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(i)

ABSTRACT

This project has been undertaken in order to investigate the wear of polymeric
"~ sliding components in newly developed hydraulic stoping machines used in the
South African gold mining industry. '

The wear mechanisms causing the degradation of these components underground
were identified during an extensive microscopic examination of worn components
taken from in-situ stoping machines. Scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDS) techniques were used to determine the
composition, size and distribution of abrasive particles embedded in the
surfaces of worn components.

__Abrasive wear by quartzite particles trapped between the sliding surfaces was:
l-identified as the primary wear process leading to degradatidn of the in-situ
components. . Wear also resulted from the reciprocating action of the sliding
steel counterfaces whose surface roughnesses varied considerably.

Furthermore, a reciprocating sliding wear testing machine was designed which
effectively simulates the sliding action of a polymer seal against a steel
piston in a hydraulic cylinder.

The wear behaviour of UHMWPE sliding against AISI 431 martensitic stainless
steel, in the absence of abrasive particles, was investigated during a series
of laboratory tests in which the sliding velocity, normal load and counterface
roughness was varied systematically over a wide range. More importantly, the
effect of changing the Tlubricating medium from a 5:95 oil/water emulsion to
plain tap water was carefully monitored. The specific wear rate, coefficient
of friction and surface temperature-rise data were recorded during each test.
The worn surfaces were then examined in the SEM in order to identify the wear
mechanisms and to compare the surface morphologies with those of the in-situ
components.

The 1laboratory wear tests showed that the wear rate of the polymer was
significantly lower during tests in 5:95 as compared with those conducted
under water lubrication.



7

(ii1)

‘An increase in sliding velocity caused the wear rates in both lubricating

media to increase. The wear rate also increased with counterface roughness
and a change in the mode of wmaterial removal was observed at a surface
roughness of approximately 0,3 micrometers c.l.a. The specific wear rate was
found to be independent of the normal applied load.



(iv)

GLOSSARY

: Vertical deviation of a surface profile from a datum Tline

z
L : Sample length of a surface profile
Ra : Roughness average
c.l.a. : Centre line average roughness

Y : Stress
€ : Strain
T : Shear stress
€ : Rate of strain
t : Time
E : Elastic modulus
n : Viscosity
It : Coefficient of friction
W : Normal Tload
p | : Density
v : STiding velocity
\ : Vertical velocity
h : Thickness of the lubricant film
U : Horizontal velocity
p : Pressure
M : No. of asperity contacts
Ao : Nominal area of contact
Apr : Real area of contact
Po : Yield Pressure
S : Shear Strength
F : Friction force

;) : Semi-apex angle of a conical indenter
Ag : Area of an abrasive groove
P : Mean pressure per asperity

: Mass
Cg : Spring constant
Cd : Damper constant
X : Sliding distance
Ko : Specific wear rate
) : Mean surface temperature

R : Thermal resistance
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CHAPTER 1

GENERAL INTRODUCTION

For a Tittle under two decades, the Research Organisation of the Chamber of
Mines of South Africa has been involved in a collaborative research and
development programme for the gold mining industry which is concerned with the
improvement of profitability and productivity by providing more advanced
mining technology, 1improved underground working conditions and optimum
utilisation of the labour force.

The development of hydraulically powered rockdrills which can be held and
controlled manually, and hydraulic impact hammers for non-explosive rock

breaking are challenging problems facing the mechanisation programme.

Hydraulic power, which until recently had only 1limited application in gold
mining, has gradually replaced the more traditional forms of  power used
underground on account of it's ability to produce high, readily controlled
forces in small packages. This is particularly relevant in the South African
- gold mines because of the exceptionally high rock étrengths and the constraint
of narrow working areas. Originally it was decided on economic, technical and
~environmental grounds that dilute, water-based fluids.rather than mineral oil,
would be used as the hydraulic power medium, and that fluids containing
typically 95% water and 5% additives -to confer a degree of lubricity and
corrosion protection would be employed. The engineering obstacles associated
with the use of this type of fluid were identified and prototype versions of
the rockdrill were tested both in the laboratory and underground. This led to
full-scale production trials of the rockdrills built to commercial
manufacturing standards.' Similarly, the performance of the impact hammers was
evaluated during experimental service underground. In both cases hydraulic
power was supplied from centralised pumping stations situated remotely from
the face.

The environmental conditions in South African go}d mining stopes are extremely
harsh, and are deleterious to all types of engineering equipment. The
reliability of hydraulically powered mining systems, in particular, is



adversely affected by wear problems related to the stoping environment. Hard,
sharp quartzite rock particles, which are too small to be filtered by
conventional methods, are entrained in the hydraulic fluid and cause severe
wear of internal components sliding under load or with a given clearance.

A new concept, named hydro-power, is currently under investigation for the
purpose of powering stoping machinery. The concept involves the pumping of
chilled and treated mine service water in a continuous pipeline from the
surface to a deep level stope where the hydrostatic pressure head is used to
power stoping machinery without the need for pumps. The transition from the
use of water-based fluids to that of treated mine service water holds several
attractions. The cost, maintenance time and unreliability of
electro-hydraulic equipment would be eliminated, the design of the power
supply system considerably simplified and the machinery could be powered and
the mines cooled simultaneously. In addition, both filtration and
water-treatment processes would be simplified as these are more feasible on

the surface. Initial investigations have shown that there is no fundamental

reason why equipment now operating on dilute, water-based fluids cannot be
converted to operate on mine service water, even allowing for the poor
lubricating properties of the latter. The use of water-based fluids is thus
viewed as an intermediate stage in the progress towards the use ‘of water

alone.

Corrosivity represents the area of maximum difference between water and water-
based fluids. The mine service water used in South African gold mines is
extremely corrosive. The quality is very variable but it often contains a
high concentration of dissolved solids, with sulphate and chloride ions
predominating. The problem of overcoming corrosion is being tackled in two
different ways. One approach 1is to reduce the aggressiveness of the
environment by improving the quaTity of the mine service water. To date, good
progress has been made in this field and includes both preventative and
treatment methods. The second approach is based on. the development of
appropriate corrosion resistant engineering materials. A new range of alloys
has been developed, the properties of which can be varied to meet the
requirements for particular applications, but which have 1in common the
properties of corrosion resistance, wear resistance, strength, adequate
workability and weldability (Chamber of Mines Research Organisation Annual
Report, (1982)). '



The introduction of the hydro-power system can, therefore, only be realised if
the complex materials engineering problems presented by corrosion and wear are
successfully resolved. If the advances made in the selection of corrosion and
‘'wear resistant engineering materials are supported by better design and the
improvement in the quality of the mine service water then the implementation
of this concept into the gold mining industry could become a reality.



CHAPTER 2 -

IDENTIFYING THE PROBLEM

The degradation of internal sliding components, particularly the polymeric
seals and bearings in the experimental rockdrills and impact hammers, is an
area which requires further research before the transition is made from high
watér-based fluids to mine service water as the hydraulic power medium.

Thus a research project, aimed at finding a solution to this problem, was
initiated by the Engineering Materials Branch (M.A.B.) of the Chamber of Mines
Research Organisation. In order to achieve this aim it was necessary (i) to
become familiar with the in-situ operation of the hydraulic hammers and
drills, including the materials used for thé various components, their
function and the operating conditions to which they are subjected during
normal operation; (ii) to identify the factors causing degradation of these
components underground. These include wear processes resulting directly from
the sliding process and, more importantly, wear caused by the intrusion of
foreign elements from the external environment; (iii) to develop a laboratory
research programme which would alleviate these problems and enhance our
understanding of the mechanisms responsible for the wear of the components so
that future selection of materials could be placed on a fimm scientific
foundation.

2.1 THE HYDRAULIC IMPACT HAMMER

The hyérau]ic impact rockbreaking machine consists of a chisel-shaped
impacting hammer mounted on a machine frame which houses hydraulic power
generation systems, control mechanisms and actuators. These, in turn,
are mounted on and move along a guide rail linked to a rockhandling
conveyor. The hammer 1is capable of delivering blows of approximately
3000 Joules at a frequency of 5 Hertz (300 blows per minute). The
percussion mechanism operating in the hammer is based on the struck bit
principle whereby the impacting tool is held in contact with the rock and
struck by a moving impact head within the body of the machine, as



illustrated in Figure 2.1. The stroke of the impact head is 85 mm and
maximum sliding velocities of 10 m.s-l are reached during the firing
stroke. (The maximum sliding velocity reached on the return stroke is
approximately 0,9 m.s=1). In addition, fluid pressures of up to 18 MPa
are reached during each impacting cycle.

AN

- - . - -
st e i)l
4 L .

HAMMER B80DY

NN

FIGURE 2.1 : The struck bit percussion mechanism operating in the
hydraulic impact hammer

During the return stroke of an impactingvcycle, water, at high pressure,
causes a valve mechanism within the impact head to close. This action
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. Figure 2.2 shows the Tlocation of the seals and bearings of the
impact head in a hydraulic impact hammer:

CASE

SLEEVE )
v 7
Y
HAMMER ACCUMULATOR .
TOOL IMPACT HEAD . PIS TON
27’ — - |
_________@}_JZ%QZL_J
SLEEVE

/
/// w77 )

LOWER HEAD BEARING
LOWER HEAD SEAL AND O-RING UPPER HEAO BEARING
SNATCH BEARING UPPER HEAD SEAL AND O-RING .

FIGURE 2.2 : A schematic representation of the seal and bearing
arrangement of the impact head ‘



Table 2.1 shows the materials comprising a few selected sliding couples
in the impact hammer and Table 2.2 the operating conditions to which each
is subjected.

TABLE 2.1 : Typical materials specifications for selected components from
a hydraulic impact hammer operating on 5:95

IMPACT HEAD SNATCH BEARING|LOWER HEAD | LOWER HEAD
| SEAL. BEARING
Material |817M40 Delrin 500 ME 106 Delrin 500
Quenched & (Polyacetal ( UHMWPE )
Tempered homo-polymer)

Hardness |30-40 HRC

Front end induction
hardened to a deptn
of £ 25 mm -44 HRC

Surface |0,8 micrometers t1,8
Roughnessjfc.1.a. (sometimes {micrometers
Cr-plated: roughness- c.l.a.
0,3 micrometers
c.l.a.)

TABLE 2.2 : Operating conditions encountered by the above mentioned
sliding components during normal operation of the hammer

OPERATING CONDITIONS

SNATCH BEARING LOWER HEAD SEAL LOWER HEAD BEARING

Impact|Bearing is station- |Stationary fluid/ Bearing is station-
Head [ary. Impact head atmosphere seal. ary. Impact head
runs nominally dry {Sees pressures of up runs against it at
against it at a to 18 MPa. Maximum a maximum sliding
maximum sliding sliding velocity of velocity of 10
velocity of 10 m.s-1|impact head is 10 m.s~1|m.s-1. Lubricated
- o with 5:95 emulsion

Figure 2.3 shows the variation 1in velocity and displacement, as a
function of time, of the impact head sliding against the lower head seal
during a full impacting cycle in a hydraulic hammer. '
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FIGURE 2.3 : Velocity/time and displacement/time curves for the sliding
of the impact head against a Tlower head seal in the
hydraulic impact hammer

Worn polymer seals and bearings, taken from impact hammers used in the
underground production trials, were examined in the scannihg electron
microscope (SEM) in order to determine the mode of wear and to estimate
the size and distribution of foreign particles embedded in the surface.
Furthermore, energy dispersive X-ray spectrometry (EDS) was used to
determine the compositions of these particles. Limited information
regarding the service life of the machines was available except that all
had operated on the high water-based hydraulic fluids.

The investigation revealed that abrasive wear by hard, sharp quartzite
particles was the primary process causing degradation of polymeric
components underground. The origin of these particles was twofold. Most
entered the internal workings of the machines directly from the external
environment. These particles ranged from a few micrometers up to one
millimeter in size. Quartzite abrasives were also introduced via the
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The struck bit principle is also utilised in the rockdrills. The drills
have a stroke of 23 millimeters and opérate at a frequency of 50 Hertz.
Maximum sliding velocities of 10 m.s~l are attained during the firing
stroke of the cycle but the velocity decreases to 3 m.s-1 on the return
stroke. The piston seals see pressures as high as 35 MPa during an
impact cycle.
required to serve as bearings, locating and supporting the reciprocating
Tables 2.3 and 2.4 show the materials used and the operating

in the piston assembly of a hand held drill

However, apart from their sealing function, they are also

piston.
conditions prevailing

operating on 5:95.

TABLE 2.3 : The materials'comprising the sliding couples in the piston
assembly of the hand held rockdrill

MAIN PISTON PISTON SEALS

ME 106 (UHMWPE)

Material 835M15 - Carburised and
case hardened
Hardness Case : 2,5 - 3 mm thick
Hardness : 60-63 HRC

Surface roughness|Cr plated and 1iquid honed t 1,8 micrometers
surface roughness : nd c.l.a.

(¥ 0,2 micrometers c.1.a.)

TABLE 2.4 : The operating conditions seen during the sliding of the
piston against the piston seals in a hand held rockdrill
OPERATING CONDITIONS
- Pr/Pa Seal Pd/Pr Seal Pc/Pd Seal Pa/Pc Seal
‘IMain [Stationary fluid/|Stationary fluid/|Stationary: Stationary fluid/
Pistonjatmosphere seal. [fluid seal. fluid/fluid atmosphere seal.
Seals flushing Seals emulsion at{seal. Seals Seals cushion
water at 1 pressures of 12- {emulsion at 12-}emulsion at 35.
atmosphere from |18 MPa on either |18 MPa from MPa from flushing
emulsion at 12-18{side. Maximum cushion. water at atmos-
MPa. Maximum sliding velocity {Emulsion at 35 [pheric pressure.
sliding velocity (of piston - MPa. Maximum sliding
of piston - 10 m.s~1 Maximum sliding|velocity of
10 m.s-1 velocity of piston - 10 m.s1
piston 10 m.s~1
I
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Figure 2.12 shows the velocity/time and displacement/time curves for the
piston sliding against the piston seals during normal operation of the
hand held rockdrill.

(FIRING  STROKE 1 RETURN STROKE |
e N - >
IMPACT
L}

|

VELOCITY (m.s)

0.005 0.010 0.015 0020
1 1 1 3

TIME
{sec)

~
T

20 '
I .
® { /\
1
. |
0 lt 1 1 1

' . 0010 . 0020 TIME
-10 : {sec)
-0 ! ) U . ,

FIGURE 2.12 : Variations in velocity and displacement, as a function of
time, of the piston sliding against the piston seals in a
hand held rockdrill

DISPLACEMENT (mm )

The average operating life of a piston seal was estimated to be
approximately 1500 minutes, which is equivalent to 500 drilled holes or a
total sliding distance of 200 km. The piston seals are fluid/fluid
seals, separating cavities containing emulsion at different pressures.
However, some are required to seal emulsion at high pressure from
flushing water at atmospheric pressure and it was reported that these
seals, designated Pa/Pc and Pr/Pa respectively, were the most severely
worn underground, resulting in their service lives being unacceptably
short (Manager MAB, (1984)). A detailed SEM investigation revealed that
typical abrasive wear processes, especially ploughing by quartzite
particles, introduced via the flushing water, were responsible for the
degradation of the seal surfaces as illustrated in Figure 2.13.
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However, these particles were too large to have been entrained in the
hydraulic fluid. They probably originated from the flushing water and
entered the emulsion cavities via the Pr/Pa and Pa/Pc seals,
respectively. The particles embedded without causing any prior abrasive
damage to the seal surface. They were simply pressed into the surface by
the extremely high fluid pressu: . prevailing in the emulsion cavities.
Figure 2.15 shows quartzite particles pressed into the surface of a Pd/Pr
seal.

FIGURE 2.15 : Quartzite particles embedded in a Pd/Pr piston seal

THE AIM OF THIS PROJECT

The wear of internal sliding components 1in newly developed hydraulic
stoping machines, such as the hydraulic impact hammer and hand held
rockdrill, presents a major prob” 1 facing the mechanisation programme of
the Chamber of Mines Research Organisation. The proposed transition from
the use of high water based hydraulic fluids to pure water further
compounds the problem by introducing the undesirable effects of corrosion
and poorer lubricity. A collaborative research programme, encompassing
design, water treatment and materials selection disciplines, was thus
initiated to alleviate these problems.

A detailed examination of worn polymer seals and bearings from the
experimental stoping machines operating on 5:95 was undertaken. The
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investigation revealed that wear of these components underground was
largely due to abrasion by quartzite particles which entered the internal
‘workings of the machines directly from the external environment or were
entrained in the hydraulic fluid. It is envisaged that through careful
design and improved filtering methods the size and concentration of these
abrasives could be considerably reduced.

The development of a laboratory wear testing machine which simulates, as
closely as possible, the action of a steel piston running against a
polymer seal in a hydraulic cylinder was considered to be of paramount
importance aiding the study of sliding wear mechanisms and the resulting
selection of wear resistant materials. Furthermore, the findings and
knowledge gained from this study could be extended to various other
sliding applications within the mining industry. The experimental rig,
therefore, had to be extremely versatile in order to facilitate the
testing of various sliding couples, under a wide range of operating
conditions, including the addition of abrasive particles. o

Clearly this project was not able to cover all the possib]e combinations
of operating conditions required of a research programme of this nature.
However, the development of the test facility, capable of good
reproducibility, was useful in the study of the effects of sliding
velocity, normal load, counterface rbughness and, most importantly, type
of lubricant on the wear of UHMWPE.

This investigation will serve as a solid basis for future testing which
should include a comparison of these results with those resulting from
the introduction of abrasive particles, as well as the testing of new
materials and sliding couples. It is intended that the results obtained
from the laboratory tests serve as a guide to the selection of materials
for use in the stoping machines designed to operate in hydro-power
systems. )
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CHAPTER 3

LITERATURE REVIEW

DEFINITION AND SCOPE OF TRIBOLOGY

Tribology is officially defined as: "The science and technology of
interacting surfaces in relative motion and of related subjects and

Apractices“. The term was first defined by a British committee in 1966

from the word "tribos" which means "rubbing" in classic Greek. It is a
study of the friction, lubrication, and wear of engineering surfaces and
embraces all aspects of moving surfaces as well as the transmission and
dissipation of energy and materials in mechanical systems (Czichos,
(1978)). Thus, the work of the tribologist is truely interdisciplinary,
embodying physics, chemistry, mechanics, thermo-dynamics, and materials
science, and encompassing a large, complex, and intertwined area of
machine design, reliability, and performance where relative motion.
between surfaces is involved (Moore, (1975)).

The technical function of numerous engineering systems depends on the
process of motion. A feature common to ali processes of motion is the
occurrence of effects of "resistance to motion", i.e. the occurrence of
friction in one form or another. As a consequence of friction the
dynamic behaviour of the whole system is disturbed and some part of the
energy of motion is dissipated. Further, if in a dynamic system one

- moving component consists of a solid body, the effect of friction is

accompanied by wear: "The progressive loss of substance from the
operating surface of a body occurring as a result of relative motion at
the surface" (Czichos, (1978)).

In 1966 a study of the cost to Great Britain -arising from poor
tribological practice suggested that no less than £515 million per annum
could be saved by improved application of existing knowledge (Halling,
(1976)). This enormous sum arises from constituent savings shown in
Figure 3.1.
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Less momnienance
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?IGURE 3.1 : Savings achievable in Britain each year due to -better
tribological practice (after Halling, (1976))

THE SURFACE TOPOGRAPHY

- The geometric texture of ordinary surfaces 1is controlled by the

characteristics of the finishing process by which they are produced.
Close examination of these surfaces, even after the most careful
finishing, shows that they are still rough on a microscopic scale.
Figure 3.2 shows the various geometric components of a solid surface.
The roughness is formed by random fluctuations in the surface, of short
wavelengths (microroughness), characterised by hills, or asperities, and
valleys of varying amplitude and spacing. On many surfaces a Tlonger
wavelength roughness called waviness 1is also observed and is often
referred to as macroroughness whilst errors of form, in which the surface
deviates from the desired shape, may occur due to errors inherent in the
manufacturing process (Halling, (1975)).



- 20 -
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FIGURE 3.2 : The constituent geometric components of a solid surface
(after Halling, (1976))

Surfaces which have been submitted to directional methods of processing
exhibit a definite orientation of asperity distribution. It has also
been shown that for such surfaces the heights of the peaks of the profile
are distributed according to some statistical law i.e. Gaussian or
exponential (Greenwood and Williamson, (1966); Whitehouse and Archard,
(1970) as cited in Archard (1974)). Figure 3.3 shows a typical asperity
height distribution curve for a ground surface and the method by which it
is derived. It involves measuring the vertical ordinates z of the
profile from some datum line along a represéntative length of the profile
and summing the number of ordinates occurring at any given horizontal

level in the profile.
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FIGURE 3.3 : The method of deriving the asperity height distribution of a
ground surface (after Halling, (1975))
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The problem becomes one of being able to measure the surface texture and
to give it a value which is meaningful. Quantitative assessment of the
topographic features of surfaces is of vital importance for solving a
wide variety of problems in tribology. Measurements of these features
will, therefore, prove indispensable in the study of all kinds of surface
contact phenomena.

In order to make a quantitative assessment of the topographical features
of a surface, three-dimensional maps are needed. Unfortunately, simple
methods of reproducing these maps have not yet been developed. We must,
therefore, rely on a two-dimensional profile of the surface together with
observations using various microscopic techniques (Falkner, (1980)).

Profilometry 1is the most acceptable way of obtaining surface finish
readings. The best known profilometry method is the stylus method, in

- which a fine diamond stylus traverses the surface irregularities and its

‘vertical movements are amplified and recorded, usually by electrical
systems. The higher vertical magnification, although useful in giving
greater emphasis to the neight characteristics of the surface, does mean
that the resulting record is distorted. The surface asperities are
undulations rather than sharp peaks and the appreciation of these gentle
slopes occurring on machined surfaces- is of great importance in tribology |
This is illustrated in Figure 3.4 which compares the actual surface

’profile with the distorted record produced by a profilometer. The datum

~from which this surface is measured is usually generated by a skid

immediately succeeding the stylus. The major limitation of profilometers
is that they are restricted to a single line sample which may not be
representative of the whole surface. Another limitation arises from the
size Timitation of the éty]us where it's finite size precludes it from
complete penetration of all the valleys (Halling, (1975)).

; : Stylus tip radius
\,‘/ ;o
/

. 1/-”"L \\\ /// Tpm

| Thm 100um
Actuol proflle ‘ Distorted record

FIGURE 3.4 : The actual profile of a surface compared with the surface
record obtained from a profilometer (after Halling, (1975))
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The universally recognised parameter of - surface roughness 1is the
roughness average R, or centre line average c.l.a. in which a centre line
is drawn through the surface profile in such a position that the sum of
the enclosed areas above and below the line are equivalent. The c.l.a.
value 1is defined as the arithmetic average value of the vertical
deviation of the profile from the centre line. In mathematical form this
can be written as:

1 n
c.leaw = — 2 |z

nj 1=1

where n is the number of points on the centre line at which the profile
deviation z; is measured. The centre line average is normally determined
as tne mean results of several consecutive sampling lengths L (Halling,
(1975)).

Figure 3.5 illustrates the calculation of the c.l.a. surface roughness
parameter.

z .
"B 20 I AN
t 2122[1 ’ \‘\A/'f/ - \Wlx
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c.l.cx.“:‘Z_‘ltzi"“_zr’l
. n

FIGURE 3.5 : The calculation of Ry/c.1.a. (after Yust, (1985))

These parameters are seen to be primarily concerned with the relative
departure of the profile in the vertical direction only, they do not
provide any information about the slopes, shapes and sizes of the
aspekities or about the frequency and regularity of their occurrence. It
is possible therefore, for surfaces of widely differing profiles to give
the same c.l.a. values as illustrated in Figure 3.6 (Falkner, (1980)).
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FIGURE 3.6 : Geometric profiles having the same c.l.a. value (after
Falkner, (1980))

VISCOELASTICITY

The term viscoelasticity is commonly applied to materials which aré
neither ideal elastic solids nor viscous liquids, but in fact possess
characteristics which are typical of both.

In a perfectly elastic (Hookean) material the stress g , is directly
proportional to strain € and , for uniaxial stress and strain, we may
write:

o = constant x €

where the constant refers to the eTastic modulus E of the material.

In a perfectly viscous (Newtonian) fluid the shear stressT, is directly
proportional to the rate of strain€:

T = constant x €

where the constant refers to the viscosity n of the fluid (Powell,
(1983)).
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These catagories are idéa]izations and any real solid shows deviations
from Hooke's Law and any real liquid does not obey Newtons Law directly.
There are twb important types of deviations. Firstly, the strain (for a
solid) or rate of strain (for a liquid) may not be directly proportional
to stress, but may :depend on stress in a more complicated manner,
especially when the é]astic limit of the solid is exceeded. Secondly,
the stress may depena on both strain and rate of strain. Both these
deviations are c1as§ified as viscoelastic. Thus, for viscoelastic
materials the stress. is a function of strain and time and so may be
described by an equation of the form:- 0 = f (g, t). (Moore, (1972)).

The most characteristﬁc features of viscoelastic materials is that they
exhibit a time depend@nt strain response to a constant stress (creep) and
a time dependant response to a constant strain (relaxation). In

}addition, when the app1ied stress 1is removed, the materials have the
ability to recover s1$w1y over a period of time (Moore, (1972)). Figure
3.7 is a schematic Fepresentation of creep behaviour 1in viscoelastic
materials. In a creep test a constant load is applied to the material
and the variation of strain with time is recorded.

: ASTIC
" A _
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b ‘
x ; PERMANENT
o E;LASTIC VISCOELASTIC DEFORMATION
o
TIME, t & f

FIGURE 3.7 : A schematic representation of <creep behaviour in
. viscoelastic materials (after Moore, (1972))

Upon’app1ication of the stress there is an instantaneous strain to point
A, which 1is an e1asti4 response. The sample then creeps viscoelastically
to B. If the load iséremoved at this point there is an immediate elastic
recovery to C fo11owéd by a final gradual viscoelastic recovery to D,

.Teaving a permanent deformation D E.

The viscoelastic behaviour (creep and recovery) of polymeric materials
can be simulated by mechanical models consisting of some suitable

|
i
|
1
|
1
i
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combination of springs which obey Hooke's Law and viscous dashpots which
follow Newtons Law (Crawford, (1981)). One such model is the
‘Maxwell-Voigt model, consisting of Maxwell and Voigt elements in series
as illustrated in Figure 3.8. One of the springs assumes the role of
retarded elasticity and the other that of instantaneous elasticity -
these being typical characteristics of viscoelastic performance.

The exponential responses predicted by these models are not a true
representation of the complex viscoelastic response of polymeric
materials. However, the simulation can be greatly improved by the
addition of more elements to the model.

MAXWELL §g

FIGURE 3.8 : The Maxwell-Voigt model used to simulate the
viscoelastic creep behaviour of polymeric materials. E
- Elastic modulus; 7~ viscosity

A knowledge of the fundamentals of viscoelasticity is important in this
study as the modern concept of polymeric friction recognises the visco-
elastic nature of its principal components (adnesion and deformation).
When sliding occurs, it is no longer possible to identify'unambiguously
the separate contributions of adhesion and deformation to friction; both
processes are influenced by the viscoelastic properties of the polymers
in a similar way (Evans and Lancaster, (1979); Ludema and Tabor, (1966)).
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3.4 LUBRICATION

Tribological processes, i.e., contact, friction and wear processes are,
in general, re]atedito direct physical interactions between relatively
moving surfaces. All these' processes can be influenced or modified by
the process of lubrication. The purpose of lubrication is to seperate
two surfaces movingﬁrelative to each other by a fluid film which can be
easily sheared witﬁ low resistance without causing any damage to the
surfaces. Dependiﬁg on the thickness h of the 1lubricant film, the
materials, the inteqfacia] height distribution of the film, the operating
conditions and the degree of geometrical conformity, different
lubrication modes can be distinguished. These modes can be distinguished
using the Stribeck Lurve.which represents the general characteristic of
Jubricated moving surfaces as a function of the lubricant viscosityn ,
the sliding ve]oci%y v, and the normal load W (or pressure p) as
illustrated in Figure 3.9. Thus, the friction coefficient p is plotted
~as a function of the parameter n.v.W-1 where 7 is the viscosity at the
operating temperature. The three main lubrication regimes are (Czichos,
(1978)): i
I Hydrodynamic 1Qbrication (and Elastohydrodynamic, EHD, lubrication)
II Partial EHD or mixed Tubrication
IIT Boundary 1ubriqation

i w solid 1~
b lo=¥)  (ubricant
- solid 2 '

surface roughness Rq

I:h>Rg

_FRICTION COEFFICIENT u

VISCOSITY 1y x VELOCITY v
i ~ LOAD W

FIGURE 3.9 : The Stribeck curve showing the different lubrication regimes
(after Czichos, (1978))
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In regime I, the rigid surfaces are seperated by a continuous lubricant
film, whose thickness h 1is much Tlarger than the combined surface
roughtness measure Rgof the surfaces. Since in this regime no direct
physical contact interactions between the surfaces occur, wear processes
cannot take place (except surface fatigue wear, cavitation wear or fluid
erosion). The tribological behaviour of the system is then mainly
determined by the two following features:

i)  The resistance to motion is given by the “internal friction” of the
fluid, i.e, the shear resistance or viscosity of the fluid film.

ii) The effects of wear are eliminated if the geometry of the surfaces
is such that a load-carrying pressure is set up in the lubricant
film during the motion of the surfaces leading to a complete
seperation of the surfaces (Czichos, (1978)). |

3.4.1 Hydrodynamic Lubrication : Regime I

A simple definition of hydrodynamic lubrication is the pressure
built up in the continuous fluid fi]m‘ by the wedging action
produced by two non-parallel surfaces having relative motion which
is sufficient to support an applied load without causing metal-to-
metal contact. The load capactity will be greater at higher
speeds and with higher values of viscosity (Deutschman et al
(1975)).

The mathematical foundations of all hydrodynamic lubrication
theory were laid in 1886 by Osborne Reynolds in deriving the
equations named after him which are the basis on which all
subsequent lubrication theory has been based. The derivation of
the Reynolds' equation can be found in any standard reference
(Deutschman ot al, (1975); Halling, (1975)).

In its most general form, the Reynolds' equation is as follows:

3 pnd  3p 5 [ pn? op
=z e ]+ =] — .~
dx dx dy oy

6(U; - Ug)y(ph) + 6ph § (Up + Up) + 12 a(ph)

—

ox 3x 3t

(wedge term) (stretch term) (squeeze term)
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where U;) + U, are horizontal velocities of fhe upper and lower
surfaces respectively, V is the vertical velocity of the upper
surface, and p is the 1local pressure within the film. The
coordinates x and z are considered to be mutually perpendicular
and in the plane of the lubricating film, with x taken in the
direction of the velocities of U; and Up. p and 7 are the density
and absolute viscosity of the 1lubricant and h = h(x, z, t)
describes the 1local instantaneous film thickness, as shown in
Figure 3.10.

FIGURE 3.10 : The notation for Reynolds' Equation (after Moore,
(1972)) N

For liquids, density variations are small and P can be eliminated
entirely from the equation. Since horizontal relative velocity
between the surfaces is significant and not the absolute magnitude
of each component velocity, we can consider Up = 0 and the upper
surface to move with velocity U. '

With these substitutions, the generalised Reynolds equation

becomes:-

s |Man | 5 [nlar

J——— _— + - PR -
dx - 9X qy dy
67U dh + 6mh U + 1271V

dx 3x

The physical significance of Reynolds' equation 1is that the
generation of hydrodynamic pressure within the film is a function of
three terms which have been called the wedge, stretch and squeeze



contributions fo load support. In most common applications where
the interactiqg surfaces are assumed to be smooth, rigid and
inflexible, the stretch and squeeze terms may be neglected and load
support may be attributed to the wedge effect, the latter being a
consequence of non-parallel or converging surfaces in relative
motion. However, if one or both sliding members has viscoelastic
properties, it' is clear that relative stretching of the material
causes an additional increment in load support, although this effect
is generally 'small compared to the wedge term. The squeeze
contribution is due to normal approach of the surfaces, whether or
not sliding motion occurs between them. This effect can be caused
by impact, s]dw-speed squeezing or more commonly relative ﬁorma]
vibration between the surfaces (Moore, (1972)). Table 3.1 shows how
the wedge, st}etch and squeeze terms contribute separately to
pressure gener%tion in the film and hence load support.

' TABLE.3.1 : Sources of Tload support using smooth surfaces v(after
Moore, (1972))

Description of sxstem]f l Schematic representation | Hydrodynamic equation
1. Plane, smooth, rigid, TN Wedge Term:
inclined surfaces. No ~ NP
; ‘ U=Ur7 W N\ d L dp dh
vertical moticn e \ | ——— 1B ] = 6uU —
! dx dx dx
2. Plane, smooth parallel N Stretch Term:
surfaces. Lower surface e VAN Vool
rigid and fixed. Upper SANEE LA N <o I PP A A
surface flexible and held e dx dx dx
at one end %_"X_— -wr——.:
s ,
| =0
3. Plane, smooth pa;allel, //’\\C’P Squeeze Term:
rigid surfaces. No side / "N d dp
motion, lower sutface / & 40\ o [h3 E—] = 12uV
fixed. Upper surface v e A
reciprocates vertically Y ;}T_:;T_:'-__:ZE hre)
7. s
1/,-0

T
t Incompressible, isoviscous liquid. Two-dimensional models.
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If under conditions of hydrodynamic or EHD -lubrication, the
lubricant viscosity or the velocity decreases or the load
increases, the lubricant film gets “thinner" and the separation of
the surfaces decreases. If then the first asperity contact
interactions occur, region Il of partial EHD lubrication or mixed
lubrication is reached. Refer to Figure 3.9. Similar conditions
exist during 1lubrication of the soft and flexible surfaces of
viscoelastic and elastomeric materials where the elastic
deformation of the surfaces and the pressure dependance of the
lubricant viscosity must also be taken into account. These
effects drastically change the geometry of the Tubricating film
which in turn alters the pressure distribution of the contacts.
Therefore, the hydrodynamic pressure generation must be matched
with the elastic pressures. The load is now carried partly by the
fluid film and partly by the contacting asperities. Thus, the
friction resistance is due partly to the sheafing of the Tubricant
film and partly to the asperity interactions. All types of wear
are possible in this regime but are obviously modified by the
action of the lubricating film.

Partial Elastohydrodynamic or Mixed Lubrication : Regime II

Consider the case where a thin lubricant film exists between the
surfaces of a rough, rigid base and an elastomer, sliding with
velocity U, as illustrated in Figure 3.11. p is constant, the
squeeze term is zero, and the stretch term can be initially
disregarded.

65,0% % % 0 Se¥
SIS

et O
XSS

(a) DRAPED ELASTOMER THIN
LUBRICANT
ELASTO- FILM
HYDRODYNAMIC
PRESSURE, ’
p

=" WA
(b) PRESSURE GENERATION

FIGURE 3.11 : The elastohydrodynamic  seperating effect in
lubricated sliding of elastomers (after Moore,

(1972))
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There is a hydrodynamic pressure wedge effect in the converging

parts of the lubricant film which tends to 1ift the elastomer from
the surface. This effect is partially resisted by the elasticity
of the flexible surface, and a compatibility condition must
eventually exist between the hydrodynamic and the elastic pressure
distributions. This equilibrium produces a steady-state
distortion effect in the surface of the elastic body. As a
result, the normal flow pattern of the elastic body past the rigid
base is affected by the creation of positive pressure increments
on the peaks of the asperities and negative increments in the
valleys. The summation of the positive increments far out weighs
the negative ones, thus producing a net separating effect (Moore,

1 (1972)).

If the lubricating conditions, operating in Regime II, change even
further to the left of the Stribeck curve, the amount of asperity
interactions increases, and the film thickneés decreases down to
some monolayers or below. Under these conditions boundary
Tubrication processes prevail (Czichos, (1978)). Refer to Figure
3.9.

Boundary Lubrication : Regime III -

In this regime the bulk rheological properties of the lubricant
are of less importance and the load is carried almost entirely
through the deformation of the asperities. The physico-chemical
interactions of the solid/lubricant/solid interface determine the
friction and wear behaviour of the system. The processes which
determine the tribological behaviour of solid surfaces are valid
likewise under boundary lubrication conditions although they are
modified by the boundary Tlubricant to some extent. The main
purpose of a boundary lubricant is to interpose between the moving
surfaces a film that is able to reduce the amount of direct solid/
solid interaction and that is itself easily sheared. This is
pkovided best by an interfacial film consisting of Tlong chain
molecules which attach themselves to the solid surfaces by
adsorbtion processes (physical and chemical) or by chemical
reaction (Czichos, (1978)).
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3.5 FRICTION

3.5.1 . The Real Area of Contact

For the contact between rough surfaces two terms must be
distinguished as illustrated in Figure 3.12 (Czichos, (1978)).

i) The nominal area of contact Ay, i.e. the apparent area of
overlap.

ii) The real area of contact A,., i.e., the sum of the seperate
microscopic areas at which the asperities are in contact.

n .
= i
Ao = a-b>» Ar = Z Ar (n: number of contacts)
i=1 '

FIGURE 3.12 : Nominal and real area of contact (after Czichos,
(1978))

The surface asperities of solid bodies in 'static contact are

deformed elastically, plastically and viscoelastically and the

area of contact is determined by the deformation properties of the

materials and the detailed topography of the surfaces (Tabor,

(1981)). '

If two metal surfaces are brought into contact under the action of
an applied load W, physical contact between asperities s
established in at least three locations.

M
Thus, W =2_ Aj pj (M>3)
i=1

where A; and pj are the area and pressure produced by the contact
at the "i'th" location.
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Initially, the summation of the individual contact areas is too
small to carry the load W. As a result, the pressure on the
larger asperities increases rapidly to the plastic flow or yield
pressure p, of the softer surface. The load is therefore carried
by these plastically deformed apserities and also by Tlesser
asperities where the pressure is still elastic.

M M2
W=py 2 A+ 22 pj Ay
i=1 Jj=1

The second term, due to elastic contact, is negligible and may
be ommitted from the equation.

Thus W =pg 2. Aj = PoAr

Plastic flow at the asperity peaks increases the size of the
individual contact areas and the total area adjusts itself to
match the applied load W. As W increases there is a proportional
increase in A, as illustrated in Figure 3.13. At the same time,
the number of contacting asperities M increases so that the
average contact area (A./M) remains virtually constant. Thus, for
the ‘situation where contact is wholly plastic, the actual contact
area A, is directly proportional to the first power of the 1oad,'
i.e. A. @ W (Moore, (1972)).

| fw
W1 W, Wit
_ {a)
L W incregsed
W1 W4 W W Wiy
W= 2W1
o . A=ZA 1

(0
FIGURE 3.13 : The effect of increasing the load on the contact
between a smooth, rigid surface and a rough surface

having asperities of varying heights (after Halling,
{1076))
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However, during loaded contact between a rough surface and an
elastomer, a situation develops in which the elastomer drapes
physically about the major asperities of the support surface, and
elastic pressures develop in the elastomer over the areas of
contact. Hertz has shown that, for hemispherical asperities, the
load vs. area relationship is:

An = K W2/3

where K is an elastic constant. Thus, for elastic contact. the
real area of contact varies with the 2/3 power of the load (Moore,
(1972})).

For metal-on-metal applications the contact conditions can be
described as elasto-plastic and in this case the load index lies
between 2/3 and unity, i.e., A, a WM, where n = 2/3-1. Thus,
during the initial contact of most metal surfaces prepared with an
engineering finish the deformation will be mainly plastic and the
true area of contact will be Ar = W/pg- With repeated
loading-unloading-loading of the same asperties, plastic
deformation will change the shape of the asperities and the
deformation will become elastic. The area of contact then becomes
Ar = W/p where p 1is some average value of contact pressure.
Experimentally p has a values of the order 0,1 to 0,3 pgy. With
polymers viscoelastic damping will introduce time and temperature
dependant behaviour but, as a first approximation, the above
models are satisfactory particularly for multiple vasperity
contacts (Tabor, (1981)).

Unfortunately, there is not a really satisfactory method of
determining experimentally the area of contact while the surfaces

are still in contact, particularly while sliding is taking place.

The Laws of Sliding Friction

The "friction force" is the resistive force, parallel to the
direction of motion, which is experienced whenever one solid body
slides over another. The tangential force required to initiate
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sliding is the “static" or "initial" friction force whilst that
required to maintain sliding is the "kinetic" (or dynamic)
friction force (Moore, (1975)).

The classic laws of friction as they evolved from the early work
of da Vinci, Amoutons and Coulomb may be summarised as follows:-

1) The friction force F is proportional to the applied load W,
i.e. F =pW. Thus the coefficient of friction p = Fyy.

2) F 1is independant of the apparent geometric area of contact As-

3) The static coefficient s greater than ~the kinetic
coefficient.

4) The coefficient of friction is independant of sliding speed.

In the light of recent advances, however, most of them have been
found to be incorrect and are now regarded only as rough empirical
laws of limited validity (Tabor, (1981)).

The first Tlaw is correct except at high pressures when A,
approaches A,. The second law appears to be valid only for
materials possessing a definite yield point (such as metals) and
it does not apply to elastic and viscoelastic materials (such as
polymers and rubbers). The third law is not obeyed by any
viscoelastic material whilst the fourth law is not valid for any
material (Moore, (1972)).

Metallic Friction

A number of general theories have been proposed to explain the
nature of dry friction between two metal surfaces. These include
(Moore, (1975)): '

Mechanical Interlocking :

Amontons and De La Hire in 1699'proposed that metallic friction
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can be attributed to a mechanical interlocking of surface

roughness elements.
Molecular Attraction :

Tomlinson in 1929 and Hardy in 1936 attributed friction forces to
energy dissipation when atoms of one material are "plucked" out of
the attractive range of their counterparts on the mating surface.

N

Electrostatic Forces :

~According to this theory presented as early as 1961 stick-slip
phenomena between rubbing metals can be explained by the
initiation of a net flow of electrons, which produce clusters of
charges of opposite polarity at the interface. These charges are
assumed to hold the surfaces together by electrostatic attraction.

Welding, Shearing and Ploughing :

This most recent tneory proposed by Bowden in 1950 is now widely
accepted for metal friction. High pressures developed at
" individual contact spots cause local welding and the junctions
thus formed are sheared subsequently by relative sliding of the
surfaces. Ploughing by the asperities of the harder surfaces
through the matrix of the softer material contributes the
deformation component of friction (Moore, (1972)). 'Thus, friction
occurs through asperity interactions, i.e. through a dissipative
process involved in the joining and separation' of micro-contacts
as illustrated in Figure 3.15 (Czichos, (1978)}).
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ELASTIC DEFORMATION
PLASTIC DEFORMATION
PLOUGHING

ADHESION BONDING

SHEARING OF JUNCTION
ELASTIC RECOVERY

FIGURE 3.15 : A schematic representation of a unit event in the
friction process (after Czichos, (1978))

The macroscopic friction force is the sum of the microscopic
forces at the individual contact areas, and the energy dissipated
may be expressed as the sum of the corresponding elementary
dissipative processes. In the different stages of the formation
and separation of a micro-contact, the following main processes
are involved (Czichos, (1978)).

1) Elastic asperity deformation
2) Plastic asperity deformation
3) Ploughing

4) Shearing of adhesive junctions
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For unlubricated surfaces  in relative motion the differeﬁt
contributions to the overall friction may be broadly classified
into two groups: V ’

1) Adhesion processes
2) Deformation processes

As a first approximation: F = Fidnesion * Fdeformation

There 1is a considerable amount of interaction between the
frictional processes belonging to each group but by careful
selection of experimental conditions it is possible to seperate

the two terms (Czichos, (1978)).

3.5.3.1 The Adhesion Component of Friction

When two clean, smooth metal surfaces are brought into
contact under load, local welding or adhesion bonding
occurs at the tips of the major asperities. The welding
process occurs through the action of surface forces
(Czichos, (1978)).

1) Long-range-or van der Waals forces, acting between any
combination of materials down to a seperation of about
one nanometer.

2) Short-range forces of metallic, ionic or covalent
type, depending upon the nature of the materia]s in
contact, acting at separations less than one

nanometer.

In an ideal elastic-plastic material W = A. py. For
sliding to occur, the friction force F is needed to shear
the weakest tangential planes at the areas of actual
contact. Thus, neglecting the effects of junction

growth, we may write:-

Fadhesion = Aps

where s 1is the mean shear strength of the weaker
material.
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Thus, the coefficient of friction is:

This relationship defines the simple theory of adhesion.
for metals (Tabor, (1981)).

For most metals s is of the order 0,2 P, so that, on this
model, p = 0,2. In practice, however, most metals in air
give p of the order unity. This discrepancy can be
explained by the process of Jjunction ‘growth and is
illustrated in Figure 3.16. Under the combined action of
a normal and tangential force, the plasticity conditions
in the Jjunctions are exceeded. The area of contact
therefore increases until the plasticity conditions are
again satisfied. The junction area grows according to an
empirical law of the form: A = A. [1 + a (F/ 272
where @ has the value of order 9 (Tabor, (1981)).

- . _E 21/2.
A=Al «(yﬂ )

FIGURE 3.16 : The growth of an adhesive junction during
sliding (after Tabor, (1981))
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3.5.3.2 The Deformation Component of Friction

‘Recall : F = Fadhesion * Fdeformation

Fdeformation = Fploughing 7S that part of the total
friction force caused by asperities on a hard metal
penetrating into a softer metal and “ploughing" out a
groove by plastic deformation. This 1is the major
component of friction during abrasion and 1is also
important when the adhesion term is small, as in
lubricated sliding. The friction coefficient may be
estimated from the forces required for plastic flow of
the softer metal as illustrated in Figure 3.17.
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FIGURE 3.17 : The ploughing component of friction for the
case of a hard conical indenter sliding
over the surface of a softer material
(after Czichos, (1978))

The normal load W is balanced by the yield pressure
Po(normal) ©Of the metal acting via the real contact
area A, :

W = Ar Po(normal):

4

The resistance to tangential motion F is balanced by the
yield pressure py(tangential) Of the metal acting over
the cross-sectional area of the groove Ag :
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F = Ag Po(tangential)

Assumming that the plastic-yielding is isotropic, i.e.,

Po(normal) = Po(tangential), then : p =F = Aq
WA

For the case of conical indenter : u = 2/1 cot § whereg
is the semi-apex angle of the indenter (Tabor, (1981)).

Similar expressions can be obtained for ésperities of
different shapes.

The ploughing component may be added arithmetically to
that part of the friction due to adhesion. A proper
treatment, however, should combine both mechanisms in a
single plasticity model (Tabor, (1981)).

3.5.4 Friction in Polymers and Elastomers

There has been a dramatic increase fn the utilisation of polymers,
elastomers and polymer-based composite materials in a wide variety
of tribological applictions. These materials, often with inherent
lubricity, are increasingly replacing metallic components in
‘engineering applications where marginal Tubrication, dry
conditions, corrosive and abrasive environments occur. Further,
because of their elasticity, polymers are able to accommodate
shock loading, shaft misalignment and bending better than metals.
They also weigh less and in generé], run more quietly (Thorpe,
(1982)).

Lee (1974), Briscoe et al (1974) and Tabor (1974) suggest that
the friction force resulting from the sliding of a polymer against
a hard counterface may also be divided into two components, namely
the adhesion component resulting from the shearing of adhesive
bonds 1in the 'regions of real contact, and the deformation
component resulting from the dragging of asperities of the
counterface through the polymer surface. The relative importance
of these two components is strongly influenced by such factors as
the nature of the counterfaces, the load, the sliding speed, the
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temperature, the environments, the thickness of the polymer and'
the Tubricant.

Moore (1975) considered the contact between a rough, rigid surface
and an elastomer loaded against it with load W. He proposed that
the elastomer assumes the contour of the base surface by
physically draping about its major asperities, as shown in Figure
3.18.

3

ELASTOMER O

7, / ’
/ RIGID SURFACE

i
LUBRICANT

_FIGURE 3.18 : Contact between an elastomer and a rigid base (after
Moore, (1975))

Elastic pressures develop in the elastomer over the area of
contact and the load is supported by these individual contact
areas according to the relationship.

M
wzz., Aj Py =P Ar

i1

where p is the mean pressure per asperity, M is the total number
of asperities over which the load W acts and the total actual
contract area A, is given by:

Ap = KM (p/E)N

Here, K is a constant; E the Young's modulus of the elastomer, and
the index n—1 in most practical cases.

When a tangential force F is applied to the upper surfaces,
adhesive forces develop at the contact Tlocations, and if no
relative motion occurs between the surfaces, we can write:
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The adhesive forces Fj are due to molecular bonding of surface
atoms in both members.

Now, if F is increased until gross sliding at a steady speed
occurs at the interface, the resistive force F now comprises of
adhesion and deformation terms. The deformation term is due to a
delayed recovery of the -elastomer after indentation by a
particular asperity and gives rise to what is generally referred
to as the hysteresis component of friction.

Thus, for elastomers : F = Fadhesion * Fhysteresis (Moore, (1975))

Figure 3.19 shows schematically the principal components of
elastomeric friction. It is seen that adhesion is distinctly a
surface effect and may be regarded as occurring to a depth in
either surface which does not exceed molecular dimensions, whereas
hysteresis is a bulk phenomenon which depends on the elastic or
viscoelastic properties of the elastomer. However, both terms are
a result of energy dissipation which gives rise to substantial
temperature increases both at the sliding interface and within the
bulk of the sliding bodies {(Moore, {1972)).

F Voo
Sl

ELASTOMER

//// 11777 /,/ 7 Z
RiGID BASE

DEFORMATION

OR
HYSTERESIS
ADHESION

FIGURE 3.19 : The principal components of elastomeric friction
(after Moore, (1972))
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Friction can be considered as a macroscopic or microscopic
mechanism. The microscopic or molecular mechanism can also be
described as causative, since the molecular interaction of surface
molecules of the sliding pair is treated in detail to establish
the true cause of the friction mechanism. On the other hand, the
macroscopic mechanism is often referred to as resultant, being
based on a relatively crude simulation of frictional events and
usually following a simple model representation.

3.5.4.1 The Adhesion Term

The exact nature of adhesion 1in elastomers is not
certain, although it is generally recognised to consist
of the making and breaking of junctions. On a micro-
scopic scale, adhesion in elastomers is distinctly a
surface effect. The process can be described as a
dissipative, thermally activated molecular stick-slip
mechanism. During relative sliding against a hard, rough
surface, the flexible chains in the surface layer attempt
to link with the molecules of the base, thus forming
local Jjunctions. Sliding action causes these bonds to
stretch, rupture and relax before new bonds are formed.
Thus, the elastomer molecules effectively Jjump a
molecular distance to their new equilibrium position as
illustrated in Figure 3.20 (Moore, (1972)).

1
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a) ‘'Adhesion' takes place at points A.

b) Elastomer sample moves a distance x at ve10c1ty v,
and friction drag is developed. Elastic energy 1s
stored in the element.

c) Adhesion at A fails. Energy stored in the element is
returned in part to the system. New point of
attachment at A.

FIGURE 3.20 : A simple micromechanism of adhesion in
elastomers (after Moore, (1972))
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From the macroscopic view point:

M M
Fadhesion = 22 Fi= 2 Ay s
i=1 i=1

where A; s the local macroscopic area of contact and s;
the Tlocal effective shear strength of the interface
(Moore, (1972)). ‘

The adhesion forces in polymers arise from two sources
(Tabor, (1974)).

1) Electrostatic forces, i.e., the formation of an
electrically charged double Tlayer by the flow of
charge at the interface between two materials of
different electronic band structures

2) van der Waals forces and , if there are certain polar
atoms present, from hydrogen bonding.

These forces are comparable with those existing between
the polymer chains themselves so that, during sliding,
shearing takes place at a short distance from the
interface within the bulk of the weaker body resulting in
the tearing out of polymer fragments. Thus, the adhesive
friction force may be expressed in terms of the bulk
shear strength of the polymer (Briscoe et al, (1974)),
(Tabor, (1974)), (Rhee and Ludema, (1978)), (Tanaka and
Miyata, (1977)).

Two notable exceptions are PTFE and HDPE. Here, sliding
appears to occur truly at the interface and this has been
attributed to the smooth molecular profile of these
polymers (qu1ey and Tabor, (1972)).

It is generally accepted that during the sliding of an
unlubricated polymer over a hard, smooth surface the
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deformation term is neglibible and the adhesion component
is responsible for the major part of the friction
(Briscoe et al, (1974)), (Tabor, (1974)) and (Moore,
(1972)). The adhesion component is not a constant but
depends on speed, temperature and contact pressure in a
manner suggesting a close correlation with the bulk
viscoelastic properties. This appears to be reasonably
valid for rubbers but less so for thermoplastics (Tabor,
(1974)), (Ludema and Tabor, (1966)). The Tlack of
correlation in polymers 1is attributed to the extremely
high shear strains occurring at the interface during
sliding (Ludema and Tabor, (1966)).

However, if a polymer slides over a rough surface, or if
sliding occurs in the presence of a good lubricant, the
adhesion term is considerably reduced. In such cases the
hysteresis or deformation term provides the tractive
forces (Moore, (1972), (Ludema and Tabor, (1966)),
(Tabor, (1974)).

The Deformation Term

The friction component due to deformation is based on a
simpie physical idea that energy is fed into the polymer

. ahead of the asperity, some of this is restored at the

rear of the asperity and urges it forward, as illustrated
in Figure 3.21. The net loss of energy is related to the
input energy and the loss properties of the polymer at
the particular temperature, contact pressure and rate of
deformation of the process (Tabor, (1974)).

The deformation term involves the bulk viscoelastic
properties of the polymer rather than some special
surface condition and the maximum energy dissipation does
not occur at the sliding interface, but at a small depth
below the surface where the maximum shear stresses occur
(Tabor, (1974)), (Lee, (1974)).
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FIGURE 3.21 : A basic physical model of the Toss
mechanism in the deformation of a polymer
by a hard asperity (after Tabor, (1974))

Deformation loss is also a collective term, including the
special cases of hysteresis losses and grooving losses.
Hysteresis losses occur in viscoelastic materials, where
deformation energy is recovered. Grooving losses are
observed with plastics and elastic materials stressed
beyond their yield point, and they imply permanent
deformation (Lee, (1974)). The deformation component of
the friction in-this study 'is believed to be comprised of
recoverable hysteresis as well as permanent deformation
resuiting from ploughing or grooving processes.

The bulk or hysteresis component of friction can be
visualised by Figure 3.22, which shows the pressure
distribution about an individual asperity pressed into a
viscoelastic plane. When there 1is no relative motion,
the pressure distribution in the elastomer above the
asperities is symmetrical, i.e., no net side forces are
created at the interface and .the coefficient of
hysteresis friction is zero, as seen in Figure 3.22(a).
However, during relative sliding, at a velocity v, a
pressure effect at the 1leading edge of the asperity
causes the viscoelastic material to "pile up" in this
region whereas contact 1is broken higher up on the
downward slope of the asperity as shown in Figure 3.22(b)
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(point d). Thus, the contact arc ab moves backwards
relative to the sliding direction and assumes a new
position cd. This creates an unsymmetrical ‘pressure
distribution which gives rise to a net hysteresis force
Fhyst opposing the sliding motion. As the sliding speed
is further increased the degree of pressure asymmetry
increases and the magnitude of the hysteresis force Fpygt
also increases. Since the pressure p also increases with
sliding velocity, the length of the contact arc at each
asperity tip decreases, i.e. effective stiffening of the
elastomer occurs as the velocity increases, as shown in
Figure 3.22(c). The points ¢ and d approach each other
and the contact arc ef at very high speeds has a minimum
value and is virtually symmetrical. The hysteresis force
due to pressure asymmetry 1is therefore reduced (Moore,

(1972)).
A
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FIGURE 3.22 : Effects of asperity interaction on the
hysteresis force in sliding (after Moore,
(1972))

3.5.5 Stick-Slip Effects

The influences of the various tribological processes may lead to
unwanted vibrations of the moving parts, and to "stick-slip"
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motion. Many tribo-mechanical systems whose functional: purpose fs
connected with the transmission of motion can be modelled in a
simplified manner by the configuration shown in Figure 3.23.

ViaX
4
Yo . csl Friction
w (1) my ,J/ force, F
s2 ~
Ca
S
Vor2

FIGURE 3.23 : A model of a tribo-mechanical system (after Czichos,
(1978))

The model system consists of a body (1) of mass my, moving
relatively to its counterpart (2) of mass my fixed to the ground
via a spring with -a spring constant Cg, and a damper with a
- damper constant C4. The body (1) is driven via the spring Cq; at
a constant velocity v, = s/t. '

The motion of body (1) of velocity v; and distance xj relatively
to body (2) of velocity vo and distance xp is influenced by the
friction force F acting in the interface (3) between body (1) and
body (2). The type of motion is determined by the value of the
friction force at vpe) = 0 and the dependence of the friction
force on the velocity F = f(v). Let the initial state of the
system shown in Figure 3.23 be such that the springs Cg; and Cgp
are uncompressed and m; and m, are at rest. When the motion of
velocity v, is introduced there will be no movement of m; relative
to my (“stick" phase) until the driving force on m; is high enough
to overcome the (static) friction force between my and m,. If
then the motion of m; relative to my, starts ("slip" phase) the
springs decompress. Thus the driving force is lowered by a
certain amount. If now the driving force on m; falls below the
(kinetic) friction force, a seond "stick" phase may evolve. This
in turn leads to an increase of the driving force until the motion
of the second slip phase starts, and so on (Czichos, (1978)).
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Figure 3.24 show the variation of the friction force duriﬁg
reciprocating sliding with stick-slip.

VELOCITY

DISPLACEMENT

FORCE

j {l >
j |
j l
FIGURE 3.24 : Variation of velocity, displacement and friction

force during reciprocating sliding with stick-slip
(after, Plint and Plint, (1985))

3.6 WEAR

The most general definition of wear is taken as "the progressive loss of
substance from the operating surface of a body as a result of relative
motion at the surface".

It is well recognised today that wear 1is the predominant cause of
maintanance breakdowns in industry which results in severe economic
losses. There are a number of mechanisms involved in a wear process and
whereas a limited understanding of these mechanisms has been developed,
the general picture of wear is still missing because of the interplay of
these mechanisms in any real situation (Bahadur, (1978)). '

The wear behaviour of a materials couple is determined by interfacial
wear processes occurring between the two partners moving under a load W
with a velocity v over a distance x as shown in Figure 3.25. For an
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unequivocal characterisation of wear, the following should be specified
(Czichos, (1978)).

i) The type of relative motion.
ii)  The properties of the interacting elements.
iii) The dominant interfacial wear mechanism.

The combination of these three characteristics specifies the "type" of
wear. For a more quantitative characterisation the following should also
be specified.

iv)  The input work:~ normal Tload, friction coefficient, distance of
motion at stated velocity.

v) Materials properties relevant to wear.

vi)  The wear rate.

. .vii) The appearance of the worn surface.

OPERATING VARIABLES
LOAD
i
MOTION
—_ (2) ~ .
(3) (1) i
(4) : \
SYSTEM'S ELEMENTS WEAR MECHANISMS
{1) STATIONARY PARTMER ' SURFACE FATIGUE
(2) MOVING PARTNER ' ABRASION
(3) LUBRICANT ADHESION
(4) ENVIRONMENT TRIBO-OXIDATION
WEAR CHARACTERISTICS
A T
WEAR LOSS MEASURE WEAR SURFACE APPEARANCE
T T
w=f (Qp. VARIABLES: SYSTEM'S ELEMENTS: WEAR MECHANISMS)

FIGURE 3.25 : Wear as characteristic of a tribological system (after
Czichos, (1978))

3.6.1 The Wear of Polymers

3

It is generally accepted that there are four main physical
mechanisms of wear occurring in polymeric materials, namely
abrasive wear, adhesive wear, surface fatigue and thermal/
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corrosive/oxidative degradation (Czichos, (1983); Evans and
Lancaster, (1979); Tabor, (1976); Kar and Bahadur, (1978);
Briscoe, (1981)).

Briscoe, (1981) further grouped these processes into two main
classes named cohesive wear and interfacial wear.

i)  Cohesive wear processes include those mechanisms which
involve the dissipation of frictional work and its resultant
damage in relatively large volumes adjacent to the
interface. Abrasion and fatigue wear induced by stresses are
within this category. These mechanisms are, by and 1argé,
controlled by the cohesive strength or toughness of the
polymer.

ii) Interfacial wear processes involve the dissipation of
frictional work in a thinner region at the interface.
Transfer or adhesive wear and chemical or corrosive wear are
the main processes here. The chemistry of the surfaces and
the forces emanating from the surfaces are the main
influencing factors.

Two difficulties arise from such a formal classification (Evans
and Lancaster, (1979); Czichos, (1983); Bahadur, (1978)).

Firstly, the wear mechanisms depend significantly on the
'mechanica1 properties of the material. Secondly, a very
considerable degree of inter-relationship exists among the
different processes that lead to failure. Figure 3.26 summarises
the various wear processes occurring in polymers.

Abrasion
"1 erosion | T~—_
Cutting / shear - Cutting / shear

LThermal / oxidative degradatiorﬂ

l Fatigue l
Tensile tearing Roll formation

’ ——=  Transfer
— ~

Roll f ti
oll formation Melting

ELASTOMERS

RIGID POLYMERS

FIGURE 3.26 : A summary of wear processes for polymers (after
Evans and Lancaster, (1979))
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Abrasive Wear

Abrasive wear is the wear by displacement of material
from surfaces in relative motion caused by the presence
of hard protuberances, or by the presence of hard
particles either between the surfaces or embedded on one
of them (Lancaster, (1969)).

The principal processes in abrasive wear are
ploughing/shearing and  microcutting  (Evans  and
Lancaster, (1979); Vingsbo (1979)). In microcutting the
abrasive element acts like a microcutting tool which
may, under particular tribo-conditions, lead to the
removal of material from the surface by the formation of
chips, shavings and fragments. Ploughing occurs when
the abrasive element acts as a plough shear, forming a
wear groove by plastic deformation and driving up a pair
of crests in the polymer material (Vingsbo (1979); Kar
and Bahadur, (1978); Tabor, (1976)).

The simplest physical picture of two-body abrasive wear
in polymers 1is one in which a hard, conical indenter
penetrates and ploughs a groove in the softer polymer
material as illustrated in Figure 3.27. If the
deformation is wholly or substantially plastic then the
volume displaced (either by cutting or plastic
deformation) is proportional to tan @ where @ is the
base angle of the cone, i.e., the volume of material
removed per unit sliding distance is:

wear volume = K W tan g
' H

where W is the normal load, H is the time dependant
hardness and K is the probability of the formation of a
wear particle (Evans and Lancaster (1979); Briscoe,
(1981)).
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FIGURE 3.27 : Abrasive wear due to a single conical
asperity {(after Halling, (1976))

This equation only holds for polymers when @ is large,
i.e. plastic deformation only becomes the predominant
mode when the indenter is very sharp. Thus, duking
sliding against metals of roughnesses commonly
encountered iq engineering practice the deformation of
polymers is partly plastic and partly elastic and the
relative proportions will vary with  roughness
(Lancaster, (1969)). .

Evans and Lancaster (1979) have shown that if s is the
breaking stress of the polymer and € is the elongation
to break, the work required to complete the process of
producing a wear fragment is proportional to the product
s€. Ignoring differences in hardness and coefficient of
friction, there is a linear relationship between the
wear rate of various polymers and 1/s¢ as shown in
Figure 3.28. However, the measurement of s and € were
made at conventionally low strain rates whereas those
involved in wear processes must be many orders of
magnitude greater. The existence of this correlation
therefore implies that the magnitude of s€ is either
independant of strain rate or varies with strain rate in
a similar way for all polymers. '
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FIGURE 3.28 : The correlation between wear rates of
polymers and their reciprocal of the

energy parameter se€. + = polystyrene, e
PMMA, o = acetal homopolymer, A =
polypropylene; x = PTFE, o = nylon 66
(after Lancaster, (1969))

Adhesive Wear

Adheéive wear mechanisms in polymers are mainly
characterised by the formation and fracture of
adhesively bonded junctions occurring because of
relative motion between the mating surfaces (Tabor,'
(1976)).

When polymers are slid over smooth, clean counterfaces
the adhesion between the polymer and the counterface 1is
of sufficient magnitude to inhibit sliding at the
original interface. Instead the junctions rupture
within the polymer itself and a layer of polymer is
deposited on the counterface in the form of a more or
less coherent transfered layer. Subsequent traversals
over this film removes the transfered layer which is
ultimately removed from the contact. A further layer is
deposited, the process repeats and the polymer surface
is gradually worn away ({(Briscoe, {(1981); Belyi et al
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[

(1977)). Thus, during adhesive wear modifications to
the surfaces of both the polymer and the counterface are
induced by the sliding process. Figure 3.29 identifies
a number of surface modifications induced during sliding
of polymers against metals.

r_ . .
| Plasticization !

| stress crazin Melting, flow Thermal/oxidative Transfer
| “or cracking 9 : orientation degradation of metal
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FIGURE 3.29 : Types of surface modification induced
during sliding of polymers against metals
(after Evans and Lancaster, (1979))

The presence of thin films of transfered polymer on the
metal counterface significantly affects both . friction
and wear, and usualiy Tieads to a reduction in botnh.
Transfered fragments of polymer are readily deformed
during repeated contacts and thus ultimately leads to a
‘reduction in the effective surface roughness df the
counterface. Also, sliding now occurs between oriented
molecular chains of polymer on both surfaces. Thus, the
friction is reduced, the localised contact stresses are
reduced and so, in turn, is the wear rate (Pooley and
Tabor, (1972); Tanaka and Uchiyama, (1974); Tanaka,
(1981); Makinson and Tabor, (1966); Eiss et al, (1979)).

Adhesive processes can sometimes initiate abrasive wear
of the surfaces by the transfer of metal to the polymer
during polymer/metal sliding. This occurs when the
sub-surface strength of the metal falls below that of
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the adhesive or mechanical interactions at the
interface. The metal could be weakened 1locally by
repeated contacts during sliding (Suh, (1973)). Also,
conventional surface-finishing treatments may generate
locally weakened asperities even before sliding begins.
Any metal fragments transferred to the polymer will tend
to become embedded in the surface layers and are then
able to modify the counterface topography during
subsequent sliding (Evans and Lancaster, (1976); Tabor,
(1982); Vingsbo, (1979)).

Fatigue wear

Fatigue wear refers to the <cyclically repeated
imposition of a stress state on the surface of a
component, inducing a small degree of mechanical damage
in the surface and subsurface regions with each stress
pulse. Ultimately, the damage accummulation Teads to
failure by deformation and/or fracture at the surface
(Yust, (1985)). If there 1is a strong interfacial
adhesion, the surface Tlayers of the polymer may be
detached in a single traversal - this is really adhesive
wear - but often even in the presence of appreciable
adnesion, several traversails of the same portﬁon of the
surface may be required before a fragment .is finally
detached. Sometimes failure is initiated at a surface
flaw, sometimes at a subsurface flaw. Fatiqgue of
polymers does not occur if the stresses are below a
certain limit. However, although the average loading
may be below this limit, individual asperities may be
subjected to stresses well above their fatigue limit.
The aSperities are then removed and may become trapped
between the sliding surfaces (Tabor, (1976)). Localised
elastic deformation of a polymer during sliding becomes
increasingly significant with decreasing elastic modulus
and/or counterface roughness, and in these conditions
fatigue processes begin to play a major role in wear.
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As the roughness decreases, the amount of - plastic
deformation and the cutting component of the wear will
decrease until, on very smooth surfaces, the deformation
becomes wholly elastic. The wear process then becomes
one of localised elastic fatigue, complicated by the
effects of adhesion (Lancaster, (1969)). Thus, there is
no rigid boundary between fatigue and abrasive/cutting
wear as illustrated in Figure 3.30 (Evans and Lancaster,
(1979)). -
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FIGURE 3.30 : Schematic variation of abrasion (cutting/
shear) and fatigue wear with elastic
modulus (after Evans & Lancaster, (1979))

Corrosive Wear

An element of chemical degradation is most certainly-
present in all wear processes. Because of the many
variables which may enter into tribochemical reactions,
it is difficult to generalise about this phenomenon. In
some circumstances the reaction layer may serve a
protective function, or may even act as a lubricant. In
other cases, the chemical reaction may accelerate the
wear process, i.e., thermal and oxidative degradation of
the surface Tlayers of the polymer will reduce their
ductility, which can lead to enhanced abrasion as a
factor in the wear process (Evans and Lancaster,
(1979)).
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3.6.2 MWear Testing

"The ultimate technological objective of wear testing is to obtain
data on the performance and reliability of specific components in
service conditions. For this purpose, there is no wholly
satisfactory alternative to full-scale testing of the component
itself. However, by using relatively simple laboratory equipment
operating in conditions more clearly defined and controlled than.
those 1ikely to be encountered in service, two intermediate
objectives can be satisified:- (1) to rank materials for wear
resistance in conditions that simulate the essential features of
an application; and (2) to obtain basic information about wear
mechanisms as an aid to failure diagnosis or to the development of
new materials {(Evans and Lancaster, (1979)).

Therefore, in laboratory tests it is common to choose specific

combinations of load, speed, contact geometry, motion, counterface
material and surface finish, ambient temperature and the presence
or absence of Tlubricant or abrasive. The number of test
combinations is therefore vast, and yet it is vitally important
for the correct choice to be made if the results are to be of
value in predicting in-service life of the component (Anderson and
Williamson, (1984)). One of the big problems with wear testing is
that the different specimen configurations and test conditions
used by the different workers make the comparison of results from
various laboratories very difficult (Dowson et al (1974)). Thus,
in order to produce data in a form which can be analysed directly
when generated under different test conditions, a "specific wear
rate" is commonly used. The specific wear rate K, is defined as
the volume of wear per unit applied load per unit sliding distance
and is proportional to the slope of the volume loss-sliding
distance curve (Evans and Lancaster, {1979)).

Volume Loss mm3
Specific Wear Rate Kq =

Normal Load . Sliding Distance N.m

The concept of specific wear rate presupposes that variations in
load, speed, and sliding distance are not accompanied by
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significant changes in any other variables that affect wear such
as temperature or the topography of the sliding surfaces (Evans
and Lancaster, (1979)).

The Wear of Ultra-High Molecular Weight Polyethylene (UHMWPE)

S1iding Against Stainless Steel

The friction and wear characterisitics of UHMWPE has received
considerable attention over the past decade. In particular, the
wear of UHMWPE sliding against stainless steel, under dry and
lubricated conditions, has been extensively researched. Table 3.2
summarises the experimental findings of other workers in this
particular field.



TABLE 3.2 : A summary of the experimental findings

of other workers on the wear of UHMWPE sliding against steel under dry'and lubricated conditions

AUTHOR TEST GEQMETRY | TYPE OF MOTION [LUBRICATION|PRESSURE|SLIOING{SURFACE PREPARATION SURFACE ROUGHNESS - }SPECIFIC WEAR
) N.mm-2 | SPEEQ Ra ( m) RATE
N m.s~1 i o3 N igtl
COUNTERFACE [POLYMER jCOUNTERFACE| POLYMER
Atkinson et atl Pin-on-disc Uni-directional Dry 2,5-15,5} 0,24 jAIS] 316 Turned |0,01-0,10 0,7-1,5 ]0,6-2,6 x 10-7
{1978) Ground &
Lapped
.{Challen & Dawson |[Pin-on-disc Uni-directional Dry 13-20 0,24 [AIS] 316 Turned 0,005-0,015(0,7-1,5 1,6-5,6 x 10-7
(1976) Ground &
Lapped .
Mustafaev et al Pin-on-disc Uni-directional Dry 10 0,24 [AISI 316 Turned [t 0,015 0,7-1,5 15,4 x 10-7
(1976) Ground &
Lapped
Anderson & Robbins{Flat-on-flat |[Uni-directionai Dry 0,7 0,26 |070M20 |Abraded |0,2-0,3 0,7-1,0 1,15 x 10-6
(1976) Thrust bearing Abraded .
configuration
Dumbleton & Shen {flat-on-flat [110” Oscillation Dry 3,5 0,04 [AlIS] 316 Abraded |0,13 - 5 x 1077
(1976) : Thrust-washer . : Abraded & (& :
wear tester Polished Polished|
Brown et al Pin-on~plate {Reciprocating Ory 4,5-10 0,018 [AlSI 316 Turned [t 0,01 0,37 0,7-0,9 x 10-7
{1982) Ground &
Lapped
Dowson et al Pin-on-plate. {Reciprocating Dry 10 0,30 [AISI 316 Turned {0,27-1,25 (0,7-1,5 5,5 x 10-8 .
(1976) ) Cross- 4,2 x 10-5
- “jground
Furber et al Pin-on-plate (Reciprocating Dry 2,5-6,5 { 0,018 |AISI 316 Turned + 0,015 0,7-1,5 1,3-2,5 x 10-6
{1976) Ground &
Lapped
Dowson et al Pin-on-plate |Uni-directional Hater 15 0,24 |AISI 316 Turned |+ 0,05 0,7-1,5 (8 x 109
(1974) : Polished
Dumbleton & Shen |Plate-on-plate[110” Oscillation Water 3,5 0,04 [AISI 316 Abraded {0,13 - 1,6 x 1077
(1976} Thrust-washer Abraded & &
Wear tester Polished Polished
Rostoker & Disc-on-plate |Oscillatory Water. |6,2 0,1 AISI 316 - - - 2,9 x 10-7
Galante (1976)*
Dowson et al Pin-on-plate [Reciprocating Water [4,5-10 | 0,25 |AISI 316 [Turned [0,005-0,5 [0,7-1,5 |[5 x 10°8 -
(1984) Ground & 3 x 1075
) Lapped
Mustafaev et al Pin-on-disc Unidirectiona\ Minerél 0il}10 0,24 |AISI 316
{1976) . Lapped Turned |t 0,015 0,7-1,5 1,4 x 10-7

* Converted from Imperial Units

¢'¢ 9lqel

_'[9.-
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Atkinson et al (1978), has shown that during unidirectional
sliding of UHMWPE against relatively smooth, dry stainless steel
counterfaces the wear graph can be divided into three regions as
illustrated in Figure 3.31. Initially, the wear is erratic and
during this “running-in“ period the machined polymer surface is
removed and general bedding-down of the experimental equipment
takes place. This 1is followed by two distinct steady-state
regimes, designated sections A and B wear respectively. In the
first section, adhesion 1is the predominant wear mechanism and a
transfer film of polymer builds up on the steel counterface.
After a certain s]iding distance, determined by the 1load, the
adhesive mechanism is augmented by fatigue wear and the wear rate
increases sharply and remains constant at the new value. A

o
T

&~
¥

N
T

VOLUME, LOSS (mm3)

0 2%0 56d _ 7;0 1060
SLIDING DISTANCE (km)

FIGURE 3.31 : A wear curve from a dry test showing the twb steady-
state wear regions. Applied pressure-: 2,5 N.mm'2;
s1iding speed : 0,25 m.s-l; surface roughness
0,018 micrometers Ra (after Atkinson et al, (1978))

Atkinson et al (1978) and Furber et al (1976) showed that the
sliding distance to the onset of type B wear varied between 100
and 500 km. During section A wear the primary adhesive wear
mechanism involved the extrusion of streamer debris due to surface
melting of the polymer whilst the onset of section B wear is
marked by the occurrence of cracks in the polymer surface and the
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formation of fine, powdery and brittle wear debris. The transfe?
film exhibited a brown coloration which is indicative of oxidative
‘degradation caused by the continual exposure of the film to high
temperatures. A transition in the steady-state wear rate was also
reported by Anderson and Robbins (1976) who observed an increase
in the wear rate occurring after only 23 km of dry, unidirectional
sliding on mild steel in a thrust-washer wear tester. Initially a
brown film of iron oxide was formed on the polymer surface which
became disrupted after this sliding distance, resulting in the
wear rate imcreasing by almost a factor of three.

However, Dowson et al (1976) and (1984) did not observe any
transition from type A to type B wear after several hundred km of
reciprocating sliding against stainless steel counterfaces with a
wide range of roughnesses, under dry and lubricated conditions.

Dowson et al (1974) also investigated the wear of UHMWPE against
stainless  steel in  unidirectional sliding under  water
lubrication. As in the dry tests, the graph of volume 1loss
against sliding distance showed two distinct steady-state wear
regimes after an initial period of running-in. However, during
Tubricated sliding the wear rates were considerably lower and the
transition from type A to type B wear only occurred after 1100 km
of sliding. The transition was attributed to the appearance on
the pin .ends of fatigue cracks, transverse to the wear direction.
Polymer transfer also occurred during these tests and the
commencement of steady-state section A wear coincided with the
appearance of a polymer transfer film on the counterface.

3.6.3.1 The effect of load/pressure

Simple theories of wear based on adhesion predict a
direct proportionality between wear rate and 1load.
However, this proportionality will be observed only when
changes in load do not induce changes in any other
variable affecting wear. Evans and Lancaster (1979)
reported that above a critical load, the wear rate of
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UHMWPE increased rapidly and it was attributable to
thermal softening of the polymer.  For UHMWPE this
critical load increases following v -radiation, which
introduces cross 1inkihg and inhibits melting (Matsubara
and Wanatabe, (1966)). Below this critical load, which
is typically one-third of the compressive strength of
the polymer, the wear of UHMWPE is generally independant
of load as 1illustrated in Figure 3.32 (Anderson,
(1982)).
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FIGURE 3.32 : The variation of the specific wear rate of
UHMWPE  with bearing pressure (after
Anderson, (1982))

Anderson (1982), Challen and Dowson (1976) and Furber et
al (1982) have shown that the sliding distance to the
point of transition in the wear rate of UHMWPE sliding
against dry stainless steel 1is strongly dependent on
applied load, a characteristic which is usual in fatigue
effects. This is illustrated in Figure 3.33.
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Dumbleton and Shen (1976) showed that for UHMWPE sliding
in water, the initial wear rate generally increases with

increasing pressure before the linear part of

the curve

LINEAR WEAR .Immx103)

is reached. Thereafter, the steady-state wear rates
were independant of pressure as illustrated in Figure
3.34.
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" The effect of sliding speed

The principal effect of sliding velocity on the wear
rate ‘'of a polymer occurs through its influence on the
temperature at the sliding surface. Anderson (1982)
observed a critical sliding speed above which the wear
of UHMWPE pins sliding against dry mild steel discs
increased dramatically.  This speed corresponds to the
point where the calculated flash temperatures (the
instantaneous temperatures at the asperities) reached
the melting/softening point of the polymer, leading to
thermal softening, extrusion and gross flow of material
(Evans and Lancaster, (1979)). Similar tests were
carried out using water and a 5:95 oil/water emulsion as
lubricants and the results indicated the absence of a

definite critical speed under lubricated conditions as

shown in Figure 3.35.
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FIGURE 3.35 : The variation of specific wear rate of a
UHMWPE pin on a steel disc with sliding
speed. The temperatures plotted are the
sum of the measured surface temperature
and the calculated flash temperature at
each velocity (after Anderson, (1982))
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Lancaster (1971) showed that for polymers the flash
temperatures are more sensitive to sliding speed than
applied load and are also critically dependant on the
thermal conductivity of the counterface. However, the
main difficulty in determining the critical speed at
which melting occurs is that there is no reliable way of
either calculating or measuring the localised
temperatures at contacting asperities.

It is important for design purposes to specify the
limiting conditions of operation of dry bearing polymer
materials. The usual criterion is a PV factor, the
product of the nominal pressure and the Tinear
velocity. This is commonly quoted in two ways and is
illustrated in Figure 3.36 (Lancaster, (1973)).

a) The "limiting PV" above which wear increases rapidly
either as a consequence of thermal effects or of
stresses approaching the elastic limit. The limiting
PV values are those at which the total temperature
rise at the surface - the flash temperature
superimposed on the mean surface temperature
resulting from the dissipation of frictional heat -
reaches a value near to the melting/softening point
of the polymer. v

b) The "maximum PV" for continuous operation at some
arbitrarily specified wear rate.

Static load - carrying

capacity

P-V tor continuous
operation at o specified
wear rate

Log P

Depth wear

rate « PV ‘Limiting’ P~V

Limit impcsed
by temperature
Bl rtse

LogV

FIGURE 3.36 : Relationships between P and V for dry
bearings. A-"Maximum" PV curve; B-
"Limiting" PV curve (after Lancaster,
(1973))
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The main difficulty with both of these approaches i§
in the
with
Anderson,

that no account is taken of the variation
strength of the material, and its wear rate,
temperature  (Lancaster, (1971) (1973);
(1982)). To incorporate this aspect, a modified design
procedure for dry

The surface temperature of the bearing is

bearings has recently  been
introduced.
first calculated by approximate methods and suitable

materials are then selected from the known relationships

between allowable pressure and temperature (Crease,
(1973)) as illustrated in Figure 3.37. Figure 3.37
indicates that at Tow pressures and surface

temperatures, the specific wear rate is essentially
independant of these parameters and the specific wear

rate under these conditions is designated Kg-

Limiting PT

curve \ ’ ’

Limiting
temperature

\ K, region

The variation of specific wear rate with

Limiting
bearing
pressure

FIGURE 3.37 :

bearing pressure and temperature for

polymer materials (after Crease, (1973))

The effect of temperature

Temperature is particularly important in thermoplastics,

whose softening or melting points are, in general,

relatively low. For a given bearing pressure and

friction coefficient, the frictional heat generated at

the surface will increase in proportion to the sliding

velocity. The steady-state mean surface temperature



3.6.3.4

- 69 -~

attained will then depend upon the heat transfer
properties of the bearing assembly.

Thus : @=R u PV

where p is the friction coefficient, P is the pressure,
V the sliding velocity, @ the mean surface temperature
and R the thermal resistahce of the bearing assembly.
Thus, on this argument the influence of sliding velocity
on the wear rate can be converted to that of temperature
(Anderson, (1982)). Equivalent surface temperature in a
rubbing bearing can be generated either by frictional
heating at low ambient temperature or by high ambient
temperature where frictional heating is low. Anderson
and Robbins (1976) showed that the method of temperature
generation has only a small effect on the wear rate of
polymers sliding against stainless steel.

Lancaster (1979) showed a rapid increase in the wear
rate of thermoplastics above a critical temperature and

- again attributed this to overall thermal softening. The

heat generated at the sliding interface depended more on
speed than on load. ’ '

Kar and Bahadur (1982) used a pin-on-disk wear machine
to observe the effect of temperature rise on the wear
failure of thermoplastics, under varying sliding speed
and load conditions. For high density polyethylene
there Was a transition from steady to unsteady state
temperature conditions in the sliding speed range 1,5 -
2,5 m.s~1 and that the transition was governed more by
the sliding speed than the load. Failure occurred at
about 114°C and this occurred due to thermal softening
at the interface and excessive deflection of the pin
which created unstable sliding conditions.

The effect of surface roughness

It has been often suggested that there is an optimum
roughness for minimum wear -of polymers, but the
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experimental evidence for this is conflicting. Buckley
(1974) showed that the optimum surface finish which
gives a minimum wear rate for the dry sliding of UHMWPE
against stainless steel in a disc and shoe apparatus is
0,37 microns r.m.s. (approximately 0,4 microns Ra).

Dowson et al (1976) have shown that in dry reciprocating
sliding of UHMWPE against stainless steel, the wear rate
decreases as the surface roughness decreases and passes
through a minimum at a Ra value of 0,03 microns (for
parallel ground and lapped surfaces) as illustrated in
Figure 3.38.
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FIGURE 3.38 : The effect of surface roughness on the
dry wear rate of UHMWPE (sliding speed 0,3
m.s~1) (after Dowson et al, (1976))

During sliding against rough surfaces the transfer of
polymer fills up the valleys and decreases the effective
roughness. However, with very smooth surfaces, “lumpy"
polymer transfer was observed. Thus, the high wear
rates observed for the very smooth surfaces are due to
highly adhered polymer "“lumps" whilst abrasive effects
dominate the wear processes for the rougher surfaces.
At the optimum roughness, the Tumpy transfer due to
adhesion and the ploughing effect due to abrasion are
both Tow. This optimum coincided, approximately, with a
transition from grinding to lapping during counterface
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preparation. Cross-ground surfaces were much more
sensitive to changes in roughness than the paraliel

ground specimens. It was suggested that the magnitude

rather than the nature of the asperities is important in

the wear of polymers. Dowson et al (1984) further
monitored the effect of surface roughness in
reciprocating sliding on stainless steel under dry and
water lubricated conditions. Statistical analysis of
the counterfaces revealed meaningful relationships
between Ra and other significant features of the
topography, namely profile height, valley depth, peak

height, profile mean absolute slope and radius of
curvature of asperity peaks. Under dry conditions, the
optimum Ra for minimum wear was in the range 0,05 to 0,1

micrometers. The wear rates were steady over a wide
range of roughnesses extending over about two orders of
magnitude. The polymer transfer film, and particularly
its thickness relative to the counterface roughness, is-
responsible for the observed minimum wear rate under dry
conditions.

The presence of distilled water largely inhibits
transfer film formation and this resulted in a much more
oronounced effect of counterface roughness on the wear
rate as illustrated in Figure 3.39.
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FIGURE 3.39 : Wear rate as a function of counterface
roughness (Ra) under water 1lubrication.
S1iding speed 0,25 m.s~1: normal load 4,25
- 10 N.mp-2 (after Dowson et al, (1984))
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By superimposing the two curves, it can bé seen in
Figure 3.40 that for roughnesses in excess of about 0,01
microns Ra the 'wet' wear rates exceed the dry ones.

1074
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FIGURE 3.40 : Wear rates for both dry and wet conditions

| as a function of counterface roughness
(Ra). Sliding speed 0,25 m.s~1; normal
load 4,25 - 10 N.mm~2 (after Dowson et al,
(1984))

3.6.3.5 The effect of type of motion

Brown et al (1982) observed that the wear of UHMWPE
takes place by the same basic wear mechanisms whether
unidirectional or reciprocating motion is used, but the
latter produces slightly less wear overall.
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CHAPTER 4

THE DESIGN OF A LABORATORY WEAR TESTING MACHINE

4.1 GENERAL DESIGN CRITERIA

The objective of wear testing is to obtain data on the performance and
reliability of specific components in service conditions. The use of
simple test apparatus operating in more clearly and defined conditions
than those likely to be encountered in service, satisfy two objectives:

1. To rank materials for wear resistance in conditions that simulate the
essential features of the application.

2. To obtain basic information about wear mechanisms to aid failure
diagnosis and the development of new materials.

Thus, versatile Tlaboratory equipment is needed with which the major
parameters influencing wear such as load, speed, temperature, etc can be
defined accurately and varied over a wide range. To this end, a linear
reciprocating pin-on-plate wear machine was designed and assembled in the
Department of Materiais Engineering, U.C.T. which has the facilities for
measuring the wear rates, frictional forces and surface temperatures
resulting during sliding of various material couples under a wide range
of operating conditions. A reciprocating system was chosen, primarily,
in. order to simulate the action of a steel piston sliding against a
polymer seal 1in a hydraulic cylinder. The subsequent testing of
components from other sliding applications within the mining industry is
also possible using this apparatus. '

Apart from the- type of sliding motion, a number of operating variables
are known to affect the wear of materials in sliding contact. These
include:

i) The normal Toad/pressure exerted at the siiding interface.

ii)  The relative sliding velocity of the two components in contact.
iii) The surface roughness of the sliding couple.

iv)  The presence of'a Jubricant between the sliding surfaces.
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The presence of foreign abrasive particles at the interface.
The stroke or distance over which sliding occurs.

The final selection of the operating variables was a compromise between
the physical capabilities of the test rig and the conditions prevailing
during normal operation of hydraulic stoping machines, such as the impact
hammer and hand-held rockdrill, whose sliding mechanisms are being

simulated.

SELECTING THE VARIABLES

4.2.1

4.2.2

4.2.3

Materials Selection

The material couple chosen for this study is ultra-high molecular
weight polyethylene (UHMWPE) sliding against heat treated AISI 431
martensitic stainless steel. UHMWPE is used extensively for the
seals in the high speed actuator assemblies of the hydradlic‘
stoping machines operating on 5:95 and the intention is to use the
same material when the transition is made to mine service water.
AISI 431 was an initial choice for numerous components in the
water-powered rockdrills and impact hammers.

Load/Pressure

Fluid pressures of approximately 18 MPa are seen by the polymer
seals of the impact hammer whilst the piston seals of the
rockdrill are required to seal against pressures ranging from 0-35
MPa. A pressure of 35 MPa was considered to be too large for the
laboratory test rig. However, pressures of up to 15 MPa were
considered to be feasible and a compromise between the specimen
size and load had to be reached. 'Thus, a maximum normal load of
150»kg on a specimen with a contact area of approximately 100 mm?
was selected for technical reasons.

S1iding Velocity

The sliding components of the hydraulic stoping machines are
exposed to a wide range of sliding velocities during a single
impact cycle. In the rock-breaking hammer the impact head reaches
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‘a maximum sliding velocity of 10 m.s"1 on the firing stroke but
decreases to approximately 0,9 m.s~1 on the return stroke. The

piston of the rockdrill, on the other hand, reaches the same °

firing velocity and then decreases to 3 m.s-1 during the return
stroke. The high sliding velocities reached during firing and the
geometry of the seal ensure that hydrodynamic 1lubrication
conditions prevail for almost the entire length of the firing
stroke. Wear is only likely to occur, if at all, at the beginning
of the stroke where the low sliding velocities allow contact to
occur between the rubbing surfaces. For the remainder of the
firing stroke a hydrodynamic fluid film completely separates the
sliding surfaces, resulting in practically no wear at all. On the
return strokes, however, the velocities are such that boundary or
mixed Jubrication processes probably occur along an appreciable
length of the stroke as illustrated in Figure 4.1 which estimates
the time and distance over which boundary contact occurs dufing a
single cycle of the impact hammer. This data is based on the
assumption that boundary 1lubrication -conditions ' prevail = at
relative velocities below t 0,75 m.s-1.
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Figure 4.1 shows that boundary contact is estimated to occur for
approximatley 50% of the Tength of a cycle whilst a hydrodynamic
fluid film forms at the higher velocities. Hence, because wear is
only likely to occur during boundary contact, the laboratory wear
test rig was designed to run at velocities in the boundary
lubrication region. A sinusoidal motion with an average velocity
of the order of 1 m.s~l was therefore selected for the test rig.
Thus, although the velocities occurring in the stoping machines
are considerably higher, the actual velocity over which wear is

taking place is comparable.

Surface Roughness

The surface roughnesses of the steel sliding components in the
hydraulic stoping machines varied considerably. The impact head
of the hammer 1is machined to a roughness of 0,8 micrometers

c.1.a. whilst the chrome plated and liquid honed piston of the

rockdrill 1is finished to a roughness of approximately 0,2
micrometers c.l.a. It was decided that the Tlaboratory tests
should be able to accommodate steel counterfaces having
roughnesses between 0,1 and 1,0 micrometers c.1.a. Furthermore,
the surface roughness of the polymeric seals of the stoping
machines 1is approximately 1,8 micrometers c.l.a. and to comply
with this conditicn the polymer pins in the laboratory tests were
machined to an equivalent surface roughness.

Lubricant

The stoping machines under investigation were designed to operate
on the high water-based hydraulic fluid named 5:95 which contains
5% of an oil additive in water. It was subsequently determined
from detailed SEM examinations of failed seals and bearings taken
from impact hammers and hand-held rockdrills that quartzite
particles, entrained in the hydraulic fluid, were partially
responsible for the wear of these components underground} In
addition, the proposed transition from the use of 5:95 hydraulic
fluid to pure water 1is 1likely to introduce changes in the
tribological performance of the polymeric sliding Components which
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need to be investigated. It is therefore important that the test
rig be designed with the facility of being able to test in
different 1ubricéhts, with or without the addition of abrasive
particles. It should be noted, however, that although this study
was not intended to cover the addition of abrasive particles to
the lubricant the rig was designed with the above in mind.

Stroke

The strokes of the impact hammer and rockdrill are 85 mm and
23 mm, respectively. A stroke of 50 mm was selected for the
laboratory wear tester which is a compromise between the above two

" strokes.

Summary

The test rig is usually a scaled-down version of the real machine,
capab1é of reproducing, at the specimen interface, the operating
conditions experienced in service. However, this 1i1s not always
possible and some compromises have to be made. Table 4.1 compares
the operating variables prevailing in the impact hammer and

" rockdrill with those used during the laboratory tests.

TABLE 4.1 : A comparison of opérating variables prevailing in the
experimental rig, rockdrill and impact hammer

VARIABLE EXPERIMENTAL {ROCKDRILL{ IMPACT
RIG HAMMER

Stroke (mm) 50 23 85
S1iding velocity (m.s-1) 1,0 (ave.) _
~ firing stroke 10 (max) |10 (max)
- return stroke 3 (max) 0,9 (max)
Pressure (N/mm=2) 15 35 18
Surface roughness 0,1 -1,0 (0,2 - 0,4{0,3 - 0,8
(micrometers c.l.a.)
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»

Figure 4.2 highlights the differences in the velocity/time and
displacement/time curves of the impact hammer and experimental

rig, respectively.
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FIGURE 4.2 : Velocity/time and displacement/time curves of the
laboratory rig compared with those of the impact

hammer

4.3 THE LABORATORY WEAR TESTING MACHINE

Figure 4.3 shows the test rig and peripheral instrumentation.
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A friction transducer which measures the friction forces generated at
the interface during sliding.

An instrumentation amplifier which amplifies the friction force
signal from the friction transducer.

A polaroid camera for photographing the friction force vs time curve.

Thermocouples and a chart recorder used to monitor the sub-surface
and lubricant temperatures during sliding.

A Linear Variable Differential Transformer (LVDT) which is mounted
above the upper sliding specimen and is used to continuously monitor

the length-loss of the specimen during a test.

A safety shut-off mechanism which operates on a feed-back signal from
the LVDT.

A stainless steel bath which enables tests to be conducted in various
lubricating media.

A copper heat exchanger which is used to regulate the lubricant
temperature.

A Tubricant reservoir to supplement Tubricant lost from the bath.

A float-valve and float which regulates the level of the lubricant in
the bath.

4.3.1 The Aluminium Housing

Figure 4.3 shows a detailed drawing of the aluminium housing
(component (e) in Figure 4.2).

The whole assembly 1is supported between four bearings, by two
steel rods (C), one on either side. The upper sliding specimen
(A) is clamped in the housing by an aluminium T-section (D). Load
is transmitted to the specimens by a pre-calibrated steel spring
'(E), via a screw (F). The spring was calibrated and found to
exert a force of 4,75)kg per millimeter of compression. The whole
housing then reciprocgtes against a stationary specimen (B).
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FIGURE 4.4 : A detailed drawing of the aluminium housing

4.3.2 The Stationary Specimen

Figure 4.5 shows the clamping system used to locate the stationary
steel plate (the piston) below the sliding polymer pin. The
center of the plate coincides exactly with the mid-stroke of the
reciprocating housing.
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N7SPECIMEN CLAMP
e T =t

Lo [T—STEEL PLATE (70x12mm)
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| POLYMER PIN (10 x10mm)
| STROKE 50mm : :

FIGURE 4.5 : The <clamping system used to secure the Tower
' specimen. The arrows indicate the reciprocating type
of motion

4.3.3 The Lubricant Temperature and Lubricant Level Regulating Systems-

The frictional heat generated by the rubbing process, both at the

specimen interface and in the rig itself, caused the temperature

- of the lubricant in the bath to increase appreciably during a

test. In order to maintain a constant 1lubricant temperature

during sliding, a system was devised in which water, cooled by a

radiator and fan unit, was continuously pumped through a copper
heat exchanger coil immersed in the lubricant.

In order that a constant level of Tlubricant be maintained above
the sliding surfaces, a system was designed to continuously
replenish any 1lubricant lost from the bath as a result of
splashing or evaporation. The system consists of a simple float-
valve and float mechanism which is fed, from a reservoir, with the
particular lubricant being used in the test. Figure 4.6 is a
schematic representation of the regulating system.
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FIGURE 4.6 : A schematic representation of the system used to
maintain a constant temperature and level of
Jubricant in the bath

4.4 METHODS OF MEASURING WEAR RATE, FRICTIONAL FORCE AND SURFACE TEMPERATURE

4.4.1 MWear Rate Calculated from Weight Loss Measurements

The speéimens were weighed on a Mettler balance to an accuracy of
0.1 milligrams and the wear rates were calculated from the weight
losses recorded after pre-determined sliding distances.

4.4.2 Wear Rate Calculated from Length Loss Measurements

4.4.2.1 Measurement of Length Loss Using a Micrometer

During the interrupted tests a micrometer was used to
record the length of the specimen, to an accuracy of

i
|
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0,01 mm, after each successive sliding interval.
However, these values had to be corrected for
viscoelastic creep in order to isolate the wear component
from the creep component in the total recorded length
loss. The corrected length-loss values (due to wear
only) were converted to equivalent volumes by multiplying
by the nominal surface area of the pin and the wear rates
computed.

Measurement of Length Loss Using a LVDT

A system was also devised for continuous monitoring of
the polymer wear rate. The system consisted of an LVDT.
located above the polymer specimen holder in such a way
that it could measure the progressive reduction in the
length of the pin during a test. The measuring system is

SAFETY SHUT-OFF
DEVICE

W
6V X-Y CHART
D.C. SUPPLY - RECORDER

illustrated in Figure 4.7.

LOADING
SCREW «~—L.V.D.T.
1

©}<—CLAMP

wsrsodfll,

=~
o Ll g -
6.

SPECIMENS

FIGURE 4.7 : The system used for continuous measurement

of the polymer wear rate
[

1
i
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As the pin creeps and wears down, the specimen holder, to
which it is clamped, is lowered by an equivalent distance
and this displacement is monitored by the spring-loaded
LVDT. The signal is amplified and recorded on a chart.

As a’preventative measure, a safety shut-off systen was
designed which operates on a simple feed-back signal from
the LVDT. When the wear of the polymer pin, determined
by the extension of the LVDT, exceeded a pre-set limit
the rig was automatically switched off.

4.4.3 Measurement of the Frictional Force

Figure 4.8 shows, schematically, the transducer used to measure
the friction force at the sliding interface.

The lower specimen holder is mounted on several rows bf sféin]eés
steel ball bearings which are constrained to move, 1in the
direction of sliding, within parallel machined grooves. Thus, the
entire specimen holder can be considered as a nominally
"frictionless" trolley. The trolley is connected, via a rigid
'steel beam, to a vertically mounted bending beam 1load cell.
Frictional forces generated at the sliding interface produce
corresponding horizonﬁa] displacements of the trolley which are
transmitted directly to the load cell. The signal is amplified
using an instrumentation amplifier and the friction force is
displayed on the screen of a cathode ray oscilloscope. The
friction wave-form was then photographed using a polaroid camera
modified to fit the oscilloscope. The coefficient of friction was
calculated by dividing the horizontal friction force by the
applied normal load.
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FIGURE 4.8 : A schematic representation of the friction-force
transducer

Figure 4.9 is a trace of a typical friction-force curve generated
during a lubricated test. At the start of the stroke the sliding
velocity is zero and the force required to overcome the static
friction is high, i.e., the surfaces "stick" until the static
friction force is overcome. The moving specimen then begins to
slide with increasing velocity, i.e., "slip" occurs and the
friction force decreases to a kinetic value. However, the
friction force curve was modified4by additional damped vibrations
resulting from the motion of the force-measuring system. It is
important to note that these vibrations are not artefacts of the
actual sliding process and that only one stick-slip cycle occurs
at the interface during each cycle.
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FIGURE 4.9 : A typical friction-force curve recorded during a test
in water at a sliding speed of 0,5 m.s-1

Measurement of the Surface Temperature

No attempt was made to compute the actual temperatures at the
sliding interface. The different thermal properties of the
materials of the couple, the complex geometry of the specimens and
the fact that sliding was occurring under lubrication required
that compiex calcuiations, involving thermal conductivities and
heat transfer, be carried out in order to determine the actual
temperatures occurring at the contacting asperities. Instead, an
estimation of the mean surface temperature-rise resulting from
frictional heating at the interface was obtained by locating iron-
constantan thermocouples in drilled holes between 0,1 and 0,3
millimeters below the surfaces of the steel plates. With
reference to Figure 4.10, one thermocouple was located at the end
of the stroke to measure the temperature generated by the high
static friction peak and the other was located at mid-stroke to
record the temperature generated at the point of maximum sliding
velocity.
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FIGURE 4.10 : The location of the thermocouples for measuring the
temperature rise at the surface of the steel
specimen

The thermocouples, which have a sensitivity of 0,05 millivolts per
degree Celcius at room temperature, were used simply to compare
the temperatures generated under the various sliding conditions.
An identical thermocouple was used to monitor the temperature of
the lubricant throughout the test and both the subsurface and
lubricant temperatures were recorded on a chart. The difference
between the two temperatures at any point gives the mean
temperature-rise at the interface.
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CHAPTER 5

EXPERIMENTAL TECHNIQUES

5.1 SPECIMEN PREPARATION

5.1.1 The AISI 431 Stainless Steel Plates

The plates were machined from round bar stock, obtained froﬁ a
single supplier, to dimension of 70 mm x 12 mm x 10 mm. The holes
for locating the subsurface thermocouples were drilled using a 3
mm diameter drill. The plates were then subjected to the

following heatvtreatment; soaked at 1010°C for 45 minutes, oi] B

quenched and double tempered at 260°C for one hour. This
treatment, which is used for AISI 431 machine components, improves
the fatigue strength and impact toughness, as well as the
corrosion and wear resistance of the steel. The resulting
hardness, measured on'a universal hardness tester, was 395-420
HV30 (40-42 HRC) which is in good agreement with specifications of
40-46 HRC. The final surface finish was obtained using a
mechanical surface grinder. Where possible, all the specimens
from a test series were ground at the same time as great
difficulty was experienced in reproducing a particular surface
finish. The specimens were always ground perpendicular to the
sliding direction and by carefully controlling the feed rate,
depth of cut and the dressing of the grinding wheel roughnesses of
between 0,1 and 1,0 micrometers c.1.a. were possible. Figure 5.1
is a SEM micrograph of the surface of a ground steel plate.

Machining chips similar to the one circled in Figure 5.1 were
randomly distributed on the ground steel sufaces. It is thought
that these sharp fragments, which are fatigued from the surface

‘ during sliding, become embedded in thetreciprocating polymer pin
and cause severe damage to both surfaces of the couple by a three
body abrasive wear mechanism. Evidence supporting this mechanism
is presented in Chapter 6.
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FIGURE 5.1 : The ground surface of an AISI 431 specimen before a
test (c.l.a. surface roughness : 0,404 t+ 0,032
micrometers). The arrow indicates the sliding

direction

The surface roughness was measured using a Taylor-Hobson Talysurf
profilometer. The readings were taken perpendicular to the
grinding direction, i.e., in the direction of sliding. The
centre-line-average (c.l.a.) roughness values quoted are the mean
values of ten traversals at arbitrarily chosen positions on the
specimen surface. A pen-recorder trace of each surface was also
obtained. Figure 5.2 shows the magnified profile of the surface

of the specimen shown in Figure 5.1.
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FIGURE 5.2 : The surface profile of the specimen shown in Figure
5.1
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After machining the plates were ultra-sonically cleaned in alcohol
and then passivated by immersing them in dilute (20%)
This process, which results in the

aqueous
nitric acid for 30 minutes.
formation of an impervioqs, passive oxide film on the\surface, is
used to improve the corrosion resistance of the steel.

The UHMWPE Pins

The UHMWPE used in this study was Hostalen GUR which was supplied

in the form of an extruded round bar. Table 5.1 gives some of the

physical and mechanical properties of UHMWPE.

TABLE 5.1 : Physical and mechanical properties of UHMWPE (taken

from the Fulmer Materials Optimiser)

PROPERTY UNITS VALUE
Specific gravity at 23°C g.cm=3 [0,937-0,960
Tensile stress; at yield MN.m=2 |17-27
at break 138-48
‘Elongation at break % 300-500
Elastic modulus in tension MN.m-2 |140-170
{Notched impact strength J.m1  [No break
Hardness Shore D{60-70
Flexural Creep Modulus, 1 minute value [MPa 680-890
Maximum continuous service temperature,
no load °C 90
Heat deflection temperature
1,85 MPa °C 68-82
0,45 MPa 95
Molecular weight 2-10x106
Water absorption, 24 hours % <0,01
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Figure 5.3 illustrates how specimens, with dimensions 25 mm x 10
mm x 10 mm, were machined from the bar with their lengths parallel '
to the extrusion direction. This means that, at the -interface,
sliding takes place perpendicular to the extrusion direction. Al
specimens were taken from the central core of the rod in order to
minimise possible anisotropy effects across the diameter of the
bar, i.e., as a result -of the extruding operation, density and
molecular orientation at the outer circumference of the rod are
likely to differ from those at the centre. As an added precaution
the machined specimens were marked to ensure that the direction of
the final machining marks were identical on all specimens.

e

SPECIMEN (25 mm x 10 mm x 10 mm )

45° CHAMFER

@i MACHINING MARKS PERPENDICULAR
: TO SLIDING DIRECTION ,
B ————

SLIDING DIRECTION

EXTRUSION DIRECTION

FIGURE 5.3 : A schematic representation showing the method in
which the polymer specimens were machined from the
extruded rod '

To minimise distortion of the specimen under load, a 45° chamfer
was cut along the leading and trailing edges of the specimen.
This is illustrated in Figure 5.3 above. The chamfer also ensured
that the polymer wear debris was totally removed from the specimen
surface during sliding. The nominal surface area was reduced to
approximately 90 mm2 by the chamfer. The final machined surface
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The load spring was placed in position and the load screw secured
such that no load was being exerted. |
The LVYDT was clamped in its vice above the polymer specimen and
the load applied (1 revolution = 1,5 mm of compression = 7,125 kg
force). ‘
For extended tests a safety 1imit was set on the LVDT system.

Both specimens were fully tightened.

The Tubricant was added and, if necessary, the level was adjusted
with the float and float-valve mechanism.

The chart recorders were switched on.
The sliding speed was set on the thyristdr controTief.

The thermocouple temperatures were zeroed and the temperature
regulating system switched on.

The C.R.0. was switched on and the polaroid camera attached.

Measurement of the Specific Wear Rate

5.2.1.1 The Weight-Loss Method

Weight-losses were recorded to an accuracy of 0,1
milligrams after each test period. For the lubricated
tests the weight losses were corrected for absorbtion of
“lubricant by the polymer pin. Initially, absorbtion was
determined by immersing an. identical specimen in the
lubricant for the duration of the test and measuring the
resultant weight gain. The absorption of lubricant by
the UHMWPE pins under these static conditions was,
however, inconsistent and difficult to measure. It is
also likely that dynamic absorption of lubricant at the
sliding interface is different from that under the static
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/

conditions mentioned above. Alternatively, the Specimené
were stored in a dessicator and reweighed after 12 hours
in order to monitor any fluctuations in the weight of the
specimen resulting from absorption. The final weight
loss measurements were then taken as the differences
between successive "acclimatised" values. The weight
losses were converted into equivalent volumes by dividing
by the density of the polymer and a cumulative volume
loss versus sliding distance graph was plotted from this
data as illustrated in Figure 5.5.
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FIGURE 5.5 : A cumulative volume loss vs sliding distance
curve calculated from | weight loss

measurements (sliding speed : 0,5 m.s-1;

normal load : 100 kg; counterface roughness

0,419 * 0,042 microns c.l.a.; lubricant :

water)

The curve is characterised by a high initial wear rate or
"running-in" period, followed by a Steady—state period in
which the relationship between volume loss and sliding h
distance is linear. The specific wear rate for the test
was finally calculated by dividing the -slope of the
linear portion of the graph by the applied normal load.
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The Length Loss Method Using a LVDT

An LVDT was used to record the reduction in the length of
the specimen whilst sliding was actually taking place.
However, accurate measurement of length Tloss was
considerably 1impaired by the superimposed effects of
viscoelastic creep. As a result of the viscoelastic
behaviour of the polymer the Tength Toss values recorded
during the wear tests were comprised of a wear component
and a creep component. In order to calculate the wear
rate the two components had to be separated. This is
illustrated schematically in Figufe 5.6.
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FIGURE 5.6 : Separation of the creep component from the
wear component in the total Tength Toss
value recorded during a wear test

To determine thé creep compohent of the Tlength-Toss a
series of static loading tests were performed. Identical
polymer pins were subjected to the same Toading/unloading
sequence as that used during a normal wear test and the
resulting change in the 1length of the specimen was
monitored as a function of time using the LVDT. Figure
5.7 shows the static creep response of a polymer specimen
recorded by the LVDT. The specimen was placed under a
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100 kg load for 20 hours, unloaded and then allowed to
recover” viscoelastically for 20 hours. The elastic,
viscoelastic and non-recovered viscous creep components
can be easily distinguished.

! CREEP | RECOVERY ——————>] s
. - S hrs
- Eusn-{‘ ——————————————————————————— T TVISEOE&HG:%;MAUQN
DEFLECTION ] iwscosusnc
_X_ T RECOVERY
VISCOELASTIC ELASTIC ’
CREEP RECOVERY
LOAD _ UNLOAD
TIME (hrsl
FIGURE 5.7 : The static creep response of a - polymer
specimen under load and during viscoelastic
recovery

Figure 5.8 shows a static creep curve and the curve

obtained from a 20 hour wear test in water.
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FIGURE 5.8 : A static creep curve and a wear curve
measured by the LVDT during a 20 hour tesf
in water (sliding velocity : 0,5 m.s“l;
normal load : 100 kg; counterface roughness
0,410 t 0,031 micrometers c.1.a.)
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In order to determine the length loss due to wear alone
the static creep curve was subtracted from the wear curve
which is composed of both wear and creep components. The
resulting length loss curve is shown in Figure 5.9.
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FIGURE 5.9 : Length loss vs sliding distance curve
caicuiated from the wear and creep curves
plotted in Figure 5.8

Figure 5.9 shows that a steédy—state wear rate was not
attained during these continuous tests. Instead, there
was an exponential increase in the 1length 1loss with
sliding distance which made the calulation of the
specific wear rate extremely difficult. The viscoelastic
properties of the polymer ultimately resulted in poor
reproducibility of both the wear and creep data measured
with this’system and it was subsequently discontinued.

The Length Loss Method Using a Micrometer

During the interrupted tests a micrometer was used to
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record the length loss of the polymer after each s]iding
interval. The length was recorded to an accuracy of 0,01
mm and each measurement was the average of five
readings. However, the length losses recorded in this
way also had to be corrected for viscoelastic creep in
order to isolate the wear component in the total recorded
length loss.. A creep curve was thus established during a
series of static loading tests. The specimen length was
measured prior to loading and, after a pre-determined
time under 1load, the pin was unloaded and allowed to
recover for 12 hours before the length was re-measured.
‘The  non-recoverable viscous deformation for each
successive. load/unloading cycle was then plotted on ‘a
cumulative length loss versus time graph. Figure 5.10
shows the length loss due to viscous deformation of three
polymer pins subjected to a loading sequence of 2, 3, 5,
5, 5, 5 hours under a load of 100 kg. | '
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FIGURE 5.10 : Static creep tests : The cumulative length
- loss due to permanent viscous deformation.
, The loading sequehce was 2, 3, 5, 5, 5, 5
hours under a load of 100 kg
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The graph shows that the viscous deformation was
considerable during the first 10 hours under load and
then Tlevelled off. In fact, there was no measurable
viscous deformation after 25 hours, i.e., the specimens
recovered fully after the removal of the load. This data
was then used to isolate the wear component in the total
length-loss recorded during a test, i.e., the value of
permanent viscous deformation measured for a particular
time under static load was subtracted from the overall
length-Toss measured for the equivalent time during the
actual wear test. Figure 5.11 shows the overall length-
loss recorded during a wear test and the corrected
length-1oss obtained by subtraction of the viscous creep
curve shown in Figure 5.10.

0.4

e { _ QVERALL LENGTH LOSS
£ ‘ " (WEAR AND CREEP)
w
= o
2 ////’ w_ w————u STATIC CREEP CURVE
[7%] & —
o o — = CORRECTED LENGTH LOSS
W e g " {WEAR ONLY)
Z 01t/ S . . -
< . LT
— L —a
2 &
3 1 _ ] ] [ !

10 20 30 40 50

. SLIDING DISTANCE (km) , L

FIGURE 5.11 : The overall Tlength 1loss and corrected
length Toss curve measured during a wear
test (sliding velocity : 0,5 m.s~1l; normal

Toad : 100 kg; counterface roughness
0,419 * 0,042 micrometers c.1l.a.; lubricant

: water)

The corrected length Tosses were converted to equivalent
volumes by multiplying by the nominal surface area of the
pin. These areas, which were calculated after each
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sliding interval, were accurately measured with a vernier
mounted on an optical microscope.

5.2.1.4 A Comparison of the Weight Loss and Length Loss Measuring
Methods

Figure 5.12 compares the cumulative volume loss versus
sliding distance curves calculated from weight loss with
" those resulting from the two 1length Tloss measuring

methods.
a CALCULATED FROM LENGTH LOSS (LVDT)
= CALCULATED FROM LENGTH LOSS (MICROMETER)
e CALCULATED FROM WEIGHT LOSS
35 + : .
30 F

25
20 -

15—_

CUMULATIVE VOLUME LOSS (mm3)

w
I

SLIDING DISTANCE {km)
FIGURE 5.12 : Cumulative volume loss vs sliding distance
curves calculated via the three measuring
methods

The figure shows that the shapes of the wear curves and
the resulting specific wear rates varied from one
measuring system to the next. The specific wear rates
calculated via weight 1loss and 1length loss (with a
micrometer) for the same test were 2,4 x 10-7 and 3,6vx
10-7 mm3,N'1.m‘1, respectively whilst the calculation of
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the specific wear rate from the length loss measured with
the LVDT was not possible. The discrepancy in the wear
rates calculated via the weight loss and length 1loss
(micrometer) methods can be ascribed to the fact that the
creep component of the 1length 1loss could only be
determined under static loading conditions which are
likely to differ from the conditions prevailing during
sliding. The accelerating wear rates observed during the
continuous tests are probably due to increased thermal
degradation of the polymer surface 1layers.

It became apparent during the course of this study that
the calculation of the polymer wear rate from lengtn-loss

measurements was not practical due to the viscoelastic

nature of the material which required that separate
static creep tests be performed in order to isolate the
wear component from tne creep component in the total

measured length 1oss. However, the length-measuring
system could easily be adapted to measure tne wear rates

of -.other materials, such as metals and ceramics, which do
not creep at room temperature. Consequently, the wear
rate data quoted in this study were all calculated from-
weight Tosses.

5.2.2 Measurement of the Coefficient of Friction

The friction-force tranducer in the experimental rig allows the
coefficient of friction to be calculated at any time during a
test. It also distinguishes between the static friction peak
occurring at the start of the stroke and the steady—staté friction
~which prevails for the remainder of the cycle. These will be
referred to as the “"static" and "“kinetic" friction coefficients,
respectively. During the tests friction measurements weré taken
hourly during the running-in wear period and then less frequently
once steady-state sliding was established. The friction force was
calculated from the magnitude of the amplified friction-force
signal generated by the transducer and displayed on the C.R.O.
The friction coefficients are calculated by dividing the
frictional force, in Newtons, by the applied normal force in
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Newtons. In order to observe the effect of the various operating
conditions on the shape of the friction force vs time curve,
polaroid photographs were taken when required. Figure 5.13
illustrates how the friction coefficients (static and kinetic)
were calculated from the friction force vs time curves.

FRICTION FORCE, f (mV)

TIME (msec)

FIGURE 5.13 : The calculation of the friction coefficients from
- the friction force curve '

The friction coefficients plotted in the subsequeht chapters are

7 those calculated at the end of each test period, i.e., prior to

the test being stopped for weighing of the polymer pin.

Measurement of the Surface Temperature

The temperature measured by the subsurface thermocouples in the
steel plates and the one in the lubricant were monitored on a x-t
chart recorder throughout the test. Figure 5.14 shows the surface
and lubricant temperatures recorded during a test in water. The
temperature usually rose rapidly at the start of the test and then
levelled out at a steady-state value whilst the temperature
regulating system maintained a constant 1lubricant temperature.
The temperature-rise at the specimen surface was calculated by
subtracting the Tlubricant temperature from the steady-state
surface temperature.
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LUBRICANT TEMPERATURE
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FIGURE 5.14 : The surface temperature and Tlubricant temperatﬁre
recorded during a test in water (sliding velocity
0,25 m.s"l; normal Tload : 100 kg; counterface
roughness : 0,376 + 0,029 micrometers c.1.a.)

The Test Duration

Each test was divided into intervals, the length of which was
determined by the sliding distance required for a measurable
weight loss. In order to monitor running-in wear the sliding
intervals were shorter during the initial stages of the test.
Once a steady-state wear regime was attained the intervals were
lengthened. The standard test lasted for 25 hours and was usually
divided into a sequence of 2, 3, 5, 5, 5, 5 hour intervals.
Depending on the sliding velocity, this meant that the total
sliding distance covered during the Tlaboratory tests varied
between 20 and 50 km. This distance is shorter than the total
length of sliding endured by the polymer seals in the stoping
machines, where the average life of a piston seal from a rockdrill
is estimated to be approximately 100 km of boundary contact.
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However, the distance over which steady-state sliding occurred was
approximately 40 km of a 50 km test which is considered to be long
enough to extrapolate to the real situation. The possibility of a
wear transition occurring during the Tlaboratory tests was
considered to be extremely unlikely as the transition was shown to
occur only after many hundred kilometers of lubricated sliding.

Scanning Electron Microscopy (SEM)

The worn surfaces of both the polymer pin and the steel
counterface were examined in a Cambridge Stereoscan 200 SEM in
order to identify the wear mechanisms occurring under the
different operating conditions and to compare the features with
those observed on the worn polymer components from the hydraulic
stoping machines. Representative polymer specimens, selected from
each series of tests, were cleaned in Arklone and Au/Pd coated.
The steel counterfaces were coated in order to protect, if any,
the sensitive polymer transfer film. Polymer wear debris, which
was recovered from the Tlubricant after each test, was also
examined. The micrographs appearing in subsequent sections were
taken in such a way that the sliding direction was from left to
right in each case. ' ' ' '

5.3 THE REPRODUCIBILITY OF THE TEST

It is of paramount importance that laboratory wear tests should yield
reproducible results. By careful control of the operating variables and
the use of a standard testing procedure, it was possible to maintain the
reproducibility of the test at an acceptable level. The reproducibility
of the test was determined during a series of three tests conducted under

the following operating conditions:

TABLE

5.2 : Operating conditions applied during the reproducibility
tests. (The key refers to the curves shown in Figure 5.15)

TEST|KEY {SLIDING SPEED{NORMAL LOAD|{c.1.a. SURFACE|LUBRICANT
~ fm.s=l (ave.) |(kg) ROUGHNESS ( m)

1 | a 0,25 100 0,374 + 0,033 | Water

2 | e 0,25 100 0,362 + 0,018 | Water

3

n 0,25 100 0,334 £+ 0,015 Water
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Each test was divided into intervals of 2, 3, 5, 5, 5, 5 hours to allow
the weight-loss measurments to be carried out. The weight losses were
converted into equivalent volumes and the cumulative volume Tlosses
plotted against sliding distance. The results of the three tests are
shown in Figure 5.15 and in Table 5.3. All the tests followed the same
general trend of an initial running-in period, where the wear rate was
higher, .followed by a steady-state wear regime in which the relationship
between volume 1loss and sliding distance was linear. (The Tlinear
correlation coefficients in the steady-state region were all better than
0,99). However, due to small variations in the operating parameters,
particularly the counterface roughness, the slopes of the graphs in the
steady-state regions varied accordingly.

The reproducibility of the test was determined by accumulating the
results of the three tests and plotting them on a single graph, i.e., the
mean cumulative volume-losses and corresponding standard deviations were
calculated after each sliding interval. Linear regression was used to
' plot a line of best fit through these points and the mean specific wear
rate for the series of tests was calculated by dividing the slope of the
line by the applied normal load. This is illustrated in Figure 5.15.

clu SURFACE ROUGHNESS (um) N T
I - 0.374 2 0033 TEST |

® - 036220018 TEST il
= -0.336+0015 TEST I

3

CUMULATIVE VOLUME LOSS (mm3)

' 1 1 L ) 1 1 1 1 1

1
5 10 15 20 .25 5 10 15 20 25
SLIOING OISTANCE (km)

FIGURE 5.15 : The reproducibility of the volume 1loss measurements
(sliding speed : 0,25 m.s-l; normal load : 100 kg;
lubricant : water)
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TABLE 5.3 : Results of the reproducibility tests. (The key refers to the
curves in Figure 5.15)

TEST KEY{c.V.a. SURFACE|STEADY-STATE| LINEAR |SPECIFIC WEAR
ROUGHNESS (um)| WEAR_RATE |CORRELATION RATE
(mm3/km) |COEFFICIENT | (mm3.N-1.m-1)

1 4 10,374 t 0,033 0,2426 0,9981 2,43 x 10-7

2 e 0,362 t 0,018 0,2173 0,9970 2,17 x 10-7

3 ® 10,334 t 0,015 0,1566 0,9981 1,57 x 10-7
Average 0,357 0,2055 - 2,06 x 1077
Standard t5,7% 1t 21,5% - + 21,5%

Deviation %

Considering the viscoelastic nature of the material and the interrupted
test procedure used, the reproducibility of the test was considered to be
of an acceptable level. The reproducibility of each individual test,
however, was Avery good, as indicated by the high Tlinear correlation
coefficients. The difference in the wear rates of the three tests is
ascribed to the variation in counterface roughness.

The friction coefficients (static and kinetic) and surface temperature-
rise data from the three tests were also measured in order to determine
their reproducibility. Figure 5.16 shows the friction coefficients
measured during the separate tests, as well as the mean and standard
deviations calculated at each point. The reproducibility of the friction
values was good, especially during steady-state wear. The gradual
decrease in the friction coefficients with sliding distance during the
water lubricated tests should be noted.
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FIGURE 5.16 : The reproducibility of the friction coefficient data. (The
key is the same as in Figure 5.15)

The reproducibility of the temperature rise values is given in Figure
'5.17. The standard deviations, on a mean value of approximatley 3°C, was
less than 1°C.
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FIGURE 5.17 : The reproducibility of the surface temperature-rise
measurements. (The key is the same as in Figure 5.15)
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The tests showed that thelmajor parameters of the test, namely wear rate;

friction and temperature could be reproduced to within acceptable limits
by careful control of the test conditions. The laboratory wear rig can,
therefore, be considered as satisfactory for evaluating fhe wear
performance of polymers sliding against stainless steel under a range of

operating conditions.
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CHAPTER 6

RESULTS AND DISCUSSION

The primary objective of this project was to compare the wear performance of
UHMWPE sliding against AISI 431 stainless steel 1in water and 5:95,
respectively. Secondly, the effects, if any, of the various operating
parameters on the wear of the polymer, in both Tubricating media, needed to be
established. To this end, a number of reciprocating sliding wear tests were
cbnducted in which the sliding velocity, normal load, counterface roughness
_and Tubricant was varied systematically over a wide range and the resulting
wear rates, friction coefficients, surface temperatures and microscopic
surface morphologies monitored.

In order to establish the effect of sliding velocity, tests were run in 5:95
and water at two different speeds, under conditions of constant normal load
and counterface roughness.

To monitor the effect of counterface roughness, in both 5:95 and water, the
roughness of the metal plate was varied .over a wide range of values whilst
maintaining a constant sliding velocity and normal load.

The effect of normal load was investigated during tests run in water and 5:95
under a range of normal loads but at a constant sliding speed and counterface
roughness.

A series of dry tests was also conducted, under conditions similar to those
used in the lubricated tests, in order to establish the effect of boundary
lubrication on the overall wear process.

6.1 THE EFFECT OF SLIDING VELOCITY

6.1.1 Velocity Tests Conducted Under Water Lubrication

In order to determine the effect.of sliding velocity on the
friction and wear characteristics of UHMWPE sliding against
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stainless steel under water Tubrication tests were performed at
average velocities of 0,25 m.s~l and 0,5 m.s‘l, respectively and
under the following conditions:

Normal Load : 100 kg (equivalent to a pressure of approximately 10
MPa)
Counterface Roughness : 0,38 t 0,03 micrometers c.1.a. (average of
six specimens)
Test Duration : 25 hours (divided into a sequence of 2,3,5,5,5,5
hour intervals)

Note:- Since the test duration was the same at both velocities,
the sliding distance covered in the 0,25 m.s"l tests was half that
“covered during the 0,5 m.s~1 tests.

Figures 6.1(a) & (b) are the cumulative volume loss vs. sliding
distance curves of the test series run at 0,25 m.s~1 and 0,5
m.s'l, respectively. Each curve represents the mean of three
separate test runs.
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 FIGURES 6.1(a) & (b) : Cumulative volume Toss versus sliding
distance curves of the tests run in water
at 0,25 and 0,5 m.s™L, respectively

Both curves show a high initial rate of wear or "running-in".
During this period, the initial machined polymer surface is
readily removed and general bedding down of the specimens occurs.
The sliding distance necessary for running-in varied from
approximately 2 km at the Jlower speed to 5 km at 0,5 m.s"1.
This is 1in agreement with Dumbleton and Shen (1976) who showed
that UHMWPE displayed a high running-in period, lasting between 1
and 3 km, during sliding against AISI 316 stainless steel under
water Tubrication in a thrust-washer tester (sliding speed : 0,04
m.s‘l; pressure : 3,4 N.mm‘z; counterface roughness : 0,13
micrometers c.l.a.). '

During running-in the wear rate was strbng]y dependant on the
initial surface roughness of the counterface, i.e., the wear rate
increased with counterface roughness even though the variation in
roughness was small. Similar behaviour was observed during the
reproducibility tests, as illustrated in Figure 5.15. This may
suggest that the primary wear mechanism operating during the
initial stages of the test was abrasion by the sharp asperities of
the ground counterface.
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The running-in period was followed by a steady state wear regime
which lasted for the duration of the tests, i.e. no transition in
the wear rate was observed at either velocity. The commencement
of steady-state wear coincided closely with the appearance of a
brown film on the steel counterface. A similar occurrence was
reported by Dowson et al (1974) who observed the formation of a
polymer transfer film during the initial stages of steady-state
wear of UHMWPE sliding under water Tubrication against AISI 316 in
~a pin-on-disc wear tester (sliding speed 0,24 m.sl; pressure 17
N.mm“z; counterface roughness : 0,05 micrometers c.l1.a.). They
suggest that the brown colouration is a result of oxidative
degradation caused by the continual exposure of the film to high
temperatures. Thus, during water lubricated sliding of polymers
against steel, adhesion also plays an important role 1in the
overall wear process, leading to the formation of a transfer film
on the counterface. |

Transfer does not occur as a uniform layer of material. Instead,
the rupture of adhesively bonded interfacial junctions results in
the deposition of discrete Tumps of polymer on the counterface.
During repeated contacts polymer is deposited preferentially at
these sites and the film builds up in this manner until a steady-
state or equilibrium condition is reached. At this point, the

rate at which polymer is being deposited on the surface is
equivalent to the rate at which material 1is being removed from
contact and, consequently, the film has Tittle tendency to grow in
thickness. It is Tikely that the film is built up during the
running-in period and steady-state wear commences once an
edui]ibrium transfer film has been formed on the surface. The
effective surface roughness of the counterface is reduced and
sliding now occurs between oriented polymer chains on both
surfaces, resulting in a reduction in the wear rate of the
polymer.

Figures 6.1(a) and (b) show that by doubling the sliding velocity,
the specific wear rate of the UHMWPE pin increased from 1,7 x 10‘7.«
to 3,0 x 107 mm3.N-1.m-1, Anderson (1982) showed that the
specific wear rate of UHMWPE sliding against mild steel under
water lubrication in a pin-on-disc wear tester increased from 4 x
10-7 to 2 x 10-6 mm3.N-1.m-1 in the velocity range 1 - 10 m.s-1.
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He suggested that the principal effect of sliding velocity on the
wear rate occurs through its influence on the temperature at the
sliding surface. However, during reciprocating sliding, an
increase in velocity increases the number of stop/start cycles
occurring over a given sliding distance and this is also
considered to have an effect on the wear rate.

It is doubtful that the change in sliding velocity brought about
any changes in the lubrication processes occurring at the sliding
interface, i.e., both velocities 1ie within the boundary
lubrication region of the Stribeck curve. The formation of a
hydrodynamic fluid film under these conditions is, therefore,
highly unlikely. |

Figures 6.2(a) and (b) show the friction coefficients measured
during the tests at the different velocities. Both the initial or
"static", and the "kinetic" coefficients are plotted.
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FIGURES 6.2(a) & (b).: Friction coefficients (static and kinetic)
recorded during the tests run in water at
0,25 and 0,5 m.s~1 tests, respectively

The graphs show that the static coefficient of friction is
approximately twice the kinetic value at the lower speed and
almost three times higher at the higher sliding velocity.
Furthermore, the increase in velocity resulted in a noticeable
increase in the static coefficients whilst. the kinetic
coefficients remained unaffected by the velocity change.

The friction force resulting from the sliding of a polymer against
a hard counterface may be divided into two components, namely, the
adhesion component resulting from the shearing of adhesive bonds
in the regions of real contact and the deformation component
resulting from the dragging of asperities of the counterface
through the polymer surface. When the surfaces are at rest,
adhesive junctions are formed between the asperities of the couple
and the force required to rupture these bonds when sliding
commences is high. During sliding, however, the probability of
forming a Jjunction is reduced, resulting in a lowering of the
adhesive component of friction. Moore (1972) has shown that ~
s1iding also induces stiffening of the polymer surface which leads
to a reduction in the real area of contact and, consequently, a
Tower contribution of deformation to the total friction force.
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The above two processes may account for the higher static friction
coefficients measured during the tests.

The increase in the static friction coefficient with velocity is a
consequence of the processes occurring at the interface. At the
higher velocity there is a higher energy input into the system and
some of this energy is dissipated at the interface in the form of
heat. An increase in the mean surface temperature causes
softening of the polymer surface layers, resulting in the material
becoming more viscoelastic in nature. Consequently, the real area
of contact increases which, in turn, increases the number and size
of the adhesive Jjunctions formed between the contacting
asperities. The deformation contribution of the friction force
also increases because lesser asperities, which were not in
contact at the 1lower velocity, now play a part in the wear
process.

The increase in the static peak with velocity is well illustrated
in Figures 6.3(a) and (b) which are characteristic friction force
curves recorded on the C.R.0. during the 0,25 and 0,5 m.s-1
tests, respectively. The magnitude of the initial stick-slip
cycle is greater at the higher velocity.

FIGURES 6.3(a) & (b) : Friction force curves recorded during the
0.25 and 0,5 m.s~! tests, respectively



- 118 -

It is difficult to quote a value of friction for the above tests
because the coefficients, both static and kinetic, decreased
continuously throughout the tests. (The kinetic friction
coefficient decreased to almost 0,05 after 45 km sliding at 0,5
m.s=1). The decline in friction with sliding distance was less
rapid for the kinetic coefficients which illustrates the greater
sensitivity of the static values to the processes occurring at the
interface. A possible explanation for this decrease is that the
counterfaces were being constantly modified by the various wear -
processes and by polymer transfer to the counterface.
Furthermore, Pooley and Tabor (1972) showed that, with HDPE,
sliding induces preferred orientation of the molecular chains in
the surface of the sliding polymer and in the transfered layer.
They attribute this behaviour to the smooth molecular profile of
the polymer. Thus, subsequent sliding of the polymer over the
transfered film 1is easier, resulting in a steady drop in
friction.  In addition, degradation of the transfer film probably
reduces its adhesive nature and further contributes to the
lowering of the friction coefficients. Reports of similar
behaviour could not be found in the literature.

Figures 6.4(a) and (b) show the surface temperature rise data
recorded during the 0,25 and 0,5 m.s”1 tests. The values quoted
are corrected for the temperature of the lubricant in the bath.
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FIGURES 6.4(a) & (b) : Surface temperature rise data recorded
during the 0,25 and 0,5 m.s~1 tests in
water, respectively ‘

The slight decrease in temperature with sliding distance during
the 0,5 m.s~l tests is consistent with the decrease in friction
resulting from the modification of the couple during sliding.

There was no detectable difference between the temperature
recorded by the thermocouples located at mid-stroke and at the
stroke end (refer to Figure 4.10). This indicates that the
temperature-rise resulting from frictional heating is uniformly
distributed over the steel counterfaces. The temperature-rise
values recorded during both tests were less than 10°C. However,
the increase 1in velocity resuTted in a significant increase in
temperature which supports the theory that, as the ve]ocity'
increases, the temperature at the surface increases, resulting in
a higher static friction coefficient and, consequently, a higher
wear rate. ‘

Anderson (1982) reporlted that the mechanical properties of all
polymers decrease as the temperature increases, resulting in an
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increase in the wear rates with temperature. Also, for a given
pressure and friction coefficient, the frictional heat generated
at the interface increases in proportion to the sliding velocity,
as shown by the equation ¢@= Ru Wv where ¢ is the mean surface
temperature, R the thermal conductivity of the counterface, p the
coefficient of friction, W the normal load and v the sliding
velocity. He suggested that because of the poor thermal
conductivity of polymers, the instantaneous temperatures at the
contacting asperities (flash temperatures) can be significantly
above the mean surface temperature. Lancaster (1971) showed that
the flash temperatures are more sensitive to sliding speed than
applied load and are also critically dependant on the conductivity
of tne counterface.

The experimental data shown above suggests that the influence of
sliding velocity on the wear rate can be converted to that of
temperature, i.e., an increase in velocity increases the mean
surface temperature. Consequently, the elastic modulus of the
polymer decreases, resulting in an increase in the true contact
area. There is a greater amount of deformation of the polymer
surface by the asperities of the counterface and the adhesion
contribution to the friction force is also increased by the larger
contact area. The static friction coefficient increases and the
overall effect is an increase in the wear rate.

An extensive scanning electron microscope examination of the worn
surfaces (polymer and steel) was carried out in order to identify
and isolate the various wear mechanisms occurring during
lubricated polymer/metal sliding. Furthermore, SEM also assisted
in explaining the increase in the wear rate resulting from the
increase in sliding ve]ocity; Abrasion was identified as the
primary material removal process operating at the polymer/steel
interface. Wear of the polymer surface generally took the form of
parallel grooves of varying depth, width and spacing, which ran
the length of the specimen in the direction of sliding. Both
microcutting and ploughing/shearing processes, which are the
principal components of abrasive wéar, were observed in one form
or another. However, these wear processes were more severe at the
higher sliding velocity which is consistent with the greater
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Transfer of polymer to the counterface occurred.during both series
of tests. Transfer did not occur as a uniform coherent film but
rather in the form of irregular lumps of material deposited in the
valleys formed by the machining marks. Subsequent sliding over
these deposits caused smearing of polymer 1in the sliding
direction. Figure 6.10 shows the nature of the polymer transfer
from a water Tubricated test. There was no apparent difference in
the transfer characteristics resulting from the tests at the
different velocities.

FIGURE 6.10 : Polymer transfer on the counterface of a specimen
from a 0,25 m.s-1 test in water. The arrow
indicates the sliding direction

It would appear, from the SEM examination, that wear of the couple
occurred mainly by two and three body abrasive mechanisms which
were initiated by the high adhesive forces occurring at the
polymer/steel interface. It is interesting to note that the
decrease in the friction coefficients did not cause a lowering of
the wear rate as sliding progressed. This is because, even though
sliding was being made easier by chain orientation effects and
degradation of the transfer film, the mode of material removal
remained unchanged during steady-state wear.

Velocity Tests Conducted Under 5:95 Lubrication

In order to compare the Tubricating capabilities of a 5:95 o0il/
water emulsion with those of water, two test series, each
comprising three separate runs, were conducted at average sliding
velocities of 0,25 and 0,5 m.s1, respectively. The tests were
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run under identical conditions to those applied during the water
lubricated tests except the counterface roughnesses were slightly
lower. The average roughness of the six specimens was 0,32 t
0,015 micrometers c.1.a. as opposed to the 0,38 * 0,03 micrometers
c.l.a. prepared for the water tests. Also, because of the
extremely Tow wear rates encountered during the 0,25 m.s-1 tests,
the sliding intervals were increased in order that measurable
weight losses could be recorded. Hence, the test was divided into
a sequence of 5, 10, 10 hour intervals. Figures 6.11(a) and (b)
are the cumulative volume Toss versus sliding distance curves of

the tests conducted in 5:95 at the different velocities.

2.3
~
m
) | sSLOPE=E .zi=2a
£ . 1
€ CORR. COEF. . Sg8g4 I—
v o a.4
0 L -7
0 A
a -
_l 2.3 — -I- ///
—.l r l //// -t
g o
3.2 ///
]
> X -7
< g.1 b -
J -~
3 e
> N -
2 )/
U o ! L | 1
2 S 1a 1S 22 25
S. 9
m
M _ 3
¢ SLOPE 2721
E,
£ CORR. COEF. . ggog93
V4.3 - .
0 i e
0 -
D //
4 3.2 -7
> /J}
2.9 -
T -7
> i -
— P
= ///
< 1.9 + =
J A
3 e
v
e
U aalz ! ! L { ! L ! 1 L
jra] S 12 13 20 25 33 35 42 45 52
SLIDING DISTANCE Chmd
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curves of the tests conducted in 5:95 at
0,25 and 0,5 m.s~1, respectively
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The shapes of the curves were similar to those resulting from .the
water tests, i.e., a high initial running-in period was .followed
by a Tinear steady-state wear regime which lasted for the duration
of the test. A similar trend was observed by Mustafaev et al
(1976) during unidirectional sliding of UHMWPE against AISI 316
with mineral oil as the lubricant (applied pressure, 10 N.mm-2;
sliding speed, 0,24 m.sl;  counterface roughness, 0,015
micrometers Ra).

Although the running-in wear rates were high, relative to the
steady-state wear rates, they were considerably lower than the
running-in wear rates recorded during the tests in water. At the
lower speed the running-in wear (after 5 km) was ten times less
than in the corresponding water tests whilst at 0,5 m.s"L it was
four times lower. This suggests that the interfacial contact
processes occurring during sliding under 5:95 are very different
from those in water.

As was observed in the water tests, there was a marked dependence
of the polymer wear rate on the sliding velocity. Increasing the
sliding velocity from 0,25 to 0,5 m.s~1 caused the specific wear
rate to increase from 1,2 x 1078 to 7,2 x 108 mm3.N-l.m-1. This
increase was 1ess than half that resulting from the same velocity
increase during the water tests. Of particular interest, however,
was the dramatic overall reduction in the wear rates, at both
velocities, brought about by the change in the 1ubricating}medium
from water to 5:95. Figure 6.12 summarises the variations in the
specific wear rates with velocity in both lubricants.

The change from water to 5:95 caused a considerable Tlowering of
the wear rates at both velocities although the differencé was
greater at the higher sliding speed. Figure 6.12 also illustrates
the greater sensitivity of the water 1lubricated tests to the
increase in velocity.



- 128 -

A
O WATER c.l.o. SURFACE ROUGHNE SS 0,382 0,03um
®5:95 cla SURFACE ROUGHNESS 0,32:0,015um
5
< 3T |
'
£
v
prad
™
€
€
(T8
—
< 2F
fa 4
o
< a
(S8}
=
e
.
]
(S8}
a 1r
[72]
|
a2
0 1 N !
0 0,25 0,5 0,75

SLIBING VELOCITY (m-s-1ave.)

FIGURE 6.12 :'The effect of velocity on the wear rates of the
' tests conducted in water and 5:95

Since both velocities 1ie 1in the boundary Tlubrication range
hydrodynamic separation effects are unlikely to have occurred and
it is simply the improved boundary lubricating properties of the
emulsion which accounted for the lowering of the wear rates. The
emulsion has a higher viscosity than water, is more easily sheared
and exhibits lower surface tension and wettability. Thus, in the
presence of 5:95 the forming of interfacial adhesive junctions is
prevented and almost the total frictional force is provided by the
deformation or ploughing component as illustrated in Figure 3.22.

Figures 6.13(a) and (b) show the friction coefficients recorded
during the tests in 5:95 at the different velocities.
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FIGURES 6.13(a) & (b) : Friction coefficients recorded during the
0,25 and 0,5 m.s=1l  tests in 5:95,
respectively

Except for the running-in period, where the friction coefficients
(static and kinetic) were marginally higher, the friction
coefficients at both velocities remained constant for the duration
of the tests. This contrasts with the behaviour observed in the
water tests where the friction coefficients decreased with sliding
distance. The low adnesive forces occurring between the polymer
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and the counterface in the presence of 5:95 prevented the
formation of a transfer film. Thus, the equilibrium between the
sliding specimens was not disturbed by modification of the
counterface, resulting in a constant frictional force during
sliding.

Increasing the sliding velocity resulted in a noticeable increase
in the static friction coefficients and, contrary to the behaviour
in the water tests, the increase in speed brought about a slight
increase in the kinetic values. This is illustrated in Figure
6.14(a) and (b) which are characteristic friction force curves
recorded during the 0,25 and 0,5 m.s™1 tests in 5:95. The shapes
of the curves at both velocities were essentially the same as
those recorded during the water tests (refer to Figure 6.3(a) and
(b)) except that the magnitude of the static peaks were noticeably
smaller in 5:95 at both velocities.

FIGURES 6.14(a) & (b) : Friction force curves from the 0,25 and
0,5 m.s™l tests in 5:95

Figure 6.15 compares the static and kinetic friction coefficients
measured in water and 5:95 at the two velocities. The values
plotted were those recorded after 9 km of sliding in each test,
i.e., at the start of steady-state sliding.
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FIGURE 6.15 : The effect of sliding velocity on the static and
kinetic friction coefficients of the tests run 1in
water and 5:95

Figure 6.15 shows that the static coefficients of the water tests
were higher at both velocities.  However, this behaviour was
reversed for the kinetic coefficients where the 5:95 values were
marginally higher. The Tower static coefficients recorded during
the 5:95 tests are due to the absence of an adhesion contribution
to the total friction force, i.e., the static friction force is
provided purely by the deformation of the polymer surface. The
lack of adhesion between the polymer and the'counterface~aspeftfes
means that the polymer can simply "ride over" the counterface
asperities under conditions which might lead to ploughing of an
abrasive groove in water. Thus, the Tlower friction in 5:95 can
also be ascribed to a reduction in the ploughing component of the
friction which is consistent with the lower wear rates observed
during these tests. The higher kinetic friction measured at both
velocities in 5:95 is due, primarily, to the absence of a polymer
transfer film under these conditions. In the water tests the
presence of the film reduced the deformation component of the
friction, leading to a lower kinetic friction coefficient.

One might expect that the absence of adhesion in 5:95 would
eliminate the static peak occurring at the start of each stroke,
resulting in the static and kinetic coefficients being equal in
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magnitude. : The fact that the kinetic coefficients were lower than
the static values can be ascribed to thé 1oweéing of the
deformation term during sliding. This occurs through the effects
of stiffening of the polymer surface, relative to the static
condition, which reduces the real area of contact and,
consequently, the friction force, as illustrated in Figure 3.22.

Figures 6.16(a) and (b) are the temperature values recorded during
the 0,25 and 0,5 m.s~1 tests in 5:95
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FIGURES 6.16(a) & (b) : Surface temperature-rise data recorded in
5:95 at the two velocities
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The temperatures recorded during these tests were similar, at both
ve]ocities; to the temperatures resulting from the tests run under
-water lubrication (refer to Figures 6.4(a) and (b)). Thus, the
emulsion had no apparent effect on the temperature rise at the
interface. The increase 1in velocity did, - however, cause the
temperature values to increase significantly (by approximately
50%). This is consistent with the increase in wear rate which
accompanied the increase in sliding velocity. The higher sliding
velocity causes the mean surface temperature to rise. The elastic
modulus of the polymer decreases, leading to a larger contact
area. The deformation and ploughing components of friction are
increased, the static friction coefficient rises and so too does
the wear rate. The greater number of stop/start cycles at the
higher velocity is also considered to have an effect on the wear
rate.

In summary, the absence of an adhesive' contributibh vto théh
friction process was thought to be responsible for the Tow wear
rates occurring during the 5:95 tests. No transfer film is formed
during sliding and the friction and wear behaviour is determined
soley by deformation and ploughing of the polymer surface by the
asperities of the counterface. The absence of ‘adhesion might also
explain the Tower sensitivity of the friction and wear data to the

increase in siiding velocity.

A scanning e1ec£ron microscope examination of the worn surfaces
revea]ed-that, compared to water, sliding under 5:95 Tubrication
considerably reduced the severity of the wear to. the polymer
surfaces, which 1is in good agreement with the wear rate data
presented above. As in the water tests the - major material removal
process was abrasion by the sharp asperities of the ground
counterface. However, the abrasive grooves were much narrower and
not as deep, as illustrated in Figures 6.17(a) and (b) which are
general views of worn polymer surfaces from tests in 5:95 at 0,25
and 0,5 m.s-1l. The widths of the abrasive grooves ranged from 20
to 50 micrometers whereas abrasive tracks as wide as 200
micrometers were common in the water tests. The most striking
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Thermoplastic polymers exhibit a PV 1imit, where P is the mean pressure
and V the sliding speed. Above this limit, temperature rises are such
that surface melting occurs, resulting in excessive wear andvfrictional
instability. The actual value of the PV 1limit will depend on the
particular test conditions under consideration (Lancaster, (1973)). The
PV 1imit for the above test was approximately 2500 N/mmZ.mm/s which is
considerably higher than the PV 1imit quoted for UHMWPE. Dumbleton and
Shen (1974) found a limiting PV value of 190 N/mm2.mm/s under dry
conditions whilst values of between 100 and 350 were reported by Atkinson
et al (1978).

In order to reduce the degree of melting the applied load was reduced
from 100 to 40 kg, i.e., the pressure at the polymer surface was reduced
from approximately 10 to 4 N.mm~2.  This reduced the PV product to
approximately 1000 N/mmé.mm/s which was, however, still considerably
higher than the recommended PV 1limit of UHMWPE. The average surface

roughness of the five counterfaces was 0,32 t 0,02 micrometers c.l.a.

Figure 6.21 is the cumulative volume loss versus sliding distance curve
for the five dry tests.
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The wear behaviour of the polymer under dny conditions contrasted with
the trends observed during the ‘lubricated tests. During these tests the
running-in wear rate was lower than the steady-state wear rate which
followed, i.e., there was a type of incubation period in the wear
process. However, the magnitude of the volume loss during this period,
which lasted between 5 and 10 km, was more than half that recorded during
the water tests and can, therefore, still be regarded as running-in.

A low initial wear rate was also reported by Mustafaev et al (1976) and
Challen and Dowson (1976) during dry pin on disc tests with UHMWPE
sliding against AISI 316 whilst Anderson and Robbins (1976) reported a
Tow wear rate during the first 10 km for UHMWPE s1iding against dry mild
steel in a thrust bearing configuration. Dowson et al (1976) noted a
similar trend during dry reciprocating sliding of UHMWPE against AISI
431.  An explanation for the low initial wear rate is that, under dry
conditions, transfer of polymer to the counterface occurs unhindered.
The effective roughness of the counterface is reduced, resulting in less
abrasive wear. As the test proceeds the polymer surface is degraded by
the high temperatures occurring at the interface. The surface layers of
the polymer, which are in a semi-molten or viscous state, are easily
sheared from the surface during sliding and, consequently, the wear rate
increases.

The specific wear rate in the steady-state region was 8,9 x 10-7
mm3.N-1.m~1 which is considerably higher than bbth the Tubricated values
recorded at the same velocity (1,2 x 10-8 mm3.N-1.m"1 in 5:95 and 1,7 x
10-7 mm3.N-1.m-1 in water). However, the dry specific wear rate Tlies
within the range of values recorded by other workers (refer to Table
3.2).

Figure 6.22 shows the friction coefficient data of the five dry tests.
Unlike the Tubricated tests, which showed higher coefficients during
running-in, the dry values were slightly lower during the initial stages
of the test which is consistent with the Tow wear rate occurring during
running-in.
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FIGURE 6.22 : The static and kinetic friction coefficients measured
during the dry'tests

Comparison with the 0,25 m.s~1 lubricated tests shows that the presence
of a boundary lubricant considerably reduced both the static and kinetic -
friction coefficients. This is because the adhesion contribution to the
friction force is considerably greater under dry conditions.  1in the
- absence of a lubricant the temperatures occurring at the sliding
interface are extremely high. Melting of the surface occurs, the area of
real contact increases and, consequently, the adhesive forces are high.

During the water tests, the presence of the transfer film caused the
friction coefficients to decrease as the test progressed. During the dry
tests, however, the friction values remained constant throughout the
test. It is possible that the interaction of water with the transfered
film resulted in a continuous reduction in its adhesive properties. No
such degradation occurred in the dry tests and, consequently, the

friction remained constant.

Figure 6.23 is a friction force curve from a dry test.
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FIGURE 6.23 : A friction force curve from a dry test

The smaller static peak is probably because the material in the surface
layers 1is no longer elastic but viscous as a result of the high
temperatures generated at the interface. The surface layers can easily
shear over one another and, consequently, the resistance to sliding is

low.

The temperatures recorded by the subsurface thermocouples were,
predictab]y,b higher than 1in the 1lubricated tests.v Temperatures of
between 50 and 60°C above ambient were recorded during the series as
illustrated in Figure 6.24. This indicates that, during sliding, the
temperatures reached at the contacting asperities may be near to, or even
exceed, the meiting point of the polymer (approximately 120°C).
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FIGURE 6.24 : Surface temperatures recorded during the dry tests
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6.3 THE EFFECT OF COUNTERFACE ROQUGHNESS

6.3.1 Tests in Water

A series of four tests was completed under water lubrication in

. which the steel counterface roughness was varied between 0,1 and

1,0 micrometers c.1l.a.

of
prevailing at the respective roughnesses,

each test,

however,

Each test was run at an average sliding
speed of 0,25 m.s~1 and under a normal load of 100 kg. The length

varied

according to

i.e.,

the
the test was

wear rate

discontinued when the chamfered tip of the polymer pin was worn

away.

Table 6.1 gives
different counterface roughnesses.

the

results of the tests

conducted at the
Appendices Al, 2, 3 and 4 are

the cumulative volume loss versus sliding distance curves of the

four tests.

The reproducibility of the separate tests was very

good, as shown by the high linear correlation coefficients during

steady-state wear.

The curves also show that,

as the roughness

increased, running-in wear became less and less prominent.

TABLE 6.1 : Results of the tests conducted in water -at different
surface roughnesses
TEST|SLIDING NORMAL c.l.a. LUBRICANT{ TEST LINEAR SPECIFIC
' SPEED | LOAD SURFACE DURATION |CORRELATION] -WEAR
(m.s=1)| (kg) | ROUGHNESS (hours) [COEFFICIENT| _RATE
(um) mm3 N-1.m-2
1 0,25 100 0,136 t 0,013} Water 25 0,9941 3,43 x 10-8
2 0,25 100 0,557 £ 0,029 Water 20 0,9910 8,80 x 10-7
3 0,25 100 0,794 £ 0,021 Water 10 0,9999 (3,46 x 10-6
4 0,25 100 1,06 £ 0,031 Water 0,3 - 3,91 x 105

The specific wear rates calculated at each roughness were then
plotted as a function of surface roughness on a 1og-]inear graph

as illustrated in Figure 6.28.

tests completed during the velocity tests

The wear rates calculated from the
in water were also

included (surface roughnesses * 0,38 micrometers c.1.a.).
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FIGURE 6.28 : The effect of counterface roughness on the wear of
UHMWPE in water '

Figure 6.28 shows that, on a log-linear scale, the relationship
between wear rate and counterface roughness was linear over the
range of roughnesses tested. The specific wear rate increased
from 3,4 x 108 mm3.N-l.m-1 at a roughness of 0,136 micrometers
c.l.a. to 3,9 x 1075 mm3.N-1.m-1 at 1,06 micrometers c.l.a., i.e.
three orders of magnitude. The graph can be described by the
following equation :

Specific Wear Rate = 1,096 x 10-8 ¢ 7.67 c.1.a.

A linear relationship between wear rate and roughness was - also
reported by Dowson et al (1984) during reciprocating tests with
UHMWPE sliding against AISI 316 under water lubrication in the
range 0,01 to 1,0 micrometers Ra. The wear rates calculated in
these tests varied from approximately 2 x 10-6 to 4 x 10-5
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mm3.N-1.m-1 in the range 0,1 to 1,0 micrometers Ra. However,
these surfaces were prepared with a random surface texture and the
greater - sensitivity of the wear rates 1in this study to the
increase in surface roughness can be ascribed to the directional
nature of the counterface topography. The fact that similar wear
rates were calculated at the higher roughnesses (11,0 Ra) suggests
that, at these roughnesses, the mechanism of material removal is
independent of the nature of the surface and the wear rate is
determined solely by the size of the asperities.

Figure 6.29 shows the variation in the static and kinetic friction

coefficients with surface roughness. The ‘'values plotted are those .

recorded after 9 km of stiding.
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FIGURE 6.29 : The effect of counterface roughness on the friction

coefficients of the tests run in water. (The value
at 0,38 micrometers c.1l.a. is the mean of 5 tests)

Both coefficients displayed a marked dependance on the roughness
of the counterface although the static values were more
sensitive. The response of the friction coefficients to the
increase in roughness may be considered as being linear over the
range of roughnesses tested. The relationship between cqunterface
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roughness and the static friction coefficient can be described by
an equation of the form :

u=0,180 c.1.a. + 0,183

The surface temperature values also increased more or Tless
Tinearly with roughness as illustrated in Figure 6.30. The values
plotted are those recorded after 9 km of sliding in each test.
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FIGURES 6.30 : Surface temperature as a function. of surface
roughness for the tests in water. (The value at
0,38 micrometers c.l.a. is the mean of 5 tests)

Scanning electron microscopy revealed that there was a transition
in the material removal mechanism as the counterface roughness
increased.  Figures 6.31(a), (b) and (c) show typical surface
topographies of the polymer pins from the 0,136; 0,557 and 0,794
micrometer c.1l.a. tests, respectively.
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of the abrasive grooves increased. However, from a roughness of
approximately 0,4 micrometers <c.l.a. abrasive wear was
complemented by an additional material removal process. This type
of wear was characterised by the appearance on the surface of
straight ridges of material Tlying perpendicular to the sliding
direction as shown in Figure 6.31(b). They were formed by a
chiselling-type of action, similar to that occurring in machine
chatter, of the sharp cutting edges of prominant machining marks.
This type of wear mechanism became more and more prominant as the
roughness increased until, at 0,794 micrometers c.l.a., it was the
primary material removal process as illustrated in Figure 6.31(c).

The transition in the wear mechanism was also observed on the
steel counterfaces. At the Tow roughness value typical 3-body
abrasive wear processes and transfer of polymer to the counterface
was observed, whilst on the rougher surfaces 1large chunks of
polymer were simply scraped from the sliding surface by the sharp
cutting edges of the machining marks. Figures 6.32(a) and (b) are
steel counterfaces from the 0,136 and 0,794 micrometer c.l.a.
tests, respectively.

FIGURES 6.32(a) & (b) : The counterfaces from the 0,136 and 0,794
micrometer <c.l.a. tests, respectively.
The arrow indicates the sliding direction
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6.3.2 Tests in 5:95

The effect of counterface roughness was also investigated during
tests in 5:95. A series of 6 tests were run, under standard
conditions of speed (0,25 m.s"l) and 1load (100 kg), against
counterfaces whose roughness ranged from approximately 0,1 to 0,9
micrometers c.l.a. Table 6.2 gives the results of the six tests
run in 5:95 at the various counterface roughnesses.

TABLE 6.2 : Results of the tests conducted in 5:95 at different
surface roughness

TEST|SLIDING{NORMAL c.l.a. LUBRICANT| TEST LINEAR SPECIFIC
LOAD SURFACE DURATION |{CORRELATION WEAR
(m.S'l) (kg) ROUGHNESS (hours) [COEFFICIENT RATE
(um) ' mm3 . N-1.m-2
1 100 0,188 t 0,029 5:95 25 0,9994 1,24 x 10-8
2 100 0,339 £ 0,010f 5:95 25 0,9971 4,39 x 10'8
3 100 0,414 £ 0,030} 5:95 25 0,9993 2,05 x 10-7
4 100 0,486 t 0,025 5:95 25 0,9990 2,52 x 10-7
5 100 0,734 * 0,038 5:95 20 0,9977 1,04 x 10-6
6 100 0,873 * 0,025 5:95 10 0,9999 4.05 x 10-6

Appendices Bl, 2, 3, 4, 5 and 6 are the cumulative volume loss
versus sliding distance curves of the 6 tests. As was the case in
the water tests, the effect of running-in became less pronounced
as the roughness increased. Fiqure 6.33 shows the variation of
the specific wear rate with surface roughness for the tests in
5:95.

The wear rates of the three separate tests conducted in 5:95 at
0,25 m.s~l during the velocity tests have also been included
(c.1.a. surface roughness - * 0,32 micrometers).
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FIGURE 6.33 : The effect of surface roughness on the wear rates of
the tests run in 5:95

The figure shows that the increase in roughness from 0,188 to
0,873 micrometers c.l.a. caused the wear rate to increase from 1,2
x 1078 to 4,0 x 10-6 mm3.N-l.m-l. However, unlike the water
lubricated tests, where the relationship between wear rate and
roughness was linear (on a log-linear scale) over the entire range
of roughnesses tested, the trend resulting from the tests in 5:95
was more complex.

Below 0,3 micrometers c.l.a. the wear rate was effectively
independant of surface roughness. Between 0,3 and 0,4 micrometers
c.l.a. there was a'rapid transition during which the wear rate
increased by an order of magnitude. Above 0,4 micrometers c.l.a.
there was a linear response of the wear rate to the increase in
roughness, the slope of which was comparable with that resulting
from the water tests. This indicates that, at roughnesses greater
than approximately 0,4 micrometers c.1.a., wear occurs by the same
basic abrasive mechanism which 1is independant of the type of
lubricant.
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At the lower values, i.e., below t 0,3 micrometers c.l.a., the
magnitude of the surface asperities are such that good boundary
~lubricants are able to modify the contact between the surfaces
and, consequently, the wear rate.

Figure 6.34 compares the wear rate versus surface roughness curves
of the tests in water and 5:95. ‘
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FIGURE 6.34 : A comparision of the effect of surface roughness on
the wear rates of the tests run in water and 5:95

The figure shows that the wear rates in 5:95 were lower than those
from the water tests over the whole range of roughnesses,
especially at the lower roughness values.
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As in the water tests, the friction coefficients increased with
roughness, as illustrated in Figure 6.35 which shows the static
‘and kinetic coefficients recorded after 9 km of sliding at each
roughness. The friction values did not show, clearly, the
transition which occurred in the wear rates. Both the static and
kinetic friction coefficients increased more or less linearly with

roughness.
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FIGURE 6.35 : Static and kinetic friction coefficients as a
function of surface roughness in 5:95

Comparison with the friction'data from the water tests showed that
the slopes of the friction versus roughness lines, both static and
kinetic, were similar in the two lubricating media. However, the
static coefficients from the water tests were consistently higher
than the 5:95 values. Figure 6.36 shows scatter bands of the
friction coefficient data from the tests in water and 5:95 at the

different roughnesses.
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FIGURE 6.36 : Scatter bands showing the variation of the friction
coefficients with roughness in water and 5:95

During the tests in 5:95, the surface temperatures increased with
surface roughness. The increase was of the same order as that
occurring under water lubriction, as illustrated in Figure 6.37.
An increase in temperature with roughness was expected because the
number of asperity contacts increases with roughness. There is
more deformation and ploughing, the static friction coefficient
increases and so too does the temperature at the surface.
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FIGURE 6.37 : The effect of surface roughness on the surface
temperatures recorded during the tests in 5:95
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Figure 6.38 is a scatter band showing the general increase in
temperature with roughness during the tests in both Tubricants.
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FIGURE 6.38 : The effect of surface roughness on the -surface
temperatures in water and 5:95

Examination of the worn surfaces in the SEM revealed that a

similar change-over in the wear mechanism occurred under 5:95

lubrication. Figures 6.39(a), (b) and (c) are worn polymer

surfaces from the 0,188; 0,414 and 0,873 micrometers c.l.a. tests,

respectively.
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0,325 t 0,01 micrometers. Figure 6.43 shows tHe cumulative volume
loss versus sliding distance curves for the three tests at the
different loads. .
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FIGURE 6.43 : The effect of load on the wear rate under water

lubrication

As the load increased the volume loss also increased. ~However,

when taking the 1load the
actually decreased as the load increased. the decrease
was very small and the specific wear rate can, be
considered to be independent of 1load within the range of Tloads
tested. Table 6.3 gives the results of the tests run at the three
different loads.

into account, specific wear rates
However,

therefore,

TABLE 6.3 : The results of the tests at different loads
TEST|SLIDING SPEED|c.l.a. SURFACE|NORMAL| LINEAR SPECIFIC
(m.s~1) ROUGHNESS (um)| LOAD |[CORRELATION| WEAR RATE
(kg) {COEFFICIENT|(mm3.N-1.m-1)
1 0,25 0,325 t 0,022 | 50 0,9995 1,62 x 10-7
2 0,25 0,334 t 0,015 | 100 0,9981 1,33 x 10-7
3 0,25 0,320 + 0,036 | 150 0,9998 1,09 x 10-7

Similar behaviour was observed by Dumbleton and Shen (1976) during

tests between UHMWPE and AISI 316
machine.

in a thrust-washer testing
They showed that although the running-in wear increased

with load, the specific wear rate was independant of load in the
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pressure range 4,6 - 9,1 N.mm-2. Evans and Lancaster (1979) and
Anderson (1982) showed that, below a critical load the wear rate
was independant of load. Above this load, thermal softening of
the polymer occurred, leading to a rapid rise in the wear rate.

The change in normal load did, however, have a marked effect on
the friction coefficients as shown in Figure 6.44 which plots the
static and kinetic friction coefficients as a function of normal
load. The values shown were recorded after 9 km of sliding in

each test.
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FIGURE 6.44 : Friction as a function of normal load under water

Tubrication

As the 1load increased the frictional force at the interface
increased. However, the friction coefficients decreased with
load. The static coefficients were more sensitive than the
kinetic values to the change in load, as shown by the more rapid
decrease of the static coefficients. The decrease in friction
with load is due to a non—]ineaf increase in the real area of
contact with load. Moore (1972) showed that, for elastomers, the
area of real contact varied with Toad according to the
relationship A. = K W2/3 where K is an elastic constant. The
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effect of normal load on the surface temperatures was not clear
although there was a general increase in temperature with load as
shown in Figure 6.45.
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FIGURE 6.45 : The effect of load on the temperatures recorded at
the interface during the water tests

Thus, as the Tload increases the area of contact increases,
kesulting'in a higher temperature at the interface. However, the
increase in contact area is not proportional to the Tload,
resulting in a lowering of the friction coefficients and the

-

specific wear rate..

It is clear that more tests at each load are required in order to
establish, more accurately, the effect of load on the friction and

wear performance of the polymer.

6.4.2 Tests in 5:95

The effect of load was also examined during tests in 5:95. Loads
of 75, 100 and 125 kg were applied during these tests. A sliding
speed of 0,25 m.s™] was retained and the average surface roughness
of the three counterfaces was 0,345 + 0,05 micrometers c.1.a.
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Figure 4.46 shows the cumulative volume Tloss versus sliding
distance curves of the three tests. Identical behaviour to that
observed during the water tests resulted, the volume 1loss
increased with load but the specific wear rates were independant

i'oe- ’

of load. Table 6.4 summarises the results of the three tests.
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FIGURE 6.46 : The effect of normal load on the wear rate during

tests in 5:95

TABLE 6.4 : The wear rates resulting from the tests in 5:95 at
different loads
TEST|SLIDING SPEED|c.1.a. SURFACE|NORMAL| LINEAR SPECIFIC
(m.s=1)  |ROUGHNESS (um)| LOAD |CORRELATION| WEAR RATE
| (kg) [COEFFICIENT]|(mm3.N-1.m-1)
1 0,25 0,350 t 0,014 | 75 0,9976 4,58 x 10-8
2 0,25 0,339 t 0,010 | 100 0,9971 4,39 x 10-8
3 0,25 0,346 + 0,019 | 125 0,9989 4,24 x 10-8
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As in the water tests, the 5:95 tests showed a slight decrease in
the specific wear rate as the load increased. It is interesting
to note that the load tests were run on counterfaces with
roughnesses where the wear transition occurred during the
counterface roughness tests in 5:95. The resulting wear rate of
4,35 x 10-8 mm3.N-l.m~1 for the 100 kg tests fits the existing
curve extremely well as illustrated in Figure 6.47 which shows the
wear rates of the tests run under the various loads on the graphs
plotted from the surface roughness tests.
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FIGURE 6.47 : The wear rates of the load tests plotted on the
curves from the tests in water and 5:95 at the
different surface roughnesses
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The friction during these tests followed the trends observed
during the water tests, i.e., the friction coefficients decreased
with increasing load even though the actual friction force was
higher at the larger load. Figure 6.48 shows the effect of load
on the friction coefficients recorded after 9 km of sliding in
each test. This decrease is again ascribed to the non-linear
increase in the real contact area with load.

Both friction coefficients were slightly higher than those
recorded during the water tests and this is probably due to the
higher counterface roughnesses of these tests.
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FIGURE 6.48 : Friction coefficients as a function of load for the
tests in 5:95 '

Figure 6.49 shows the surface temperature rise values recorded
after 9 km of sliding in each test. There was a steady increase
in temperature with load and the tempefatures were similar to
those recorded during the water tests.
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6.5 THE APPLICATION OF THE RESULTS OF THIS STUDY TO THE MINING INDUSTRY

6.5.1 Examination of Worn Polymer Components from Hydraulic Stoping

Machines

Abrasion by quartzite particles was the primary process causing
degradation of polymer sliding components underground. The size
of these particles ranged from a few micrometers up to 1 mm in
diameter and are considered to have originated from two sources.
The ‘majority entered directly from the stoping environment whilst
others were entrained in the hydraulic fluid. The size and
concentration of these particles could possibly be reduced by an
improved design which will limit the entry of particles from the
rockface during drilling/impacting, whilst improved filtering
methods would reduce the occurrence of particles in the fluid.
There are, however, technical problems associated with filtering
of the high-water based fluids but these should be eliminated when a
the transition is made to pure water.
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UHMWPE was seen to act as a "filter" to the abrasive particles by
allowing them to embed in the seal surface, thus limiting the

‘passage of the particles to other parts of the machine. UHMWPE

does, however, become embrittled by the embedding process, leading
to eventual mechanical failure of the seal. '

It is believed that most of the wear occurs at the start of each
reciprocating cycle when the sliding velocities are low, the
friction force is high and the separating effect of the lubricant
is negligible, resulting in boundary contact between the sliding
surfaces. During the firing stroke, however, a hydrodynamic fluid
film forms which reduces the amount of contact and, consequently,
reduces wear.

The examination revealed that, above all else, it was the presence
of abrasive particles at the sliding interface which determines
the service 1life of polymeric seals and bearings in hydraulic
mining machinery. A reduction in the concentration of the
particles by improved design and filtering methods should,
therefore, result in an appreciable increase in the life of these

components.

The question which should be addressed at this stage is, if
through improved design and filtering techniques abrasive

particles are eliminated, what would be the difference between the

wear performance of components running in water and 5:95, and what
would be the maximum permissible counterface roughness. It is,
however, doubtful that abrasive particles will be totally
eliminated from these machines. A reduction in the concentration
of abrasive particles will probably result in a Hecrease in the
specific wear rate but the mode of material removal will be
unchanged. Therefore, a lowering of the counterface roughness
might have 1little effect on the service life of the polymer
components.

The Laboratory Wear Tests

The Tlaboratory tests were conducted without the addition of
abrasives. to the lubricating medium. The sliding wear performance
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of UHMWPE sliding against AISI 431 stainless steel was
investigated during tests conducted under a range of operating
conditions similar to those encountered in the hydraulic stoping
machines. Of particular interest was the effect of changing the
Tubricating medium from a 5:95 emulsion to pure water. The tests
showed that:

(i) The wear rate of UHMWPE was higher in water under all
conditions of sliding, 1i.e. the boundary Tlubricating
properties of water are inferior to those of the emulsion.

It is possible, using the specific wear rates obtained in
this study, to make approximate calculations of the effect of -
counterface roughness on the reduction in thickness of an
UHMWPE seal after 20 hours operation in an impact hammer.
Table 6.5 shows the results and the calculation is presented.
in Appendix C.

TABLE 6.5 : The effect of counterface roughness on the
reduction in thickness of a UHMWPE seal from an
impact hammer operating in water and 5:95 in the
absence of. abrasive particles

c.l.a. SURFACE} WEAR DEPTH {mm)
ROUGHNESS (um) :
WATER 5:95
0,1 0,017 0,006
0,3 0,094 0,024
0,5 0,44 0,14
0,9 6,6 2,8

The table clearly illustrates the effect of counterface
roughness on the wear rate in both media. The results
suggest that, in the absence of abrasive particles, the
counterface roughness should be Tless than approximately:0,5
micrometers c.l.a. if the wear rate is to be maintained
within acceptable Tlimits. In fact, hammers operating on
water might even be required to operate at roughnesses below
0,3 micrometers c.l.a.
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In the presence of abrasive particles a three-body abrasive
mechanism predominates and overrides the effect of
counterface roughness. Under these conditions a good
counterface finish does not improve the wear performance of
the seal and surface roughnesses of 0,5 micrometers c.l.a.,
even -in water, are thought to be sufficient.

. If the presence of the particles could be reduced by improved
design and filtering methods, then by operating at
roughnesses below 0,3 micrometers c.l.a. the operating life
of the seal will be considerably lengthened.

(ii) The 1laboratory tests also showed the importance of the
coefficient of friction on the wear process. The static
friction peak, which occurred at the start of each
réciprocating cycle, was very sensitive to changes in
operating conditions. The static friction coefficients were
significantly higher (approximately 20%) in the water tests
which means that the friction force at the start of each
impact cycle is higher during water lubrication. An increase
in counterface roughness was accompanied by a considerable
increase in the static friction coefficients 1in both
lubricants, i.e., in the range 0,2 to 0,9 micrometers c.l.a.
the static friction coefficients increased from approximately
0,15 to 0,35 which is an increase of more than 130%. This
means that as the surface roughness increases more energy is
dissipated at the interface.

This study has served to provide information which can be used to
minimise the severe abrasive wear of sliding components in
hydraulic mining machinery. The first step in solving this
prob]em'is obviously the elimination of abrasive particles from
the sliding suffaces. If this can be achieved, the service life
of polymer sliding components can be futher- lengthened by
improving the surface finish of the steel counterfaces. Apart
from a slightly higher wear rate in water, there is no fundamental
reason preventing the transition from 5:95 to mine service water
as the hydraulic power medium.
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CHAPTER 7

A SUMMARY OF RESULTS AND CONCLUSIONS

The main objectives of this investigation were:-

i) To determine the wear mechanisms responsible for the degradation of
polymer sliding components in newly developed hydraulic stoping machines.

ii) To develop a laboratory test facility which could be used to determine
the reciprocating sliding wear performance of material couples from
various sliding applications within the mining industry.

iii) To evaluate the reciprocating sliding wear behaviour of UHMWPE against
AISI 431 stainless steel under a range of lubricating and opérating
conditions. ' :

The examination of worn polymer seals and bearings taken from hydrauTic impact
‘hammers and hand held rockdrills operating on 5:95 showed that:

Abrasion by quartzite particles is the primary wear mechanism causing
degradation of the polymeric sliding components underground. The size of "
these particles ranged from a few micrometers up to a few millimeters in size
and are considered to have originated from two sources. Most of the particles
entered the internal workings of the machines directly from the stope face,
whilst smaller particles were entrained in the hydraulic fluid. It is
envisaged that through careful design and improved filtering methods the size
and concentration of these particles could be considerably reduced. '

- A reciprocating sliding wear testing machine, which essentially simulates the
‘action of a polymer seal sliding against a steel piston in a hydraulic
cylinder was successtl]y commissioned. The rig provides the facilities for
measuring the wear rates, friction coefficients and surface temperatures
resulting from the sliding of various couples under a range of operating
conditions. The reproducibility of the three parameters was shown to be
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within acceptable limits. This enabled a detailed study to be carrried out on
the wear of UHMWPE sliding against AISI 431 stainless steel under various
operating conditions. Of particular interest, however, was the effect of
changing the 1lubricating medium from a 5:95 oil/water emulsion to pure tap
water. The laboratory tests showed that:-

1. The wear rate of UHMWPE was higher under water lubrication and the lower
wear rates occurring during the tests in 5:95 can be ascribed to the
smaller contribution of adhesion to the overall wear process. This was
confirmed by the absence of a polymer transfer film on the counterfaces
from the 5:95 tests.

2. The friction coefficients decreased steadily throughout the tests 1in
water whilst they remained constant for the duration of the tests in
5:95. This decrease is thought to be the result of modification of the
transfer film during the tests in water.

3. An increase in the sliding velocity, in the range where boundary
lubrication processes occur, was accompanied by a number of changes at
the sliding interface. '

i) An .increase in sliding velocity caused the surface temperature to
increase. Consequently, the elastic modulus of the polymer
decreased locally at the interface, resulting in an increase in the

real area of contact.

ii)  As a result of the larger contact area the number of asperity
interactions increased, resulting in an increase in the specific
wear rate. However, the increase in wear rate was greater in the
water tests. This is because, in water, both adhesive and abrasive
interactions are affected by the larger contact area, whereas in
5:95, the adhesive component is‘insignificant and the increase in
velocity only affects the deformation component of the wear
process.

iii) The increase in the real area of contact also increased the static
friction coefficients in both lubricating media. The increase was
larger in the water tests and can be ascribed to the absence of an
adhesive contribution to the friction force in 5:95.
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Abrasive wear, in this case by the asperities of the ground counterfaces,
was shown to be the primary material removal mechanism during the
laboratory tests. Both two and three-body mechanisms were identified and
are considered to occur at surface roughnesses below approximately 0,4
micrometers c.l.a. Three-body wear occurs when steel fragments are
detached from the ground counterface by a fatigué process and embed in
the sliding polymer surface. The wear damage was less severe under 5:95
Tubrication as a result of the low adhesive forces which reduced the
probability of forming a third-body at the interface.- In the water tests
the decrease in the friction coefficient with sliding distance was not
accompanied by a decrease in the steady-state wear rate because the mode
of material removal was unaffected by the formation of the transfer film.

Increasing the surface roughness of the steel counterface in the range
0,1 - 1,0 micrometers c.l.a. caused. the wear rate of the polymer to
increase markedly in both Tubricating media.

i) In water the increase in the specific wear rate with surface
roughness was linear on a log-linear scale and followed the
equation:

Specific Wear Rate = 1,096 x 10-8 e (7,67 c.1.a.)

i1} In both media, there was a change in the mode of material -removal
at a surface roughness of approximately 0,4 micrometers c.l.a.
Below this value typical ploughing abrasive mehanisms were 1in
operation. Above this value material was removed by the chiselling
action of prominent asperities.

iii) In 5:95 there was a transition in the specific wear rate between
0,3 and 0,4 micrometers c.1.a. which was thought to be associated
with the change in the mode of material removal. The wear
transition occurred in 5:95 and not in water because the specific'
wear rate of UHMWPE 1in 5:95 at surface roughnesses below
approximately 0,3 micrometers c.l.a. was considerably lower than in
water. The change in the material removal mechanism, therefore,
had a more pronounced effect in 5:95. It was the topography of the
counterface, not the different lubricant, which brought about the
change in the wear mechanism. .
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iv)  An increase in surface roughness also resulted in an increase in
the friction coefficients and surface temperatures. At high
surface roughnesses a greater percentage of the input energy is
dissipated in overcoming the friction force.

VYarying the normal Toad in the range 50 - 150 kg had 1ittle effect on the
respective specific wear rates in each lubricant. An increase in load
did, however, lead to a lowering of the friction coefficients because the
real area of contact does not increase linearly with load.

Tests conducted under dry conditions showed that the wear is dominated by
the high surface temperatures reached during sliding. The specific wear -
rate calculated for these tests was higher fhan for both of the
Tubricated tests. Wear occurred by the shearing or extrusion of the
molten surface layers.
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CHAPTER 8

RECOMMENDATIONS FOR FUTURE WORK

It was not possible, during the course of this study, to cover all aspects of
the sliding wear behaviour of UHMWPE against steel. The work covered must,
therefore, be seen as a contribution to an ongoing research programme. Apart
from providing important empirical data which can be applied in the mining
industry, the project also served to improve our understanding of the basic
wear mechanisms occurring during polymer/metal sliding.

Future research on sliding wear should, therefore, include work which can be
translated into practial terms by mining engineers as well as work of a more
fundamental or academic nature. S

Laboratory wear tests conducted in the presence of abrasive particles would
improve our understanding of the three-body wear mechanisms causing
accelerated dégradation of components in sliding systems. They would also
- provide a better simulation of the actual conditions prevailing .in the
hydraulic mining machines.

Tests between UHMWPE and steel with and without abrasives, should be conducted
over a wider range of sliding speeds and normal loads in order that trends in
the friction and wear data can be determined. It 1is important that
reproducibility of the results is attained, at each value. These trends could
then be extrapolated to the real situation where they could be of use to
engineers. The tests would also improve our understanding of the change in
wear mechanisms accompanying the- change in speed or load.

Tests should be run to longer sliding distances in order to monitor any
transitions in the friction and wear data as a result of a change in the wear
mechanism at the sliding interface.

The effect of sliding against a counterface which had been run-in prior to
testing. should also be investigated. Similar effects are likely to occur when
a seal or piston is replaced during underground operation of the mining

machines.
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A detailed study of the mode of formation and characteristics of the polymer
transfer film would provide a more complete explanation of the wear mechanisms
occurring in polymer/metal sliding.

A comparison of the wear processes occurring under dry and Tubricated
conditions could be carried out by cooling the dry steel specimen to within
the range of temperatures generated under lubricated sliding.

Simple tests, in which a loaded conical findenter is drawn across the polymer
in the presence of the two Tubricants will provide insight into the nature of
the asperity interactions occurring in the respective Tlubricants.

Since a 1éboratory test rig has already been established, the wear performance
of other prospective seal and bearing materials could also be investigated and
a ranking table established.

The excellent wear resistance, corrosion resistancé and high étrength to
weight ratio makes ceramic materials an attractive alternative for sliding
components in hydraulic mining machinery. Not much Titerature is currently
available on this subject and further research should be directed in this
field.
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APPENDIX C

Calculation of the wear depth of an UHMWPE seal in a hydraulic impact hammer
operating continuously for 20 hours under lubricated conditions with no

abrasive particles.

_ Assume 50% boundary contact.

Number of blows per hour = 18 000
Stroke of hammer per blow = 170 x 103 m
Pressure = 18 N.mm-2

Thus, the distance of actual contact in 20 hours is:
0,5 x 20 x 18 000 x 170 x 10-3 = 30 600 m

Hence :

“Wear depth = Specific wear rate x Pressure x Distance
(mm3.N-l.m-1)  x (Nonm=2) x  (m)

i

"

(mm)

7 JUL 1986





