environments agrees. He found that the wear rates of the
tested materials under lubricated conditions far exceeded those of the
same materials when tested dry. This surprising difference in wear rates
he ascribed to the formation of a uniform and coherent transfer film of
polymer on the counterface under dry conditions. This film effectively
masks the original topography. No explanation is offered for these
observations.
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Lloyd {3] also performed tests on polymers rubbing on stainless steels in

water environments, but under reciprocating sliding conditions. His test
specimens showed transfer film formation even in aqueous conditions, but
not in wuniform layers. Instead, the rupture of adhesively bonded

interfacial Jjunctions resulted in the deposition of discrete lumps of
polymer on the counterface.

The difference in observation between Lloyd and Smith are presumed to be

due to the difference 1in sliding conditions. In reciprocating sliding
conditions the velocity profile 1is periodic and therefore moves through
Zero. Fluid film breakdown must thus occur and ‘dry’ conditions prevail

at that instant. Reciprocating sliding motion in lubricated environments
must therefore display wear rates of unidirectional sliding motion in
lubricated and dry conditions.

Formation of these transfer films has also been reported for metal on

metal sliding systems under reciprocating sliding conditions in aqueous
environments (Black [39], Schuhmacher [41], Smith [42],(43},[44]}).

BRONZE AND BRASS SLIDING AGAINST STEEL

Hirst and Lancaster [26] investigated the :rate of wear of brass against
hardened carbon steel under dry sliding ccnditions in the speed range

0.1 m/s to 10 m/s. They found that over this entire speed range the
wear mechanism was of the ‘severe' type 1in which metallic debris is
produced and a film of transferred brass is built up on the steel
counterface. No loose wear particles come directly from the brass.
Instead, wear particles are detached from within the transferred film.
Smith (421, working on self lubricated 316 stainless steel in
reciprocating sliding suggests that this detaching of wear particles is
through prow breakdown. He postulates that the stages leading to
production of wear debris are: asperity adhesion, asperity interaction
and transfer, formation of prows of transferred material and eventually
prow breakdown due to fatigue. Transfer of metal is thus presumed to be
the rate controlling step in wear. This is confirmed in fig. 2.21 below.

Sundberg et al [45] working on special brasses concluded that wear
resistance is primarily determined by the properties of the transfer
layer. Carro and Wert [46], researching bronze/steel couples in
reciprocating sliding also observed transfer layers and concurred that
transfer of the softer metal to the harder counterface controlled wear
rates.

It was also found by Hirst and Lancaster [26] that the tendency of the dry
wear rate to decrease with speed is limited by attainment of a critical
temperature and not a critical speed. Thus if sufficient cooling is
provided, wear rates will decrease with increasing speed. Results of
their work are presented in fig. 2.21.
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This critical temperature is approximately equal to that at which brass
begins to soften. They also found that the rate of wear was equal to the
rate of transfer over the whole speed range. This is somewhal surprising
as transferred fragments may be repeatedly transferred back and forth
between the interacting surfaces, the net wear rates will therefore depend
on what Tabor [47] calls the ftransfer-back-transfer process’'. It will
also be influenced by the final mechanism which detaches the transferred
fragments and converts these into wear particles.
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Fig, .21 VARIATION OF WEAR RATE WITH SPEED (Hirst & Lanca:z -r [26])

Roberts {9] cites work done on friction and wear of bronze on steel under
different conditions of lubrication. This research shows that wear in
lubricated conditions is lower than in dry sliding. This is due to the
fact that in lubricated conditions asperity interaction can not take place
and therefore transfer layers, which generate wear debris, are not formed.

These observations no doubt hold true for conditions of constant velocity.
In reciprocating sliding the velocity profile changes constantly and
passes through zero twice every cycle. Thus if lubricants/coolants are
present, they are ineffective at the zero positions and metal to metal
Transfer layers will therefore be built up even if
sliding couples are lubricated.

contact occurs.

Hirst and Lancaster ([26] found that the wear rates of brass/steel couples
were exceptionally reproducible and proportional to load. Sarkar [27] who
performed tests on dry sliding of brass on steel confirmed this to be true
for the steady state or normal operation regime. During run-in, a large
scatter in wear rates was, however, observed. This is ascribed to the
fact that the sliding faces are not properly matched initially and require
a certain time period before they have ‘bedded-in’ against each other.
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3.0 THE IMPLEMENTED TEST PROGRAMME

This chapter will cover all aspects of the test programme which was initiated
to meet the short term objectives (refer to fig. 1.1). It begins by introducing
the materials under consideration. From there, the original test equipment,
test specimen, selected test parameters and experimental techniques are
covered. Modifications made to the test facility are then discussed. Results
for each of the couples tested are presented thereafter and the important
features are brought together and compared in the summary of results section.
The chapter concludes by motivating for a new test rig design.

3.1 TEST MATERTALS

A large number of malerial combinations were recognized as possible
contenders for the hydro-power concept. To initiate this programme, the
following couples were selected:

o self-mated couples : AISI 630 precipitation hardened stainless steel

' : AISI 431 stainless steel

o dissimilar couples : development alloy 122/aluminium bronze AB2
development alloy 122/manganese bronze CZ114

Table 3.1 COMPOSITION AND MECHANICAL PROPERTIES OF MATERIALS UNDER INVESTIGATION

STAINLBSS STRRLS 1 BRONZRS
Blement 17 PH 431 122 ! 4B i CZ114
T
c 007 max | 0.12-0.2 0.21 |
Ni L3-8 2-3 0.1 i 5 ;
Cr L 15-17.5 15-18 12.00 j *
Kn t 1,00 max 1,00 max 0.92 1.7
Cu 3-5 0.018 80,5 58
in i i 38 |
Al f f 0.013 N ; i
Fe f | f § L 0,75 !
Pb | ! 1.0 |
Sn i ‘ 0,75
8i 1.00 may 0,330
P 0,04 may 0.017 ‘
S 0.03 max
CotTa 0.15-0.45
Tested Condition 01025 As Specified | 1050.0Q.77200 AR AR
| i
TS (MPa) i 1070 850-1000 1650 5 650-700 460-499
0,2% Y§ [NPa) ] 1000 | 880 1330 i 250-310 L 210-270
Y elongation 12 11 12.5 L 13-20 I 15-20
Density (Eg/mt) 7760 7760 7760 i 7400 8200
Hardness VEN{30kg) 350-420 408-430 490 L 234 164
Charpy impact ;
energy (J) 20 — — g — —
B (GPa) 206 208 208 i 100-120 —
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Fig, 3.4 CGENERAL ASSEMBLY OF ORIGINAL TEST CBLL
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Two side load housings, which contain the two side specimens are
screwed into the test cell at right angles to the reciprocating axis
and exactly opposite to each other along a shared diametrical axis that
bisects the axis of reciprocation. The two side specimens can thus be
loaded against the two parallel faces of the reciprocating specimen by

compressing the load spring with the threaded plunger at the back of
these housings.

An inlet port for the lubricating and coolant fluid is provided at the
top side of the test cell. The outlet port is situated below the side
specimen housing. Both ports are located such that they share a

diametrical axis that is at right angles to both the reciprocating and
loading axes.

pressure
temp
power

=
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Fig. 3.5 LATOUT OF ORIGINAL TBST FACILITY (TBST FACILITY A)
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Relief holes are drilled into the side specimen housings to permit
fluid pressures in the test cell and housing to be equilibrated.
This ensures that the only load acting on the rubbing interface
originates from the spring force. The {luid pressure in the test
cell can be raised to a maximum of 5 MPa by adjusting a metering
valve downstream of the test cell.
Figure 3.5 above gives a complete schematic layout of the test
facility with the auxiliary equipment fitted. The test cell is fed
from a closed loop fluid circuit. This comprises of a reservoir
from which the medium 1is pumped to the test cell. After exiting
from the outlet port and backpressure valves, the medium rejects
before closing the loop by

frictional heat in a heal exchanger,

refilling the reservoir.

The desired number of testing cycles are set on the down counter.
the drive is switched off automatically.
regulating or monitoring

Once these have elapsed,
All other auxiliary equipment performs a
function.

TEST SPECIMENS

Figure 3.6 below depicts
The reciprocating specimen is of a rectangular format with a square
cross section. A hole, drilled down the centre of its long axis
enables the specimen to be fitted in line with the centre line of

the geometry of the test specimens used.

the reciprocating drive assembly of the test apparatus. To
economise on material, all four faces are intended to be utilized,
with two parallel faces being tested simultaneously at any give
time.

e

Typical in-service
Component

28

12

Reciprocating Speamen

s 25 012
2| A s 7

Stationary Specimen

———

AP

Machining Direction
Reciprocating Direction

Fig. 3.6 TBST SPECIMBNS USED

The side specimens are of a round bar design and are loaded against
the desired two parallel faces of the reciprocating specimen. One
reciprocating and two stationary specimen thus make up one wear

couple.
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Specimen dimensions are governed by the design of the test rig and
there is no leeway for using different sizes or geometries.
Appendix C gives details of the exact test specimen dimensions.

Machining considerations cause the directionality of the ground
surfaces for in-service components to be at right angles to the
direction of reciprocation. In order to duplicate this for the
test specimen, they too were ground at right angles to the axis of
oscillation.

As ground surfaces of surface roughness values ranging from 0.1 um
to 0.8 um CLA are used for the components of interest, different
test specimens were machined up to cover this range. In addition,
to economise on machining time and cost, specimens were intended to
be reground and reused, once a test series had been completed.

TEST PARAMETERS SELECTED

The following test parameters were selected for stage 1 of this
programme .

o Reciprocating speed = 6300 rpm
This was selected as it equates 0 a peak velocity of 10 m/s
which coincides with the high-st velocity obtained by the
reciprocating components under —onsideration (refer back to
Table 1.1) Furthermore it re|resents the maximum attainable
speed for the test rig and thus helps to quantify its
performance limit.

o Specimen surface finish = 0.2 um CLA
Specimens could not be ground consistently to finishes better
than 0.2 um + 10%. The decision was therefore made to
commence the test programme with this finish and progress to
coarser finishes later.

o Backpressure of cooling/lubricating medium = 5 MPa
This corresponds to the highest setting possible for the test
facility. Again this was selected for reasons similar to those
of testing at maximum velocity.

o Side load = 5 N
Theoretically, loads between reciprocating components and the
housings confining them can vary between zero and infinity-
depending over which area the side load is carried. So as not
to commence with excessive loads which would destroy specimens
and given that load is one of the parameters under
investigation, a low load was initially selected. As 5 N
increments can readily be set on the load housing it was decided
to start testing with a load of 5 N and thereafter increase
loads in steps of 5 N up to the maximum possible setting of 30 N
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for later tests. Given a specimen diameter of 12 mm, these loads
relate into 44 kPa and 264 kPa respectively.

o Test duration = 24 km
Table 3.2 below summarizes distances covered by typical
components and the test rig at different speeds over a given
running interval.

Tabls .2 SLIDING DISTANCE A3 A FUNCTION GF SPEED

Distance/ |

\ : |
H Cycies) Frequ. Distance/ ' Distance/ | 400 000

| Component § 0.25s (§z) Cycle {am) . Hour (ka} Cycles (Ka) ;
. Inpact Hammer Head ol 5 COn0-1m ) 48-68 j
Rockdrill piston Bt ) §6 Y oo :
Testing @ ! a/s peak velocity i 1.7 3 2.3 | o
2 a/s peak velocity | 4.1 | .3 Iy
- — : . ——
5 a/s peak velocity 10.5 } 8.0 §0 11.5 ! 2
"3 a/e peak velocity | 15.9 | 9.8 f [ '
T

10 a/s peak velocity ‘ 21. 106.0 E } 22.9

3.2.4

A distance of 24 km was selected as .n adequate test length as work
done by Lloyd [3] suggests that the wear rate lies well within the
‘normal operation’ regime after 5 'o 15 km. Should it be found
however that this distance is insufiicient for recognizable trends
to have established themselves, then the distance would be
extended.

EXPERTMENTAL TECHNIQUE

The following step by step procedure was adopted for testing:

- immerse specimens in alcohol and place into an ultrasonic bath;
blow dry and air cool to room temperature

- take surface roughness readings at five positions against and
three with the grinding direction for the reciprocating
specimen, and three with, three against for each of the
stationary specimens. Record average CLA (centre line average)
values in either direction for each specimen

- determine the VHN (Vickers Hardness Number) at five positions
for each specimen

- repeat step one, thereafter record mass in mg

- place reciprocating specimen over stepped down bottom end of
pushrod and screw on upper pushrod end

- replace top bearing and seal assembly and secure with end cap

- set desired spring load in side specimen housing by screwing the
outer plunger in against the spring

- insert the two side specimens marked A and B into their
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respective housings and screw housings tightly into test cell

- select desired number of cycles on down counter and set speed to
required rpm on speed controller

- start the pump and let the flow stabilize in the circuit (i.e.
test cell properly vented and no trapped air bubbles)

~ open coolant inflow valve at heat exchanger

- close down metering valve slowly until desired back pressure is
registered in the test cell

- zero inputs to chart recorder and start recording

- begin test by starting up dc motor

- once selected number of cycles have elapsed, down counter trips
dc motor

- switch off pump, pause chart recorder and open metering valve
fully

- close heat exchanger coolant inflow valve

- unscrew side specimen housings and extract the two side
specimens

- remove end cap and upper bearing and seal assembly

- bring piston to top dead centre and take reciprocating specimen
out of test cell

- wash all three specimens as detailed in step one; then reweigh
and record mass loss/gain and sliding distance for the interval

- reload specimens and repeat . cedure for successive test
intervals

While testing proceeds, graphs of mass loss, volume loss, specific
wear rate and wear coefficient, all as a function of sliding
distance are plotted for the interval. At the conclusion of a
particular test repeat surface roughness measurements at the
original positions.

All optical and SEM microscopy was be completed prior to reusing
the specimens. Some specimens were sectioned to study the side
elevation of the interacting surface. Micro hardness traces were
taken on each of these sectioned specimens to establish the extent
of work hardening or softening.

3.3 MODIFICATIONS TO THE TEST SET UP

The performance of the inherited test facility under the conditions
selected in section 3.2.3 did not meet the short term objectives as listed
for stage 1. Consequently, the programme had to be diverted to substage 1
(refer to fig. 1.1)

This section will outline what modifications were made in respect of the
hardware used but for the sake of brevity, no reasons will be given. The
following section will present the results of all the tests and exemplify
the reasons for the modifications.
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In addition to testing on the original test facility (which will hence
forth be termed test facility A), testing was conducted on three other

layouts. Each of these represents a modification of the original.

3.3.1 TEST FACILITY B

Figure 3.7 below gives a schematic layout of this facility. It
differs from A in three significant respects

o the entire closed loop high pressure circuit for the
cooling/lubricating medium has been replaced with an open
circuit which feeds tap water under water mains pressure into
the test cell, from where it exhausts into a drain. This
negates the need for a heat exchanger as the tap water remains
approximately constant in temperature

o all monitoring equipment other than revolution and cycle counter
have been removed as no meaningful data could be obtained from
any of these

o the second side specimen is not wused and the side specimen
housing is replaced with a brass plug

brass plug QOPEN URCIT

@J -

Fig., 3.7 LAYOUT OF TEBST FACILITY B

3.3.2 TEST FACILITY C

Apart from the complete absence of a medium circuit, this facility
is identical to that described as facility B. This layout was used
for conducting dry tests.
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3.3.3 TEST FACILITY D

Again this test facility is, with the exception of the medium
circuit, identical in all respects to facility B. Figure 3.8
depicts the difference in the medium circuit. A mono pump feeds
distilled water from the reservoir via a sintered glass filter into
the test cell. The exhaust port returns the medium to the
reservoir.

No heat exchanger was required as the reservoir was sufficiently
large to dissipate any temperature rise in the medium due to the
frictional heating at the rubbing interface. Pipe friction heating
was insignificant due to the low flow rates.

-

y =
foreservoit '
i 254

} destilied {
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Yig. 1.3 LAYOUT OF TEST FACILITY D
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RESULTS FROM THE IMPLEMENTED TEST PROGRAMME

This section will present and discuss separately the results obtained from
each of the four different test facilities used. The results will be
conveyed in both graphical form and by way of micro- and macro-graphs.

The graphical information will be presented in sets of two graphs : Graph
one showing cumulative mass - and volume-loss, both as a function of
sliding distance; and the second graph plots the wear coefficient and
specific wear rate for the same results, also as a function of distance

covered.

In all cases only the changes for the side specimens are plotted. This
was done because the counterfaces were the harder of the interacting
surfaces and, although showing degradation, their mass remained
essentially constant.

Appendix B defines each of the above terms and gives a sample calculation
to clarify how these graphs are interrelated. To facilitate ready
comparison between the different results, the same distance scales and
exponents for the ordinate scales are used for all graphs.

3.4.1 RESULTS FOR TEST FACILITY A

Figure 3.9 shows results obtained fo: three consecutive tests using
the original test facility with two side specimens per test (refer
also to fig. 3.5).

All six self-matched AISI 630 side specimens show extraordinary
amounts of material 1loss after only a few hundred metres of
sliding., Mass losses fluctuate between approximately 60 and 180 mg
after 5 km. This correlates into a reproducibility of only around
+ 50%, which compares very unfavourably indeed with the worst
repoducibility of + 21.5% reported by Lloyd [3].

Mags loss on it own is, however, not a good indication as to how
good or bad a material is performing. SWR and wear coefficient, K
are a much better basis for comparison. Thus, dividing the slope
of the CVL versus sliding distance graph by the applied load is an
indication of the rate at which wear progresses. A linear graph
would yield a constant value of SWR and we are interested in this
value for the normal operating regime (refer to fig. 2.13).
Although the band within which SWR fall has narrowed somewhat after
5 km, no general trend is recognizable.
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Multiplying the SWR by the Vickers Hardness Number (VHN) gives the
dimensionless wear coefficient, K. Work done by Rabinowicz [22]
suggests that for metal on metal sliding systems, typical values
for K fall into a range between 10-%5 to 10-2 for abrasive wear and
10-7 to 10-3 for adhesive wear. Superimposing these ranges onto
the lower graph of fig. 3.9 shows that the K values for each of the
six tests done exceed the upper limit of the adhesive wear zone and
the largest values are approaching severe abrasion which is the
upper limit of the abrasion zone.

Although these figures by no means specify absolute ranges, they
nevertheless suggest that we are not testing adhesive wear under
the sel conditions. This coupled with the poor reproducibility
quoted above was sufficient motivation for abandoning testing and
not proceeding to the desired test length of 24 km.
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CONSTRAINTS IMPOSED ON THE DESIGN

The design must:

incorporate materials which are compatible with synthetic mine water
environments, as well as temperatures not exceeding 100 C;

the design must not become a single purpose device that will
subsequently become obsolete. It must therefore be built in a modular
fashion such that existing features can readily be expanded upon or
existing components be exchanged without requiring major modifications;
allow for all wearing components (seals, bushes, bearings) to be
readily accessible for routine inspection and/or replacement;

make provision for attaching other drive mechanisms that will permit
saw-tooth, square wave, random or periodic velocity profiles to be
obtained, if so desired;

incorporate the D.C. motor and speed controller from the original test
facility as the primary drive for the reciprocating drive mechanism;
incorporate within itself the required precision for reproducible
testing such that machining tolerances on test specimens can be
relaxed. This means that testing is less affected by deviations in
dimensional consistency from specimen to specimen;

not exceed the budgeted total cost of South African Rands 15 000,-;

not require any special workshop facilities;

not exceed a fabrication period of two months;

make it possible to accommodate the specimens that were machined for
the previous test rig, as a large number of them were made up and
represent a large investment in machining time and cost.

CRITERIA SOUGHT FOR IN THE DESIGN

The design should:

be as simple and functional as possible;

use standard material dimensions wherever possible;

utilize as many standard components as possible, particularly for the
wearing components;

permit wear fragments to be trapped and/or collected;

minimise noise generation;

be simple to operate;

be of a compact design so as to minimise required laboratory space.
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Testing Environments

- flow rate and/or temperature can be controlled within the bath;
- if the environmental chamber is mounted over the basic test cell, the
following specialist environments can be achieved:
o testing in controlled environments in respect of temperatures,
pressure and humidity levels
o testing at depressed or elevated temperatures
o testing under conditions of partial vacuum or at pressures above
atmospheric pressure
o flooding the entire test cell for testing under fully hydrostatic
conditions,

MATERTALS USED

- internal workings of test cell :316 stainless steel, P-bronze, 440C
stainless steel, Aluminium - 7017, Perspex, Solidur Ds

- external features of test rig : 431 stainless steel , En24 mild steel, En3
mild steel, Brass

COST (IN SOUTH AFRICAN RANDS)
- total cost of materials and

standard components R 3 358
~ manufacturing cost

o consumables R 699
o labour R 8 835
o sub contracted jobs "R 483
- total final cost of rig R 13 375 {This corresponds to 5650

===Z====z==c US Dollars or English Pounds
3180 at November 1988
exchange rates)
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Before possible solutions could be generated, several decisions, inspired by
the lessons learnt from the old test rig, had to be made:

only two test specimens will be tested against each other at any given time;
specimens will not be reused;

only one face will be tested on each specimen;

interacting plane to be horizontal.

O 0 O O

Lastly, a number of decisions had to be made regarding which of the two
specimens should be loaded, which specimen is coupled to the friction measuring
transducer which should reciprocate, which should provide for vertical
adjustment and lastly which is swung away from the interacting surface to
facilitate access to the specimens. The decision matrix shown in Table 6.1 was
thus drawn up to help decide which combination represents the best compromise.

Table 6.1
) . K T
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Option 2 established itself as the most viable configuration. Designs could
therefore be generated that would fit very specific requirements and
constraints as summarized in fig. 6.4.
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Load/unload

environmental

chamber

A

v= reciprocating velocity
f= friction force

P= load

h= vertical adjustment

e, v = restrained in
these degrees of
freedon

Fig, 6.4 PICTORIAL REPRESENTATION OF WHAT THE NBW TBST BIG 4UST BR
CAPABLE OF DOING

Several concepts were initially generated. In order not to restrict the free
flow of ideas, these designs were evaluated only very broadly during this
stage. Those designs which showed potential, were however analyzed further-
in accordance with the design requirements, constraints and criteria drawn up
in section 4.0. In particular three such designs were forwarded as viable
solutions. These are briefly discussed in the pages to follow and only the
major advantages and disadvantages are listed.

6.3 SOLUTION A

The reciprocating specimen 1is mounted to a shuttle which is free to
oscillate back and forth on two guide shafts as shown in fig. 6.5 below.
Reciprocating motion is by pneumatic cylinder for speeds up to 1 m/s and
by a crank slider mechanism for higher speeds.

A housing which can be secured in any position along the length of the
load arm retains the stationary specimen. The load arm is pinned at its
one end by a universal joint which permits two degrees of freedom.
Neutral balance for the load arm assembly is provided for with a
counterweight at the short end.
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Fig, 6.5 SOLUTION 4

The interacting surfaces are loaded by hanging weights to the long end of
the load arm. At the long end the two side faces of the load arm bear up
against two button load cells which record the friction force. Specimen
mounting and replacing is readily achieved by removing weights and
releasing a catch at the top of the hold frame. The load arm can then be
swung into a vertical position and access is gained to both specimens.
All components are mounted to a support plate and surrounded by a bath
which contains the desired medium.

6.3.1 ADVANTAGES
o simple fabrication;
o vast range of loads possible;

o easy to operate.

6.3.2 DISADVANTAGES

o load arm needs to be as long as possible to mske rig sensitive to
friction force - bulky design thus resulls;

o friction transducer not directly fixed to load arm and brought into
contact and removed periodically. This lack of positive location
results in shoddy contacts and possible frequent recalibration;

o friction force not measured in line but in an arc due to pivoted
load arm;
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o load not applied in vertical axis but in an arc about pivot point.
This is likely to be problematic with materials that wear rapidly;

o sealing the test rig for studies in controlled environments is
difficult due to the hanging mass and no tests are feasible in
hydrostatic conditions.

6.4 SOLUTION B

This design is depicted in fig. 6.6 below. The reciprocating specimen is
mounted to a base which oscillates on a single guide shaft. It is prevented
from rotating by the piston rod of the reciprocating drive.

‘o ninge z st g ot
' CRIT2rICATT R
“rcron <n e

loading / !
mechanism ) j

specimen 4 /é/

Ju- e shaft

D3s5e 2late

Fig. 6.6 SOLUTION B

The stationary specimen is positioned in a housing which is free to slide
vertically up and down the face of the hinge plate. Load is applied by a
spring or dead weight.

The hinge plate can slide axially on the hinge shaft, thereby facilitating
friction force to be picked up by the transducer. Releasing a locking
mechanism enables the hinge plate and stationary specimen to be rotated
into a horizontal attitude and access is gained to the two specimens.

6.4.1 ADVANTAGES

o compact design;
o0 chamber easily sealed.



6.4.2 DISADVANTAGES

o components not readily accessible for maintenance;

o friction force measurement is not in line with reciprocating
motion

o involved/costly machining.

SOLUTION C

A support plate is fixed midway to a vertical backing plate. Mounted to
it are two parallel shafts on which the shuttle securing the reciprocating
specimen oscillates. Mounted on the other face of the backing disc and
at the same level as the support plate is a crank slider arrangement.

The stationary specimen is secured inside a holder which is fixed to a
hinge plate via a Z-gauge load cell for friction force measurement.
Loading is by spring or dead weight. Mounted on rollers running on two
rails, an enviromnenlal chamber can be slid over the assembly in the
horizontal plane and sealed tight against the backing disc. To separate
specimens, the upper assembly is rotated about the pinned hinge plate.
Figure 6.7 below shows the essential features of this design.

rrank
slider
Tnadorn
npcharam
Caprakte A
“prinan
X r°sten in
froctinr farce
frangd jrar

irp o men

Fig. 5.7 SOLUTION ¢
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6.5.1 ADVANTAGES

very compact design;

all components readily accessible;

friction force measured in line with reciprocating axis;
environmental chamber easily fitted;

specimens remain axially loaded irrespective of volume loss.

G ¢ 0 o O

6.5.2 DISADVANTAGES

o involved/costly machining

Solution C fares relatively more positive and was thus forwarded for refinement
and development into a workable test rig. The final design submitted is
discussed in the next chapter.
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7.0 DISCUSSION OF THE NEW TEST RIG DESIGN

The submitted prototype design is capable of meeting all the requirements,
constraints and criteria that were set in Chapter 4.0. Due to its complexity,
the design will be discussed under several sub headings in Lhis section.
Extensive reference is made to the sub-assembly drawings and this chapter is
therefore to be read in conjunction with drawings 1 to 5. If greater detail is
required, make reference to the full size drawings in Appendix G and the detail

component. drawings in Appendix F. Relevant calculations are contained in
Appendix E. For a sumnary listing of prototype specification, refer to Chapter
5.0. Reference can also be made to a series of photographs depicting the

finished prototype. These are appended to Chapter 8.0.

7.1 A SUMMARY OF THE BASIC LAYOUT

Refer to drawing 3. The backing disc (42) is the central component of the

test rig,. To its one face are mounted all test cell components that
facilitate specimen mounting, testing and monitoring of relevant
parameters. Only materials with excellent anti-corrosion properties are

specified for the components used on this face. If desired, the optional
environmental chamber (59) can also be clamped to this face.

The other face is bolted to gusset <siands (47), which hold the disc
vertically aloft such that its central axi- is horizontal. Both of the
gusset stands are splayed out at 25 degrees to the disc centre, so that
access 1s eased to the reciprocating drive.

The bearing housings (81), that retain the driveshaft (79), and the gusset
stands are bolted to platform (82), which acts as an independently sprung
base for the whole test rig. Rubber mountings (87) isolate the platform
from the table (93). Rig vibrations are thus minimised as the platform
can move in the xy plane and the transfer of rig borne vibrations to the
table are eliminated.

A 1.5 kW/220V dc motor (85) 1is rigidly mounted on a fixed plate (84).
Driven and driving pulleys are connected by fabric belt and ratioed 1:2.1
such that the maximum motor rating of 3000 rpm is stepped up to 6300 rpm
at the drive shaft.

It is also emphasized that a philosophy of optimising between weight,
strength and compactness without compromising functionality, underlines
the entire test rig. Also note that to retain precision all bolted
components are first pinned together.
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7.2 THE RECTPROCATING DRIVE MECHANISM

Refer to drawing 2 for details on the reciprocating drive. As discussed
in Chapter 6.0, a crank slider arrangement was chosen to produce the
desired sinusoidal velocity profile.

The larger diameter end of the driveshaft (79) is driven by a fabric belt.
Bolted to its end is the crank pin holding plate (78}. A spigoted and
tapped hole for crankpin (77) is located 15 mm off centre in this plate.
A stroke length of 30 mm is thus achieved at the piston end. If stroke
lengths 1less than 30 mm are desired (resulting in decreased peak and
average velocities), item (78) would be swopped for a similar one, but
with the crank pin hole located closer to its centre.

Both stroke length and rpm ratings are identical for the old and new rigs.
This was done to ensure that a basis of comparison 1is retained by which
previously fenerated results can be compared to those that will be
initially accumulated on the new test rig.

In order to balance primary forces, a brass counterweight (74) 1is bolted
to disc (78). Being replaceable, fine tuning the vibrations should be
readily achieved by adding or removing mass. No secondary force balance
is provided as this would significantl. complicate the design. The
rational behind this lies in the ackn vledgement that if resonant
frequencies are encountered at a given tL¢-ting rpm, raising or lowering
the speed by a few rpm will negate this vibration problem (e.g. + 25 rpm =
+ 0.04 m/s).

The comnecting rod (73) forms the link between crankpin and reciprocating
piston (68). It is crank end guided and float is provided with the
crankpin end cap (76). Due to the severity and fluctuation in loading
encountered at the crank and wrist end with every revolution, a high
strength martensitic stainless steel (AISI431) was specified for conrod
and wristpin (72).

Both crankpin and wristpin ends of the conrod are mounted in needle roller
bearings. To simplify machining, the wristend needle roller is specified
with an inner and outer race. On the crankpin end however only an outer
race 1is required as the crankpin (77) is hardened and ground, thereby
providing a suitable surface for the needle rollers and thus negating the
need for an inner race. Journal bearings were deemed inadequate for the
same reasons that they are not used in high reving single piston engines.
No reliance can be made on o0il mist to lubricate these bearings for fear
of contaminating the test cell. The needle roller bearings are therefore
packed with a water repellent grease.
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Wristpin (72) joins the conrod to the piston. A 7000 series Aluminium
alloy, 7017, was specified for this piston in an attempt to reduce
reciprocating mass and therefore loading. The piston shaft (67) completes
the reciprocating assembly. At its one end it is tightly screwed into a
female thread in the piston top. Its other end is tightened by socket cap
screw against a blind recess in the reciprocating shuttle (23). This
shuttle in turn carries the reciprocating specimen (27).

Split polymer seals (70) provide a bearing surface and hence guidance to
the piston in the housing (69). An O-ring energized seal (66) rubs
against shaft (67), thereby ensuring that the test cell innards are sealed
to the outside. It is positioned in the piston shaft sealing assembly
consisting of items (61) - (66), The two sets of polymeric seals are
therefore recognized as performing very different functions : the one
provides only alignment, the other only sealing.

Both the bore of (69) and shaft (67) are hard chromed to reduce friction
between the reciprocating surfaces as well as to help tighten up
tolerances. Vent holes are drilled into the piston housing at its lower
end. Material choice for the reciprocating components is such that water
cooling can readily be added to the piston housing if the frictional heat
generated at the reciprocating interfaces ¢ ‘eeds the thermal stability of
the polymers used.

It was decided to specify a double sin'~red UHMWPE with Teflon filler
(SOLIDUR DS) for the polymeric seal. This was done because this material
combines the excellent wear resistance characteristics of UHMWPE with the
very low friction properties of PTFE (Teflon).

The test rig simulates a tribosystem and is itself a tribosystem. It is
therefore unavoidable that it too will wear out. It is anticipated that
the polymeric seals will have to be replaced every 10 or so tests
(corresponding to some 250 km of sliding distance), before slackness in
the seals becomes intolerable.

As a by-product to the actual test programme (which looks at metal on
metal interactions), seal wear could also be monitored and inferences made
accordingly. Over and above this, the seals could be machined from
different polymers to test the effectiveness of different seal materials.
Given the above, ease of seal replacement is recognized as being crucial
to the success of the test rig.

To replace the piston seals (70), the following procedure needs to be
adopted. Firstly, remove item (76), then unscrew crankpin from holding
plate (77). On releasing the socket cap screw, which holds piston shaft
to shuttle, the entire reciprocating mechanism is freed and can be
extracted in one piece. Pislon seals can now be replaced and the assembly
reinserted.









- 92 -

The upper base plate (7) is held in a horizontal position above the
lower base plate (32), such that both plates are perfectly parallel
to each other. Two support brackets (24) are bolted to the bottom
face of the upper base plate. They retain two parallel hard
chromed shafts (14), which run in polymer bearings (13) that are
housed in the friction plate (12). The load assembly housing (15)
which secures and loads the stationary specimen, is rigidly fixed
to this friction plate.

To the upper face of plate (7) is bolted the upright plate (45).
Inserted into this plate are bushings (39) which permit it to be
hinged about pin (36). This pin in turn is clamped at either end
by two mounting blocks (37) which are bolted to the inner face of
the backing disc.

It is thus possible to swing the entire upper base plate assembly
through 90 degrees about the hinge pivot. The upper and lower base
plate assemblies can therefore be separated and access can now be
gained to the two test specimens.

When in the horizontal or testing position, the bottom face of the
upper base plate rests on the supp t block (46). It can be
screwed against this block by tigh -ning down knurled thumbscrew
{44) by hand or by means of a pin in-erted into the holes provided.
A milled slot in the back face enibles item (7) to fit over the
thumbscrew as it is swung up or down. The actual area of contact
between the two is forward of the vertical axis through the centre
of the hinge point. The base plate is thus flush with the support
only when it is actually horizontal and therefore cannot overshoot.
To prevent damage if the plate is brought down too quickly, a stop
or damper can be provided. Diligent use should however preclude
this.

Mounted between a cut out in the back of the hinge plate and a
milled slot in the backing disc is the latching hook (40). Drawing
5 shows the position that the base plate takes up in the
horizontal/testing or vertical/hold positions and how the latching
hook holds it there.

In the hold position the spring loaded head of the latch hook jumps
into the recess machined into the top of item (45). To release the
assembly from this position, the latch release lever (35) is simply
pulled forward and the upper assembly is swung down using the upper
base plate lever (8).
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SPECIMEN LOCATION AND SECURING IN POSITION

The provisions made for firstly locating and secondly securing the
specimens in their located positions, is discussed separately for the two
specimens. In both instances, location mechanisms are such that they
guarantee the specimens to be repositioned in an identical fashion after
each and every test run. This means that specimens once matched after a
running-in period, will remain in full area contact for the remainder of
their test life.

7.4.1 THE RECIPROCATING SPECIMEN

The reciprocating specimen (27) is placed onto the flat surface of
specimen mounting plate (28). Its long axis is positioned in line
with the reciprocating axis by means of three locating pins (18).
Screwing down the wedge blocks (52) forces the specimen tightly
against the pins. Two such clamping arrangements are provided.
The one pushes the specimen against a pin in line with its long
axis, the other pushes the near side against two pins on the far
side.

7.4.2 THE STATIONARY SPECIMEN

Refer to drawings 1 and 4. The stationary specimen 1is held 1in a
vertical orientation by means of a s..cimen chuck consisting of two
Phosphor-bronze jaws - one fixed (91), the other adjustable (90).
Both jaws are mounted inside a square recess milled into the
stainless steel specimen holder (20).

The fixed jaw is screwed against one of the inner faces. The
adjustable jaw is positioned opposite the fixed jaw, the separation
between the two being adjusted by turning the grubscrew (89). Both
the grubscrew and the screw retaining the fixed jaw are recessed

into the circular outer face of the holder. By exchanging the
Jaws, specimen geometries can be used that can not presently be
accommodated.

Specimen holder (20) fits into the load assembly housing (15). Two
diametrically opposed slots are machined along the outer face of
the holder. These enable it to fit over the two hold fingers (17)
covering the housing entrance, as it is being inserted. An easy
running fit has been provided between housing and holder. Because
the holder is removed after every test and then reinserted, its
outer diameter has been hard chromed over the full area (o minimise
galling and friction. The holder and therefore specimen is thus
able to move axially and rotate in the housing.
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To prevent this rotation and ensure that the holder can only be
inserted in one position, two different diameter holes have been
drilled into its top face. These holes couple up with two matching
pins protruding from the connecting plunger (10). The plunger is
free to move axially in the housing (15) but is prevented from
rotating in it. This is facilitated by three spring loaded balls
(19) which, protruding from threaded holes in the housing, sit in
three grooves machined axially into the plunger side at 120 degrees
separation.

The stationary specimen thus relies on two different connections

for axial guidance and rotation prevention. These are : holder
(20) 1in housing (15) and holder (20) coupling to plunger (10)
respectively.

7.5 THE LOADING MECHANISM

In chapter 6.0, the decision was made to load the stationary specimen in a
vertical axis from the top down against the horizontal reciprocating
specimen. To facilitate specimen accessibility, a further decision was
made to swing the stationary specimen from ts vertical test position into
a horizontal attitude for loading/unloadine (refer also to drawing 5).

This would, however mean that irrespective .f whether under load or not,
the stationery specimen would scrape along the reciprocating specimen as
it rotates upwards. Similarly, the two surfaces would be damaged prior to
testing if the assembly was swung down in this manner. To prevent this
damage from happening, a mechanism was required which would separate the
two specimens before either the up or down swing .

In the design submitted, the required separation (=2 mm) is achieved by
pushing the specimen holder (20) into its housing (refer drawing 4). This
is done by letting the hold fingers (17) ride up against the lip machined
onto the outer diameter of the holder mouth. As the resetting ring (26)
is turned up its coarse thread, the hold fingers push the holder up.
Rotating the resetting ring lever (34) through 170 degrees will push the
holder approximately 2 mm into the housing.

A bracket (25) is screwed to the top of the resetting ring at the end
opposite to the lever (34). It houses a spring loaded stainless steel
ball which can sit in one of ten dimples machined into the housing at 36
degree intervals., The purpose of this ratchet is to ensure that the
resetting ring is held securely in any of ten circumferential positions
desired as it is wound up or down its thread.

The actual loading of the specimen is achieved by a compression load
spring (5) which is designed to give a linear response of 0 - 100 N
over 20 mm of deflection. Adjustment of the spring force is done by
turning screw cap (1). This has linear graduations marked off in 1 mm
increments (corresponding to 5 N each) on its outer face. To prevent
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cross threading and seizure on the housing thread, the screw cap is made
from a dissimilar metal, P-bronze. To help keep the spring from rotating
as it 1s compressed, a needle roller bearing (2) has been fitted to the
load plunger (3).

One of the big advantages derived from this specimen separation mechanism
is the fact that the spring must not be slackened off after each test
interval. It 1s set at the start of a test series and readjusted only if
a different load setting is required. As an option, the cap screw and
spring can be replaced by a dead weight. Given the fact that nominal
amounts of material will be removed from the interacting surfaces, the
axial relaxation in the spring and therefore slackening off in load is
negligible. The use of a dead weight is not convenient, particularly
because it would have to be removed before the assembly could be swung up.

FRICTION FORCE MEASUREMENT

Mounted to the hinge plate (45) is a beam load cell transducer (38). At
its lower end the transducer is bolted to the friction plate (12), which
running on guide shafts (14) is free to oscillate along the reciprocating
axis. Bolted to the friction plate is th load assembly housing (15) in
which is inserted the specimen holder (. ) that retains the stationary
specimen (21).

The friction force resulting from the interaction between stationary and
reciprocating specimens causes the load assembly housing and therefore
friction plate to move in sympathy. In so doing, it deflects the beam
load cell and a signal is generated from strain gauges glued to the upper
transducer shank. This signal is boosted and the friction force is
displayed on an oscilloscope or plotted on a chart recorder.

Under maximum test conditions the shuttle (23) will be reciprocating at a
frequency of 106 Hertz. This lies well within the kilohertz frequency
rating for the beam load cell transducer. The maximum load capacity for
the transducer is 200 N in either direction with a total deflection not
exceeding 0.2 mm. Given that a maximum load of 100 N can be applied to
the reciprocating interface, the coefficient of friction would have to be
greater than two, before the specifications of the transducer are
exceeded.

Placing the transducer parallel to the loading axis, as opposed to in line
with it, was done to retain a compact design.

THE LUBRICANT/COOLANT BATH

A perspex enclosure (60) has been fitted to the lower base plate (32). It
consists of three sides with reinforcing strips at the bottom and open
end. Into these strips is cut a groove for an O-ring that seals the
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8.0 EVALUATION OF THE NEW TEST RIG
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Construction of the test rig was completed within two monihs and inside the

allocated budget.
conducted under

intention here was to
properly and secondly that the

As part of the commissioning
identical test conditions and on the same material couple as
the last series of tests which were done on the
firstly ensure that all
reproducibility
previous of + 27% (refer to fig. 3.23).

three tests were

stage,
old test facility (D). The
the features of the rig work

has improved from the best
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Material couple :
Test parameters :

Figure 8.1

To afford comparison with chapter 3.0,

axes as

respectively.

+ 15 % respectively.
on the initial surface match between the specimens, bedding-

as depending

previously.
mass loss after 15 lm is a creditable + 22% and +
After 27 km, fluctuation in mass loss improves to + 19% and
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122 stainless steel/CZ114
reciprocating speed =
surface roughness
load

test intervals
total test distance
lubricant/coolant

Reproducibility as

These values must not

in rates will differ and differenl amounts

likely.

loss is a much more important crileria for comparison.

results were
expressed by the + deviation in

manganese bronze
peaking @ 1 m/s
0.40 um CLA + 10%
20 N

every 3 km

27 km

distilled water

above shows the results obtained for the reproducibility test.

plotted on the same
14% for CZ114 and 122
be

seen in isolation though,

of mass loss are therefore

As stated previously (section 3.4.1) the rate of increase of mass

In all three cases

the graphs show this rate to be decreasing with sliding distance and after

approximately 21 km the slopes {and therefore wear rates) of the three

bronze specimens similar values - the widely

fluctuating slopes of previous results.

approach very unlike

The wear coefficients for the bronze specimens fall into a region
stretching from 5 x 10-4 at the start of the test to 5 x 10-5 at test
conclusion. This lies well within the upper adhesive wear zone bounded by
severe galling (10-3) at its top end and moderate wear (10-5) at the lower
limit (Rabinowicz ([32]). Figure 8.2 shows a comparison between the K
ranges obtained for these results and those under water lubricated/cooled
This diagram clearly shows how a
much narrower, and therefore more reproducible wear coefficient band was
obtained with the new test facility.

test conditions generated previously.
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results on previous test facilities A - D;
results for new test rig)
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In addition, two lots of three test runs (without specimens) of 50 000
cycles (= 3 km) each were conducted at peak velocities of 5 m/s and 10
m/s respectively, adding a further 0.3 million cycles. Noise levels,
although higher than at 1 m/s are still minimal and present no noise
pollution hazard to other laboratory users. The vibrations appear to be
adequately contained by the counterweight and residual vibrations are
almost completely absorbed by the rubber mountings.

No appreciable temperature rise was recorded for the reciprocating piston
and after stripping down the test rig, no signs of thermal damage, wear or
slackness could be detected in any of the seals, bushes or bearings.

It is also important to note that the test rig is a prototype. If further
units are to be built at any future stage, certain minor design changes
will have to be made to simplify manufacture; the basic concept will,
however, remain unchanged.

Figure 8.4 below gives a sample recording of the variation in friction
force for one test interval. No attempts have been made to calibrate the
friction transducer as yet and the intention was merely to confirm that a
fluctuation could indeed be picked up in either direction.

: N ; T M - T ‘ . - _j;,‘i,i: _::il'::_:
=z o " : : e : e e =
o % : L : B i et =
— i i e - - - + — - - i - - - Fo e
[l By o, daa. RN SN ") Wit Wy g A ¥ P NN TN : faldienn, :——1 ey
= . R . L S e e hinen b
& ST 5 T : PO S —

‘ = T ; o e S ————— !
o i s lT—== 1 3000m- 150000 cpetesF—}—— ——4——3

Rig. 8.4 VARIATION IN FRICTION FOBCB WITH SLIDING DISTANCE

A series of photographs are given over the page (fig.’s 8.5 - 8.7),
showing the test rig in the testing and holding positions. Also shown are
details of the reciprocating drive with its bearing and sealing
arrangement; the reciprocating shuttle; loading mechanism and friction

transducer and lastly the two specimens about to be brought into full
contact under load.















9.

3
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7. An insufficient  number of tests were conducted (due to low
reproducibility and inadequacies of test facility and test specimens)
to quantify which of the tested couples performs best in Lerms of low
wear rates.

8. Quoting two dimensional surface roughness data for three dimensional
surfaces is inadequate as topography changes can not be adequately

interpreted.

9. The effect of water quality on the results obtained has not been
quantified.

10. No trends can be quoted as error bands for different test-runs overlap
each other, thereby masking trends.

PERFORMANCE OF THE NEW TEST RIG

1. The lessons learnt from the performance of the inherited test
facility, as well as the modifications made thereto, were instrumental
in the design of the new test rig.

2. All requirements, constraints and c: leria 1initially set for the
design were fully met.

3. A test facility, capable of investigating the performance of material
surfaces rubbing against one another under conditions of high speed
reciprocating sliding in specialist environments, is now available.

4, A series of three tests performed on the new test facility yielded
reproducibility figures of + 22% after 15 lm of sliding and + 19%
after 27 km.

5. The range within which wear coefficients fall for the three tests
done, has been substantially reduced by several orders of magnitude.
The range now spans from 5 x 10-4 to 5 x 10-5,

6. Macrographical evidence showed formation of homogeneous bronze surface
layers on steel counterfaces for all three tests. As testing
progressed, mild grooving of the transfer layer occurred. These
observations are consistent with adhesive wear mechanisms and are
further supported by the K values obtained.

7. All specimens show that they have been in full area contact from after
the running-in period (which varied from O - 6 km) to test completion
on attainment of 27 km.

8. The test rig completed a total of 1.65 million reciprocating cycles
and after a complete strip down no indication of degradation to any of
the wearing components (bushes, seals, bearings) could be detected.
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10.0 RECOMMENDATIONS

The following recommendations are made in response to the conclusion drawn in
chapter 9.0 :

~3

10.

11.

Stage 2 of the short term objectives should be undertaken using the new
test rig.

The implemented test programme should commence with a test matrix that
starts with low speeds and light loads and progresses upwards once an
adequate data base has been built up.

At a later stage, testing should be conducted with type II and II1 test
specimens.

Parallel to testing different material couples, the performance of the
polymeric seals and bushes should be monitored.

Data capture of friction force, temperature, pressure and velocity should
be linked to a computer. This should be coupled to a program which plots
mass loss and wear coefflicient after each test interval.

COMRO should make available informati. . on exactly how in-service
components, operating on hydro-power, deter. .rate. This should be backed
up by detail topography scans, micro/macr: -photography and micro hardness
traces.

The implemented test programme should, if at all possible, make use of non-
intrusive surface roughness measurements.

The question of whether components should be used with a ground or polished
finish needs to be reviewed (ground finishes contribute wear fragments).

Because the only effective way of eliminating adhesive wear is by
separating the contacting surfaces by a film of lubricant, self lubricating
bearings and coatings should be re-examined.

Thoughts should be given to whether or not it is reasonable to think of
water lubricated systems as "0il lubricated systems with poorer
lubricicity”. A programme looking at water as a lubricant in its own right
should therefore by considered.

To meet testing demands of the vast numbers of contender hydro-power
materials, batch production of several more units of the submitted test rig
should be considered.
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APPENDIX A - HEAT TREATMENTS FOR STAINLESS STEELS TESTED

AISI 630 (17-4 PH)

- solution treat @ 1088 + 14°C for Y2 hour/25 mm section
- 0il cool to below 32¢C

- age harden @ 552°C for 4 hours

- air cool

AISI 431

- preheat @ 540°C + 10°C for Y2 hour/25 mm section
- preheat @ 775°C + 10°C for Y7 hour/25 mm section
- soak @ 1040°C + 10°C for Y2 hour/25 mm section
- marquench @ 175°C for 5 minutes/10 mm section
- air cool
- hot alkaline wash
- sub-zero heat treatment @ -75°C for 30 minutes
- within 2 hours:
o double temper @ 260°C for 2 hours per temper
o0 air cool to room temperature in between tempers
- passivate in 20% nitric acid + sodium dichromate 27¢ms/1 for 30 min @ 50-60°C.

ALLOY 122

-~ soak @ 1050°C for Y2 hour/25mm section
- o0il quench

~ temper @ 200°C for 2 hours

~ air cool



APPENDIX B

SAMPLE CALCULATIONS

Definition of symbols:

Am
AVL

_— s

incremental mass loss [mg]
incremental volume loss [m® ]
cunulative volume loss [m?]
incremental sliding distance [m]
applied normal load [N]

Vickers Hardness Number [N/m? ]
specific wear rate [m3/Nm]

wear coefficient

density [kg/m?]

Definition of equations:

CVL

A m [ mg ¥ 1E6 ] = [ m® % 1E6 ]

A VL { m ] = [ m3/Nm ]

SWR * hardness [m®/Nm ¥ N/m? = dimensionless]

Taking 122/CZ114 test 2 (graph 3.17, Page 57) as an example:

Consider test interval 12 to 15 km:

0O 0 0 00
S"dbsm

Thus AVL

3000 m

141.78 mg

8180 kg/m3

20 N

164 kg/mm therefore hardness in SI units is
164 ¥ 1E6 x 9.81 = 1.609 E9 N/m?

141.78 ¥ 1E6 = 1733.3 E-11 [m?]

8180

1733.3 E-11 = 28.9 E-14 [m®/Nm]

20 % 3000

28.9 E-14 *x 1.609 E9 = 4.65 E-4
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APPENDIX C - ORIGINAL TEST SPECIMENS

50
0.5x45°
N3|N6
: — | Q
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| 3
SN|EN

RECIPROCATING SPECIMEN, 1 OFF

$12g6
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STATIONARY SPECIMEN, 2 OFF

DATE : 14110188
SCALE . 1.1 TEST SPECIMEN

DRAWN BY : UF B KIENLE FOR ORIGINAL TEST FACILITY




-  TEST SPECIMENS FOR NEW DESIGN
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ITEM No (21) STATIONARY SPECIMEN , 1off , test material

DATE :08/08/88
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APPENDIX E -  DESIGN CALCULATIONS

A lengthy, iterative design process underlines the sizing of all the components that
make up the final test rig design, as compromises had to be made beiween many
competing demands. More specifically, efforts were made to maximize mechanical
properties, minimize weight, size and cost, optimize fabrication routes and ensure
accessibility to and compatibility between all components.

Due to the large number of components which make up the test rig, abridged
calculations will be presented for only some of the more critical items. For the
sake of brevity, these calculations will not reflect the iterations which were done
to arrive at the final dimensions. Instead, an analysis pertaining only to the
actual components used, will be given.

A. THE CONNECTING ROD (Item 73)

Figure E1 below gives a schematic representation of the forces acting on the
conrod.,

L
€
/~ %
\
COUNTER-

- \.+ \ WEIGHT
Rt /

RECIPROCATING

ASSEMBLY ////
FN1= inertia force at wristpin
_-/
2 ’// CRANKPIN FN2= inertia force at crankpin
Fe F. = centrifugal force at crankpin
o an! | R sin &
L R = crank

As LY L = conrod length

Fig, Bi FORCES ON CONROD

Only two forces are of interest for this assembly:

(1) those due to the reciprocating masses, given by
F = Mv2R (cos © + IN'cos 20) and
(2) those due to centrifugal effects of the rotating mass, given by: F = Mw2R

where F = resultant force
M = mass
w = angular velocity (rad/s)
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Each of these forces varies in magnitude and direction during one revolution
and reaches maxima and minima at different positions. A program was written to
compute the wristpin load (WPL), crankpin load (CPL) and piston side load (PSL)
as a function of crank angle position for the maximum speed of 6366 rpm
{corresponding to a peak velocity of 10 m/s). Figure EZ2 below shows the
resultant plot for one revolution. Superimposed onto this graph are equivalent
loads for the WPL and CPL. These are defined as uniform loads which would have
the same effect in terms of life on the bearings as the fluctuating load which
actually exists. The equivalent loads are calculated as follows:

Pequivalent = [SP 10°3 / X310 yhere X are the number of increments used.

6000

4000 WPL (equ)

— \.

2000  ~—7 CPL(equ) WL
z / ‘
O o /'—\\\ — T
E \\_’/7 Sh— \
< / PSL
(o}
-

-2000 | :

-4000 T—/WPL \

! b
T T

-6000

10 1o 210 310

CRANK ANGLE ( degrees)

Fig. EC TRANK SLIDER FCRCE ANALYSIS
16366 ropm or 10 a/s peak velocity]

The literature [49] recommends 1/6 < ' < 1/4. To retain a shallow angle ¢ so
that the PSL is small yet minimize shank weight, a ratio of 1/6 was selected
for T. Given that a stroke length of 30 mm is required, R and L are therefore
equal to 15 mm and 90 mm respectively.

It is also usual to consider the connecting rod to be a reciprocating mass,
connected to a rotating mass by a shank of zero mass. The actual mass of the
shank is proportioned such that a third contributes to the small end and two
thirds adds to the rotating mass at the crankpin [51].
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The net reciprocating and rotating masses are 627 gms and 352 ums respectively,
For the force analysis, these figures were inflated by approximately 10% and
the mass acting at the crankpin was split into two components, thus:

- reciprocating mass at wristpin = 0.7 kg
- reciprocating mass at crankpin = 0.1 kg
~ rotating mass at crankpin = 0.3 kg

Referring back to fig. E2 shows that the WPL fluctuates between +3.9 kN and
~-5.1 kN with every revolution and the CPL oscillates between 2 kN and 2.8 kN.
To balance the primary forces, a counterweight of mass equal to that of the
rotating mass is bolted to the driveshaft opposite the crankpin on a shared
diametrical axis (item 71)." 131 stainless steel was specified for the conrod,
as it represents the best compromise between corrosion resistance and high
strength. Figure E3 below indicales potential failure across areas A; and Az
and shear failure across area As. As the later represents the limiting case,
calculaltions are presented for the safety factor (SF) for failure in shear
across area As.

Area A3 (16 ¥ 1 - Y3 (7/1 x 62)]E-6 = 50E-6 m?

Mean and alternating . .ads :

Fmean =1/2(+3-9+(-5.4)) = -0.75 kN
Fatternating = + 4.65 kN

Converting these into shear stresses

Tmean = 15 MPa
Talternating = 93 MPa

Fig., Ei LoADING OF CONROD

for 131, ultimate tensile strength, Sy = 900 MPa
The following calculations are all based on ref. [50], which by the distortion
energy theory, gives the endurance limit in shear as:

S*seg = 0.577 ¥ 0.5 ¥ Sy = 260 MPa

This S*sg is multiplied by two correction factors:

ka correction for surface finish = 0.75 for machined components

Kb

reliability factor = 0.72 for 99.999% reliability
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The actual endurance limit in shear is thus:
Sse = ka kv S*sg = 0.75 ¥ 0.72 % 260 = 140 MPa
The fatigue failure line in shear can now be calculated from
Ta/Sse + Tn/Ssu = 1/FS
FS = (93/140 + 15/(0.5377%900))-1 = 1.44

This safety factor 1is relalively low, bul because the wristend bearing
(comprising of an inner and outer race) is press fitted into the wristend eye
of the conrod, the actual area across which shear must occur is in fact greater
by 60% (considering only the outer race of the bearing). Recalculating the
safety factor for this larger area, yields an acceptable SF = 2.5.

Considering failure to occur by tension, safety factors for areas A1 and A2 are
4.0 and 2.5 (respectively excluding the outer race!),

BEARINGS

Instantaneous speeds of the bearings at crankpin: and wristpin change from
minimum to maximum and back with each revolutic: . As it is impossible to keep
rapidly accelerating rollers under load, slippag: and therefore heat generation
results. Thus smaller diameter rollers with low.r inertia are preferred, but a
compromise must be made with the lower load carr:ing capacity of these smaller
rollers.

Actual speed variations for the chosen conrod fluctuate between 5305 rpm and
7427 rpm. Taking cognizance of this and using equivalent loads for WPL and CPL
of 3.6 kN and 2.4 kN respectively (refer back to fig. E2) the following
bearings were selected:

Table !

BEARING [ WRISTEND CBANEEBND
Type FAG DNEJ 10/164 | FAG DNE26/164
Nax Speed 16 000 rpa 9 500 rpa
Dynamic Load Rating 10 kN 13.5 kN

Using a 1% fracture probability, these bearings guarantee a minimum life of 150
hours, corresponding to 4355 km of sliding distance of the reciprocating
assembly. This is equivalent to 180 tests over 24 km each at 6366 rpm.

The size of bearings selected for the driveshaft was influenced by the minimum
diameter required for the crankpin holding plate. The smallest feasible
diameter for the driveshaft bearings was therefore determined to be 30 mm.
This guarantees a minimum service life of 500 hours for these bearings.
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CRANKPIN AND WRISTPIN

Both pins are manufactured from 131 stainless sleel wilh satelyv {actors
exceeding SF = 3 for the diameters choosen.

SHUTTLE ASSEMBLY BALL BUSHINGS

The maximum load which can be applied to the shuttle top is 100 N. Each of the
four linear ball bushings therefore carries a radial load of Z25N.

The smallest available stainless steel ball bushings were selected. They are
rated for a dynamic radial load not exceeding 250 N. Several correction
factors needed to be applied to this rating, however, as the proposed operating
conditions are exceptionally severe:

- short stroke correction factor, fw = 0.83 for a 30 mm stroke
- lubrication loss factor, fo = 0.6 for dry condilions/waler lubricalion

- veloclty factor, fe = 0.6 for velocilies > 3 w/s
- hardness factor, fg = 0.7 [for a guide shaft of Re 58
- lLemperature factor, ft = 1.0 for temperatures < 150°C

The actually usable dynamic rating is thus onl:

Cactual = Crated X fw x fo x [r = 250 » 0.85 . 0.6 x 0.6 = 753 N
A life factor, f. can be calculated next.

fo = F/(fa x f+ x Cactuar ) = 25/(0.7 x 1 x 75) = 0.476

This life factor yields a minimum travel distance of 960 km or 40 tests at
maximum load, speed and test distance, before ball bushings deteriorate
noticeably. These calculations are based on information supplied by the
manufacturers of the ball bushings used [532}.

LOAD SPRING

BS 2056 (1983) - stainless steel wire for mechanical springs suggests three
suilable materials:

0 precipitation hardened S/S - very expensive

o martensitic S/S - hardenable Ly heat treatment bLut poor corrosion resistance

o austensitic S/S - non-hardenable but excellent toughness and corrosion
resistance

A 316 S/S with an ultimale tensile strength, Su of 800 MPa and torsional shear
modulus, G of 80 GPa was therefore selected.
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desired parameters : deflection, y = 20 mm
spring index, C = 8
free length, 1t = as small as possible
diameter, D = as small as possible
maximum load, F = 100 N

Final parameters : coil diameter, d = 2.5 mm
diameter, D = 20 mm
windings, N = 10 turns
free length, Ly = 45 mm
solid length, Ls = 25 mm

Figure E4 below shows the calibration curve for the spring manufactured
according to the above specifications. Hysteresis is minimal and a linear
graph giving a maximum of 100 N for 17 mm of compression is obtained.

obmmeneen B TIOD (m-faeager  Buat Sz TN 1743
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8 1c 12 14 16

Fig., B4 LOAD/DBFLECTION GRAPH FOR SPRING

PISTON SHAFT (Item 67)

A shaft diameter of 10 mm was choosen for this item as this permits an M5
threaded hole to be tapped into the end securing this shaft to the shuttle
{refer to sub assembly drawing no. 1 and 2). Provided that this thread is

engaged to a depth, h of 12 mm a safety factor of 2.5 guards against fatigue
failure by thread shearing.
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APPENDIX F -  PARTS DRAWINGS
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