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SUMMARY

Non=- linear friction behaviour between cast iron slideways has
been studied with particular reference to low sliding speeds, (0 - 5 cm/s).
The reduction in friction force with increasing velocity gives rise to
oscillatory motion in the form of 'stick-slip' or quasi-harmonic motion.
A complete friction system has been analysed and an attempt has been made

to describe it in terms of mathematical equations,

This has led to the simulation of such a system using the Analogue
Computer. Results have been obtained and made comparable with those
recorded experimentally by the adjustment of system variables, These are
not always easy to determine within the physical system,

Mathematical expressions concerning surface topography, surface
penetration and separation, lubricant and rheological effects have been
set up. These have led to a method of determining slideway behaviour from
the shape of the steady state friction characteristic. Further, it has been
possible to formulate an expression for the critical velocity above which
oscillatory motion ceases, The system dynamics is also analysed, using

the Describing Munction approach.

Wherever possible mathematical models have been tested against
known experimental data and pertinent theories, to strengthen and support
the relationships between the friction variables and slideway oscillatory

motion,.

In order to achieve the final results a control systems appreoach has
been adopted as it provides a basic philosophy by which the many
disciplines involved can be linked together.

It has been borne in mind, throughout this work, that although some
of the mathematical expressions are complex the purpose of the
investigation has been to provide data, in acceptable terms, useful to the
design engineer faced with friction problems on machine tool slideways.
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NOMENCLATURE *

contact area between two crossed ridges
contact area for asperity range

apparent contact area

leading contact area
- leading contact area at some sliding velocity
Ev/Eo in the dry condition; — Pw___  in lubricated condition
' (Pw-P. )

reciprocal of real part of rationalised equation for X (dry case)
complex part of rationalised equation for<X (dry case)

force due to viscous friction

asperity ridge base width

cross angle of asperity ridges

B.h , an asperity width
Z

v(E) - out of phase component of Describing Function

Ce -
Cn -
Cv -~
BE -
Eo -
Ev -
ESine
e _
P -
Fs -
Fv -
f -
G -
G(s)

normal surface damping coefficient per cm2
gradient of s0lid friction characteristic

correction factor

Modulus of Elasticity

Modulus of Elasticity at zero velocity
Modulus of Elasticity at some sliding velocity
~ Describing Function input signal

amplitude of positional error signal

Friction force

Static friction force

Friction force at some sliding velocity
linear viscous damping coefficient

Shear modulus
- Linear system Transfer Function expressed in Laplace

~ In phase component of Deseribing Function

0il film thickness between two solid surfaces
minimum equivalent oil film thickness between two surfaces at rest
total surface penetration at rest

total penetration at some velocity

¥ Units are normally designated within the text



hqg - normal velocity related to hy

Hﬁv -~ normal velocity related to hgy

hf -~ a normal displacement between contacting surfaces (--E%%
xm

hf(max) - Sino

he - equivalent film thickness over apparent contact area

hs - surface separation from rest condition

ho - o0il film thickness
h = normal movement betyeen surfaces

K - System drive stiffness
\J
Ka -~ normal stiffness term for asperity junction G%%i

Kq = coefficient related to changes in Ac with hg

Ke ~ normal surface stiffness per cml

Kev - normal surface stiffness per cmz, at some sliding velocity
Kf - coefficient related to fluid friction equation
Kie = surface coefficient
Ko - oil film coefficient
Kp - coefficient related to fluid pressure equation
Ks - C€Xp - constant for fluid pressure equation
Kr - K. = Ka
2

ko = o0il film coefficient

L - characteristic length of contact area in direction of sliding

€ -~ distance between centres of asperity ranges

M - system sliding mass

-~ hydrodynamic variable

N - Non-linear friction term at zero sliding condition
Ne¢ - number of contact areas established between two asperity ranges
Ne - Describing Function term for a non-linear element

n - anmplitude of solid friction sinusoid

Pa -~ average pressure over contact area :

P. - Fluid pressure generated in hydrodynamic condition - per cm2
PoL - "Yield pressure" of oil film

Pm - Yield pressure of metal

Pw - Average pressure (equal to Wr ) for an asperity range occupying
one square centimetre



Px

SoL
Ss

Te

Ua
Um

Ve

Veu
Vm

Ve

Vo
Vr

Maximum pressure agcting on contact area

Shear strength of o0il film
shear strength of metallic junction

Time constant

Time constant related to simulation work

Time constant of simple Voigt model

"dynamic viscosity" coefficient of surface asperities, per em?

a "dynamic viscosity" coefficient

sliding velocity

critical velocity

velocity at which minimum solid friction level is reached
sliding velocity to cause minimum friction

amplitude of velocity oscillation

bias voltage (Analogue simulation)

input voltage " "

output voltage " "

scaled voltage for Fs "

S1liding load
Load on an asperity range

input displacement to friction system

input velocity

output displacement

output velocity

output acceleration

movement between contacting surfaces, tangential to friction plane

maximum movement between contacting surfaces, tangential to friction
plane

Asperity ridge height

Phase angle related to Describing Function

Linear system damping ratio

0il dynamic viscosity _

angle between plane of contact area and horizontal friction plane
angular quantity related to Describing Function equations
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Mk
Mo
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xi

coefficient of friction

static coefficient of friction

kinetic coefficient of friction - due to metallic contact
kinetic coefficient of friction - due to lubricant film
kinetic coefficient of friction for lubricated surfaces

Poissons Ratio

0il density
linear system phasé angle

frequency
undamped natural frequency

damped natural frequency
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T . CHAPTER 1
INTRODUCTION

Over the centuries man has inevitably been concerned with the
_ natural phenomenon of friction, Although there would be problems if
*;P it were not universally present, the greater part of man's interest has
..been with reducing its effect. However, it was not until the time of
"'Lednardo da Vinei (1)} (1452-1515), that some physical relationships were
pr0pounded through his experimental work. Since then the basic laws of

:1vi friction have been established and used by many researchers and

: epgineere up: to the present day.

R
i

These basic laws represent a justified concensus of opinion

’""Q:ielating the force required to move one body over the surface of
.- 7 another, to the weight of the moving body and the coefficient of frictions

F-).ﬂ-!
As man has advanced technologically and our study.of engineering

-3.‘pfcblema has become more intense, the pursuance of information regarding

\_.f' friction phenomena has grown rapidly. Today these activities are
2 grouped under the general heading of Tribology. Experimentation in this
!_' .field increased our understanding of the role friction plays within the
jq; sphere of engineering, but it can be stated that the Basic Laws still
“maintain their validity. The area covered by tribology is vast, and
' several empirical relationships and theories have been put forward for
) many aspects and conditions required through technological demand.

3 This thesis has its own particular reference within the ,
' ;;engineering context, namely machine tool slideways. A study is made of

" the non-linear friction behaviour which occurs when a body slides over

rf?;fahbther at slow speeds. This phenomenon has commonly been given the
‘GiV;descriptive title of "stick-slip". Although occurring in many areas
", associated with tribology, stick-slip is most pertinent to machine tool

3&; slidevays as it is well known that it does affect the static and
dynamio behaviour of the machine tool. " S ‘

*Please see the bibliography '




In order to study and hence analyse non-linear friction

‘;_:behaviour a basic philosophy of approach is required, and in this case
v“ a Control Theory approach has been adopted to formulate a describable
i+ : modeles (This philosophy is detailed in chapter 3). It is suffiocient

_r‘“to state here that the philosophy is one in which the observed and some
/. unobserved phenomena that occur are related to the physical nature of

. Sall the parts of the whole. All theelements together comprise the

~?--fﬂfafen:em. The control theory concept is mathematically based thus

‘:‘*fdemanding that all constituent parts-of a system have a mathematical
-, deseription related to their physical nature,

To enable successful analysis to be completed, especially for

.. complex systems, the computer is utilised. In this thesis & great deal

.2 of use was made of the Analogue computer to simulate the interaction
..' between elements of a machine tool drive system and the effects which
*, contribute to stick-slip phenomena..

«

It is hoped that the simulation together with other observed

;:'experimental data will enable a mathematical description of non-linear

'.'behaviour to be formulated, which relates to the actual physical variables

. " in such a system.

o One of the difficulties in using this philosophy is that
~ empirical relationships must be replaced by actual physical relationships
'and it is expected that this work will produce an insight, if not a direot

2;:ftr3959081tion, for some of the system variables.

L Finally, it must be stressed that the engineer relies heavily

'f on the use of simple formulae whose variables are easily observed and

‘::quantified. ;Complex equations will not easily help to solve the day to
.. day problems the engineer faces in his work. Any mathematical relation-

: ‘.;ships with regard to stick-slip, its prediction and reduction or

.f elimination will be simplified where possible and the phenomena expressed

: ;‘in physical terms easily understood by the engineer in industry. 1In this

; -context the observations made by Leonardo da Vinci and others 1oading to
~ ‘the basic laws of friction are surely an exampla to follow,

Lo

o e =




CHAPTER 2
LITERATURE SURVEY

. 2.1) INTRODUCTION
" This survey has been conducted to examine and bring together the
ideas and theories of many researchers. In general, the investigations
v into friction phenomena have been carried out using experimental

i}f apparatus and it is most important to appreciate the results in their
;jf proper context in order to provide some basie ground rules. Although
_: the results are most useful there is no implication that the related
.*  theories and empirical formulae can be used per se.

It is hoped to show that, although friction experiments were

" carried out under many varying conditions, e.g. size of experimental

:Q test rig, some of the recorded data and observations are common, This

;”f'means that it is possible to establish a basis on which this thesis is

L built,

_ A comprehensive survey is required into friction phenomena in
. -order to uncover as many facts am possible, bearing in mind that some of
these will ultimately be used to resolve the problems of non-linear

Y- friction behaviour between cast iron slideways travelling at slow speeds,

" It should be stressed that, although this work is a study of particular

'.lfriction behaviour. there is a very important relationship between friction

'mwwmmﬁmmh&

“+'and wear, and where one ocecurs so will the other. The relationship between .
@j‘them is complex and has not been overlooked, although the wear phenomenon
'ffjia mentioned only briefly thréughout the thesis,

L This survey has been set out in four parts to show the chrono- ‘
3flogioal progression of work in the friction field and to avoid complioatod ’

e 2.2) HISTORICAL REVIEI ON THE NATURE OF SLIDING FRICTION

o Since atudies began there has been a continual growth in
".~investigations into friction. Fig. 2,1 illustrates this point and the

i curve is based upon the literature reviewed by the authors It is felt that
- the same curve would also indicate the changes in educational progress and
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ffimore important;j the growth of science and technology through developing
. instrumentation, Unfortunately this has led to the discovery of more

ff'broblems to solve.

- The “"father of friction", Leonardo da Vinci (1) was the first
‘;'experimenter to study and document his work about the forces required to
", slide one body over another. He noted that the force required was

- proportional to the weight of the sliding member and independent of the

;:Icontact area., By using a block resting on a platform, he found that by
,}'changing the inclination of the platform until the block moved smoothly,
. the angular displacement was constant, By smoothing the contact surfaces
;A‘thia angle was reduced. Although he did state that the force required to
'_'hova a sliding block was equal to one quarter of its weight, there
ff;appears to be no application of his findings.

- It was not until C.Amontons (1) (1699), attempted to analyse the
'J problems of friction, and tried to relate them to solving difficulties
;:ﬁwith machines of the time, that any serious attention was taken, He was
T'unawaré of the work of Leonardo da Vinci but did come to the same

.. conclusions, These being that the friction force was independent of the
" contact area but proportional to load and that friction force was one

f third of the load weight.‘ He did intimate that he thought the friction
i:force may be dependent upon the velocity of movement,

i - - The significance-of resting a bloék on an inclined platform, and
; changing the angle until the block started to move, was rediscovered by

“" Ao Parent (1) (1704), and called the angle of repose.. This work was

. elaborated upon by L. Euler (1) (1748), who stated for the first time that
- the force of static friction:is greater than that of kinetic friotion and

{Tgave an equation for each in terms of the angle of repose.

, In 1785 CohoCoulomb (1) (2) conducted similar experiments and
lt;ftained the same results, but added that the force of kinetic friction
"waauindependeﬁt of velocity. His experimental apparatus did not show this
“to be true as the friction force did vary slightly but he came to this
_1oonoluaion by taking an average friction value, He proposed that friction

*
L]



_force was due to the meshing of asperities and inferred that smooth surfaces
~ produced less friction force. At the same time S.Vince (1) came to a
similar conclusion in that friction force would be proportional to load if
?he roughness of the sliding surfaces was the predominant feature, He and

- Coulomb argued that if molecular attraction was the principal cause of

- friction then the force should be proportional to the area of the contact

- surfaces, (This is apparent area).

The experimental work of Coulomb was criticised by A.Morin (1) in
1831, His work on friction was extensive, covering a period of four years,
 He took great care when operating his equipment and recording data,and
" confirmed the "basic" laws of friction; stating that the kinetic friction
.was definitely. independent.of sliding velocity...The friction data he
" collected has been the only source quoted in the Handbook of Chemistry and

h Physics up to as late as 1954 (3).

. Nearly all of the friction studies that have been mentioned were

" carried out using unlubricated surfaces, but it was Hirn (2) in 1854 who

- first distinguished between lubricated and unlubricated surfaces, observing
that the effect of velocity, surface area and lo8d differed in both cases,
_ It can be stated that up to this time few precautions were taken by any of
‘these experimenters to obtain "clean" and reproducable surfaces.

The main theory for the generation of friction was the interlocking
_:of surface asperities, This argument wascounteracted by a molecular theory
_'of friction proposed by Ewin (1892), G.A.Tomlinson (1929) and Derjaguin,

(1934), (4) (5).

. The paper by Tomlinson (6) although speculative did highlight some
_'ideaa which are still considered to-day. Although the friction was due to
'the reaction of molecular forces, following molecular displacements, he
T’Buggested relating the coefficient of friction to the material elastic
constants and the bulk properties of the materials. ‘ '

| pom 1,07 x 104, (A1 + Ap) 5 : = L2
.where Ay and A2 are constants for each material,
and. A= 3E =46 : - 2,2

G(3E + @)



_ These researches indicated that there was a movement away from
P?dving the empirical "laws" .to the understanding of the mechanism of

' friction of sliding bodies, This changing situation produced a paper by

. Bowden and Leben (7) in 1939 which stated that the 'classic laws' were a

"~ ecrude approximation. The major part of their work was conducted with
lunlubricated surfaces using various combinations of metallic sliding pairs.

it was noted that friction was greatly affected by surface conté.mination

- such as oxide films, molecular absorption of gases and water vapour at the

‘-sliding surfaces. They suggested that the contact poinits of the surface

. asperities produced local welding and the formation of metallic junctions;

' the breaking away of these junctions caused the friction. This :implied

" that the actual area in contact was much smaller than the appareant area.

'The relative movement produced surface scratches which indicated some damage

~and surface wear. More importantly they demonstrated that when the sliding

18 at low velocities (e.g. 0.06 mm/s) jerking motion took place and stated

. "the sliding process is not a continuous one, the motion proceeds in jerks -

.'the metallic surfaces 'stick' together until as a result of gradual

increasing force there is a sudden break with a consequent very rapid slip"”.

~ It was noted that even with a lubricant such as mineral oil "stick-slip"

- could still occur under boundary lubrication conditions and they related the

magnitude of the slip to the melting point of the material which was slid
over a stesl plate, It was also concluded that the friction effect was not

‘confined to the surface but extended well below and was dependent on the

~bulk properties of the solids in contact.

The phenomenon of "stick-slip" was first mentioned in a paper by

' Kaidanvosky and Haykin (8) (9) in 1933 who pointed out that jerky motion was
‘due to 'relaxation oscillations' and that the friction characteristic should

be non-linear, containing a falling section at low velocities before rising

'again from a minimum value., The sliding system will be unstable and

-oscillafions will occur until the friction minimum is reached and the friction

Tgharacteristic takes on a positive gradient.

o - Blok (5) commented~in a 1940 paper that he found that stick-slip could
_be obviated by careful consideration to the rigidity of the driving
jﬁechanism and the damping and intertia of the moving parte.



In 1942 Schnurman and Warlow-Davies (9) presented a paper on the
'electrostatic component of friction', describing again the stick-slip process
.related to the steady-state friction/velocity curve, Their interpretation of
this process is different from that of Bowden and Leben (7) in that they suggest
that local welding does not take place, as the temperature rise at the junction
is likely to be small, surface damage could be negligible and the jerky motion
was due to the characteristics of sliding and not to scoring. Thus, when the
conditiBnS are such that the electrostatic component of the force of sliding
motion is appreciable and varies as sliding proceeds, jerky motion will arise,
They also deduced that the limiting value of static friction was reached by
elastic asperity deformation, together with a slight actual displacement at the

contact area of the two bodies.

This non-linear motion wasagain studied by Sampson, Morgan, Musket and
Reed, (10}, (1943), with unlubricated surfaces. For the first time they do

describe part of the sliding motion mathematically, with due regard to the

_mechanics of their equipment. They also confirmed that the bulk properties of

the material are of primary importance and that the frictional mechanism
It was found to be difficult to obtain reproducable
With

involves plastioc deformation.
- results due to a number of individual factors, e.g. surface contamination,
the mathematical model they calculated the slip distance against time and produced
. a friction coefficient/velocity curve. The analysis shows friction behaviour.
during 'slip' and that dependence on velocity is not simple and reversible. In
general friction is less at the end of a slip than at the beginning. They assume
for calculation that the friction force drops rapidly from static to a constant
kinetic friction force as slip commences, When the slider comes to rest there is
a graduAI build-up of friction force during 'stick's This depends upon the
'cond;fion of the surface, the mechanical properties of the surface material and

" the pfeﬁious history of sliding motion on the surface., They conclude that high. -
friction at the beginning of sliding means that shearing takes place as well as

Ploughing of the surface asperities. Kinetic friction due to sliding is mainly

due to the ploughing component. The kinetic value does not return to its static

value unless the surfaces remain at rest long enough for new adhesive Jjunctions
to be formed. Therefore they were intimating that the coefficient of static

' friction is time dependent.

During the time period covered by this section of the review, the study
of friction can be broken down into two main parts, It is suggested that the
first part, covering a period up to the Industrial Revolution, led experimenters

L]



to relate empirically the force of friction to basic known parameters (e.g.
weight of slider, surface roughness), The validity of the equation,

. F= W - 3.2
Ils still maintained to-day and is one of the classical laws.

The second part is concerned with developments since the Industrial
' Revolution when it became quite obvious that a study of friction between
, sliding metal surfaces was of utmost importance., Experiemental equipment
became quite sophisticated and, as there was some knowledge with regard to the
prnpertles of metals, studies began to try to obtain an understanding of the

- nature of sliding friction, This led to the proposal of several friction models -

"which would obey the classic friction laws. Some of the earlier model concepts
have been rejected and the 'laws' are being questioned., The remaining friction
models are concerned basically with the mechanical properties of the surface

and the bulk properties of the material. Much of the fundamental friction work

since 1945 has been connected with the properties of materials under various

. physical conditions. This has meant that most of the work has been carried out

by physicists and chemists and because of the lack of communications the
. engineers, ‘concerned with technological problems, have had to rely heavily on

the basic laws,

: 2,3) RECENT CONCEPTS OF THE NATURE OF SLIDING FRICTION
It is probably time to say that the foundations of modern experimental
and theoretical work :were laid by F.P.Bowden and D,Tabor (2) with the
: publication of their book "The friction and lubrication of solids" in 1950 ,
. It has influenced many researchers and is often quoted as a reference work,
 even to-day. They have attempted to explain and maintain the 'classic!
‘friction laws by logically developed arguments based upon the chemical and
- physical nature of the contacting surfaces,

‘The drw'friction force was a product of two effects, one due to the

. shearing of the metallic junctions and the other to the ploughing of grooves

.on the surface of the material., In this way it was possible to obtain an

" approximate expression for the friction in terms of the bulk properties of
:the metals, Thus,
L . F =_AS8 + @eDe. , =442
'~ where A - actual contact area on sliding plane

| Ss -~ shear stress of these metallic junctions

a - contact area normal to sliding plane, the ploughing area
of submerged asperities

p ~ mean pressure to displace the metal, acting on area(a)



. Teste indicated that the termSs was of the same order of magnitude
as the shear stress of the softer material of the sliding pair and thét(p)was
_Qf the same order of magnitude as the yield pressure of the same material, If
the force due to the ploughing term was small and could be neglected, with
small'load pressures, the area of contact could be expressed as
s W '
o S S - = 202
where Pm - yield pressure of softer material
Thus
F ::A.SS::WSS - 6.2

o Pm.
and it was established that the friction force was proportional to the load W,

but the coefficient of friction virtually independent of the load since from
' ‘eq’nc 6 2

P o= Ss | | 3
Pm 7.2

They go on to point out that the relationship betweenSs and Pm can
become very complex, especially with the ability of the metal to work-harden.
'There will be an increase in the static friction force when a tangential force
~ is applied due to an increase in the contact area as a result of some

deformation.

If the contacting areas are contaminated with a surface film such

as oxide or lubricant, the frictional force can be expressed as
F = A,( 351 + (1 -oc).Sse)_ - 8,2
-Iwhere o< is the fraction of contact area which is truly metallic having a
shear strengthSSl and A (1 =) is the remaining area of contact, where the
. adhesion will be weaker, thus producing an ‘average shear atrength5h2 for the
' contaminated film, As the variables Ssand Pm change so will the friction force,
'_ which gives an explanation for the difference between the static and kinetio
- friction forces.
If the static force is greater than the kinetic then during sliding

The tests carried out were atslow sliding
Their

- motion 'stick-slip' can occur.
speeds in order to maintain a temperature independence for Ssand Pm.
. results show that the change in friction force during 'slip! reduced as the

éliding speed increased and that the 'slip' time was equal 1o W}h& vwhere W
was the natural frequency (Rad/s) of the drive system. The 'stick' time and
' hence the static friction force was reduced as the sliding speed increased,

_thus intimating a relationship between the static friotion force and time at

‘rest (or time of 'stick'). . .



They maintain that when the 'static' and kinetic forces become equal
intermittent motion ceases. The 'stick-slip' phenomenon was also used to
--demonstrate the effectiveness of lubricant films and they suggested that
lubricants containing.fatty acids are much more likely to provide smooth
sliding than lubricants containing only paraffins or alcohols.

, The friction theories mentioned above cover only a part of their
total experimental work, but it was apparent to friction researchers that two
features needed further investigation. These were related to establishing a

' measure of the area of intimate contact between metal surfaces, and the time

".dependence of static friction.

‘ Ernst -and Merchant (5) proposed that under dry, sliding conditions
~ the friction force was the resultant of the force necessary to shear the
metallic junctions (Fs) and the force necessary to 1ift the asperities of
: one surface over the asperities of the other (Fa)e Thus,

; gy F=F3+FB. . ’ "802
':andj. '
. oot }iu_F_‘Elq-'E _9.2
W ;
= St + Fa
w W
M = S5 + Ia ‘ - 10,2
Pm W

_ The term Fa/w was expressed in the form of the mean asperity angle
between its slide and base ( ©) in the direction of motion, thus

= Ss+ Tan® - 11,2
Pm

This equation introduces a new term based upon a desoription of the
surface asperities contained on the sliding surfaces.
. The work of Ee.Rabinowicz (11) (12) (13) enabled him to develop two
theories, one knowm as the critical distance concept and the other being the
surface energy criterion.
‘ His experiments related to static and kinetic friction indicated that
the static friction force between two dry metal surfaces was maintained for a
| certain sliding distance before falling to a kinetic level. He developed a

friction / displacement curve and considered that the size of the metallic
‘junctions could be estimated from this curve by examining the distance at

e, = . R -

10
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which the actual friction first became equal to the kinetic force. This

‘displacement was termed the critical distance., Using the 'stick-slip®
_i technique he measured the 'static' friction force level and the time of
"'stick' to produce a static friction/time curve, for various metal pairs.
This plot enabled him to determine the amplitude of the friction force for

various drive stiffnesses and input velocities, These correlated very well

- with experimental data and this interesting relationship is shown in
Fig 2.2 from information taken from his paper (12) . It was argued that

- oscillatory motion would cease when the displacement amplitude was

equivalent to the critical distance, Thus by increasing the drive stiffness

the friction force amplitudes decreased in magnitude and oscillations

. tgrminated at a lower sliding velocity.

He also suggested that as the kinetic friction varies with sliding
speed it was possible to find a relationship between the static friction/
time curve and the kinetic friction/velocity curve. If the static force

‘after a certain time was known then, by dividing the critical distance by

. this time to produce a 'velocity' term, the static force is the kinetic

‘ forée at that 'velocity'. This technique for producing the friction/

‘velocity curve was shown to compare reasonably well with his experimental

results,

The general behaviour of two sliding surfaces is influenced by the
- surface energy (W) and Rabinowicz states that expressions for friction and
:wear.phenomena are related to the function (W/p), where p is the hardness of
thé'sof%er material, He suggests that the diameter of wear particles_(d),
for most metals, is related to the function,

d > 60,000 W cm
P

,"whexje_: Wand p have c. gs so units,

It is intimated that as two surfaces are rubbed together there will

'he a steady state interfacial condition for wear rate, debris size and
surface finish, all of which are related to the ratio (W/p), eapeciEIIY when

1ight loads are applied.

In 1957 the Conference on Lubrication and Wear (14) was held in

As far as friction was concerned, very little progress had been made

‘ Lor.idq'n.
It was shown

since the ideas and concepts of Bowden and Tabor (2) in 1950.
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" that the effect of lubricants did modify the friction conditions by
‘weakening some of the parameters established for the dry friction conditions.

~ This point was illustrated by K.L.Johnson (15) who stated that the presence
; of a lubricant on a metal surface did not affect the deformation process for
- tangential forces less than those required to cause surface slip. The
lubricant weakened the surface interaction so that the maximum static friction

- force was lowered.

S In his conference review Bowden (14) stated that it was generally
"accepted that an appreciable part of the resistance to sliding may be due to
- the plastic deformation of the asperities, even under lubricated conditions.
'IThe shearing of the asperities gave rise to wear and consequent surface.

" debris,

_ It was pointed out by Kraghelskii (16) that the 'classic' friction

-~ laws were valid when the surface contact was in a plastic condition. His
. equation for the dry friction force ;wﬁs given by a 'binomial' form,

Fm oha +AW - 12,2

) - where ot and B are coefficients for a particular metal pair. Under
+"- conditions of ideal plasticity
Am =i | S 132
‘o o U'- o-s
where G's is theyield stress and ur is a factor dependent upon the boundary

- conditions of the contact thus,

E a).l = ol +ﬁ_ -14.2
W ' v.0s

and pu is a constant.

During the discussion.related to the friction papers (Session 3),

Archard (17) stated that in a practical situation the rubbed surfaces involved

" much elastic deformation of the asperities, without wear. He suggested that

ari asperity may be deformed plastically at its first encounter with the other

y surface but it would relax elastically and at subsequent encounters bear the

' same load without plastic flow. This point indicated an elastio—plast‘ic-

. réé:l.me at the sliding surfaces, and although for a single contact the area
#involved was not proportional to the load, for multiple contacis his



.. with increased relative sliding speed,
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~ surface model (18) suggested that the contact area became very nearly
proportional to the load,

Most of the conference papers described experimental work which in

.essence substantiated many of the .préviously published ideas. One of the

few analytical papers presented by Derjaguin, Tolstoi and Push (19)
~ concerned a theory of stick-slip related to sliding solids, This was the

~ first comprehensive study and attempted to take into account some of the

modern, experimentally derived, concepts, The equation of motion of the

- slider on a uniformly driven platform was,

_ Mxo+fxo+Kxo+Fs-n(xo-xi)=0 - 15.2

' -'where n is a coefficient descnbmg the rate of decrease of friction force
. It was considered that a linear
‘- relationship between friction force and velocity was in order, so that the
- equation could be simplified and the friction at any velocity was given by

F= Fs - n (%o - Xi) - 16,2

The equation of motion above only applied to the slip portion of the
stick-slip condition and the solution of the equation enabled the slip time
'a.nd the maximum slider velocity to be ca.lcﬁla.ted. It was decided to
'’ consider the initial conditions at the instant that slip occured and in
particular that there would be an instantaneous change of friction force
. AF giving rise to an instantaneous change in acceleration from zero to

- AF/M. The solution is similar to that for the standard second order linear
ﬂ.yE!jl;em (20) but daid introduce a negative damping coefficient ¢ where

- AF o
:and thus )
> ' = 1= e'.-SU‘!: I(Cosm + 5= $ Sinut) - 18.2
X4 2
N 1-4

| Wﬁé_.!":e Ve velocity difference between the two surfaces
BN 5)

k'. 5 = g
e V1-4°¢
° o 'JK/M '\/l”gz

g - (f = n) = an equivalent linear damping ratio

e 2. w




. finish when V was zero.

14

Further analysis indicated that if 5 was small the critical velocity
_(VC_) was given by the equation,
Ve = AP - 19'2

v 4. 5. k.

The velocity profile could be plotted during slip and the time .

interval for slip was governed by the boundary condition at start and
The velocity wave form was sinusoidal and changed

with increasing input velocity. A condition was possible where the term

7 V'would be constant (V = 0) and equal to %Xj. The input velocity, to bring

about this condition, was called the critical Veelocity and further increases

. in velocity also resulted in stable motion., That is to say the critical

'vel_locity produced a condition in the system of zero 'stick' time.

_ It was possible to reduce oscillatory motion by increasing §
 which means increasing f or decreasing n and hence AF. The equations show
.Itha.t ‘changing the drive stiffness also affects Vce

Although the friction/velocity characteristic was linearised the
an&iYsis did relate very well to experimental observations and theories with
. regard to sliding friction phenomena, Their analysis depended upon some
'1in£imate knowledge of three variables, the static coefficient of friction
"(Fs), the damping term (f) and the friction/velocity coefficient (n)e These
' terms may be difficult to ascertain experimentally but if they were
- available the analysis could be used. The authors considered the variation
- of static friction with time of 'stick', which made their analysis complex,"

- The critical velocity condition could then only be found by an unwieldy

' gfaphica.l technique. . Nevertheléss, this paper made a major contributionto the

’ overall understanding of stick-slip in mechanical aystams.

. Friction analysis since 1957 has been dominated by the investigations

" into the stick-slip condition as the work of Brockleyet al (1) (.22) (23) (23) |
'Id,‘emOnStra.tes. His experimental work has been influenced by Rabinowicz and
_Tabor and has resulted in an attempt to express mathematically the relationship

hefwe_en the static friction force and time. Thus,

_ Ms —}]k:'{.tﬁ - 20,2
vhere lis becomes equal to Mk when t is zero. The constants Y and B are
depéﬁdent upon surface parameters and the applied load. There were found,
' for dry sliding surfaces using various metal pairs, by firast plotting the
atatic friction/time curve and then replotting this data as log OJB }ﬂ:)

- '3 ,'_.‘-,:_ .
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against log (t). This produced a straight line relationship and hence Y
" and 8 could be estimated, His analytical work was influenced by Derjaguin
et al (19), but the methods used involved the application of phase - plane
. techniques, developed by Lienard (25). It is interesting to note that the
~ phase plane plots did serve to illustrate the oscillatory motion in a new

-way by plotting system positional error against sliding output velocity.

{ His experimental observations confirmed previously expressed views

L.that vibrations are reduced by having

a) A small mass and a large drive stiffness

b) A small difference between Us and JIk

¢) Large damping coefficient - 5

d) A small value of 8 (eqn. 20,2) which is termed the
static friction growth constant

, Further experimental work (23) revealed that another type of
<"oseillatory motion occured where the output velocity waveform was nearly

,  sinusoidal and the minimum velocity was not zero, this was termed quasi-

- .harmonic motion, which would result in a closed circular form of phase-plane.
Frictional quantities also varied this type of motion, whichdied away at

some "eritical"™ velocity. He plotted the friction force/%elpcity curve

: using a technique developed by Bell and Burdekin (26). This involved

.. measuring slider acceleration and displacement in order to produce a signal

quantity equal to

o (Miéo - K (x§ - xo))

- The magnitude of this signal was the total friction term and was called the
{7fsy3tem dynamic friction. A phase plane of the dynamic friction force against
. velocity, under stick-slip conditions, was recorded directly by his
t'-instrumentation and is very similar to the characteristic laboriously

. - produced by Sampson et al (10) nearly twenty eight yeara'earlier.
The consideration of a dynamic friction force was a new concept in

:,ahalytical work as it relates, ‘

o (Mio- K (xf - xo)) to X, .

i vhereas previous analysis relied upon the relationship

_ﬁ K (x3 - x,) to %,

which was normally used to produce the steady state friction/velocity

" characteristic. It suggested that oscillatory motion should be investigated

from a system dynamics point: of view and that due consideration should be
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given to the part played by the slider acceleration forces.

L Another interesting paper by Johannes, Brockley and Green (27)

" concerned with static friction was published in 1973, ' The experimental work
* considered the rate of application of the tangential driving force and its
affect on the static coefficiant of friction. It was observed that the

static friction force reduced as the rate of application of tangential force
increased. The work intimated that the growth of actual contact area was
also sensitive to the rate of force applied by the system drive,

- A recent analysis by Takano and Ishibashi (28) of oscillatory motion, *
o again using phase-plane techniques, indicated that the type of motion either

- quasi-harmonic or stick-slip was dependent upon the shape of the steady state
friction/velocity curve, Their experimental work showed these effects to be
dependent upon surface contamination and surface finish, This point was also
made by Pavelescu et al (29) (30) who investigated the relationship between
"stick—slip motion and wear. In this case sliding was between flat surfaces
of cast iron. The surfaces were lubricated and their results indicated that
. stick-slip diminished if the surface roughness was reduced and lubricant

viscosity increased, The wear rate increased during stick-slip motion and was
. also governed by lubricant viscosity, applied load and surface finish., The

- experimental conditions approximated to those found in general engineering
_ pract1ce and it was suggested that the most favourable wear conditions may
Texist 1f the surfaces are machined with different finishes, i.e. one surface

" fine milled and the other lapped,

: The variation of friction force is related to the changes in
topdgraphical surface conditions which govern the amount of intimate metallic
. contact, This contact area has been extremely difficult to express
mathematically because of the many variables involved, 'Attempta have been

" made by Peklenik (31) and Kimura (32) using statistical techniques to express

" the geometric nature of metallic surfaces. These have not been successfully

 app1ied in the friction field although they do indicate the complexities
';involved in trying to describe machined surfaces,

- In order to attempt a friction analysis many researchers have
';assumed certain surface profile conditions and most of the recent papers

" have been presented by Japanese authors. Tsukizoe and Hisakado (33)
'_qdﬁsidered contacting surfaces whose asperities were oones interacting under

dry sliding conditions.
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Their analysis produced the following equations for a rough hard metal

-surface resting on a smooth soft surface,

1) The coefficient of friction due to the shearing of metallic junctions

o Mg is

i HMsn = %5 X - 1 _
. m J l—OCgﬁs; 2 - 21.2
. Pm
" where X - the junction growth constant
( Ss = ‘shear stress of the contact area

: '_'t-:}?ere‘-" e - base angle of the asperities

- Pm = yield pressure of softer material
'2).-The static coefficient of friction is,

HMs = | % Tan©. + I/Qﬂ(i/Cose-Fl) | - 22,2
1 + ¥gprTan®©..

oy,

3.12H + 1545

"and H - height of the asperities.

Experimental verification was carried out using copper and steel specimens

‘with ground surfaces, The time effect for the friction force was neglected as

the specimens were at rest for a period of two minutes before a tangential force

was applied. The results enabled the variable o< (egn. 21.2) to be established, |

It vas noted that the surface roughness had a marked effect on the coefficient of

_static friction and that the maximum tangential displacement before 'slip' occurred

was in the range of three to five times as large as the average radius of the
contact points, '

' Similar observations were made by Cupta and Cook (34) who usedspherical

asperities for their model., They assumed constant interfacial shear stress and

thus maintained that the friction force was proportional to the contact area.
Their '%relationship for actual contact area between surfaces of the same material

~ and their physical properties was given by

2\ A | L
. ('3') . -"ﬁ = 0.31., (%) q ) 24.2

" where Y - material tensile yield stress

W - applied load
A-—actual contact—area



18

hence the friction force is of the form

P = A x shear stress

F = 0347 w. (g)x So b 25.2
= Y/ -
- "and ._E = = 0.93 . ‘§ : ' bl 26.2
g A @

. (Tis is a very similar to the result given by eqn. 7.2)

In 1974 comparable results were obtained by Chivers et al (35)
- using a surface model which consisted of a uniform array of :-eedgea with a
distribution of pezk and valley heights. The analysis indicated that the
co}::pression characteristics of the real éurface could not be deduced from
" the C.L.A. value alone., The use of a ratio ( ad_._ was suggested as a

- meaningful parame‘ter,(d)being the separation of the mean valley and mean
peak level and (0') the standard deviation of the distribution. For a given
contact pressure it was calculated that the real contact area was small, for
h Ilo‘wt values of the(%) ratio., Their ;'ésults show that there was a linear

relationship between the actual contact area (A) and the load (W), when

this was small, of the form

A = (= H = 0.87 bd 2702
Y . .

where o is a coefficient :related to a material pair. This relationship

is very similar to that produced by Gupta and Cook (34).

A very interesting analysis, using a wedge prbfﬂa description for

. ground surfaces, was produced by .Tsukada and Anno (36). They investigated

the elastic and plastic deformation of the surfaces, experimentally, ‘using flat
steel specimens, The mathematical model had both surfaces covered with an
grray of wedges which cross at an arbitrary angle, when placed together., There
was a very good correlation between experimental results and theoretical
.analsrsis which indicated a linear relationship between the logarithm of load
and logarithm of normal deformation, when expressed in non-dimensional form,

Thus,
Sy - = constant 28,2

he’

lo
lo

]

g
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where . P o u - 29.2
Aa . Pm

La = actual contact area
Pm - plastic flow pressure

'Iamd , ’ .
TR he = E.-_ . - 30,2
e ,

"he = elastic deformation, normal to asperity plane
- .‘0e = equivalent standard deviation of the surfaces,

Similar expressions were shown to exist for plastic deformation and
it should be noted that the terms for hé are very similar in nature to the
:z'atio(d/o-) suggested by Chivers et al (35) as being a useful expression.’ . - .

_ The work carried out by Tsukada and Anno has produced complex
'.e_xpressions of which the significance is the inclusion of physical. parameters
of the materials together with quantities describing the surface topography.

| Hisakado (37) has also produced very similar mathematical
rela.tionships using a surface distribution of asperities having varying radii
of curvature of the peaks and his analysis, as does Tsukada's, shows that the

-rea.l area. of contact increases with decreasing surface roughness.

‘ This review has attempted to develop modern friction concepts since
, 195'0 and the general areas of study undertaken by researchers can be
 summarised as follows: '
_ | "a) Friction force associated with‘a.ctual contact area

a :'b) Actual contact area related to surface topography, material properties
| and applied load - the two contacting surfaces being at rest
¢) The dependence of friction force on sliding velocity
' d) The dependence of static friction force on time and the rate of

applied tangential force
e) The variations in friction force with surface contamination

There are basically two groupings, one of which is the friction and

slzd:.ng velocity and the other friction and contact area. Therefore it can be

a.ssumed that another rela.t:.onship must exist between sliding veldity and surface
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contact area., This interesting point is taken up in a paper by D, Tolstoi (38)

© " published in 1967.

Sur His experiments demonstrated the éhanges in friction force with
, corresponding changes in small movements normal to the sliding plane. In

'. particular the friction force reduces as the normal movement increases,

separatzng the surfaces,

B Observations indicated that surface separatzon would occur and
1ncrease, with sliding velocity. Thus the contact area and friction force
Iwould decrease, This effect was used to explain oscillatory sliding motion,
-.in that a 'slip' displacement along the sliding plane was accompanied by a

. normal displacement., As stick-slip motion occured the slider was also

:'oscillating in a vertical manner, Thus for oscillatory motion,

ag = af o + 3¢ <L 0 =32
dxo qQH dxo axo '

(a negative friction charaoteristic)

or -

Se Me . M + A < o0 - 32,2
al dxo dko -
(So &40 = A@bs = Af)
X ~ normal displacement (from rest condition)

~ where
S =~ average shear siress of material in contact

In the stick-slip condition then the term 3f is always negative,
:__ wﬂilst g;_t_ is always positilve (or zero). It follogl: that if M is kept
.‘constanixihen df will be positive and smooth sliding will exist. Tolstol

| demonstrates tgz: there can be two velocity boundary conditions for H to remain

; constant, at very low velocities (lower critical velocity) and at a higher

- velocity (upper critical velocity). Between these two velocities self-excited

vibrations will occur. The effect of surface lubricant is to control H,
- 'thus reducing the upper critical velocity and slightly increasing the lower

critical velocity.

It is interesting to note that the ideas presented in Tolstoi's
péﬁér'hava never been investigated by other friction researchers. Takahashi

‘.éff;i'(SSJ, using an electron microscope to study intermittent motion,
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Ij:illustrate grooves in gtainless steel made by a diamond stylus. Although
‘;plastic deformation has occured the track width dié vary during 'slip' and
indicated that the maximum width was produced during 'stick', Just before
,;‘alip’ took place. This suggests that there was smne nofmal movement of

~ the stylus as sliding motion took place.

Finally in reviewing the papers included in this section.

v e

. some comments mmst be made on the general approaches made by the researchers.

1) Most experimental test rigs were small and the configurétion of
tﬁé‘sliding pair varied. (Types of sliding pairs are well documented by
’ Pavalescu (29) ).
2) Yost of the metals used were homogeneous in structure. Cast’Iron
- gave very unpredicatable results and consequently little attention has been

- paid to this material. ~

3) It has been possible to use many sophisticated measuring techniques
‘;'aﬁd instrumentation due to small specimen size. An interesting revisw of

. _édme equipment is given by Quinn (40).

}4) Many of the experimental results have led to derivationsof empirical
"Eféfmulae, coefficients included having no relationship with physical laws.

This has meant that the results cannot be generally applied in gngineering
- practice.
2.4, FRICTION STUDIES ON MACHINE TOQL SLIDEVAYS
: L The analysis of friction phemﬁmena on machine tool cast iron slideways

‘has generally been undertaken by mschanical engineers. This fact alone has _

‘fPfDdﬁced experimentaldata and theories which are very much related tothe
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1.M£§hanics of the overall system and the friction idecas of the physicists
hgﬁe never been fully exploited. This does not msan to say that the

general observations detailed by engineers differ from those of other
4

, friction researchers.

_ Major studies into slideway friction started in the early 1960's
'and have been largely confired ‘o . investigations into oscillatory motion
_ at 1ow sliding speeds. As the cxperimental equipmsnt was large, there wore
n‘restrictions on the types of instrumentation usoful for recording and

'ana;ysis. This has meant that mathematical descriptions have been orientated

: tqwards basic mechanical analysis and the establishing of empirical
'relationships. Nevertheless new ideas have emerged which are pertinent,

: not pply to this thesis work, but to machine tool slideway studies in general.

Matsuzaki et al (41) (42) made an analysis of stick-slip motion

_ "Op an hydraulically driven slidepay mechanism. They recorded the position
. and velocity of the moving slide and also the positional error between the

input command and the output. Subsoquont abalysis similar to that of

. B;oék1ay (21) 1ed to the conclusion that the oscillatory motion was
" characterised primarily by the drive stiffness and the steady-static friction/

>f;ivelocity_relatiOBShiP‘Of*tha'slidinz'surfaces'"Similar findings were

.. reported by Steward and Hunt (43) who made an extensive study of stick=-slip.
' Soﬁe‘of their graphical data reéambles that by Rabinowicz (12). In developing

their analysis they state that friction force is very much related to the

o alideway lubrication conditions. The variation of friction with time and

vaiﬁcity is related.to a squeozing action of the lubricant between the rough

' surfacss. Iubricant polar addittvas are shown to reduce the friction forces

:}by SUppo:ting part of the load and a squeeze film time constant is suggested;

this being dependent upon the amount of these additives, load pressures

s
‘ o
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.apd surface topbgraphy. It was noted that the critical velocity was
. .determined as the velocity which made the 'stick' time zero (as Derjaguin
et al (19) ).

'

o A precise definition of eritical velocity was not forthcoming
.'\;nti:l, the publications by Bell and Burdelsin (44) (45) (46) of experimental
‘works on slideways. Again the slideway was hydraulically driven but the

i Itliz"ive stiffness vas dependent upon the size of a mechanical spring, which

_ ! cq}%;d easily be varied. A very interestingz instrumentation arrangement

(26) enabled the term (Mo +X(xj - xo) ) to be extracted and was called

N the dynamiec friction force; which represented the friction in the system
2 atany particular instant of timp during slidi‘ng motion. A recorded phaso-

- plano of dynamic friction force against table velocity was used to determina

",a: dynamic damping coefficient (Cs) where

:Cs = Max. friction force - friction force at max. velocity - 33,2

laximum velocity - velocity at max. friction force
Cs was determined for various input velocities, enabling a graph

',','\1:0 ba constructed. This was done for various values of drive stiffness.

.'It was suggested that stable motion occurs when the value of Cs is positive
: and the critical velocity was defined as the value of input when (Cs + ci)

'was zero. (The term Cd was defined as the equivalent linear damping term,
:, which is always positive). - For negative values of (Cs + Cd) oscillations

will occur. Their curves indicate that,& certain drive frequencles, Cs is

" 4nitially positivo and becomes negative over some small range of velocities.
This suggests that by using the same criterion as above, a lower critical

~ velocity could be established and therefore oscillations would occur betwesn

two intermediate sliding speeds. It is stated that Cs is dependent upon the

."'SLYS‘cem natural freguency and the viscosity of the lubricant.

;rl"i‘.a-.
1 -
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Further experimental work attempted to relate the friction force
| at zero veloclty to the separation of the sliding surface and their results

- :do correspond to the work carried out under very différent conditions, by
Tolstoi (38). As the surface separation increases the friction force

reduces. It is assumed that this reduction is attributed to the decrease

" 'in actual contact area and it is argued that as the steady state friction

" falls with increased velocity the contact area, causing 'solid' friction,
alsg reduces. Thus total friction force was made up of two components, ono

related to metallic interaction and the other to the shearing of the

. _boundary and viscous films. The steady-state friction/velocity characteristics

':;ﬁ?re influenced by lubricant viscosity and the addition of polar hydro-

. carbons,

In general, the work of Bell and Burdekin suggests that the

dynamic corditions should be studied in order to obtain meaningful:-solutions
" . to friction problems.
Britton and Bell (h?) investigated several machine tool drive

"paramstars in order to establish design criteria for the stability of sliding

 motion. They were interested in relating these parameters (mass, stiffnoss

" 'and lubricant viscosity) to the magnitude of the critical velocity. An

_ "griginal display technique was used, by plotting table veloclty against the
;?I_ramp command velocity signal. - This velocity profile illustrated the
‘;3lcomplete history of oscillatory motion and a typical plot is shown in Fig.2.5
"‘fhe profiles do depend upon the parameter combinations, and do show that both

‘.§£10k981ip' and quasi=harmonic conditions exist on machine tool slideways.

A number of researchers have suggested that stable sliding

‘conditions can be accomplished by the correct seleciion of the system para=-

‘:mgters. Othor authors have attempted to prevent stick-slip by other means,

. Matsuzaki (18) used accoleration feedback effectively in a hydraulic drive

 f‘;ygtemfand Lenkiewicz (49) has experimented with'nxternal vibrations forced
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normal to the slidinz plane. These vibrations were more effective at low
sliding speeds when only small amplitudes ané low powers wero required to
effect quite dramatic reductions in friction force. (Similar obsorxvations
were made by Tolstoi (38))It-was suggested that a frequoncy of 100 H, gave

optimm conditions, -

A paper by Kato, Yamaguchi and Matsubayashi (50) shows a very
similar philosophy of approach tothat of Ball et al. (L4) in that during

'slip' the equation of motion for the table was,

o = K(xj -x,) =-F ' - 34.2

. hence

F= K(xj~x,) = Mo - 35.2
" and is the total systen friction forca. By obtaining plots of table

displacement, velocity and acceleration against time, they were able to

" " use the above relationship to obtain the friction cosfficient/velocity
. curve. Their eguation for the critical velocity was given by,
T \™ I\
2W - -a('ﬂ'n) ‘b(wn
Ve &8 ———.- d.)- (l_ . - e
o= FL (s e~ 1

. where Md = the static friction coefficient when 'stick' time tends to zero,

- 36.2

" and a, b, m and n are coefficient dependent upon the surface lubricant.

It can be seen fram the above equation that as the drive natural

froquency increases the critical velocity reduces. lany other factors are

*'involved but these are obscured by the empirical rolationships, especially

| those a_.ppertaining to the lubricant,

A following paper by Kato et al (51) makes a very good attempt

- to bring together the ideas and theories of friction researchers (section

a .2;3 of this chapter) and their own experimental results. Unfortunately the

" presentation of so many empirical relationships has rather confused their
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findings and conclusions, and as a result no fresh arguments are proposed.

It can bo seen from this review that very 1ittle analytical

"+ work has been put forward which will aid the engincer. The following

- general comments can however be made.

a) Most of the friction theories used by the authors were pro-
pounded at least six years earlier, (by physicists), indicating a large
time lag between the work of the physicist and the engineere.

b) In order to calculate the critical velocities for a particular

'_Isystenb the system itself must exhibit oscillatory motion in order to

‘;”provide the necessary data required to establish these velocities.

.- is due to the large size of the test apparatus.
‘have been attempted by Bell and Surdekin (44) but have required extremes

c¢) The work of Bell et-al (L4 - 46) has provided the most useful

‘:f‘information, but it would require a very long tim to collect data rolated

to all known parameters that. effect the friction and the stability of

-8liding motion.

d) The effects of surfacs topography, its changes and other surface

‘contaminants such as debris and oxide have not been fully considered.

e) Only simple instrumentation has boen used to record basioc

experimehtal data, such as velocity, acceleration and displacement. This
Sophisticated techniques

. care in setting-up and interpretation of the results. This makes then

| ‘unsuitable for use in a general engineering enviroment.

- .using empirical formulae.

£) Most friction problems have been partially solved, by engineers,

In the majority of cases these have proved

- satisfactory. -

2,5 COUPUTER SIMULATIONS OF FRICTION HSHAVIOUR

The engineers had great difficulties in analysing and prodicting

‘¥'slideway performance "due to the large number of parameters affecting the
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i:friction conditions. In carrying out experimental studies it was virtually
. #mpossible to separate and analyse. individually these known variables,
The use of small mechanical models by friction researchors were,

.- /in effect, simulations of more practical systems, and they had the advantage

-of being able to demonstrate the influence of individual parameters. In a

.f_praotioal situation the interaction of thaaa variables is a moat inportant
: fgetor. TherefOre, with the advent of the electronic camputer engineers
f;:found a tool that could simulate a more viable,realistic model of a
i:practical system, The greatest difficulty in using analogue or digital
- similation is the ability to describe a system in mathematical terus.

' -.Several authors have attempted this, mainly using the analogue computer.

. Singh (52) made a study of stick-slip motion and particularly the
- influence of friction variables on the critical velocity of sliding. His
" mathematical model was that originally developed by DerJaguin et al (1§).

"_Exparimental results were campared with the simulation values and those

. obtained fram an aﬁalysis of the system equation of motion. As expdcted the

theoretical and simulation results gave very good correlation and both
indicated the same trends as the experimental values vhen subject to various -

' parameter changes., Unfortunately, the analogue simulation circuit was not

. & very good representation of the physical system. This is partially due to
:_itha interpretation given of the mathematiéal equation and a lack of under-

: standing of the operation and'use of the computer system itself. The simule
-‘ation was incapable of exhibitiﬁg the usual oscillatory trends - with respect

' to displacement, velocity ard acceleration, which have been recorded on many
i'physical systemg.

The digital computer was used to obtain a mumerical solution by

: Banerjee (53) for a simdlar study of stick-slip. His equation of motion was

':,similar to that of Singh (52) but modified to includa a mathematical
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- description-of the friction forco/velocity plot. His approach was

 influenced by the work of Brockley et al (21)., The analytical procedures
" led to the generation of two equations relating the critical velocity to

- the system variables, As they needed to be simultaneously satisfied a

. programme was developed. Using an iterative technique, changes in the

-"..critical velocity were computed. The results indicated that the khape of

- the friction/velocity characteristic affected the value of the critical

' velocity, which reduced as the characteristic became shallower. It was

* intimated that this characteristic change would be brought about by using

lubricants containing polar additives.

The most interesting computer simulation was carried out by
- Nakashima, Takata and Morita (54) again using tho'analogua computer. Their

.'.‘_"general equation of a machine tool slideway is of the form,

W +K (x =vt) = =F - 37.2

- where, :
’ sliding nmass
érive stiffness
command velocity
slider displacement
Friction force

ORI
nnunonan

The expression for the friction force (F) was based on a good
‘-unaarstandir.g of modern experimental results obtained from slideway analysis,

- Consideration was taken of surface topography, asperity deformation and the
: sSqueeze film effect created by the lubricant. The friction/velocity

relationship was of the form, -

AF= W.a.bo x AXx + To.A%x - 38,2

s + bo

“Where W = weight of slider

&.bo = a first order Laplace equation (in operator s) which governs
the rate of change of friction force to velocity, and load. The

8 + bo
coefficients a and bo are related to elastic deformation of
asperities and the lubricant squeeze = f£ilm effect for a given

contact area.
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equivalent linear friction coefficient dependent on the shearirg
of lubricant and asperity Junctions

=)
(o]
n

>
by
n

small change in friction force

small change in slider velocity

They suggest that the main physical factbrs in formulating a friction/velocity

relationship are the properties of the lubricant, characteristics of the

surfaces and the slider weight.

This simulation included the generation of several non-linearities
related to their friction/velocity characteristic. An interestinz docame
position Sf thié characteristic was undertaken in order to use the available
computef generating functions. A complete simulaiion circuit was produced
" which, although Eather complex, did appear to bo a very good representation
of the physical system. This point is emphasised since the various recordirngs
taken from the simulation are in very good agreement with same produccd
experimentally by Bell and Burdekin (46). It is acknowledged by the authors
that as same empirical formulae have, by necessity, been used,thelr coefficioents
can be given same satisfacfory values. It is stated that these coofficient

values have, as yet, no clear relationship with the physical factors of

their slidevay system.

One of the most interesting and new observations made by

Nakashima et al was that stablé motion occurred in the range of the falling
steady=-state frictioﬂ/volocity curve., It is suggested that this is due to
a chanée in friction regimes, one being dynamic when stick-slip takes placo

and the other being steady state when stable motion exists. _ .

This paper is very encouraging and suggests same basic principles
whiéh may need consideration by other researchors when contemplating a

" simulation analysis. These could be surmarizoed as follows,

*
-
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. 1) A thorough understanding of the computer systen, aspecially
with regard to its facilities and its programming capabilities.
s) A clear insight into the working of the physical system and the
effect of known parsmeters on its steady state and dynamic performance.
3) The physical system must be capable of being described by

relevant mathematical equations which are suitable for the purpose of

Al

similation.

2.6 CONCLUSTIONS.:
This survey has reviewed the studies into the nature ofsliding
friction and its affects on the performance of slideway motion.
‘The experimental work on friction has increased enormously over
the past thirty years and this is due to the following factors,
a) A desire to understand the nature of friction and the influencing

effect of single variables.
b) The demands of the engineering industry for basic facts in order

to solve their friction problems.
¢) Rapid advances in the growth of suitable instrumentation.
It is interesting to note thatéhe basic ideas conceived by
Amontons, Coulomb and Morin (1) have not been totally neglected and still
form ﬁart of the foundation upon which friction concepts have been later |
developed. The relationship F = v, although regarded as a 'classic' law,
still remains valid. The coefficient u has regaived mich attention in

- modern times and its variation with physical quantities forms the basis of

advanced experimental study.

It is unfortunate that this simple law has only two measurable
quantities, the friction force (F) and the sliding weight (W), so that the
experimental apparatus was always designed to measure (F), theweight or
load being a predetermined measured value. In most cases the measurement
of (F) was done indirectly, by measuring the deflection of a calibrated

mochanical spring, which was connected to the slider.
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This spring force was equivalent to the friction force, under stable
system regimes, i.e. static and smooth sliding conditions. When the slider
exhibited o.ecillatc;ry motion tho equilibrium equation of forces included
an acceleration term thua,'

Spring force = Friction force + acceleration force
Therefore the measurement of (F) was rathor more complicated in a dynamic

system regime and called for other measuring techniques.

The friction force (F) is influenced by many physical parameters
and several theories have been proposed, the most widely accepted basic

concepts stemming from the work of Bowden and Tabor (2).

'In friction experiments stick=-slip provided a useful, inherent,

- condition within most systems which enabled studies of changes in friction

force to be carried out. On the other hand, it is a phenamenon that the
engineering industry felt must be elimirated ’ in particular with regard

to the sliding motions in sophisticated machine tools,

Experimental analysis of machine tool slideways has revealed
similar results to those carried out on small friction rigs. In particular
that stick-slip or other - oscillatory motion is governed by the changes in
friction force, especially with sliding velocity. As most of the parameters
| that affedted friction force had been established, theories regarding the
reduction and elinmination of stick-slip were produced, together with

relationship-s between the critical wvelocity and the system's mechanlcal

properties.

Complete theoretical analysis of oscillatory motion has not been
| satisfactory duelto the complexities of the mathematical equations, which
contain non-linear descriptions for some of the variables. The analysis
that has been done made use of linearised equations and did indicate the saﬁe

' general trends as established experimentally.
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' The technique of using these non-linear equations, as a basis
. for computer simulation, is still in its infancy. Aﬁalogua computers
have been used for most simulation work because the generating of non-
linear relationships is easier. The most encouraging work was produced
by Hakashima et al (54) and a good correlation was indicated botween the
recordings taken from a physical system and those produced by the

electronic analogue. This also gave rise to new ideas and fresh thoughts

concerning'the nature of sliding friction,
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CHAPIER 3

A PHILOSOPHY FOR AN ANALYTICAL STUDY OF
" NON-LINEAR FRICTION BTHAVIOUR (BETVEEN
PLAIN C.I. SLIDEVAYS).

X
i

- 3.1 THE DEVELOPMENT OF A SYSTEM

An engineer usually studies one discipline within the field of

" engineering. This is done not only with a’ view to analysing the various

.. ideas cmbraced by the discipline, but to develop his understanding of

their interelationships and cultivate his ability to accurately assessand

- consequently solve @nginqaring prob}ems. The question of assessing a
}5  problem is of ﬁrimelimpor£ancq, and through industrial prﬁctice tho‘engineer
will developﬁhis own individual techniques for doiﬁg this. ‘In.ganeral it
~can be said that he may use different methods df asseésmént for d}fferapt

problems encountered within his discipline, and this may lead to an

*} unawareness of relationships between seemingly unrelated.problems._ This

"~ fact can be overcome by adopting a basic philosophy. A framework for such

a philosophy lies within the fundamental concepts of Control ﬁngineerinﬂ.

. The study of control systems has develo@ed over tﬂe last fprty

“f} years and started with the analysls of electrical circuitry. The method-
E ology created by‘thésa electrical engineers was quickly t;ken up by

- mechanical enginders as an aid to solving military problems during fha

_i: Second World Ware. Qince that time most technological disciplipes have

ﬁ?f adopted ;nd modified the concept which has contimued to spread into

';j management, science and medical fields, where thelstudy is generally known

Ct,‘as cybernetics. This indicates that comtrol concepts have an underlying

.L.philosophy which can be readily understood and appreciated by everyone and

~erhances the solvability of problems."
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The key to the philosophy is the word 'system'. Any two or
more items capable of maintaining a relationship can be classed as a |
system and*interactidp b;tween any of these items will give rise to a
system response. This means that the size of a system is wide ranging,
'- from atomic to galactic and beyond. 'In assessing a problem, prior to an

attempted solution, it must be related to a system. It is most important
_that all the items or parts of a system are taken into account, which
means that some parts themselves may be classed as sub-systems. Eaéh

part will have a unique description and, from an analytical point of view,

must be capable of mathematical expression.

| The control methodology entails arranging all the items in an

- order goﬁerneé by their inter relationships, This is usually done
illustratively in the fom of a flow diagram or block diagram. It can be
very difficult to establish the flow diagram since it requires an intimate
knowledge of the physical system; but once achieved, analysia can be

attempted using control theory. The genoral concept itsolf can be expressed

as a flow diagram as shown in Fig 3.1

This diagram illustrates a fundamental philosopﬁ& whiéh can be
applied to any study and it should be noted that it is a continuous closed
loop. It is suggested that most experimental and abalytical studies that
are carried out conform to only part of the whole and hence can be classod

as open~loop. This means that the camplete understanding of a particular

problem can never be achieved.

It can be said that a control system philosophy provides an
" understanding of the behaviour of thingé and leads to a better appreciation
', and utilisation of the fundamental laws of mature. It makes us look into

fltha working of a problem.in such a way_és to make us recognise those

- workings..
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In this thesis, the'oevalopmont of a system is based upon the
' concepts outlined above. As Wittgenstein (55) pointed out, problems can
! . “a '_\H \1 "‘- .l

. be solved, not by giving new information but by arranging in some logical

. manner - what we have always known.

| The starting point in this study is the roquivemont for good and
"'reliobla recorded data of non-linear friotion behaviour, not neooasaoily
related to machine fool slidewayse. Fbotunataly a groat deal of material
has been published. The exact known behaviour of a partioolar system is
reproduced by an artificlally created ons, which will then be the analogue
of the phyoical systom. This is most easily done using an Analogue .
Cauaputer whe;e the analogue simulation is a collection of electronic
circuits. -An attempt is then made to relate parts of the circultry to the
known items within the actual systems. The orooa-oorrelation will provide
the build up of a picture, indicating the necessary inter-relationships
required in order to produce the poysical bahafiour patterns. A mathe-
matical description of the various unique activitles can be attributed to
cortain collections of the items within the actual system, and compared
viith information gained by other resocarches. This cootinuol inter-change

will lead to the development of an analogue system which is truly consistent

| with its physical counterpart. 4An analytical study is then made of this
similation, using control theory techniques, which should reveal the best
possible solutions to this thesis problenu A simulation of this sort

. often suggests new 1deas for further experimontal study, which will not

only provide same verification of a particular theory, but enable the
similation to be up~dated.
The ultimate solution to any problem roquiraa contirual

perseverance, and the ability to perceive fresh avenues of rasoarch is

ona of the rewards obtaipable by using the control ayatam conoept. ' 4



3¢2 A SIMULATION OF TH: SYSTEN

"Phe aimulafion'providas ideas useful for an analytical study.
The results of this depend upon the modelling concepts of the items within
the system. These concepts are derived from initial studies of the

simulation and subsequent experimental work, they are tested for their

- validity and then used to produce a better simulation. The question of

validity is very subjective and is entirely dependent upon the considered

Judgemont of the researcher, who has sae knowledge and experience of

the problem.

Th? remaining chapters of this research then follow a logical
sequence of model concepts, construction of simulation circuits and theor-
etical analysis, It is felt that mention should be made of the system
similation sihce it is part of the basic philosophy and needs an initial

introduction. -

The ov?rall system is that of a mchine tool slideway, within
which certain sliding phenomena occur that have been attributed to the
variations of friction. An initial premise is made that, within this
system, an equilibrium of forces is always maintained during static and
dynamic conditions. A basic flow diagraﬁ.can be constructed and is shown
- in Fige 3.2 and franm this a simulation circuit suitable for construction
on an analogue computer  is derived. Subsequent recordings of changes in
same system variables are compared with . the same variable changes
’I recorded on an actual physical system. _(Tha experimental work of Bell
”; ot al (45) (47) hagﬁgggyed_mnst_usaful):‘ This of course is an acid test

which is demanded and accepted by all engineers.

The author is of the opinion that the best illustrative record

. of sliding valoeity changes is that produced by plotting the output
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philosophy, throughout this work, to reduce this circuitry as much as

L ' possible using basic computer components. This has meant that modifice

:,_-"‘;'..Iations, ti:'}‘ﬁugh constz;nt ‘survaillanca » have been carefully undertaken in
order to produce the desired, final circuit. An approach such as this

"' ‘can be easily neglected when one bocomes imvolved in similation studios.

" 7:3.3 SIMULATION REQUIRRMENTS IN ORDER TO FULFILL AN ANALYTICAL CONCEET.
. It is fortunate that simulation work can, in iteelf, be
:"-'-'_. "_J'rezarded as a revorsible process. It is part of a closed loop analytical

" system, the flow diagram of which is shown in Fig, 3.5

_ It is usual practice to establish a simulation circuit based
- 'f_',upon mathematical q:rp;-esaions for the system. These equations may contain

parts which indicate time dependence and parts which do not. A simple

‘_"',_",".'_.'example related to this study is as f'ollo{vs,'

“%

Friction Force (F) = MW - 1.3
Friction Force (F) = Ma®x + Xx - 2,3
at® - - | \

L

© .“Equation 1.3 is a 'steady state' relationship whilst equation 2.3 is a
:;.';'_,. 'dynamic' relationship, For fixed values of weight (w), mass (M) nnd'

';_.", "fldrive stiffness (K) the friction force is dependent upon J from equation
1.3, and somo derivative of displacement (x) in equation 2.3, Therefore
"4t 15 logical that ji is depondent upon some derivative of (x). A
similation of the .above equations, that can also reproduce established
physical phenamena, will indicate the necessary interdependence and thus
.‘-ﬂ: I_ provide an insight in’co the real relationship that can be expressed .

. mathematically.



384

CNOILLYTIAWIS 9NISA WILSKS | TH2ILATENY

Ay

L NawLE\AWIg

WALS A

Ny

S-¢ 914

"SLg3?2 NOD)
T1aQo\w
WALSAS

T

"SISATYNY
Yo4 SNOILYNO]
W3LSAG

- _

'S1d3INQD)
13QOW
WILSKS




. 39

_ This example shows that the lbgicﬁl entry into the closed loop
:.Zrisystam shown in Fig. (3.5) is by having some physical model concepts,'

' F L

based upon an understanding of the roal situation. It means that a

. simulation will require some initial data, in order to be created. This

“ . should be kept as simple as possible until a useful man-machine relatione

'ship is established. Further information and modifications can then be

‘undertaken as required by the simulation.

In this work, the simulation requirements have been fully

developed but their basic forms can be listed in the following order,

1) An understanding of the workings of a slideway system in
order to establish the main physical quantities which govern its
normal linear behaviour. _

'2) A mathematical expreséion relating tbése pﬁyaical quantities.
In this case, a system characteristic equation which is limear, time
dependent and governed by an equilibrium force condition. '

3) The production of a flow diagram designed to illustrate the
mathamafical géuation. From such, £he simulation circuit layout can
iba made. ‘ _ |
‘,Ib is very important to note that in order to start and consequently pursue
Ia system analysis an initial decision must be made as to the naturq of the

equilibrium quantity. (In the limiting condition it is thought that this

- will be either force or energy). This quantity must be maintained

throughtout an investigation. Subsequent canparisons between actual and

theoretical results may decide the validity of this initial selection.
L) Variances within comparable results will indicate that the

: "linear equation is not. complete. conaequeﬁtly, modificatiop to the

similation will be required,  thus changing the form of the system equation,
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5) Other known factors considered likely to affect the system
. 'behaviour are.reviewed. They must have scme relationship to the physical

quantities,.already embodied within the simulation in order to make the

" circuit changes possible.

.;E.The analogue simulation is modified, using these other factors, in order
f: to produce a closer correlation between the theoretical and actual results.
. If this is achioved a mathematical representation of the circuit can be

f?\attempted and subsequently related to the physical system. Therefore, the

/. overall system concepts can be evaluated.

If discrepancies are still apparent and Judged to warrant further analysis,

;E still further variations in the camputer circuitry could be made,

s 6) The researcher must have confidence in the computer and his own
. "philoscphy, which will enable him to make logical, intuitive modification

"tito the similation. He is part of the simulation system.

L}

. This point is impsrtaﬁt to understand since a mab-machine
:;“ralationship through experience,lfhmiliariky and respect, can produce a

_} creative unit. Once the raséarcher understands that creative thoughts can
o interpreted through simulation work, he will be ;bla‘to analyse the

~ “true nature)oflthé'problem.

K e
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CHAPTER &
VACHINE TOOL SLIDEVAYS
BN Sy '

4.1 INIRODUCTION

_ Yan has always developed and used %ools to try and improve hia
11} living standards and his skills. He invented machines in order to provide
‘extra power that was anatomically lacking, The derand for his skills

- . created the machine tool which further used this power, enabling him to

. maintain a supply of manufactured goods.

‘ Thae foundations for a machine tool industry were laid during ‘the
j“‘IndUStrial Revolution,andit grew to be an important factor in our national
::'economy. To-day, machine tools make nearly everything we materially
. 'possess. They are worked extremely hard and now embody a great deal of
i:research and development work. This has meant that sophisticated machines

‘ilnow have the skills we ourselves once possessed,and have led us to an

-age of automation.

This thesis is associated with machine tools that are intended to
';;produce.durable useful'goods and in particular those used to shape motal
Eflby means of a cutting process. All these machinqa have parts wiich move
:'relative to one another, either by rolliné or sliding, and an important
mgroup are classed as slideways. They are usually designed to have
.;unidigectional{m0vemant and facilitate the transportation of either the
i cutting tools, the work piece or both., .These sliding Joints affect the
j overal1 performance of a machine, that is, its ability to produce the
‘.désired camponents. It is not possible:to eliminate slideways on metal

;Cétting machine tools.
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Friction and wsar have always been considered as being two of

' the several factors imvolved in the design of slideways. Vith the advent
i of totally-automated machines these factors need a more serious appraisal
';‘Aain order to ensure that satisfactory machine operations can be predicted

_‘r and controlled. . In this context, it is considered that friction is the -
;'.;0verriding factor as it can affect the slideway performance and cause the

,machine tool to exhibit undesirable bshaviour at any time throughout its

working life.

" 4e2 THE CONFIGURATION OF SLIDING SURFACES

The design of slideways has developed slowly; the main

'i{considgrationé,being those of a mechanical mature. Some of thesec are

" listed-below.

. 1) The ability to produce single degree of freedom movement,

.. 2) To adequately support the moving load,
3) To ensure correct aligrment between tool and workpiece,

L) The provision of sufficient movement in the direction of
motion.

""" 5) 7o allow the operator adequate access for cleaning, maintenance
and setting up operations. o

_ 6) To ensure economic use of space and materials.
Iil In the author's experience, little ragard'was paid to friction and wear,
;vﬂvThis can be explained by the followirg observations,
. a) Most machine tools were hand operated.
b) The slideway surfaces were made of cast ironm.

<o " @) A skilled toolsetter could ensure correct manufacture of a
S _ product, compensating for any small misaligmments due to

wear by his knowledge of the machine.
d) Refurbishing of machine slideways occurred after many years
of service. _ '

e) The power uvailable to the slideways via a drive system,
-~ g.ge lead sCTews, Was very gemerous.: - .



£) Nany camponents were made using Jigs and fixtures, deprossing
the effect of machine discrepancies.

Tt“was not uﬁtii'the advent of mumerically controlled mﬂchinea
'ﬁ;and later sequence control machines that due consideration was given to
;iithe effects of friction and wear. These sophiatiﬁated machines incorporated
j_'-.:the operator skills and their control systems needed to ensure the correct
;. mamufactyre of components. Therefore, the designer needed to look deeply
T; into the workings of.the machine and.to h#ve an understanding, which once
fl_%elonged to the operator. This has not meant great changes in slideway

+

.- configuration, although mamufacturing tolerances have been reduced.

A typical layout is shown in Fig. 4.1 and illustrates a section

‘Ethrough a lathe slideway.

The table is mounted on the bed and contact is made betweon two

-  plain flat surfacés. To ensure no vertical movement 'keop' strips are
3510cated beneath each side of the table and‘efrectivaly sandwich the lathe

Ii bed slide. To prevent horizontal movement, normal to.the axis of motion,
f;a gib strip (sometimes more than ons) is used. This is a long narrow wedge,
;; normally screw adjusted, and is driven between.the side of bed and the

? table. Once satisfactory sliding movement is aqpamplished all the strips
f;are securely fixed. Spall clearancealfemain between the bod and these -

"' strips, nominally in the order of 0.0l m, and pievont seizure. They

'f'require adjustments throughout the working life of the machine.

The assembly and fitting of sucﬁ a slideway arrangement does
.i-require skill and it is important to ensure a good surface contact between
. the table and bed and a high degree of flatness for all parts. This type
_U_of mechanical assembly is very popular with machine tool makers, mainly
I‘ffor econamical reasons. The selectlon and design of sliding bearings has

;}bean studied in some detail over the past ten years, (56), (57), (58), (59),
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It is agreed that the best design can be prOposed only after considering

'f‘the particular working conditions under which the slideway haa to perforn,

- and mahin_ "use of all relevant information and possible design aids,

: Since 1964 other siudies on this type of slideway have boen
", undertaken (59) in areas such as frictional damping, wear and surface
- treatment and dynamic characteristics. (Friction studios are reviewed

~ in chapter 2). This information can be used to obtain improved performarce

. - for automated machines, and to a lesser degree mamual machines. The

"f implementation is in the hands of the machine tool makers.

_ An 1mp6rtant point to establish is that plain slideways are
" dntended to have one axis of major movement, thus they are often described
as having a single degree of freedome In fact they have all six degrees

of freedom, five being substantially restrigted,_in order to maintain
;_‘aqme.maéhinq aécuraqy. These very small movements affect the static and

. dynamic behaviour of the sliding sgstam. Therefore the term "normal

. degree of freedom" must be applied to a specific 'contaéting' surface plane,
- which is parallel to the direction of the primary table movement, In
' ‘nmst cases, researchers have considered a horizontal contacting plane

- between the lathe bed aﬁd‘table. Therefore any normal movement would be

in a vertical direction. 'This, one other "degree of freedom" analysis
does not produce a complete picture of possible table movement. An

interesting paper by Kato et al (60) does investigate the pitching and

', yawing motion of aslideway table during sliding conditions which exhibit
atick=-slip. -
This study ' shows that the table movements are dependent

.. upon several factors.



a) Slideway configuration.

b) The flatness of contacting surfaces.

,c) CIearances between nominally contacting surfaces.
~d) Friction between sliding surfaces. -

e) The pooition of the point of application of
table driving foroe.

£) Viscosity of slideway 1ubricant

These factors are considered relavant to this thesia and
furthermore it.is propoaed ‘that the nature of those Small dieplacements
arises from the accumulative effect of three possible inter-related
movements due to I - . -

f. 1) The slideway kinematics. -

2) The result of alideway friction.

e) The stiffness betwoen contacting surfacea. T
This means that itvvould be difficult to measure the magnitude of nonnal
diaplacements associated solely with changes in elideway friction. .
(The friction studies by Tolstoi (38) would not ehOw aatisfactory cor-

relation using machine tool slidewaya)

Kato et al (60) illustrate clearly that although-there is an |
optimum table driving position which subatantiallj reduces pitching and
yawing motion, the amplitude and-frequency of friction force oscillations
during stick-slip. do not appear to be.affected by a particular drive
position requirement. This would indicate that the main diaplacement

U

contribution, on their slideway arrangament is attributable to tha

-~

slideway kinematics.

-For the‘purposes of this work a slideway configuration as : -

shown in Fig. 4.1 will be considered.  In.doing so, the following

coments should be made,

ey



-+ 4a3 LUSRICATION, FRICTION AND SURFACE TREATMENT

;2', frictionand wear under given load conditions (5) (29) (45).

' } and be contimually supplied.

a) The slidihg motion of the table is along the two'
horizontal bed guidewayse.

b) The major contacting surface is the horizontal plane
" .y, Dotween the table and the bed. L

c) The greatest normal movement of the table is in a
vertical direction.

d) The contacting surfaces constitute boundaries of cast
iron bodies and are described as geometrically plain.

e) The weight of the table constitutes the primary loading
force responsible for contact between sliding surfacas.

£) The reep strips, and particularly the gib strip, do not
move relative to the table once they are set.

g) Slideway kinematics and table drive position are such as
to prevent them contributing to table pitching and yawing.

H

Economic considerations have influenced and sustained the use
of cast iron as the maJor material for machine tool construction., -
.. Automatic controls have made demands for greater utilisation and work
- output in order to ensure cost effectiveness of machines. ' This has .
meant ' that for a éivan time period, greater sliding distances, faster
sliéing speeds and increased cutting forces are necessary in most cases.
Therefore cast iron slideways must be made capé.ble of coping with these
__developments. Studieg into lubrication, friction and surface treatment
| of slideways have bean undertaken with the main underlying purpose of

maintairing cast iron as tho basic construction material.

.«The introduction of a slideway lubricant does reduce both

In order to
sustain this effect fhe oil must remain as a surface separating agent
Additives within the baso oil. improve its
capabilities of maintaining separation, uvvén under thin film conditlons

. (61) (62). Dobris, such as cast iron particles and airborne contaminants,

does affect the wear process (63) (64) and generally machine guideways
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'1are cloaned by alideway wipers mouhtéd an the moving table (65) or by
";'covering the exposed areas (66). ZEntrained particles botween the
:!;fsliding surfaces can ba difficult to romove unless sufficient oil
- supplies are maintained to provide a cleansing action (67). The drained

' lubricant requires filtering tp remove any debrig and same work has been
JI carried out to develop a method of monitorinz the amount of éerrous
c varticles within a lubricating oil (68) to predict the wear condition

between moving surfaces.

It has been shown that wear can be reduced by the hardening of

. the slidinz surfaces (69). _This is done by induction or flame hardening

processes (70) giving hardening depths in the rangelof 0.5 to 2.0 mm,

- These are considered satisfactory for most applications and give hardness
A values of 400 = 500 Brinell as opposed to éOO Brineli for unhardened cast
" dron (71). Surface defects can arise with these processes in the form of
" surface pitting, cracking and deformation due to overheating of the

. surface. Iven so, this process has become accepted by machine tool makers

" and is often highlighted in their sales literature (72).

In order to separate cast iron surfaces camplotely studies have

: beon made into covering one of the slideway surfaces with a non-metallic
material, usually plastic based. Reportal(69) (73) indicate certain
mataerials, which reduce both wsar and fription, and are suitable for machine
:"tools. It is stated that they do accumodate a cortain amount of abuse, in
.t that surface debris and irregularities can be absorbed by the softer plastic

surface., Several mamufacturers make use of slideways covered with bonded

:_ plastic material. These machines are usually bigger in size and handling

" capacity (74). The reduced friction level means that less power is used

f, in moving the heavy slides abdout the machine.



L8

® Plastic covered slides usually require minimal lubrication and
can be run in a dry c:cnrnditic:n.‘m Therefore their use on large machines can
be furthEF”justifiediasncahplex lubrication systems will not be required,
- In situations where lubrication is difficult, such as vertical slideways
+ and cortain‘shaft bearings, a plastic inferface can be used to effect.

There are advantages in design, comstruction and cost.

nbst machine tool makers favour hardened slides as against

plastic covering ard the following points are suggested as possible

- reasons for this.

1) Most machine tools are small, (woula stand in a floor
area of approximately 12 m 2).

2) Slideway lubrication systems have been developed and used
for many years and are an accapted feature of the

machine tool design.

3) Tolorable wear and friction characteristics can be maintained.

4) The working life of a cast iron slideway is satisfactory and
the reclamation of such has always been possible.

5) Production methods, including processes of slideway renovation
have been developed and standardised .

6) lanufacturers are reluctant to make changes since, over the

years, customer satisfaction has been maintained (with
regard to slideway design and function) . ‘

- Further, the cost effectiveness of plastic coatings and other
low friction devices for slideways and their consequential sales potential

could be questionsd in the light of the above comments.

‘ It can bé concluded that the increase in use of plastics on
sliéeways will be very slow and limited to very large machines. This
means that cast iron sliding surfaces will be a predaminant feature of
-slideways forvthe forseeable future. Therefore the importance of
lubricants and their interaction on sliding surfaces, to reduce friction

and wear ia a factor which raquires constant attention.

% Lubrication is Pre(-"erre a’-..
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In order to introduce a friction concept into the slideway
model, it is initially assumed that the friction force (F) is linearly
rolated to sliding ;elAbcity (v) as shown in Fig. L.2 a. The slope of
this 1ime will be the damping cosfficient (f£) and will be used in the
basic slideway system trﬁnsfer function. for the purpose of the
sinulation This stoady state ;1near description shows a positive
quantity which is the resistance to motion. The literature aﬁrvey
indicates a more complex friction/velocity relationship in which this
force always’ppp;ses motion and is therefore a positive resistanco.

It is impoétant to note, especially for clarification, fhaf the resistance
or damping is always positive and therefore opposes the driving force.
Wiyhin this overall concept it is known that the resistance can fall as

sliding velocity increases and so the rate of change of resistance to

motion can be negative. Thus,

F =~ always positive
v

8F - can be positive, zero or negative
dv :

Therefore if a friction/velocity curve possesses a falling gradient
portion, as shown in Fig. 4.2 b, it is not implied that the system has

negative damping. If such a curve is differentiated as'in Fig, 4.2 ¢

" then it is accepted that the rate of change of the dam;:ing quantity

can be negative.

The reasons for this negative-rate and its magnitude are key

factors in the answer to pon-linear friction behaviour and slideway

- system instability.

B -——

L.L THB DRIVE SISTEM
" In order to move asliding mambar along its zuidaways a drivin;

‘This input force is required to overcomo

L

force nseds to be supplied.
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friction and cutting forces and provide accelerating/decelerating forces.
The most popular types of mechanical drive imvolve the use of either a

lead screw or an hyéraﬁlic cylinder. Typical arrangemsnts of both are

shown in Fig., 4.3

The lead screw is mounted along the bed of a slideway and is
ro#ated by either electrical or hydraulic powér usually via a gearbax.
A nut on the lead screw is mounted in the slidiné member and provides the

transmission from rotary to linear force.

Tge hydraulic cylindexr does noé have such a complex machanical
arrangement as it provides linear motion and force directly. The
cylinder body can be mounted along the bed and the piston rod directly
coupled to the slide. In order to conserve space it is sometimes

convenient to mount the cylinder on the slide and therefore fix the piston

rod to the machine bed.

It is important to note that the drive system functlon is
primarily to supply a force to the slide table and is not intended to
guide the table. This is done by the Xinematics 0f the table and guide-

way as shown in Fig. 4.1 . The drive system must supply a force whicﬁ is

i -precisely in the same direction as the sliding motion.

B Although manual power has not been overlooked it is felt that
. 4% can be neglected here for the following reasons.

a) High forces are required by the table.

b) The increased use of automation has relieved the oporatbr
of this task.

, ¢e) Controlled feedrates need to bo maintainped .

d) There are positional demands placed upon the drive system
as a consequence of automation . '

A drive system is the mechanical link betwoen the bed and tho
v
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sliding table. It has certain mechgnical roquirements to fulfill in
order to maintain pqecise table ﬁotion, oespocially under working load
conditichs. These are listed below, |
:- 1) High stiffness or resistance to Eaflection under load.
2) Lost mﬁtion.in this link must bo eliminated as far as possible,

'3) Friction and wear within the drivo noed to be held at a
very low level .

On numerically controlled machines due care and atteontion must be given to
these points in order to ease theoretical design analysis and provent

: macﬁine instabilitf. Modern drive systems do perfom satisfactorily.

. The prime mechanical requiromsnt of the drive is that of
stiffness and although a simplified approach will be taken hore, a groat
deal of work has been carried out with regard to the stiffness properties

and requirements of many elemonts within a machine tool. (47) (75)

¢

The hydraulic drive shown in Fige 4.3 b has a baslc stiffness
that is related to cylinder dimonsions and the bulk modulus of the

hydraulic fluid, thus,

stiffness XK = 2 2 . - ' 1=
V .

' The force produced by the cylinder is dependent upon sysiem oil pressure
and piston area (A). In most drives the oil pressure is greater than-
6.9 mm%ﬁz and in this case the bulk modulus (B) is not unduly affected

by entrained air. This can be a problem in low pressure systems (76),

if reduces the stiffness quite drastically.

A disadvantage of hydraulic cylinder drives is that the working
stroke must be limited and in order to obtain a useful stiffness magnitudo,

a compomise has to be made between piston area and cylinder stroke.

The main advantages of this type of drive are lower component

cbsts, flexibility in.assembly and location and the potential to supply
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b high traverse speeds to the table. Compliance of the piston rod,

| cylinder wall and location joints has been neglected in this model since

the main_Q;gument is, the simple concopt of drive stiffness in the mechan-
.ical link. 1In general, the range of stiffnesses on all types of slideway
drive fall into the range of 10 = 50 ¥/m and undamped natural frequenciés

of slideway systems in the range of 10 - 50 Hz, depending upon table mass,

The fact that this mechanical link may form part of a control
system loop in an automated drive can mean that fhe steady state relation-
ship between system force and system error will be dependent upon the
effect of the other camponents within the control loop. Nbvartheleas, it
is the stiffness of the mechanical 1link which is the daminant factor and

" together with the mass of the sliding table and a linear damping coafficiont

will produce the fundamental resonant frequency condition in the dynamic

state of the system. Therefore it is only relevant, in this work, to

consider the drive system as a simple link analogous to a mechanical

spring.

The location of the comnection betwsen the sliding table and

: the drive will be the point of applicatioﬁ of the drivihg force. As

pointed out by S.Kato et al (60) this position may result in some pitching
and yawing of the table under sliding conditionms. The effect will not be
considered in the subsequent slideway model but it is felt necessary,at

this'point, to describe briefly how this will occur if the conmnection

is not sited correctly.
Some assumptions have been made and are as follows,

1) The points of contact between the table and the guldeways
are spread evenly across the interface and there is an

even contact pressure .

2) The weight of the table acts through its centre of gravity
and the centre of the guideways .

3) The friction contribution is the same for each guideway/
table interface and remains constant throughout .

A}
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L) The direction of the applied force, to the table, is
parallel to the direction of desired table motion .

5),The normal, stiffness of the sliding interface is comstant -
“and elastic .

6) The friction force is considered to act at a point in the
centre of each contact area .

- The 1llustration in Fig. L.4 shows a bﬁsic model for consideration.
The pitching and yawing motions are illustrated in Fige. 4.5
_ Briefly the yawing of the table takes place around the centre of the
table through which the weight acts and the pitching is centred around
the mid-point of thé table length on the interface friction plane.

It is considered that,

a) The table yaw is made possible by the clearance betweon
the gib strips and the sides of the guideway (see Figel.l)
although a small contribution may be made due to the
interface deflection of this part of the sliding Joint .

b) The table pitch is due to the deflections on the main
friction plane although this may be accentuated by small
clearances brought about by a general waviness of the

surfaces .

Vhen the table is moving at a steady velocity the pitch angle is,

ep = Pan™' 9 la F, . ' | 2 = 4
Kg (L : .

and AZ = ELaF,s ' b 5"10-
2 Kg LT ' .

where Ks is the surface contact stiffness

If La = 150mn, Ly = 450mm, Fa = 50 kgf and Kg = 1 x 10°kg £,/

" then az = 0.75 m.

Therefore, the loading edge of the table, as shown in Fige. 4.5 b will
drop and the table inclination will be térwmd negative in the direction
of motion. Although this value is low-if campared with the experimgntal
measuremeﬁts (60) (77) (vy approximately a. factor of 5)- due to the
simplification, the analysis does indicate that tho,dimenaion.pa.ahould

be zero. This means that the line of ‘action of the drivirg force should

be on the friction plane. The effect of surface waviness - -
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a ,and the force due to the mament of inertia of the table mass under

"_osciilatory conditions will lead to an accentuation of table pitch.
ree, % ’ - ) I )
The table yaw will depend upon clearance but the equations
will be similar to those above, thus

AY = SIFrFa + Yo o 4=
2 Xg Lo .

where Yc is the gib to guide clearance
and therefore the yaw angle will be,

¢y = Tan”' AY 5
T4 |

The clearance Yc will only be taken up if a twisting motion is initiated
by the presence of an 'offset' force, and therefore the table yaw can be
considered to be zero if the dimension Ly is zero. Therefore, in this

example, tho driving force must act through the centre position betwoen

the guideways.

On a practical system it has been shown (76) that aﬁ offset
driving force will cause.the table to yaw (or Mcrab") which can bring

. about severe wear of the leading and trailing edges of the gib strips.

: In conclusion it should be noted that a machine tool slideway
5‘:"’-', will not have the constraints that have been imposed on the above model.
The positioning of the point of application will be difficult to calculate_
t_"in the design stage;bto cover all contingencies. 1In order to reduce
lé?ﬁ table pitching and yawing the following points should be considered,

1) Mochanical construction and tolerances of php'sl;daway
assembly. ‘ SR .

Y

Tl "2) Friction levels between sliding surfaces s -
3) Cutting forces applied to thé table .
L) The stiffness of the sliding Joints. o

PR

VJ}Q IE is proposed that these table movements are accentuated and manifested
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by non-linear frictional behaviour, but are not the cause of such
behaviour. A fundamental understanding and analysis of the non-linear
friction, Ig'ausing oscillatory table motion, can only be undertaken i.f

table piiching and yawing are considered to be eliminated from the

simulated slidemy model.

45 NON-LINEAR FRICTION EUTWUEN CAST IRON SLIDEVAYS
The steady-state friction force/velocity characteristics of a

sliding joi;lt can be illustrated by the curves shown in Fig. L.6
Curve (a) indicates- the linear concept of friction behaviour and
it is this form that lends itself readily to the adoption of a damping term
suitabla for a system aquation of motion, This ideal condition ensures
that when the table is driven at any constant velocity, oscillatory motion will

pot exist. In practice, slideway friction is actually of the form shown in

curves (b) and (c).

These curves are non~linear. The relationship between force and

velocity have a complex arrangement and in particular the friction lovel is

‘'not zero when the table is stationary.

The analytical study of the equation of motion is impeded and
the transient and dynamic behaviour can only be established theoretically

using complex control theory mathematics., In doing so, the exactness of

the solution is open to question, althougi: some useful information and

general conclusions can be drawhe

The plotting of curves (b) and (c) can be hampered by oscillations
on the velocity signal especially at low velocities, brought about by
' stick-slip' motion of the table. This occurs when the slope of the forca/
velocity ‘characteristic is negative and it is genoral practice to draw this

steady state section of the curve by taking a mean lims through the

velocity excursions.



"SOILSIMILIVIYHY NOILIN Y 3iYLS, XQvdlg giforg T

6.0

ALDOIN ONQIS i B o
@) : .
N _
(o) :
] | 35804
P  INataovy4




It is thought most important to question why such charac- -
‘teristics ‘as shown n Fg. 4.6 "are brought about., The dosigner of
machine tobl slidewaf s}htems would be more willing to accept such physiecal
detail than rely on empirical relationships. To this end, the expori-
mental work of Bell et-al (45) (47) is useful to the industry although

overall theoretical concepts have not been developed.

A system velocity profile is drawn for all the curves in

I
&

Fige 4.6 éssuming exactly the same mechanical system parameters. Those

are shown in Fig. 4.7

\
. These profiles are suggested to be the likely result of their

slideway friction characteristics and at this point in the thesis, are
only intended for illustrative purposes. :

For the linear friction characteristic the output velocity is
always the same as the cormanded input velocity. The brofiles (b) and
(c) show oscillatory notion of the table taking place over some part of

the falling friction characteristic. They indicate that their pattern

is dapendent uﬁon the friction/velocity characteriatié. It is suggested

that there will be a unique profile for each slideway system, and that

they are a more sensitive indicator of parameter changes than the friction-
curve. Their reproduction reguires little instrumentation, a suitably

' positioned'velocity transducer and storage oscilloscope would be adequate.
As these profiles have not been generally used their interpretation and
relation to slideway friction does require Qome explanation in order that

the designer or service engineer may gain meaningful information,

N If we assume that the frictioq/velocity curve does not exist
" and that only the profile recording is available then it is logical to

f?‘maka an initial obsarvation that curve (&) in Fig. 4.7 15 the ideal

-~ requirement for a 81iding system. (This does mean that the drive system
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will need to supply high forces to the table at high velocity). Any
irﬂi:ééz;ous (;scillations ﬁust 'be eliminated or. -r;aduced to such a magnitude
that systeﬁi.‘gtability :‘:u:d Islideway performance are not degraged. This
mears that the upper critical velocity and the amplitude of any preceding
oscillations should be very small. For a particular system this can be
achieved to some dagre_e in practicse by using a high viscosity lubricant or

one with polar additives, as demonstrated by Britton et al (47).

In order to highlight some of the profile characteristics the
curve 1llustrated in Fig. 4.8 has been drawn, this is an amalgam of
many characteristics, The cuz;ve does indicate the many salient

features which‘ are listed below.

Point 1. The initial jump in table velocity. This indicates the
presence of static friction and‘_the time éelay béforq movement, The
height of the Jjump will increase with friction level.
Section A. The transient and subsequent smooth rise mean a positive
| _rise in the force with velocity. This portioﬁ may be suppressed and
becoms indistinguishable. '

Point 2. This is the lower critical velocity and the comencement
of table oscillations. The friction level will now be falling with
4ncreased velocity. This point may coincide with point 1.

Section B. The oscillations will increase in amplitude with rising
velocity and depending upon the system parameters may lead into a stick-
slip condition. The rate at which this. occurs will be parameter dependent.

Point 3. Thé start of 'stick-slip' motion. This point can be very

| close to point 1. b
Section C. The amplitude of stick-slip motion will contirue to ris;a to
. a maxin;u‘:-x-i. " The maériitu?ie is again dependent upon the parameters of the

s system, but it is gemerally associated with low system patural frequency,
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steep negative friction/velocity gradient, high general friction levels over
this velocity range, and low lubricant viscosity, ' d

Point 4. ' The termination of 'stick-slip' andlthé ;tart of a decay in
the amplitude of oscillations, The velocity at thiﬁ éqint has been referred
to as the critical velocity by earliocr rasear&hers (19) (u3)

Section D. The table oséillations';ill reduce.in amplitude aéltha
velocity increéses. uThe.main paraméter.affeéiiné iho system over this
section is the luﬁficant viséosity; Thewsiidewﬁy lubricanf, couplod'wifh
the interface valocity,-is attem@tiﬁg-to queﬁch these oscillations. The
friction force is still falling with increased speed but at a lower rate
than over section C. ' These oscillations are termed quasi~harmonic and tend
to be sinusoidal in shape as the velocity increases.:

Point 5. :This is the upper critical velocity and oscillatory motion
is terminated completely.ﬁ'The-frictioq(valocity gradient will still be
negative but it is suggested that the nearer poimt 5 is to p&int 4, the
closer will be the critical velocity to'the velocity at which the_gradient

of the friction curve assumes a positive gradient.

At some velocity beyond point 5, the slideway lubricant will
provide sufficient support, to the table, to eliminate all metallic contact
- between the sliding surfaces and the friction level will only gradually

rise with further increases in velocity.

The simulationJof a slideway BYst5mrwith non-1inear friction, is

discussed in chapter 8, but it is relevant, at this point, to include some -

furfhef~pr6fila observations. These are,

1) The frequency of the oscillations is approximately the same |
as the system undamped natural froquency (especially over
section D of the profile. :This suggoests a fairly low friction
level and consequent system damping coofficlent .

2) The shape or signature of the profile varies with the rate of
- change of command velocity. High rates of increase in velocity

. tend to show higher critical velocities. This is due to the

system natural oscillatory decay which increasingly overruns



the point of actual critical velocitye.

3) The profile signature is modified if the command velocity

is reduced ‘from an initially high level down to zero. In-

general, point 1, sections A and B, are not distinguishable

and the overall shape tends to be smaller with a lower

critical velocity at point 5. It is felt that this feature

is again prineipally due to the effect of the slideway

lubricant, since at high velocities a fluid film is generated

and as the velocity falls this film is maintained uniil a

breakdown sliding speed is reached. ' If very high rates of

~ velocity decrease were possibdle, on a physical systen, the
oscillatory motion may be completely suppressed, but if the
terminal welocity was not zero then the system would revort

~ into an oscillatory condition after a small time interval,
(Necessary for film breakdown)s - ‘ g

Gy

| it is éenerally accepted that oscillatory table motioﬁ at low
sliding speeds is affected by the negative gradient of the friction/
velocity curve and therefore the curve shown'in Fige 4.6 b will bo used
as'the general shape for the system simulation. A theory will be pro-
pounded which will_explgin necessary system requirémanta in order to

bring about the shape of this friction curve.

The andlysis_df tha.nature of this system phenomenon is the
obJect of this thesis, bearing in mind the physical paramatefs of the
system. The friction/velocity curve and tho S,V.P. will change as a
| consequenca of other external fofces. such as those contributed by the
cutting action on a machine.tool. They will also bé modified by external
velocity vibrations applied to the system. This observation fo}10ws the
experimental work of Yokoyamﬁ et al (78)(ﬁho applied harmonic vibrations

in the direction of sliding motion to reduce kinetic friction) and the

experimental work of Tolstoi (38)

All external forces have besn excluded from the subsequent
analysis in order to obtain a meaningful basic understanding of the

system behaviour as outlined above.

i ° . - .
.
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L.6 A BASIC SLIDEVAY SYSTEM - FOR THTE PURPOSLS OF STUULATION

..fhe main factors involved in a slideway system have been out=
" lined. Some irregularities have been excluded in order to maintain :tho

necessary clarity.

The ha_sic model 1s shown in Fig, L.9 as a siuple spring = magg=

damping system. .

If the friction force F is a linear viscous term. fx,‘,thon

the force equation of motion will be

Mxo + fz'q + Kx, = Kxi' _ 6 -4
and the systeém behaviour can be explained mathematically using linear

control theory (20)

But the friction force term will be non-linear and the basic

equation will have the form,
l‘ﬁc;-+ on‘+Kx = Kxj I_f 7=-4
o) o S
A decamposed friction/velocity curve is shown in Fig. 4:10, the entire
curve being the sumation of curves (A) and (B) | '
Curve (A) has the equation, ‘ _
| () = N(Ve- %,)° o S TS
and is only operative until Xg =V¢|.';“ | b | -
.~ If%,=0then -
(A) = N(Ve)? = Fs | o | 9.y
xS Va |
(A) = Zoro
Curve (B) has the equation,
(B) = £x, y : | . 10=4
where £ is the appa'.rent viscous damping co_ef?ipient . '
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Thus for positive values of output velocitya-

(a) + (B)

. . 2 ' .
by - - - .
Ry N (Vq,: qco) + fxo : 1l - 4

A square law relationship has been used for. curve (A), whichb is felt to

F

_ be quite acceptable_sat this stage. .

e

Thus, the basic equation of motion for the non=linear system is

I-EO + P:;c_zl N, (Ver = :'c°)2 + f:':o + Kxg = Kxi 12

A camplete mathematical analysis of such an equation is not
possible unless some form of piecewlse linearisation is attempted‘
initially and it is cortainly not clear that the sliding mass could
naintain an oscillatory status if the command ipput was a velocity
‘i.a. X3 = ;'ci.t. Therefore the analogue simulation will be of equation
12 = L in order to obtain further understanding. .
Two steady state conditions are considered when =

a)l i’o = 0 - o . |
Then equation 12 - L becomss _
N (Ve)? = K(xg-x) = Fs . 13 - 4
and the system will not have the capacity to move the table until the
error force overcoms the static friction forcs.

b) x Lo VvEVe, (a stéady state table sliding velocity)

"then . (2 . . '
N(Va - x)° + £z = K(xj - x,) SINEA

and the steady state error force will be smaller than that for

equation 13 = L4,

Finally, two further polnts n?ed to be mentioned,

1) Equation 11 - 4 is an attempt to fit a simple mathematical
description to the friction/velocity re;.atidnship. The manner in which
friction varies with velocity ig to 'no' discussed in detail. An alternativs
equation will be developed in which :';t: ‘ia hoped to eliminate any empiricall



relationships and thus provide analytical answers in torms of physical

parameter quantities.

2)..The simulation studies have shown tﬁat equation 8 = 4 is a
time dependent equalify and this greatly affects the S.V.P. This

dependence is related to some of the system parameters and the equation

"~ will have the formm,

() = (1-0 "% N (Ve £)? o 15 -4
and eguation 1l = L becomes,
F=(loo"*Y)N(va-2)% + £2, 16 - 4
! i
The simulation suggests that there is-a first order form for

the time dependence as subsequent results compare most favourably with

past experimental results, as noted in chapter 3.
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CHAPTER 5
AN ANALYSIS OF CAST IRON SLIDSWAY SURFACS

5.1 INTRODUCTION

Machining processes leave tha surfacoe of a workpiece with
characteristic patterns of hills anad valleys kn&wn as texture. This toxture
will usually have camponenta of roughness and waviness which may be supor-
imposed on further deviations from the intended goometric form, for

-

example, flatnoss.

As R.E.Roason (79) has pointod out, the optimum surface
specification may become a highly camplex matter, doponding upon the service
conditions of the mating surfaces. In particular, it can be caid that a

friction system is dependont upon the physical activities that tako place

between the sliding surfaces.

A relationship illustrating the intordopendance of those activitios
and friction is shown in Fig. 5.1 This diagram exprosses obJoctivoly tho
views of an ongineer and use has beon made of factors which are Judgoed to
“be raadil} appreciated and understood in an industrial enviromwent. It can
be seen in this éigure (5.1) that tho friction '"family' has been divided in
four identifiable parts, or sub-systoms, each having its own group of

activities. In every case some factors are common and cah bo collectively

described as "metallic interface characteristics". (ILI.C.)

This chapter 1s concerned with obtaining soms undorstanding of
these characteristics as applied to machine tool slideways so that subse-
quently a friction/volocity relationship can bo developed aud exprossed .

mathematically in t erms of physical guantities.

Exporimental work has been carried out undor 'dry' sliding
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conditions using a small model, The topographical changes that occurud

on cast iron test piloces are compared with studies of changes on actual

cast iron slidewayse.

The methods of studying surface topography, in varying dotail,
include
' 1) The ordinary microscopo
2) The scanning electron microscopa (S.E.M;)
3) Optical - interforonce maethods | |

L) Stylus methods using a profilometer

The S.E.M, has been used by Froy et al (80) and Quinn (40) in
their studies of changes in surface topography with particular reference

to wear characteristics.,

A recent paper by Grieve, Kalizer and Rowe (81) discussoes the
measurement and examination of surface topography-using a stylus instru-
mont to record close, parallel surface profiles for later analysis ona

computer. In these studies extensive use has been made of the scanning

electron microscope in favour of the profilometer. The stylus method

was not used for the following reasonms,

a) The instrument records only a measure of the surface
profile akong a line of fixed length.

b) To produce a rocord of the surfaco topology of a specific
area would have meant the collecting and processing of

information from many lines .

¢) The precise location of such an array of lines would have
been extremely difficult, especially as the exorcise needed

to be repocated many times ,

d) Surface damage caused by the stylus would have affocted tho
rocordings, but more importantly, would have upseot a
particular state of the surface. This damago has been out=
lined by Dennis and Fuggle (82) and its effoct doalt with in
an interesting paper by Guerrero and Black (83). In both
cases the rosearchers used the S.E.Me for oxperimental

verification .
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o) It was felt that surface dobris may not have registered
because of its interaction with the stylus. Disturbance
of any debris would mean changes in the surface topography .

5¢2 TXPERIMENTAL STUDY OF TOPOGRAPHICAL CHANGLS ON DRY SLIDING SURFACHS

The majority of machine tools use grey cast iron structures,
wvhose grades are spocified by BS.1452:1961, Theso structures fall in the
range between grade 14 and grade 20. Swall items are made with grade 14,
and this number generally increases with component size. The grade number
corresponds to tho minimum tensile strength in anf./inz for a 1,2 in.
diamoter test bar. General engineering data on grey cast irons can be
found in a very useful publication by B.C.I.R.A. (71) and much relevant
information has beentaken and used in this work., It should be noted that
the actual mechanical properties of cast iron will depend upon the mould

cooling rate and canponent section thickness.

Following discussions with a machine tool manufacturer H.V,Ward
(72), grade 17 grey cast iron was selected as the material for the small
specimens. This material was supplied by the company and describad as
"surplus bed iron", having been taken from the slideway section of the bed
casting. By doing this it was hoped to ensure that the specimens would have
the same metallurgical p’roparties as an actﬁal slidoway, The actual
machine beds are cast in such a position that the slideway sectlion is at
tho bottom of tho mould and the slower cooling in this region should produce
a fully pearlitic structure. This should give good wear resistance in

comparison with a structure containing austenite. (Eyre (84) (85) )?

A micro structure of this material is shown in Fig. 5.2 and
indicates graphite flakes, with a small amount of manganese aulphida,
(usually rectangular in shape), in a poarlitic matrix. The rqlativa coarse
structure is caused by tho slow cooling rate of the casting. A finer

" distribution of graphite flakes would indicate a faster rate of cooling.



GRADE |7 CAST IRON. MaG. x100.

Fie. 5:2. CasT IRoN MICROSTRUCTURE.
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The composition of this materianl was found by chomical

analysis to bae,

Carbon 3047
Sulphur : 0.15;6
Phosphorus 0.09;0
llanganese : 0. 6}‘5

Silicon N P 1

5¢2.1 THE TEST SPECIMENS

Two test pioces wore made to the drawing in Fig.5.3. Theso

components had to perform two major functions,

1) To be analogous to an actual slideway systom, oporating
under dry conditions .

2) To be capable of allowing the sliding surfaces to bo studiod
using the, S.E.l. 8pecial mounting fixtures wero mado for
the specimens, which are also illustrated in Fig. 5.3 .
The annular contacting surface of each plece was propared in
e:c_actl;jr the same manner as an actuﬁl slideway surface. They wore fina

turned and then ground using a C=30-HB-4.5 flared cup grinding wheel.

The grinding specification was as follows,

1) Cup grinding wheel speed 3000 rpm
2) Feedrate : ' 60Qun/min
3) Roughing cut depth , 0.1 mm

~‘ L) Finishing cut depth 0.05 ma

5) Second finish cut to spark out

In order to establish a value of the nowly cut surface finich,
in terms of the conventional C.L.A. value, another cast iron specizon
surface was'prepared in tho samo manner. Tho measurements were made with

the stylus moving at right-angles to tho diroction ‘of the grinding marks

" or surface lay.

The results indicatod that the surfaco roughness, across tho

lay had a moasure of 0,7 pm.CeLvA. With this moasuremont it was hopod to
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moke some comparison when viewing tho nowly ground test surfacos under

the S.E.M

From Fig. 5.3 it can be seen that specimon 'A' has a complete
ground annulus and this represented the surfacs of a machine slide.
.Specimen 'B' . has two small'part annuli, and repressnted the surface of a
machine table, For comvenicnco, the surface area of 'A' was twice the
'apparent' contact area of 'B's The areas on 'B' wore oqually spaced
about a mean diameter and thtla total was 27.74 mm?,  This allowod ahy omno
of these areas to coupletely pass over any particular point on surface
'A' in the same way that a machine table moves over a point on its guide-

ways. To dmprove this model the radial width of the annuli on both

speciuens was made as small as possible.

. The *sliding tests took several waeks to complete and to reduce
the amount of contamination and oxidation of the specimens, they wure

stored in small air-tight containers lined with proprietary ruat-prévonting

paper.

5.2 11 THE TEST FIXTURE

The specimens: were located and aligned in a simple fixture
shown in Fig.' 5.4.

Both specimens were placed on the location rod (4) with 'D'
next to the driving dog (5)s The rod passed through a support bearing (3)

and specimen 'A' located in the fixed dég (2). A force betweon the two -

spocimons was generated by a calibrated spring (6) adjusted by tho spring
location/nut assembly (7). _ '

Specimen 'B' was rotated relative to 'A' by moans of a driving

"handle (1) This operation was carried out manually.
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The information published by Bell et al (47) was usod to soloct
the apparent contact pressure for these tests. Tho rango of table loads
_gonorally produced an apparent contact pressure betwoon 60 I':.'l'f/m2 and

80 kN/m2 and a pressure of 70 kN/m‘? was chosen,

The spring force (Sp) and hence the forco betwsen the contacting
surfaces was calculated,

l

Sp = A4.F,

Sp = 1.9418N

. The compreséed length of the spring was measured using standard
slip blocks, between the location collar (7a) and‘tha support ' bearing (3).
This simple technique was used since this measurement was made

every time the fixture was assembled.

ﬁ'ha .angular position of the two sliding surfaces was the same
at the st#rt and finish of eveyy test. Although this meant that the two
1ocatiﬁg dogs would be in a vertical position a discrepancy of 180 degrees
may occur. This was overcome by scribing ar fine line on the side of each.

spaéimen, durlng the initial assembly of the fixture.

5.2. 111 EXPERIMINTAL PROCEDURX

’

The specimens were rotated relative to another by means of the
driving handle. To sinulate oscillatory motion the handle was turned
one- revolution clockwise then one revolution- anti-clockwise. These two

movements represented one oscillation,

As the radial width of the annulus was small, the mean diamoter
vas used as a basis to calculate a sliding distance of L0 mm for every

revolution. For convenience one complete turn was made in one second, so

that tho sliding speed would be 4O mm/s. This may be considered rather
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high for machine tool slideways but is not impracticable.

There were 26 tests carried out andlat tho end of cach omo tho
spocimens were woighed to establish their weight loss. Thoy were viowed
vith tho S.E.M. and the changes taking placo in a particular location
woere noted. Cencral changos in topography wore also atudioﬁ‘by scanning

the entire surface of each piece.

Somo details of these tests are listed in the table shown in
Fig. 5.5 and the weight loss of ecach sbecimon plotted against aliding

distance is illustrated in Fig. 5.6

Photographs wore taken of the surface of each specimen at every
tost. The location of the test pleces in the S L.}l was achieved by using
spoecially made aluminium holders (see Fig..s.j). To enable a spocific
areﬁ 10 be viewed the initial setting up of the S.L,l. entailed the
positioning of the scribed lines on the side of each specimen. A technique
was developed of viewing these lines, at a magnification of x100 and
turning the specimen until they were aligned vith a datum. This datum
was dravn during the initial setting up, by tracing over the image.of the
scribed line on to a transparent plastic plate covering the C.R?b. screon.
Masking plates were made for each specimen using the above magnification

and also with a further magnification of x500.

The operation of the S.I.M. (Cambridge Stereoscan Mk.II) is-
éetailad in Appendix 1 and it is sufficient to cament here that the initial’
setting of the spscimens meant that the surfaces were inclirned at an angle
of 3° with respect to the viéwing positian._ This means the following
photographs have an incliration such that the bottom edge is the highest

line of the surface, and that it falls away up to the top edge.

. The use of masking plates made the study of a specific area

camparatively easy with exactly the same magnification settings. Selected
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TEST NUMTER OF - CUMULATIVE ATPRATIVATE CUMULATIVE

 NUMEIR - OSCILIATIONS NUMRSR OF DISTANCS MOTHD
OSCILLATICNS . = CENTIIITRTS
0 0 0 0
1 c1 1 8
2 1 ) 16
3 2 L 32 -
L 2 6 L8 -
5 X 10 ' 80 !
.6 & oA 112
.7 8 22 176
8 3 30 . 24,0
_ 9 16 & 368
10 .16 6L - Bl2
11 32 96 _ 768
12 32 126 1000
13 : 6l 190 1500 -
"1 6L 2 - 2000
15 64 513 2500
16 8L, , 392 , - 2050
17 6k 146 3600
18 - “128 . 57k | 4600
19 128 702 , 5600
20 128 . 830 . 6600
21 128 958 7700
22 28 | 1006 . 8700
23 128 121 ' 9700
2 123 1342 10,700
25 128 1,70 11,800
, 6. 256 - 1726 13,800

’

N.B. One oscillation consiats of one anticlockwise revolution followed by

ona cloclkevise rovolution. The distarice moved in one rovolution is

approximata 1y 4O mm.

Fie.5-5 TaeLE oF TesT DETALS.

+
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areas wore close to the outer edge of the specimen surfaces and mear to

the scribed line.

Finally a study of the surface debris was undertaken using X-ray
diffraction tochniques developed by Quinn (40)s It was hoped that this
would indicate the temperature changes that had taken place at mome

points on the interface.

5¢2.iv OBSERVATIONS ON POSSIBLE EXPERIMENTAL SHORTCOLINGS

It is felt that these tests w;ould be improved if a long, serious
- study of surface topography changes were undertaken. The following
observations are not intended to undermine this analysis as some useful
knowledge and understanding has been gained using the simple equipment.
Moreover, the basic concepts employed here could still be embodied into
a specific study programme. These comments are listed below,

1) The sliding speed should be variable fram 5 mm/a up to
40 mm/s and would be best achieved with a motorised drive and a mechanism
capable of performing oscillatory motion.

2) The specimens are held in a horizontal position and loose
debris falls away from the surfaces. The effect of all created debris
on the surface topography is important and 11_: is felt that the specimens
should be mounted in a vertical position with specimen 'B' above 'A',

3) Frictionai losses have been reduced as far @s possible in the
fixture design although lubrication was not used. The effect of friction
may slightly alter the loading between the specimens and any wear of the
bearing surfaces may contaminate the specimens causing possible weight
loss variations.

L) The cleanliness of the apparatus and the apociﬁpns is

important and care must be taken in storing the test pleces. 1In these



experiments the continual handling of the specimens was reduced by
placing them in their special holders.

5) The effect of environmental changes on the surfacas of the
specimons may need to bo considered, especially when repeated use of the
S«L.Me 1s required.

6) In a prolonged study it may be beneficial to have many pairs
of specimens, each pair being given a specific sliding distance and speel
This would mean that a continual study of a particuiar surface would bo
hampered, although the pattern of surface changes m;y be more easily

understood. ,

5.2.v EXPERIMENTAL RESULTS AND OBSERVATIONS

During the tests many photographs were taken, and only a
selection are presented in this section. The first series of photogrephs
(P.5 =1 to Pu5 = 12) are of the same small area on the test pieces.

These areas are approximately 0,025 mm?, and are shown in order of

sliding distance.

The second series illustrates general surface conditions
(P.5 = 13 to Pe5 = 28) on cach specimen and are intended to demonstrate
the mumerous activities which have occur;d. For consistency, they are
also shown in order of sliding distance.

The tests are listed in the table of Fig. 5.5

SERTES 1) TOPOGRAPHICAL CHANGES OF PARTICULAR AREAS
Photographic details are as follows =
‘Scaling for specimens shown with photographs.
Time exposure based upon C.R.0. raster speed .

C.R.0. with low persistence phosphor screen ,
Camera setting £8 ~ 35mm film ,

The selected area on specimen 'A' has a small void in the new

Surface and is clearly seen in P.5 = 1, The lay of the grinding marks

M Do geen but 1t is not possible to establish a description of the
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sizes of these grooves. Surface 'B' in P,5 = 2 does show the newly
ground topography to advantage and an estimate has been made of groove

dimensions.

Grirding groove width varies between 0,012 mm to 0,004 mm. and
taking into account the lay of the surface and its genocral relative slope
of 3° to the picture surface the groove depth is in the order of 0.05

times its width.

These two surfaces are not quite opposite each other in their
fixture datum position, but the direction of the wear tracks in subsequent
pictures of surface 'B' lie in approximately the same direction as the

grinding marks on surface 'A',

In both the above illustrations surface cracks can be seen and
it is thought that they are related to the position of grain boundaries
of the surface material. These areas are camparatively free from debris,
which tends to be highlighted by small bright patches. Debris in the form

of oxides usually has a higher brightness (due to its structure) than does .

any other cast iron particles.

As these tests progress then surface 'A' becames contaminated
with a layoer of oxide which eventually completely covers the original void
and most of tho area. It can bo seen through Pe5 = 3, 5 and 7 that this
. formation has not canpietely adhered to tho surface and the changing
rhape reveals parts of the original surf;ce.- This area has not been

subjected to any degree of wear but it is likely that oxide debris has

been created from the surface layer.

Surface 'B' does show extensive wear as the teats progress,
especially over the lower half, which has become much smoother. The

~amount of surface debris shown in Pe5 = 4, created after a relatively

-
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short sliding distance, gencrally decreases in both size and quantity as
tests procesed to the condition of P.5 = 12, 'The debris forms can be

’

described asspherical, flat circular or round cigar shaped. Thoso part-

icles are moved into the grinding grooves and some remain undisturbed,

which suggests that they are less than 0,0005 mm in height. It is
estimated that the particle average diameter is in tho range 0.0005 mn to

0,002 mm and in the early test stages the large particles are dominant.

The general change in surface lay is in the direction of motion
and the longer wear grooves are estimated from I»5 = 10 to be 0,0015 mm
wide. Their depth is difficult to ascertain but it would appear, from

their intersoction with the grinding lines, to be of the order of 0.0003 mn.

Tt can be seen that the edges of the grinding marks have been

worn down, deformed into the grooves,and same edges have been broken away

creating further debris.

The series of illustrations for area 'B' highlight the effect

that the narrow individual grinding lines are superimposed on a larger

surface waviness,

SERIES 2) GENERAL TOPOGRAFPHICAL OBSERVATIONS

This set of illustrations is nearly all taken from surface 'B'.
The various aspects have baen grouped together for clarity and a note is

made following each one.
P.5 = 13 to P.5 = 17

These photographs show the intersection of wear and grinding

grooves.

The ridges of the grinding channel have been deformed and worn

down. Fragments of these edges have broken away and others appear to be
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Th
in the process of doing so.

The woar grooves are seen to enter the grinding channel from the
left in P.5 = 14 and P.5 = 16, Soume of these tracks have a bottom in tho
form of two narrow grooves and it is thought that this is due to the
oscillatory sliding motion. The edges are raised above the surrounding
surface to form their own ridges. This would indicate some ploughing

action by the debris or caused by a small protuberance on the mating surface,

Debris has fallen into the bottam of the grinding channel and
same of these particles may have cane from the wear track due to the

cutting or ploughing action that was present.

The width of tho grinding channels is approximately 0,008 mm and
the width of the wear tracks 0.002 mm. Ridge to valley heights are
difficult to estimate in both cases but their appearance would suggost
rather steep sides and basically that the cross sectional profiles are
circular. It is suggested that the width to depth ratio of the wear grooves

isin the order of 4 : 1 and the grinding channel ratio 8 : 1.

_ The creation of cast iron debris occwrs predaminantly with the
breakdown of grinding ridges which is accontuated at points of intersection
with wear tracks. The general debris sizes in these pictures gives mean
diametara in the range of 0. 003 mm to 0.0005 mn. Their general appearance

would appear to suggest a rather flake=like shape and same cigar shapes.

Apart from these tracks the general surface appears to bo worn

with the original grinding marks predaminating. There is an appearance of

& surface structure consisting of rather flat laminated plates, parts of

which have been removed.

The illustration P.5 = 16 is an enlargemont of Pe5 ~ 15,and the

surface has boen subjected to a greater sliding distance. Some oxide dobris
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is prosent in both casos and it is suggested that the ball like nature of

this is conducive to the generation of some wear trackas.

The composite picture of P.5 = 17 illustrates a long wear
track, the very bright patches indicating oxide debris. The width of
this track varies, being a maximum of 0, 003 mm. These variations
indicate the genoral waviness of this surface, which has given rise to
changing ploughing conditions in making the tracke By considering the
points along this track of maximum width, a measure of this waviness can

be obtained. Tho surface waviness appears to bo repeated, on average,

every 0,05 mm and has an amplitude in the order of 0.002 mm.

Again this larger areca has several long cracks in the surface
which are the broken edges of plates or grain boundaries. Several
fissures can be seen which are likely to be the positions of graphite

particles, same of which have boen romoved in the machining and sliding

wear processes.
Pe5 - 18 to Pe5 = 21

The mechanism for the creation of debris will be complex and
these illustrations indicate same of this generation which, it 1s felt,

is associated with the material near to and on the surface.

Pe5 = 18 and P.5 = 19 show an area from which a flako fragment
has been removed. Tho general lay of the surrounding surfaco is 15 the
di?ection of sliding motion, The bottam of the remaining crater appoars
40 be quite flat and has steep sides. The depth of this hollow is
estimated to be less than 0,005 mm and it is possible that this position
was occupieg by a graphite flake at same time. Such an area is.a
. colloctor of surface debris and oxide can be seen lying on the bottom of

the hollow. The rough appearance of the side wall, to the right,

suggests that some adjoining metal was subsequently removed.
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Pe5 = 20 and P.5 = 21 illustrate two possible alternatives of
how the above hollow may have been formed., In Pe5 = 20 part of the
boundary edge of a flake has been completely turned over, again in the

“direction of motion. This turned-over portion has a diameter value of
0,005 mn and being extremely thin is likely to be removed and rolled up
into a cigar shaped‘piece of debris. Surrounding the small fissure,
above the flake, are very f#iny black spots which may 1ndicata.ama11 holes
in a thin layer of surface oxide. The turned-over surface of the small
flake is very bright and may indicate some oxidisation due to the

heating of this area during deformation.

P.,5 - 21 shows two thin flakes partially orientated in the
direction of motion. Again the average diameter of these particles is
0,005 mm., It is possible that they have been removed from the surface
in a position indicated by a dark hollow to their left. The general laf
of this surface is due to the grinding marks but 1% 1; felt that these
flakes have been torn from their original position by a protuberance on
the mating surface. This has made a small groove in fhe grinding ridge

imme diately to the right of the flakes.

PeH = 22 to Pe5 = 25
The interaction between thé surfaces to produco wear tracks

and subsequent debris is illustrated in these photographs.

In P.5 = 22 the terminal point of a wear groove is shown. Th;
direction of the track follows the sliding motion. Near the end of the
track appears a thin layer of bent over material, similar in shape to the
bow wave created by-a boat. If wo assume that the predominant track was
created by a ﬁrotuberanca on the other surface, when moving from left
%0 right, then in the roturn motion another much smaller track has been
made. This cormences at the small mound of material. This area was not

viewed with greater magnification but it is suggested that the protuberance

AS
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was sheared at the mound position due to a rise in this surface. The
remaining form then produced a short but larger groove. On the return
of this ploughing element, some of the material in the prow formation,
or even part of the sheared protuberance was picked up or perhaps
rolled to produce the shallow secondary wear groove. The genoral
surface area in P.5 = 22 indicates metal deformation of the grinding

ridges which has tended to fill in the grinding channel.

P.5 = 24 is a similar example to the above but an opportunity
was taken to magnify this area as indicated by .5 = 25. The first
wear track was made with the upper surface moving right to left. It
can be argued that the material that has made this track has partially
remained at the end, together with some surface material, which has
apparently oxidised. Some attached material on the other surface has
moved from left to right of this position taking a line of least resist-
ance and created a small secondary track. In both these pictures the

general surface lay is due to grinding but ridge deformation is in

evidence.

P.5 = 23 indicates two different types of debris. One is a

flat plate of cast iron material having a diameter value of 0, O0L mm.

The other dominant particle is rolled oxide debris approximately O.Ol5mm

in length with a diameter of 0.0018 mm. It is suggested hore that the

debris shapes may be governed by the shape of the grinding grooves on
each surface and the relative movements of these two surfaces, the
general surface forms being used to deform and mould the debris into

shape. This idea would conform with these observations, in that as the
surfaces became generally smoother a deformation process would tend to
create smaller debris sizes, especially if their material consisted of
a thin oxide film or small cast iron flakes. Any such interaction and

deformation would of course produce some surface grooving by the debris.
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Pe5 = 26 to P,5 - 28

The growth of surface oxide as part of the debris material is

shown in these illustrations,

P.5 = 28 shows a general area of surface 'B' contaminated with
Oxide. The longitudinal shape of the large area indicates the direction

of sliding motion. It can be seen that oxide possibly in the form of

small particles has filled in one of the large grinding marks. There

is some indication here that the oxide area may have been much larger

but has been moved away by the process of wear during sliding. The

general appearance of this area is one of smoothness due to the wearing

down of the original ground surface.

P.5 = 26 and P.5 = 27 illustrate a deformed oxide film,

P.5 = 26 was taken using high power on the electron beam and the oxide

appears to be transparent and only the outline can be distinguished

with clarity.

P.5 - 27 was taken with a reduced beam power (2.5 Kv) and

indicates quite clearly the interior shape of the particle. The

definition of the surrounding surface has now been lost. It should be

noted that the viewing of oxide films is dependent upon the electron
beam voltage. P.5 = 27 illustrates clearly that the oxide film is
extremely thin. It is expected that this oxide would deform further to

become cigar shaped.

A general picture of the area in which this oxide was found is

not illustrated, but in an area O. 16m® five such shapes, all very

similar, were identified.
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The test photographs illustrate that a complex system is in

operation to change the surface topography.

Such a system will contain such factors as,
a) Original surface finish .

b) Surface proparation methods .
letallurgical and crystalline structure of the surface material .

Atmospheric conditions .
e) Force applied between the surface .
f) Relative sliding speeds .
i Degree of oxide formation .
The influence of surface debris .
In this particular experiment, which was meant to simulate dry

slideway conditions, some general comments can be made.

1) The weight iosa of 'B' (representing the machine table) is
approximately twice the weight loss of 'A', (representing the machine
slide). The loss rate is rapid in the early test stages and reaches an
equilibrium condition, i.e. constant slope, whon the sliding distance for
'A' is 2.4 m. and for 'B' 6.0 m« The equilibrium wear rate for 'B' is
small and of the order of 0,5 x 10™2 gm/m, The wear rate for specimen 'A'

is less than this figure and is calculated to be 0.2 x 1072 gm/m.

These figures show same agreement with those found by Eyre (84)

whose values are higher due to increased loads and sliding speeds (between

2=-5x 1072 gm/m)e

2) The surface of 'B' had more wear tracks and was generally

smoother than 'A'.

3) Surface 'A' had more oxide formations which continually changed
in size.

L) X-ray diffraction of the oxide formations on both specimens
indicated that they mainly consisted of Haematite (szoj) with some
Magnetite (F'esoh). There was difficulty in distinguishing between these

two using the A,S.T.Me index of crystalographic analysis. These
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oxides are formed at temperatures iﬁ tho range 250 - 350°C, and this
indicates that the intorface temperatures were lowand of this arder of
magnitude. These findings arc similar to those found by Tyre and
Maypard (85)for dry cast iron equilibrium woar conditions.

5) The surface 'B' tends to be worn down by continual interaction
with the ridges on surface 'A'. Both surfaces create debris, b;t it
would appear that the bulk of this mterial stays on surface 'A'.

6) As parts of surface 'A' ware q?posed to the atmosphere during
the tests, loose debris may have fallen off. There may also have bsen
some oxldisation of this surface. |

7} A generdl‘description of both surfaces can be attempted. In
order to do so the presence of debris ahd oxide has been disregarded for
basic simplicity.

The surfaces are covered with long shallow grooves whose width
to depth ratio is the order of 20 : 1. These grooves are superimposed on
another undulating series of wide troughs. An illustration of such a
surface is shown in Fig. 5.7. The dimﬂnsioqa showa in this drawing are
averago values based upon tost results. |

The interaction of the surfaces and the generation of vmear.
particles will depend to some extent upon the relative surface lay
positions when contact is made. This will generally mean that the grooves
on one surface lie acroasltho grooves of the othor at some arbitrary angle.

 8) The size ;nd shape of the debris particles will depend upon

~this basic surface shape and the relative pirectional lay of the

contact faces.

In these tests the debris sizes are approximately half a
magnitude smaller than the smallor grinding groove dimensions. The vmar
tracks are also smaller in widih than these by a factor of 4 ¢ 1. These

observations are in agreement with those obtained by Endo, Fukuda and

Takami}'a (86)¢ 1
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9) In all cases, il is estimated tha£ any channel, groove or
track will have width to.depth ratios between 10 ; 1 and 20 5 1.

10) The nature of the laminar characteristics of the cast iron
éurface will cortainly give rise to the formation of debris. It would
appoar that surface vwear duo to deformation and mechanical erosion could
be reduced if a amoother and harder ‘6xic'ie £ilm veere formed on the surfacos

of the sliding pair.

In these teats 1t has boon e stimated that the detached oxide

flakes had an average thickness of between 25 and 50 x 10-6 Il

It is the initial formation of such an oxide film on the surface

of specimen 'A' that has resulted in the wearing away and smoothing of

surface 'B'.

11) Although extensive examination was made of surface 'B' it is
Aifficult to estimate the degree of metallic contact at the end of the
tests. This area is extremely small and a very approximate figure w;oulﬂ
be that only 0.3/ of the surfe.ica area of 'B' has indica_ti.ons of motallic

L3

sliding contact.
The contact points appeared to be evenly distributed over

the surface.

53 A STUDY OF TOPOGRAPIICAL CHANGES ON LUBRICATED SLIDEWAY SURFACLS

To obtain further information regarding the surface changes .

likely to occur on working machine tool slideways, a further series of

observations were made.

A replication tochnique was employed to give specimens of

suitable size for viewing with the S.E.M

Replicas were taken from thé guideway surfaces of oight_eon :
lathes, in a pdsition midway along the length of each bed, this ensuring

that these surfaces wore representative of a regularly used portion.
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The general slideway configuration on each machine was the
same as that shown in Fig. 4.1, having two flat, plain guidoways to
support the moving table. All the slideways were made of grey cast iron
and it was established that the guideways were in an unhardened condition.
An estimation of contact pressure betweon the sliding surfaces was made,
under non-cutting conditions, based upon table weight and apparent cﬁntact
area. In all cases the pressure was betiween 50 = 80 kN/h?. The origimal
surface preparation of the slides was of a similar nature to that outlined
in tho previous section and in particular they were all finished by cup
grinding. In all cases it wﬁs assumed that the table contact surfaces

wore peripheral ground.in the direction of sliding motion.

s

The slideways wore lubricated with various grades of nineral oil,
using the principle of "wick feeding". None of the machines employed a
system of automatic pressﬁre lubrication. Therefore it was not possible
to define accuratelj the degree or effectiveness of the slideway lubricants,

Although most of the machines poaaésaed alidéway wipers, none of them had

protective guideway covers.

The age of these lathes ranged from sixmonths to eighteen years.

It was impossible to calculate the sliding distance covered by each
machine and therefore it was decided to arrange the surface profiles in
torms of age coupled with a usage factor expressing the degree of work to

which the slideway was subjocted. These usage factors are as follows,

a) Usage Factor 1 (UF.1) = Light utilisation, such as a demonstra=
tion model or University machine used only for laboratory work
(say average of one hour of work per day) .

b) Usage Factor 2 (UF.2) = Medium utilisation, such as a toolroom
machine or one committed to low batch production. (say average
of three hours of work per day) .

¢) Usage Factor 3 (UF. 3) High utilisation, having constant daily
use for mass production, (say averasgé of six hours work per day)
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5¢5 i  SPECIMEN PREPARATION AND EXPERIMENTAL PROCEDURE

Vs J.Grundy (87) at the School of Dental Surgery, Birmingham
University, was extremely helpful in eatablishihg the replication
" techniques This was a two stage method as follows,

1A silicina elastomer wa$ used to make a negative replica of

the slidoway surface. This vas a two part dunpound knovn commercially
as Verone Pink, the rubber based solution and cataiyst being mixed in
the ratio of 10 : 1, The setting time for this mix was nbrmallj five
minutes.

A disadvantage of silicone elastomor is its high coefficient
of thermal expansion. If the replica itself is to be examined in the
S.E.M. it must be given a conductive coating of metal. This was found to
crack and flake when subjected to environmental changes. The problem.was
overcome by making a positive model from the replica in a dimensionally
stable material which had the added advantage of making subsequent

interpretation of the surface easier.

2) The sacond stage model was made by pouring Araldite epoxy
resin (CI212) over tha replica 1aid in a small shallow glass dish. The
- covering above the specimen surface was approximately 5 mm.

The resin was left to harden for twenty four hours at room
temperature. After setting, the elastomsr replica was peeled off the
araldite, leaving a good, positiv? copy. This block was cut to size and
the replica mounted on a labelled aluminium_stud suitable for the S.T,M
Prior to examination the models were metal-coated. For this process they

were placedina vacuum evaporating chamber and coated with gold/palladium

about 3008 in thickness.
Electrical continuity between thias coating and the stud was

ensured by the application of Aquadag or Silver Dage

.To facilitatg the production of the silicone elastomer

specimens, mild steel washers 50 mm diameter by 3 mm thick were made.

+
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A centre hole of 10 mm diameter, in theso, formed the mould. To onsure
correct orientation of the replicas two fine grooves were filed in the
wall of the mould, 180° apart. 'I'hiﬁ enabled the washer to be positioned
on the slide with the two lines indicating the path of normal sliding
motion,

A selected machine surface was cleaned to an area greater than
that covered by the washer. This vas done by wiping the surface vithsoft
paper tissues and then spraying with acetone from a plastic bottle, The
area was again wiped and sprayed, leaving the acetone to evaporate
completely. It was hoped that this would remove all the lubricaniwhich
would have a dalaterioua effect on the surface replication. The effect of

this cleaning of course was to remove most of the surface debris,

The metal washers woere corroctly placed on the slide and held
invﬁoéitioﬁ temporarii;*ﬁg means of plasticine. A silicone elastamer
compound was mixed thoroughly, in an attempt to remove all entrained air,
and imrediately poured into the mould, After. filling was completed a small
steel weight'was placed over the mould with the intention of lnproving the |

surface replication.

Then hardening was completed the washer was removed, complete
with replica, and the specimen was labelled, trimmed to remove any flaking

and carefully placed in a small, clean storage contginer.

For every machino examined three replicas were taken in tlial samo
goneral slide area, ensuring that a camprehensive picture of the top-

ology was obtained and that any failure in reproduction woul@ not seriously

affect the study.

The positive araldite replicas were placed in the S,E,}. ip an
orientation based upon the mould linaa , thus enabling the direction of

sliding to be ascertaimd at low magnification. The gemra‘l tilt of the
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surface was groater than that obtained in the previous section, boing
of the order of 52, and again sloping away fram the plame of the photograph

when moving from the bottom to the top.

5¢3 11 EXFERIMENTAL RESULTS AND OBSERVATIONS

In order to assess the reproducibility of this two stage
replication technique a new ground cast iron surface was produced. This
was done using the same material énd surface preparation procedure as
outlined in section 5.2 i. A replica of this surface was made and compared
with that of the actual machined specimen. Care was takeﬂ to ensure the

same orientation and microscope magnification as far as possible.

The resulting photographs are shown in P.5 = 30 and P.5 - 31l.

A qualitative assessment can be applied and the general matching
features of the surfaces are such as to provide a good indication of
reproducibility. The general lay and topography of the surface can easily
 be identified. The s=mall lines labelled (A) on each illustration indicate

a slight shift in viewing area.

The small sharg}y defined holes, usually exhibiting a bright
halo, which appear in the surface of the replica are considered to be

‘caused by entrained air in either of the compounds used.

The flake-like appearance of the actual cast iron surface does
not entirely show itself in tho reproduction, but comsidering the magni-
fication of the area it is estimated that grinding marks of width 0,005mm
can be reproduced using this technique. Small holes, cracks and the torn,
Jagged edges of grinding ridges are ﬁot so woll defined. The small white
dots which are apparent on the suréaca of the replica are probably due to

contarination of the surface either before or after the plating prdcﬁsé

of the araldite specimen.
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From the many photographs taken, a small selection (P.5 = 32 %o
P.5 = 42) are shown here, in order of machine ege. They are taken from
slides made of grade 17 cast iron, having the same surface preparation as

that stated in section 5.2

Pe5=32 10 Pe5 = 35 ’

In P.5 -'32 the surface appears generally smooth, with the
grinding marks dominant and having a width range between O,02mm and O, 005mm,
The enlargement shown in P.5 = 33 indicates the infilling of these grooves
by the plastic flow of ridge materials The wear tracks.on the surface have

a width in the order of 0.0015 mm maximum,

It is considered that the topographical state of this surface
is very similar to that of the test specimens, detailed in section 5.2,

at the ‘end of their sliding tests. Therefore an equilibrium wear condition

has been achieved.

P.5 = 3L indicates a contiruation of a smoothing action and the
grinding marks appear to have reduced in depth. The width has decreasod
marginally on those remaining and the shallower grooves have been eliminated.

The surface has been affected by the sliding action and many small woar

ridges can be sean.

In P.5 = 35 an enlargement of the intersaction of a large wear

groove and a grinding hollow can bo seen. The wear track indicatoes a

double ridge caused by reciprocating motion and the width of such tracks

appears to be larger, in the order of 0.004 mm.

Although surface contamination has affected the replication,
the flow of surface material is in evidence, together with irregular

shaped hollows indicative of the removal of small flakes of material, or

the original position of graphite particles.
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P.5 = 36 to P,5 = 39

These photographs indicate very little change in the surface
condition. The grinding marks have become shallow and have been reduced
in size by the infilling of surface material. Surfaco hollows caused by

the removal of small metal flakes appears to have increased..

Wear tracks are bocoming dominant although this is not clear to
see bacause of the viewing angle of these specimens. In genoral, the wear
tracks have increased in width and tho surface roughness shows the effect

not only of the debris but also of the topography of the mating surface.

The rolative sizes of grinding and wear tracks are nearly equal .
on the surface shown in P,5 = 38 and it is estimated that the maximum

width of each is in the order of 0.008 xm.

bl ——

Peb = 40 to Peb =~ 42

P.5 = LO shows the surface of a machine slide subjected to high
working conditions. The grinding grooves have beon removed and tho surface
topography is represonted by a series of wear ridges. An qstimation of the
width of those rigges gives values in the ranﬁe of 0,002 rma to 0.00L mm and
it is suspected that a gensral waviness of much greater peak to peak.

distance 6xisis, (gnoral surface marks indicate the removal of small

surface material particles.

Tlustrations PeS5 = 41 and Po5 = 42 are taken fram the surface
of the 0ldest machine slide examined. This machine has been subjected to
extremely Pard working conditions, and it is suspected, from an inspection
of this maChine, that tho slideway lubrication was not satisfactory at
that timo. Due 4o its age the slideway configuration was aliéhtly different

fram all the Others mentioned here and in particular the slideway wipors

were not present on the machine,
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The surface in Ps5 = L1 is extremoely rough, and this is due to
the sliding action and possibly some locallsed corrosion. The wear track
width ranges from 0.02 to 0,005 mm which is similar in size to the origimal

grinding grooves.

An enlargement of such a groove is ghown in P.5 = 42, The
roughness of this channel indicates not only tearing of the surface due to
some ploughing action but possible corrosion caused by the metal cutting

fluid. This may have causecd a softening of the surface material.

It is suggested by Grieve et al (81) that whon the profile of a
worn surface approaches a size equal to its origimal ground profile aizé,

this is an indication of the completion of the useful 1life of the bearing

surface.

Some general observations can be made as the rosult of theso

tesats,

1) A boundary lubrication condition exists on machine tool slideyays,
and as a consasquence asperity interaction produces the surface
changes that take place .

2) The changes in surface topography occur over several years
and depend upon,

a) Degrece of usage.

b) Interface loading.

c) The cast iron material .

d) The lubricating oil and method of application.

@) Particles fallen on the surface from the machining
process and airborne pollutanis.

f£) Fluids used in the cutting process .
g) The degree of surface cleaning, especially by the use of

any slideway wipers .

3) In all the cases investigated tho width of wear tracks increased
with time and regardless of material all appeared to have a

size depending upon,

a} Cast iron material of slide .
b) Age and usage of machine ",

This condition is especially true onco the grinding marks have

baen cormpletely removede.
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L) The original surface lay due to grinding is gradually replaced
by wear tracks and it is suggested that the rate at which
this occurs depends upon soveral main factors,

The original surface finish,
The cast iron material.
Intorface loading .

Machine age .

Lubricants usoed .

QL0 TP

5) The slide surface reaches an equilibrium condition with a fairly
constant wear rate., The actual contact area, where wwear tracks
are likely to be made, will increase gradually with timo, thus
reducing local contact pressures. Suspension of debris in the
lubricating oil will tend to maintain a constant wwar condition .

6) The lubricant has theability to capture and hold particles on
the slide surface and, coupled with sliding load and contact
. area, tends to aid the equilibrium wear rate.
7) As sliding continues over the ycars, the slide surfaces appear
to be smoother, having a more rogular pattern of fire ridges,
spreading over the surface. If this "smoothing" occurs more

rapidly on the surface of the table slides, as suggested from
the work in section 5.2, then the friction level at the interface

is likely to reduce with tima,
It is proposed that if same knowledge of the working conditions
of a slideway are known and the cast iron material of the pair is estab-

1ished, then the age of a machine can be estimated by examining the surface

topography.

The change in shape and size of both the grinding and wear tracks
are plotted against machine age in Fige 5.8 These curves are illustrative
only, and show the changes in an aspect of surface toi:o;raphy that may
take place on machine slideways. In drawing these curves it has boen

assumed that surface loading, lubrication and slidoway material are,

constant factors. For higher grades of cast iron or for harder surfaces it
i3 likely -that the grinding tracks will take lorger to be removed and that

the final wear track size will be smaller.

These curves indicato an ovarall smoothing in surface roughness
which would mean a reduction in measured C.L.A. value with machine age.

Such a proPdsition is in goneral agreement with the observations of

Endo- et al (86). ,
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The friction levels of a slideway will be reduced with timo

and Fige 5.9 illustrates such a change.

It is unusual that surface loading, lubrication and
slideway material are considered to be constant parametors. At any
point in the life of the machine the friction level will fall from a
static value to some lower limit, before rising slowly again with sliding
velocity. Althouzh the velocity at which minimum friction level will
occur is likely to reduce with age, the actual friction value and gensral

profile shape thereafter will be largely dependent upon the characteristics

of the lubricant.

Finally, the work of Finkin (88) is mentioned here as he

roports similar observations. In essence, these are,

1) The finished roughness was found to approach a value indopend=-
‘ent of the initial condition, and determined by the dynamic equilibrium

of the surface interface.

2) Zguilibrium peak-to-peak roughness values wore found to have a

good correlation with the mean debris size when the slide pair was made

of the same material.

3) The lubricant incroases the longth of time ovor which surface
changes occur and equilibrium roughness is usually reduced. It may

chemically react with surface material to produce this effect.

5.4 A MODEL FOR SURFACE DEFINITION

The'two surface studies undertaken and described in this section
have made the author aware of the many inter-related variables vhich go

to make up a system capable of defining the changes in surface topography

of cast iron slides.

It can be concluded from these tests that two system changes
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can be proposed which are related to the length of time of reciprocating
motion. For a particular slideway configuration:=

1) The changes in surface topography in the initial stages are
governed by the original surface roughness and the metallurgical
properties of the cast iron. N

2) In the 1ong-term the sliding surfaces have a topozraphy
governed by the debris size and more important,by the metallurgical

- properties of the cast iron.

The influence of surface lubricant is to lengthen the timo over
which the interface activities, such as rubﬁing, scoring, ploughing and
rolling of formed wear tracks, takes place. These oxperimental imvestig-
ations indicatelthat metallic contact has always boen maintained by the
surfacas either directly or through an intermediary such as debris. Tho
degree of contact at any particular sliding speed will depend upon the

ability of the lubricant to aid the separation of the metal surfaces.

It can be clearly seen from the investigation that a surface
definition mst be rolated to time or total sliding distance of the slide-
way system, To describe a ground surface as being covered in hemispheres

or conaes is guite impossible, rogardless of the length of sliding timas,

Tho surface topography of a model can be bost
described in terms of long wedge shaped asperities. The size of these
and their lay relative to each other and the direction of sliding are

important, and there will be changes with time.

It is therefore pr0po$ed that a two dimonsiomal profile of a
model surface can have the form as shown in Fige 5.10. This initial profile
has small wedge shaped grinding traéks superimposed on a larger wedge
shaped waviness of the surface. This typg of surface will occur, in the

early stages of the slideway life. The wedges are assumed to be straight
( .
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and cover the entire contact surface. Their direction is such that the

ridges cross each other when the two slidinz surfaces are in contact.

The lay of the surfaces is considered to be arbitrary with

respect to the direction of notion,

‘ This description of a model surface is similar to that used by
Tsukada et al (56) and Kawai et al (89) who ware considering the elastic
and plastic deformation of machined surfaces in contact and the resultant

friction mechanism at such an interface.

The profile in Fig. 5 . 10 is an adaptation of the suggoested
surface shown in Fige 5. 7. It has boon assumed that any wuar.tracka are
small and can thérefore be ignored in any analysis of Joint behaviour. In
order to obtain some basic mathematical descriptions of surface performance
related to friction behaviour, especially over the very short periods of
time occupied by oscillatory slideway motion, it is also assumed that,

1) Surface debris will not change the general friction behaviour,

2) Surface oxides are not present and that any metallurgical or
machanical properties of the model are related to those of the groy cast
iron material,

3) "Cold walaing“, vhich may have caused the ﬁlucking of small

flakes of material from the surface, does not occurs

L) The surface topography will not change enough to affect the

Ll

analysis and this also means that the amount of short-time wear may be

~neglected.

In conclusion, dynamic friction characteristics of a slideway
system will undoubtedly be affoected by tho surface topography. The
differences in time scale required by thoso parametors to chango condition

are so vast that the surface state may bo considerod constant when
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analysing dynamic friction phenomena. This observation leads to tho
proposition that the only other variable likely to affect a ayétom

response is the slideway lubricant.

In the noxt chapter lubricants are discussed in somo detail
and in chapter 7 information is drawn together in an attempt to analyse

wathematically some aspects of the model slidevay sysiem.
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CHAPTYR 6
SLIDZVAY LUSRICATION

6.1 INTRODUCTION

It has been said, in tho machine tool industry, that the bost
lubricant for a particular application will be the simplest and cheapest
which will meet the requirements. In genoral tho simplest and choapest
lubrication for machine mechanisms is a small quantity of ‘plain minoral
oil placed in the assembly. As A.R.Lansdown (90) points out, tﬁa quantity
of lubricant will depend upon the required working life of the sliding

surfacos, taking into account the problem of vear debris.

It has been tho oxperience of tﬁe author that the selection of
an oil for a particular machino faquirement.has been the responsibility of
the chemical ongineer and the oil manufacturing campany. In most cases
this dependence has proven satisfactory although companies such as

Cincinnati (91) do produco their own oil spocifications, especially for

hydraulic systems and slideways.

Yachine tool slideways aro lubricated with mineral oils and
the methods adopted for its application have developed over the yoars, from
wié# feeding to automatic pressure lubrication: (5). The pfoblem of
oscillatory motion such as "stick-slip", has been overcome in many
instances by replacing an oil vith one of a highor viscosity, a rémedy
used in the past by engineers in many campanies. With the advent of more ~
sophisticated machines, controlled automatically, the oil companies have
beén eble to market lubricants which combat this problem, These oils
contain additive combipations which impart positive kinetic frictional
properties which reduce friction and may eliminate "stick-slip" on theo

slideway. They also contain anti-wear and "tackiress” additives which

(
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reduce wear and onable the lubricant to remain in position on tho sliding

surfaces, regardless of their orientation, due to improved adhesiverness.

The friction behaviour on slideways will depend to somo extent
upon the quantity and performance of the mineral oil in the "contact" area

-and thorefore.it is necossary Yo include any relevant information in.

order to complete a slideway model.

6.2 MINERAL OILS

lineral oils are a mixture of hydrocarbons which can be

separated in three groups.

1) Paraffinic - with significant amounts of waxy hydrocarbons but

little or no ashphaltic matter. The naphtheones have long side chains and

the o0ils have a 'wax' pour point.

2) Naphthenic = contain asphaltic matter in the least volatile
fractions but 1little or no wax. Their naphthenes have short side chains

and the oils have a 'viscosity'pour point.
3) Mixed base - are a cambination of the two above and contain

nai:hthehes having moderate to long side chains. They are considored to

have a 'wax' pour point.

Lubricating oils are commonly classified by their change in
kirematic viscosity with temperature and are given a kinematic viscosity
‘index; K.V.I. This is divided into threeo basic groups for low (LeVoI.),
nedium, (3.V.I.) and high (H.V.I.) viscosities. In general most slideway

oils have a moedium viscosity indox ranging from 35 to 95. Naphthenic oils

have lower M V.I.'s than do the paraffinics.

One of tho most important parameters is the oil viscosity and

T, I Fowle (92) suggests that tho range of dymamic viscosities for slideway

{
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0ils is botween 0.0l = 0s1 Ne/m® at 60°C (this is 10-100 cP), and

in general such oils exhibit Newtonian behaviour. This bulk viscosity
is susceptible to temperature changes and it can bo considored that a
value is approximately halved for every increase in termperature of 10°C.

(This point is also made by Bowden and Tabor (2) ).

Although oil viscosity reduces with increased tomperature it
will increase with pressure. In gencral the viscosity will double for
evar.y 35 M\'/m2 increase in pressure. It can be considored that as
general pressure fluctuations betwoen slideway surfaces are likely to bo

relatively low, thon subsequent changes in lubricating oil viscosity will

be minimal.

Yhen the lubricant is boing used it will deteriorate with time

depending upon enviromental conditions. There are three main causes

affocting its useful 1life (92),

b) Thermal docomposition.

a i Oxidatton.
c) Contamination.

and in a machine tool situation, contamination is probably the most

‘common. This can be classificd as follows,

"2) Liquid -~ due to water and cutting olls .
3) Solid - due to wear particles, dust and ash.

Therefore it is essential to have some form of slideway protection and a

15 Gaseous ~ due to air and other substances such as ammonia .

reliable method of replenishing the lubricant in the system, Oil ,
additives can be included to reduce contamination effects on the quallity,

of the oil,

6.3 BOUNDARY LULRICATION

Tho obsorvations made in tho previous chapter (see 5.3) indicate

that 'I-;ho sliding surfaces are consistently in a condition known as.

¢
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boundary lubrication. This has been defined by D.Codfrey (93) as a
condition of lubrication in which the friction botween two surfaces in
‘relative motion is dotermined by the properties of the surfaces and by

the surfactant properties of the lubricant.

It is considered that the friction regime existing under -
boundary lubrication is of a similar nature to that axiatiné under dry
conditions with some allowance boing made for the effect of a thin

lubricant film. D.Dowson (S4) describes such a lubrication condition in

terms of a ratio,

R = Thickness of lubrication
S .surface roughness (u.L.A.)

and under boundary lubrication R < 1 (say O. 001). This value can be
compared with that for fluid film lubrication when R would bo  valued

at 2 or more.

The thickness of oil films formed on metal surfaces will depend
upon the lubricant and its additives.

The essential featuras of a desirable interaction botween a
| baaring metal surface and a lubricant can be 1isted as follows (62)

1) The interaction should produce a layor thick enough to
accanmodate the majority of the asperities.

. 2) This layer should have a low shear strength, compared with
the meotal. ‘

3) The interaction produced should adhere strongly.

These features are used in the; concepts proposed by DBowden and -
Tabor (2), in which boundary lubricant films do not campletoly separate
the surface but only reduce the area of metallic contact and therefore
friction. Their work has shown ‘l:hat‘, although surface interactior; of
the metals does provide a factor doscribing friction, this can be

roduced with the assistance of a suitablo lubricant film,
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41l plain mineral oils are capahle of producing a thin £ilm of close
packod molecules on the surface of metals, A vory intoresting paper by
Clayfield and Galvin (95) attempts to doscribs the nature of such films in
terms of the rc;ative surface enargies. These can producs a film of several
layers of oil molecules which can be very viscous or evon considered 'solid‘,
In most cases basic mineral oil molecules can be physically adsorbed gn the
surface but as Godfrey (93) indicates, theso molocules are nearly all none-
polar and therefore their adhesion forces arc wocke Thelr random orientation
and low cohesion forces give rise to corsequontly low film strenzth. .This

strength can be improvedly the addition of polar compounds to the bulk oil.

Physical adsorption is defined as the existence of a higher concentration
of a'coﬁponont at the surface of a phase than is presont in the main bulk of
tho phase. An-important example of physical adsorption occurs in full fluid
hydrodyramic lubrication where moleculos of oil adherq to the moetal,
forming an immobile layer. The existence of this layer is a basic assumption
in hydrodynamic lubrication theory, and no pressure would be developed if the
first layer of molecules did not adhere and pull others into the boaring
clearance. Fhysical adsorption is reversible, and whon a surface is heatod

the enargy of adsorption is reduced and metal to metal contact will be

increased.

Another property of the film*which affocts boundary lubrication is the
cohesion among the molecules comprising the film. The greater the cohesion
the more difficult it is for an asperity to penetrate. A rise in temporature
re;ults in thermal motion which reduces cohesion and when the melting point
of the film is reached asperities can roadily penetrate the film. During
s1iding motion the adsorbed hydrocarbon molecules slide over each other,
theroby providing a film of low shear strongth and low friction. The stability

fan o1l film operating under boundary lubrication can bo tested by measuring

sliding friction at various temperatures and a sudden rise in friction is an
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indication of the melting point of the surface film. (This 4s described by

Bowden and Tabor (2) ).

In a paper by L.V.Elin (26), lubricated surfaces sliding together under
very high pressures still retain soms film of o0il provided that the

temperature generated by friction is below the melting point of the £ilm.

6e4 OIL ADDITIVES

The ability of a lubricant to perform well under bound#:y conditions is
improved with the addition of polar additives. Plain mineral oils contain.
- minute quantities (< 0.005%)-but compounds are purposely aédad in small amounts
(0. 15 by weight) (95) which do not measureablyuchange physical properties such

as viscosity. These additives, often fatty acids, are sometimes called

boundary lubricants.

The use of polar molecules increases the film strength and gives an oil
the propérty commonly called “oiliness", a descriptive term proposed by
Kingsbury (97). A polér molecule is one in which there exists a permanent
unbalance of positive and négative charges aolthaf a dipole moment exists.

Vhen they are physically adsorbed a mirror imgga‘of the charges is inducod in
the metal and tha subsequent attraction helps bond the molecules to the surface,
They tend to arrange thomsalves in a prferre;:i manner and vertical orientation .
of the polﬁr chain with close packing enhances cohesion among the mofoculos.
This gives a greater film strength when compared to non-polar oil molecuios.

A typical arrangement of a monolayer of oil molecules both polar and non-polar

on a metal surface is 1illustrated in Fig. 6.1

As Godfrey (93) indicates the kind and amount of polar molecules present
create differonces in the boundary lubrication performance of base oils, A
lubricant containing such additives will produce a surface film which, if damaged,

can be repaired in situ by further adsorption from the bulk oil. Clayfield et al
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(95) suggest that a monlayer of fatty acid is approximately 0.00L Jm in
thickness and Dowson (94) sugpests a thickness of 0,002 . (0.001 J=m =10 )

The effect of a thin film of 'solid' lubricant on the metal surface
gives rise to several observations:
1) The coefficient of static friction reduces with the length of the

molecular chain due to a more effective separation of tho ‘metal surfaces (Tabor (2))

2) The longar the molecular chain, and consequently its molecular waight,
tho more effective will be the lubricant in reducing sliding friction. This can

be considered to be the result of the increased durability of the film,

(Dowson) (943, (m;&) (97).

3) The molting point of physically adsorbod films varies from 20° C to
approximately 70° C for paraffinic fatty acids such as stearic (Cy17 Hxg COOH),
(61). Thus temperature changes dus to friction and dissipation of viscous

onergy will reduce ths viscosity and the effectiveness of the surface films by

changes in surface energies (95).

L) Tests carried out by Bowden and Tabor (2) suggest that the adhesion is .
independenf of the thickness of the liquid film and for a contacting ball on a

flat surface, they derive the ddhesive force (A) as

A= L.'IT.RYO where R is tall radius,
Yo is oil surface tension

5) long chain acids such as stearic are used in engineering on less
reactive metals such as cast iron. Fuller (97) suggests that only a comparatively

small reduction in the static coafficient of friction 1a'producod compared with

a straight mineral oil for cast iron.

6) Although increased chain length reduces the cosfficient of static friction,
thero is likely to be a lower limit for its value., The wgrk by Tabor (2) suggests

a lower limit of 0.67 for steel on stoel, although Fuller (97) caments that

this value could be lowor.
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7) The bulk viscosity of the lubricating oil is not a prime factor vhen

considering boundary lubrication and friction levels (Dowson) (9%)

The mathematical relationships for boundary lubrication are very much

related to the work of Bowden and Tabor (2) and are briefly illustrated bolow:

Friction force (F) can be expressad as,
F o= Ac.[oc.sl_n + (1=ex) 50] | 1-6
where Ac is contact area,Q and 50 are the shear strongth of the metal .

0il contact Junctions respectively.

- -

o | | ‘ |
).l_ .W_Cx-oc.Sm-t-(l-c()So. 2 =6
B ' . |
or M = 1 XSm+ (1 =X )So| . 3 -6
. Pm. L i :

This relationship has been modified by Tamir and Rightmire (5) to form,

)l=°‘}‘m*(1"°‘)')-'o | L =6

where)im = Sm and}.lo = So
. Pm ' Pn

Their work suggests that for experimental values of )J and ).lm then in general )
o = 0.18 and )JO'= 0.079. Thus for nogiigibla valuos of ot the lowest frictien
coefficiont would bo 0.079, which is similar to that found by Tabor (2). This
value can also Ibe calculated from a similar eqﬁation to 4 ~ 6, derived by
F.T.Barwell (5), who stated that if },lm wvas unity, then

P et (1-at) M, = 5 -6

and therofore in the limiting'case for boundary lubrication, when & would be zoro,
A= p 6 ¢
o .
Tests carried out by Tamir et al (5) using large quantitios of lubricant, showed
that the coefficient of friction was larger than that: using thin films. This
resulted in So having higher values in bulk £luid lubrication. In ordor to

explain this phencmonon, the hypothesis of an ?dge effect was proposed. This

AOOYOM )

R
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edge effect results in highcr'friction, since in bulk lubrication the spacus
around load-carrying areas are more likely to bo £illod vAth lubricant than is

the case with thin film lubrication.

Finally, the relationship betwoen woar under dry and boundary lubricated

conditions has boonh exprossed by Rabinowicz (98) using his onorgy concept as,

Wear lubricated = K + (1 -o(). Wo 7 =6
Wear dry ) Tm

where(ﬁ@bis the energy of adhesion of fully lubricated areas ani(wﬁ)the onergy

of adhesion of metallic Junctions. (cx.- fraction of contact area over which

breakdown of oil film has occurrad)

6.5 LUBRICANT DATA USEFUL TO SLIDEVAY MODEL ANALYSIS

The effect of using mineral oils to lubricate slidoways is usually to

reduce friction and wear. Tho composition of the lubricant is important.

Although theso friction and wecar changes are of course measurecable, the

understanding of how they occur is not clear and one is loft with only the

concepts developsd by Bowden and Tabor (2)

In assembling usoful data that may bacame factors in a slidoway nodel the

mechanical ongineer naturally looks for data which he can readily appreciatoe.

The chemistry of lubricants is highly specialised and it is suggested hero

that there may be a communications problem between the chomist and the engincer.

e

The work of Clayfield and Calvin (95) is considered to be a step’forward and
can be reconciled with the studies and lucid explanations propounded by Bowden and

Tabor. %he imtroduction of surface toensions does holp to quantify tho forces

involved when an oil f£ilm adheres to thoe surface of a metal. The "mechanical™

properties of a film are irportant and enablo scme .relationships to be made with

the properties of the metal surface. In particular, the .support given to a
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particular load depends upon the actual contact areas betwoen tho bearing moetals
and the metal-oil-metal interface, Tho resultant friction force under static and
sliding conditions will depend upon the relative support given by these areas and

the effort involved in possible shearing and deformation.

. The following data will be used in any subsequent analysis and has boen
drawn from the works presented by authors mentioned in this chapter. In order
to draw a comparison with experimantal work carried out by Bell et al (46) (47)

the same kinematic viscosity range, applicable to bulk mincral oils, has been

usede

1) Mineral Oils

| a) Dynamic viscosity range ( ? ) = 0.019 to 0.59 I\'.';./m2

at 30° ¢ o (15 cP to 590 cP)
b) 0il Density rangé (P) =860 to 890 kg/m3 .
at 25° C "

FaawTET

¢) Kinematic viscosity range (V) = 0.22 x 10~% o0 1,12 x 104 m2/s
‘at 30°¢C . (22 S to 112 c8)

Kinematic viscosity = Dynanic visensity
0il density

. e oo
As an example Q2 = 0.019 Ns/m? /O = 860 kg/m3
o.o v = O 019 = 0,22 x 10-1" m2/3
860

Y = 0.22 Stokes (S) or 22 contiStokes (cS)

d) Isentropic secant bullk modulus (Bo) = 198 hm/mz
At 35 12)/m2 and 30° C

(This is an average value to cover all the oils)
o) Viscosity ratio for every pressure rise of 35 M/ = 2
£) Viscosity ratio for every tempsraturo riso of 10°C = 0.5

(The viscosity ratio is tho viscosity of oil at a now prossuro or tomporature
divided by the viscosity at the original pressure or tamperaturae)



8) Average surface tonsion (Yo) = 30 x 10~ Nn (30 dynes/cm)
(against air at 20° C)

(Yo) decreases with increass in temperature and vanishes at the critical
tomperature. For many liquids then,

a(l’o.(f.i/,o )%)ﬁt = - 2,12 9 - 6
where M = molecular weight, 0 = density, t = temporature. |
(This inf'ozgmaﬂon is from Tables of Physical and Chomical Conatanis by

W.C.Xaye and T.H.Laby (99) ).
It is estimated that Yo will decrease by O.4 to 0.9 dynes/cm for every 10 degree

rise above 20° C ambient temperature.

2) Aaditives = Tettv Acids

a) Oleic acid Cyg Hj) O, (Ref. 99)
Melting point - 169 C
Density (°) =~ 898 kg/m3

Surface tensioa = 32.2 x 1070 N/m -
(against Air)

b) Stearic acid Cjg Hig O, (Ref. 99)
Melting point = 71.5° C

Boilinz point (to dscomposition) = 370°C
Density = 940 kg/md

¢) lolecular length (Ref. 97)
1) Oleic acid = 1l x 108 e

2) Stearic acid == 24 x 1078 ea _
The typical thickness of a boundary lubricating £ilm composed of fatty acids

is taken, from the work of Clayfield et al (95),. to bo in the order of

L0 x ZI.Ct"'8 cme
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CHAPTER 7
: AN ANALYSIS OF THE STATIC AND KINETIC
BEHAVIOUR OF A MODEL SLIDEYAY JOINT.

"If according to tradition, friction forces are classified gs
mechanical forces, which, in general, are independent of velocity,

it must be concluded that the friction forces occupy a peculiar
position among mechanical forces, since their dependence on velocity
has been determined experimentally., Hence, it follows that this
dependence is not determined by the nature of friotion forees but

is of a secondary origin related to the conditions of the interaction

between the surfaces",
A.Se. Akhm a-to"o

7.1 . INTRODUCTION

. The data obtained in chapter 6 is to be used.to define a surface
nmodel which will enable the friction between two such surfaces to be
related to sliding velocity. In order to do this a step by step approach
has been adopted and any theories derived will be tested for comparisons
with other observed data,

Initially the surface model intoraction should give compa:able
observations under static conditions. Many authors have written papers
which include experimental work in this area, but using small models.,
Nevertheless, the author feeis that such a starting point is unavoidable
if a complete picture of fhe friction mechanism is to be undefstood,

especially with such a large model as a machine tool slide.

The fact that one surface moves over the other does create
further complications, for it is likely that certain elements in a model
" although "dormant" iﬁ the static condition will be activated by the motion
and may play a dominant role in the dynamic condition., Therefore the

slideway surface model should accommodate these elements as the development

of its structure is accomplished.

It is important to view such a complex model as a system in its
-own-right, end as such it will have inherent time dependent quantities.
Their effect on the system will depend upon the rate of change of the

inputs, e.g. load, displacement,

Finally a simplified equation relating sliding velacity to system
friction will be derived in order to allow the slideway simulation to be.
set up on the analogue computer, using available components. It should
be stated that the simplification will not entail: the abandonment of
system parameters or the concepts by which they were originally created.
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7.2 THE STATIC CONDITIONS — LEADING TO A PROPOSED FRICTION MODEL

The model surface proposed in chapter 5 and illustrated in
Fig 5 - 10 will be the starting condition for both contact areas. If a
simplified structure of one larger ridge is taken then the contact aroca
tetween two such ridges crossing at an arbitrary angle can be described in
a simple mathematical expression. The relevant diagram for such an

gnalysis are shown in Fig. 7.1

The interaction of two wedges is shown in Fig 7.1b for a cross
angle /S of 909, It is indicated that the total penetration or movement
of one wedge relative to the other is a distance h, which is made up of

equal deformations in each wedge of h/z .

By symmetry then,

h = be[2 | | 1.7
B

if the wedges cross at an angle [3 then the area can be calculated from

the illustration in Fig. 7.2

The area will be,

(E.‘i'a,) t. C, = 2,0, 2_7
( 2)
now ' ' d - b
2 sin B
Sin©@ =_b.. = ¢
2a 2d

Therefore

and the area from egn. 2.7 is

area = b.d, 3 =17
substituting for d the contact area
Aa = be ' 4_7
2.8in S8 ,
Substituting b for h then
Aa = th ] | 5 - 7
2.5mpB

In order to relate this contact area and normal movement with ridge
loading (W), the work of Timoshenkq and Goodier (100) will be used., To do
this the ridge profile has to be changed to that of a circular aro, as

shown in Fig T.3.
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The radius has been chosen such that the arc encompasses the simplified
triangular profile. It could be argued, at this point, that such a shape
would be a reasonable approximation to the original profile of Fig. 7 = 1(a)

The radiusR can be expressed in terms of B’ and Z thus,

_2R.= Z+r - . . v e b -6—7
7r = [2]2 ) | s = T=7
2
r = B2 - 8-7
4z
...2R = Z+§-2-
27
R = 42° + B2 _ - 9-T
Z

L]

The equations required in order to satisfy the analysis are @aken from the
work of Timoshenko et al (100) '

. The contact area will take the form of an ellipsoid whose major
axis (a) and minor axis (b) ‘are given by the following equations,

a=mnf3, ¥ . A ]31“ - 10-7
' 4 (& + B)
1 .
b=nf3 6 N. D ]3' - 11-7
4 (A + B;

where A= (1~ V?! + (1 - vf)' ' '
- B 5 - 127

(A + B) is a factor depending upon the Tadii of the ridges in contact

"and for this model

(4 +3) = 1.1 +é] : - 13-7
: 2 1Ry R2

m, n are constants depending on the ratio EB;Ag'
A+B

LISt (TR TR X Vs S

The angle B 1is that between the planes containing the curvatures ?l ;
. R,

and %; ; and is the same as the cross angle of the wedges.
Ro .

Thus the constants m and n can be found from a table which is based

upon the angular relationship Cos -1 EB‘- A;. (Thia tabulation has a

A+ B
minimum angular value of 30°).
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In this analysis then the above equatioﬁs nay bo simplified since,
Vi =V2, B; = By and Ry = Ry

Thus A= 2(1-vy2) | - 15-7
E

(A+B) =21 - 16-17
R

If the angle Bis 90° then (B-A) from eqn. 14 - 7 is zero and m and n are
equal to unity since Cos™ g;)___gg is equal to 90°,

A-B
From eqn., 10-7 and 11-7 then a and b wlill be equal,
a=b=13. 1 201 -y2)|5 . ' - 17-17
4 E 1 ,
. (R)
substituting for R (eqn. 9-7) I , :
a=5Ds= j.£.2(1-\)2),(432+ B%) 13 - 18 -7
: 4 B 82 .
In general the contact area of the ellipsoid will be, _
' ae = TLadb : - 19 -7

If the contact area for the wedge from eqn. 4 - 7 is equated to ag above

then Aa = ag _ - 20-7
and h.B 12, 1 = Tab - - 21-7
Z ZSin/B .
2
nB12%, _2 TM(mxn).[6_% . (1-92 (422 +82)|% . 2.7
Z 2 Sin/A 32 & Z

Thus, for the single ridge interaction the contact area is proportional
to the(load)%' and the penetration height (h) is proportional to (load)%.

It should be noted that theserclationships hold good for elastic contact
deformation of the ridges and when lateral deformation of the profiles is .

negligible., .
.~ The relevant information for this model is as follows,

B =50 S = 0,050 mm.

Z = 2.5).1111 .= 0,0025 un. .
‘For grade 17 Cast Iron,E = 1,32 % 104 kgf/nm2
v = 0.26

From egqn. 9-7, R=: 126.25 x 10“'3 mm .

It8 = 90° the contact area from egn. 5 - T is
Aa = k2, 200 . ‘ - 23 -7

and from eqn, 18=7 then, -2 L
a=b=237x10° (¥)% mn, - 24 -1

[

Lennimane
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The contact area given by eqn 19-7 is,

2p = T.a.2 = 0,001765 (W)% mm% - _ - 25-7
Equating 23-7 and 25"7’1 12,200 = 0,001765(w)%
Thus h = 0.,00297(W)* mnm. - 26=T-

From Timoshenko's analysis using the Hertzian distribution of presgure gver
the area of contact, then the pressure at any co-ordinate Xy ¥ from the
centre is given by,
. 1 2 2
Po. -X - X - 27-7
al bl
The maximum pressure p, exists at the centre of the surface of contact

whose boundary has the semi-axes a and b,
Since the total load W is equal to the volume of the semi-ellipsoid then,

W = 2, T. a.b.p; - 287
3
Thus Do = 3. __ W =3 ¥ =297
2 Tab 2 ae
Substitution for ae from 25-7
1 :

bo = 850 (W)F kgf/mm® . - 30-7
The average pressure Pa over the contact area will be equal to,

Pa = H_ = 567 (H)% kgf/mm2 . - 31-7

ae
If the same calculations arerepeated for a cross angle 8 of 30° then the

following table in Fig. 7.4 summarises the resulis.

The effect of changiﬂg the cross angle is shown in Fig. 7.5 which
plots the normal displacement of a single crossed ridge model against load,

At a given load (W) changing A from 90° to 30° results in a comparatively

small change in displacement (h). For this reason,in the further

development and use of this surface model,most of the presentation is
confined to the case when B = 90°, Obviously it can be applied for any value

of cross angle within the range.

Indicated on the curves of Fig. 7.5 are the points where the average
pressure across the contact area is equal to the 0.1% proof stross and in
addition, from the work of Greenwood and Williamson (101)the points where

' plastic flow will occur, Their work suggests a maximum pressure fop Po

which is approximately equal to 0.6 times the hardness of the material,
For grade 17 cast iron this would be in, the region of 132 kgf/mm2 with a

hardness of 220 kgﬂ/mmz.
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From the work of several authors such as Greenwood et al (101)
it can be generalised that the contact area between two surfaces is very
nearly proportional to the load. It is also likely that the total load
supported by all the agreas will give a normal displacomént éreater than that
suggested in Fig. 7.5 for the size of ridge configuration. These observ-
ations mean that there must be some distribution of these ridges such that
a line joining their tops forms some sort of curve allowing increased inter-

ction with increases in normal displacement.

In order to analyse this, the scction through such a range of
asperities is shown in Fig, 7.6 with B being equal to 90°., The resulting

contact areas between two such ranges are also illustrated.

Fig. T7.6a shows a section through such a range where the horizontal
ridge spacing is B, the base width of a single ridge. The fall-off in ridge
top heights will be assumed to be linear, changing by hy for every
increment of B about the range centre line, Thus the range section is again

triangular in shape.

In order to produceé a mathematical relationship tho value of hy
will be fixed at 0,03 um, thus allowing only a small change in relative peak
heights when moving over several of the ridges.

The contact areas are illustrated in 7.6 (b) and the number of points
forming contact areas is governed by hy and the total displacement.

For a normal displacement hg equal to 2hy  the centre ridgos will be
elastically deformed and contact will just be made with four other points

formedby the centre ridge of each range and the two adjacent ridges. Thus ono
contact area has been established and four more are about to be formed,

If N, is the number of contact areas formed, then

Ny = 1+ 2 (n+l)n - _ - 32-7
where = n -[_h_d_ - 1] - 337
: 2he

Therefore when the normal displacement is equal to 4hy the number of contact
areas will be 5, with one ridge pair displaced by the total amount and 4 more

pairs displaced by Z2hy.
The movement on any ridge pair by an increment of 2hy is equivalent

to the normal displacement h of these ridges described.in the earlier
analysis. Equations 23-7 and 26-7 can be used to calculate the rospoctive

contact areas and load carrying capacity.

Tunn i
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a) SECTION THROUGH A RANGE OF RIDGES (nT.8)

24 2 I
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b) ConTACT AREAS
BETWEEN TWO RANGES,

_FIG. 76 PRQF\LE AND CoNTACT AREAS:
FOR RANGE OF RIDGES,
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As an example, if the displacement between two ranges was 4 he

then the total contact area would be,
Ac = 1x(4hy)? x 200 + 4 x (2he )2 x 200 - Jrt
and the total load '

We = 1,xEA he 33+4xfzhx ;3 - Xkgf
0.00297 0.00297

~ These equations take the form of a series and can be expressed in a genoral
form, for 8= 90°, as follows,
n*N
Ac = 200.[ (N.2ny )2 + &, I.tln(NghT - n2hy )2]-}.1m2 © 34 -7
. Ns ns
e - E 1 ;3. [ (vene)? +"ldn (Nahe = nonr )] ke 35— 7
2.97 l"l-i

where hy is in m
N2hy = hd, the total interface displacement

n = 1 in steps of one up to N

These equations are satisfactory so long as the deformation is elastic and
modifications have to be made when the load on each contact gives a maximun
pressure p, of 132 kgf/mm?. For B = 90° this will occur when a ridge
pair displacement (h) is approximately 0.46 pm and for B = 30° when tho
displacement is 0.51‘Fm. Beyond this penetration level the load carried by
a ridge pair is directly proportional to the area, maintaining the pressure

Po. Therefore, ‘

W = 132 x 2. Ac
3

when N2hy and (N2hy - n2hy ) have values greater than these yield

" displacements,

Using equations 34 - 7 and 35 - 7 above, and equation 36 - T for

higher loadings, the results have been calculated.
Fig. 7.7 for Wy and A,, in Fig. 7.8 for hq and Wy and in Fig. 7.9 for Ng

Ll

and Wt.

The general mathematical relationships betwoen these quantities are

taken from these plots and listed below in Table T7.1l

Table T,7.1
Ba 90°

27
hd = 0.075 Ac®®'
Ac = 10460 W°>%* - ﬁ
hd = 0,92 W;©22 -
Ne = 520 W5

e

6 -7

These arb_illustrated in

1]
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These results can be compared with those derived by J.F.Archard
(102) vhose surface model is somewhat similar although adhering more closely
to the basic analysis of Timoshenko. 1In his case of a large sphore of
radius R, covered with smaller spheres of radius Rp then the total area of

contact was found to be 0.88

Ac = Kp . Wy | - 37=7
This is in close agreement with the formulae derived above where
Ac = Kig 0.82 ' - 387
In the same way Archard suggests that for his partiéular model then,
Ne & Wy 0,66 _ : - 39-7
whereas the above analysis gives,
Ne & W 0.5 - 40=-7

It is suggested that the model analysed here would give relationships for
Acy, Wy and Ne¢ very close to those stated by Archard if a smaller value of

hy had been selected.

A further plot of total deflection hd for increasing load Wy '
for the single asperity range is shown in Fig. 7.10 for the two values of 8

(Qofscf).Superimposed are the results of other authors'work when the load is

expressed as that per cm@, The results are clearly compatible if the load

W¢ , from this work, acts over the same unit area. It is possible that
although cast iron ground materials were used, the ridges on the surfaces of
their test pieces crossed at arbitrary angles giving a general rolaiionship
of ‘ ‘
, hd = 0.6500°%% - - 41-7

In a review by Back, Burdekin and Cowley (75) it is stated that
tﬁe contact deformation is mainly elastic for these small unit area loads,
This will be true after the initial increase in load as long as it doealnot
exceed its original maximum for subsequent loading.-

In a very interesting paper by Mikic (103), following the work of
Greenwood and Williamson, an analysis shows that for an initial loading
which gives some plastic deformation to the higher asperities, as the load is
decreased the actual contact area relative to the same normal load inoreases.

In perticular the relationship between hd and Wy will alter.

If we consiéer Fig. 7.8 and the dispiécement(hd)for an initial

loading Wy of 1 kgf on the asperity range, then a certa;n proportion of

A
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the contact area will have been plastically deformed., The number of area

points in question can be calculated,

If the load is reduced then these points may remain in contact
even 'when the load ismmoved. As Mikic (103) points out the separation of
the surfaée is due to the elastic deformation only and the contact area will
be approaching the relationship,

Ac o W5

This will mean an increase in contact area with reducing load due to some
relaxation in the plastically deformed contacts., More imporfantly it will
cause a datum shift in hd.since the surfaces will not part to their 6riginal
no load positions,

If we assume that for the model asperity range the number of points
in contact at zero load are those points which have Jjust avoided any plastic
deformation and have retained their original shape, then these may be
calculated from eqn. 32-7 and 33-7 as follows, '

For B = 90° and initial load Wy = 1 kgf

hd = 0.92 Jn (From fig. 7.8)
For the top ridge pair to start its plastic deformation -
hd will be 0.46 o from, | .
hy = 2.97._5%% - o _ . 42-7
The number of contacts possible at this point will be 85 since n = 6,
Purther movement takes place up to the loading of 1 kgf. This extra
. displacement is a further 0.46 jpm, thus bringing all the 85 contact areas
into the plastic deformation regime.
. ~If hd is increased by 2hr from 0-45‘Fm,t0 0.52}m1the number of
contacts will be 113 since n = 7. Therefore there will only be 28 points
available for contact for a new loading assuming those plastically deformed

do not recover to give areas available at the same height.

. For a new loading we start with 28 contacts instead of 1 as was
the case originally. If these points deflect by 2.hr then, from eqn. 35-17,

We = E 1 ;3[ (0.06)3 ] x 28 = 0.000233 kef.
2.97

and if the deflection is 4.hr,Wr = 0,00213 kgf
The contact area for 2hy from eqn, 34-7 is

Ac = 200[0.06]2 x 28 = 20.16 pn°
The contact areas and loads were calculated up to the deflection required to

establish the driginal load contact area. These points are plopted on

Pig. 7.7 end Fig, 7.8 .
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In Fig. 7.8 the curve appears to run parallel to the original but
exhibits a datum offset,

hd = 0,53Wy 0.22 . - 43 -1
In Fig. 7.7 the contact area has increased for the same loading
0.74
Ac. = 10500Wt 1 .Fm% - 44 =7

Thus it can be concluded that for two stationary surfaces in
contact an increase in normal load for the first time will cause some
piastic deformation of the aspeiities,_the amount depending upon the surface
topography. Initially the contact area is nearly proportional to load.
When the load is reduced it has been shown that, due to only the elastic
recovery of the asperities, the relationship approaches

Ao o Wy 0066

" This will be accompanied by a small datum offset which depends upon the
amount of elastic recovery available in the plastically deformed asperitics.,
This point is not pursucd here as only a general appraisal of the static

contact condition is required.

As stated earlier this analysis is substantiated by other work and
if the data illustrated in Fig. 7.10 is used initially then a further

description of the surface can be made.

It is reasonable to suggest that one asperity range occurs within
every square centimetre of the total area. Thus the Wy values calculated
can now be expressed as an average pressure Pw,

Thus, N _
hd = C.Py pm ‘ - 45 =17
where C is 0,3 to 0,92, )\ is approximately 0.22 and Pw is expressed in

kgﬂ/cmg.
The shape of such a range of ridges can now be éiven some
dimensions. The base width will be one centimetre, therefore the number

of ridges will be, ,
10000 = 10000 = 200,
‘ ' B 50
The maximum height of the range will be
he x 200 = 0,03 x 100 = 3)mn._
= :



113

This will mean that when two such surfaces are just in contact, under no
load conditions the clearance between the lowest ridge crests will be

6 pm. The percentage area in contact will be given by

te = PO %x 2074 % 46T
AA .

For Pw having a value of 1 kgf/cm2 then the contact arca is 0.01% of the

apparent surface area (Ap).

Using déta relevant to chapter 4 for a slideway table having a
weight of 454 kgf and a total apparent contact area of 697 cm? the
average pressure will be 0,65 kgﬁ/cmz. The initial normal deflection
will be of the order of 0,83 pm for B =b90°, the total contact area will
be approximately 0.0512 cmz.

The static friction force can now be investigated using this

surface model,

For convenience one asperity range pair is considered and all tho
asperity contacts are lumped together such that it is replaced by a single
asperity pair whose contact area and load carrying capacity are the same
. as that for the original contacting range. The cross angle B for this
new asperity ridge is taken to he 90° and thus the mathematical '
relationships will be those listed-in table T.7.1l. (pageIOB).

This asperity pair is illustrated in Fig,7.11l and the contact
aTrea is divided equally between the leading side and the trailing sido of
the ridge. A force F is applied to the bottom ridge which will cause it
. to nove a distance x from its steady state poaifion. This force will be
a maximum when the leading edge of the ridge only is supporting the load
Wp and this leading area is about to shear.

Thus F = (Acu Cos 8).Sg + Wp Tan © - 47-T

where Sg is the shear strength.

In this situation it is suggested that the trailing edge does not
support the load at all and that as Ag¢( must increase, a build-up of
materiel takes place (Fig.7.11.,b). This is taken from the top stationary
wedge, thus forming a small prow of material, It is assumed that the
plane of contact remains at an angle of © to the horizontal plano,

With reference to the original asperity range it is noted that
as some of the highest contact points have been plastically deformed the
prow of material will be much greater on these areas, and thus likely to
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produce some metallic debris.

In order to find the displacement wx, hf has to bo calculated,

since x = hf - 48T
She
Now
hd = 0.92 Wp 0°?2 —pm
and U-r = 4'941;1.0'78 -kgf/}m = Ka - 49-7

dhyd
Thus Ka is the "stiffness" of the new gsperity junction in the steady
state position, and comprises two springs in parallel, one for Ac. and
one for Acr as shown in Fig. T.1ll.c
Therefore the stiffness of both aregs is the same

K‘r = KL = _I_{_é = 2,47 WT 0.78
2 ‘
The increase in We on the leading area is ¥y
2
i.e. d¥W =Wy then
2
dhg = Ah = 2dW = pm - 50=7
Ka d
Thus hf = Ah.Cos © = 2dWCos6 = am
Ka
hence x = 2dW - am - 5l-7 p!
TangXa Ly

Therefore as x increases dW increases up to a maximum when dW is equal to

(%I)- Substituting eqn., 49-7 into eqn. 51-7 the maximum displacement will

be, x = 0.2025 (Wr) ©*?% - yn - 52-7
© Tan® .
In the same way,
(from Table T.7-1) hg = 0.075(40)0*%7 - um '
dre = 5144 (8)%77 . ka -pm - 53-7

dhgd
Now Ac = AcL. + 4Acr and in the steady state Ac. = Aor

. s AGL= _191"9_
2

thus, dAc. = Kd = 25.72 (4c)0°73 - 54-7
dhd 2
Hence a change in hd by ah will give a corresponding increment in area

dAict = Ah.Kd
2

and the total area on the leading side of the aspority (whenAh = hlmax)
‘ will be, :
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Ac. = Ac 4+ hfmax, K& Ac:
2 max 2 + meinG ‘SA - 55.7

Substituting eqns . 52 and 54-7

Aer, = Ac + 0.2025(‘:-‘7)0'22. Cos @ 25.72 (Ac)0'73
2
from table T.7-1

Ac = 10450(W1-)0'82 _}ng
and substituting this,
AL = 5230(PIT)0‘82 + 4476.6(WT)0'82

fou = 9707(Wr)0+52 2 - - 56-7
Applying eqn. 47-7
F = (0.0097(Wr)°*%2) S5 + Wr.Tan & - 57-7

From the B,C.I.R.A. (71) data on grade 17 cast iron the shear strength
is 30.87 kgf/mm° and will be taken as the maximum value possible. As the

load Wy is known,
F=0,212 + iy Tan ® = Fg - 58-7
This is the maximum static friction force and the coefficient of static

friction is,

}]s = Fs ' « = 59=7
s = O 0.212 + Tan ©
F 0. 65
}13 = 00325 + Tan © — 60-—-7
The work of Ernst and Merchant (5)
HMs =Ss + Tan © - 61=7
Pm .
and this gives, . _
}la = 30,87 + Tan® =« 0,234 + Tan © - 62-7
132

The differences between eqn, 60-7 and 62-7 are due to the chenges in
contact area as the tangential force is applied. ’
From eqn. 57-7 it 2lso follows that if the shear strength of the junction
is zero then,

Hs = Tan & = 0,050
which would be the lowest possible coefficient of frictiondue to the
action of a good lubricent film., This value is in line with that

suggested by Tamir and Rightmore .(5).

The above analysis indicates how the ;:trea being sheared incresases

with the applied tangential force and the tendency to accommodate

relative surface movement, (eqn,55-7). With zero applied force (hf=o)

the shear force on the leading area alone (ﬂo) can be used to givo a

hypothetical friction condition where,
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F=aAc , Ss+ Wy.Tan © - 63-7
. 2 :
Obviously the static friction force is zero when the relative

movement is zero and the load is shared equally between the leading end
trailing areas, The above equation represents the initial value from
which the static friction force builds up with accompanying deformation,
It ie possible to use this equation to evaluate a minimum coefficient
of static friction (}Iso). For various valuzs of dif up to a maximun of
¥i , M and X have been calculated for 4 values of asperity loading.

2 These are plotted in Fig, 7-12 and two observations can be made.

1) The dry state coefficient rises with appliecd tangential force
and is accompanied by a displacemeht in the direction of this force.

2) The value of Is which will occur varies with the asperity
loading, and as the load increases HAs reduces, This is an observation
made by Gupta and Cook (34). _

The minimum value of the coefficient of static friction llso and the
maximum Usx are plotted against Wr on logarithmic scales in Fig. 7-13.

These curves yield the following relationships, ‘
}Iso = 0,160 - 64-7
w N 5 O-igl '
x =0.3 | - 657 -
Fs '\F?uos

The maximum displacement Xmto give Msx is also plotted in Fig, 7-13 and

gives therelationship,

Max, displacement Xm = 4,00 Wy 0+22

=pn - 66=7

A closer analysis of egn., 65-7 can be made in order to show the general

relationship between )Js and ¥ ,

Now flso =F = (Ac - 67-7
Wr * .
and Ac = 0,01046 WT -nm?2 - 68-7
hence Jlso = 0.01046w1-0-82 x 30.87
T
Jso = 0.160 Wr™®% = 0,160/W,°"®
Wr

The change in the relationship between Ms and Wy, with regard to eqns.
64-7 znd 65-7 comes about from the change in contact area and the additio

of the fixed value created by Tan ©,
To summarise the findings for Wy then the following observations

can be made. _
For asperity range loading - Wy = 0.65 kgf, B =90°
Using eqn, 60=7, hs = E_ = 0,375

W

From eqn, 52-7,Xm = 3.6 JAme ( similar values were obtained by Shehedrov )
(ref. 115)
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Amontons Law is not obeyed in this analysis since M is a
function of Wr, thus M will vary with the load. It is intoresting
to observe that this relationship is created by tﬁe shape of the asperity
junction, If the angle © was very close to zero and the whole surface
in contact was extremely smooth then it can be suggested that the
coefficient of friction would become independent of the applied load.

i.e. }st = }Xso = K o 69—7

ﬁ;ﬁ«:
since Ac & W,
In conclusion, the selection of shear strength value is important

and if we make Ss equal to% from Tabor (2), i.e. Ss = 76,2 kgf/mn2,
3
eqn, 65-7 would become,

Psx = 0,79 - 70-T
W

orles
¥
Using the model data then,the value of Msx for dry cast iron would be 0,85,

7.2.1i., EFFECT OF LUBRICANT ON STATIC FRICTION

The effect of a lubrication film will now be analysed.

When an oil film is present on the contacting surfaces their
approach will squeeze out the film. As the higher asperities are deformed
it may be possible for a very thin film to remain between these highly
pressurised surfaces, Eventually this film will rupture and therefore a

contact area will have some metallic interface and the remainder will be
separated by an oil film,

The rupturing of such a lubricant film is not clearly understood
although mechanical analogies of the behaviour of hydrocarbon chains have
been attempted as outlined by A.S.Akhmatov (104)., Their molecular

elasticities are not linear and therefore difficult to use.

Fron the work carried out by Akhmatov the following
observations are made,
1) The smaller the 0il film the greater is its "yield pressure",
2) The "shear stress"of the oil film grea reduces with reductions

in area loading.
3) Non-polar oils have smaller "yield pressures" than those containing

polar additives.

4) The "yield pressures" depend upon the chain length of the hydro-
carbon molecules and therefore on oil density and bulk viscosity,
especially for non-polar oils since thoir adhesion on to the

surface is very weak,
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5) Polar additives adhere strongly to metal surfaces, thcrefore
their "yield pressures" can be high, governed by their chain
length and amount present in the bulk oil material,

6) In general "yield pressures" are influenced also by the orientation
of the molecules on the metal surface. Non-polar molecules are
usually lying flat along the surface, whereas polar additives
stand normal to the surface,

7) The "shear stress" for non-polar oils is of the same order as that

for polar gdditives.
Thus it may be said that for a particular mineral oil the pressure
required to rupture a fluid film will be small and the force required to
shear the film will also be small, If polar hydrocarbons are added the
thin film strength is much increased and higher pressures are required to
rupture the film, although the shear force remains small. Therefore polar
additives will reduce the static friction coefficient to a value below
that of a plain mineral oil. '
The following analysis is based upon the above comments.
If Poo is the "yield pressure" of a lubricant film, then using dé&a fron
Akkhmatov, : .
Po. = Ko.e~10:B% 4 0,06 -kgf/mn? - T1-7
vhere Ko is a function of molecular chain length, strength of adhesion to
the metal surface, density and bulk viscosity.
ho is the oil film thickness. ()
When ho = O _
then PoL = Ko + 0,06 - kgf/mm°
which will be the pressure required to rupture the oil film,
When ho = oo

then PoL = 0.06 kgf/mn° |
which is the minimum pressure an oil film will support per unit area, and

as ho reduces Po. will increase to some maximunm value,

Also if So. is the shear strength of the oil film, _

So. = eko.Fa. _ 4, | - 72-7
vhere Pa is the average pressure over the contact areaj ko is a function
of chain length, density and intermolecular bonding.

In eqn, 55=T7 it can be seen that the contaot area of the leading
face of the asperity (Acu ) after a tangential movement of Xm has taken
place is given by,

Ac. = ([Ac + :cm.Sme».z{_g) - T3=7
2 2 .
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The average pressure over this area,(Pa)_is given by,

Pa = Wy _ - 147
AcL ]

Using Hertzian pressure distribution over the aréa AcL

and if AcL = Tra? - T5-7
the pressure at any radius ry can be calculated from

P = Pm./l_(?_t)z - 76-7
Ta

where Pm 1s the yield pressure of the metal surface.
If P is equal to Po. of egqn. 71-7 when ho is zero then r{ can be found,
and for values of radius greater than ry it is assumed that an oil film

will bve present,

Thus ry = ra.\/l—(zo_gz - 171
-\ Pm
ry = ra:/ 1 - (Ko + 0.06J2 - 787
Pn : .
The metallic contact area will be,
Am = W-rtz ‘ - 19-17
The oil film area will be, ‘
Ao = 'ﬂi(ra - rt ) - 80-7
Using eqn. 75-7 and 78-7 then eqn. 79-7 becomes
Am = Aci. 1-(Ko+006)] - 81-7
Ao = Am..[ (Ko ioo)] - 82-7

The tangential force F required to shear the contact area will be given

by a modified form of eqn. 57-7,

F = AmSs + AoSo. + Wy.Tan ®©. - 83-7
F = Ac;.[ 1- (Ko+0.06)2 ].Ss + Acy, (Ko+o 06)2]5,_,,_
Pm
+ Jf.TaHB

The static coefficient ‘ps will be equal to the ratio F/Wf .
For the model under consideration Wy =065 kg‘f, AcyL = O'OOGSBmmz,

Pm = 132kgf/rnm2., Ss = 30*B7kgffmma, Pa = 95:2kgf/mm? and
from Akhmatov let ko =0:014-, whence Sou = 2:9kgf)mm2,

Then,

Ms = 0.00683 , -(Ko+0.06)2).30.87 + (Ko+0.06)2. 2.9] + 0.05 -~ 85-7
: 0.65 132 132
A plot of Ms against Ko is made in Fig. 7-14,vhen Ko = 0

}13 = 00373

when Ko = 131,94 == Pm
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Thus as Ko increases Ms decreases until a minimum value is reached when
Ko is numerically the same as the metal yield pressure. This value
0.0807 is compatible with that obtained by tests carried 6ut by Tabor (2).
If Ko is greater than Pm then Ms will remain at its lowest value,

It is interesting to note that the coefficient Ko is dependent upon

several parameters and it is suggested that Ko can have the same value when,

1) The lubricating oil has a high bulk viscosity duc to
long chain length, but containing no polar molecules.
2) The lubricating oil has a low bulk viscosity but does
contain polar additives,

Tests carried out by Tabor, following the earlier work of Hardy (2),
indicate that the static coefficient of friction falls with increasing
molecular weight of the lubricant. Teking an example from this work,
the molecular weight of a straight-chain paraffin is approximately fwico
that of a saturated fatty acid and both have the same Ms value, In the
above analysis Ms will depend upon Ko, therefore it is suggested the
following expression may be possible, , '

Ko o f(Chain Length) + E(Surface adhesion and orientation) - 86-7
or in more general terms,

Ko & f(lub.viscosity) +-f(Polar additive performance) - 87=1
As lubricant viscosity is proportional to (molecular weight)é (99) then
a straight mineral oil will need to have a very high viscosity in order to
substantially reduce Ms. In practice the bulk viscositiy of slideway
lubricants is fairly low for several reasons., It is well known that,
in the past, slideway "stick-slip" has been reduced by applying '"thicker"
lubricants, This of course has the effect of reducing Ms which is related

to the stick-slip phenomenon, _ .

To reduce Ms substantially using an 0il with a useful bulk
viscosity polar additives must be included. In this situation it is not
the bulk lubricant properties that affect Ms so much as the properties
and performance of the polar molecules,

In conclusion, it can be.stated that the coefficient of static
friction between Ewo metal surfaces depends upon many parameters. To

illustrate this point, the friction force F is expressed below using

Eqn. 73-7 and 84-7,

J——
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F = [0.010.16(111)0"8‘2 + Wy EE][ (1 - (}_{.9:;9-_%)2)55 + (Ko+0 06)2 SoL]

2 2 Ka Pm oo
+ Wr.Tan ©, . - 887

As Kd and Ka are functions of W¢ then,

F = [0.009707(w1.)°'82][(1- Ko;g.éo)z).Ss + (Kogg.oﬁ)a. SoL]+W1-.Te.n ©. - 89-7

This eqn. has the form
F = [A][B] + C
[A] is a function of mechanical and metallurgical parameters relating
to the surface topography and ridge shape.
[B] is a function of the yield strength of metal and lubricant,and
their shear strengths
C 1is a function of base angle of wedge asperity profile
[A] and [B] are both functions of metal hardness,which has been related
to the yield stress, For the same surface topography, with an increase in
hardness, it can be said that [A] will reduce and [B] will increase, so
that the effect of hardness on Ms is likely to be small, It is Suggested
from the work of Hardy (2) that 'Ms will increase slightly with hardness

since [B] will change at a greater rate than [Aa.

As F is a function of Wy then MHs will still be a function of the
reciprocal of Wy (eqn.65-7). With a reduction in load the coefficient of
static friction will increase, even when the surface is lubricated, os

reported by such researchers as Akhmatov (104).

7.3 THE KINETIC COJDITIONS

It has been shown by many authors that,as the sliding velocity
between most contacting metal surfaces increases the friction force will
decrease to some minimum value at a particular velocity (Vm). This force
may rise again at higher velocities depending upon the surface conditions,

If we consider temperature changes at the interface to be
negligible the deformation processes that teke place can be considered,
from Akhmatov (104) to be "quasi-isothermal". In such a process, a rise
in sliding velocity increases the resistance to plastic deformation of
the asperities. This is brought about by increases in the yield stress,
elastic modulus and elastic limit and will lead to the descending friction-

velocity characteristic.
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It is suggested that this process occurs at the interface of dry
and lubricated cast iron surfaces, but in the latter case the effect of
the metallurgical changes is masked by those of the lubricant. Initielly
it is worth considering the changes in the friction coefficient between

dry sliding surfaces.,

7.3.3.DRY CAST IRON SURFACES

If we look at eqn. 57=7 then the friction force is dependent
upon the contact area only if the shear strength Ss and the asperity
contact angle © remain constant. These assumptions have been made in the

following analysis,

From eqn., 22~7 it can be seen that the elasticity modulus (E)
is the only material parameter that affects the asperity contact area,

in basic form

Ae = K(.‘t";)n - 90-7
. 5 |
and if E increases then the contact area will reduce, ¢

For this model analysis (when B = 90°) the leading contact area (from

egn, 56-7), replacing Wy with Py is '
Ach = 9707.(Pw)0°82 . pn®

and has been established for a particular value of E.

If BEo is the material elasticity modulus at zero sliding ﬁelocity and

Ev is the increased modulus brought about by some sliding velocity, then

2

the leading contact area during sliding can be expressed as,

Acwv = 9707.(& )0'82 - }1:112 - 91-7
Ev/Eo

Acwv = 9707 (ﬁ)o.ez -)1m2 - 92-7
&

where X is the ratio of the "dynamie" to "static" modulus,
oK = Ev ' - 93-7
Eo
In this particular analysis, as the velocities are small (typically
0 - 10 mrn/s for machine tool slideways), the value of X will increase with

such sliding speeds. As the contact area reduces so will the penetration

-

level hd'

Now, at rest (from table T.7-1, B = 90°)
hg = 0.92 (Pw)0+22 -pm - 94-7
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and therefore at some sliding velocity the level will be,
0.22
hgy = 0-92(%‘1’.) - pm - 957
The relationship between Hd and Aci. remains independent of o&X

and in general terms,

hy = 0.077.(AcL )0'27 - pm - 96-7
Transposing eqn, (94-7) then, )
‘Pw = 1,46 (hd)4'55 -kgf/cm2 _ - 97-7
From this a normal surface "stiffness" per cm2 can be formed
Ke = };ﬂ = 1,46 (hd)3‘55 x104-1cgf/cm ‘ - 98-7
d

Let Ce be the normal "damping" coefficient of the contacting surface
asperities, per cmz. This has been created from the following equation,
Ce = Ua.AcL -kgf,.s./cnm - 99-7
hg
where Uan 1is a "dynamic viscosity" coefficient (kgf.s/cma) related to
the surface asperities., _
Transposing eqn. 96-7 the leading asperity contact area is,

Aor = 1.32 (ha)3T x 1074 -ca? L 100-7

and egn. 99-T7 becomes,
Ce = Ua x 1,32 (hg)?*7 -xgf.s/cn - 101-7

If we consider the normal interaction of the sliding surfaces in terms of
a spring/dashpot represented by the Voigt model (105) in Fig. 7-15 then
a simple linear expressibn can be written for the equilibrium condition,

Pv = Ke.hg + Ce.hy - kef, - 102-7
where Pw is the load supported by this Voigt model per unit area (cma).
Substituting eqns. 98 and 101-7 then Pw becomes,
P = [1.46 (hg)3*?? x 10 ] <hy + [UA.1.32(hd)2'7]ch.d - 103-7
This is a non-linear form of eqn. 102-7 and several general obseiv&tiona
can be made.

1) Pw is the load per unit area and in this model will remain
constant as it is only associated with the table weight and the apparent °
contact area between table and slides,

2) hq is an equivalent normal velocity related to the tangential
sliding velocity V through the shape of the individual asperities in

contact, especially their interacting wedge angle. Therefore,
hy = (22).\1 | - 104-7

B
and as Z has becen shown to be equal to Tan © on Fig 7.11a s

B h.d- = 2Tan9;v = 105-7
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Substituting this identity into eqn. 103-7 we obtain,
P =" [1.46(hd)3'55 x 104].hd + [UA. 1.32(nd )27 ] 2TanO.v - 106.7 .

3) As it is assumed that hd will decrease with increasing sliding velocity
it follows that,

a) Ke  will reduce and,

b) C¢ will also decrease in value.

4) Had the equation been linear, an associated time constant could have
been formed, being the ratio of the coefficients of hd and hd, This would
have happened if the actual contact area had been proportional to apparent
surface pressure (Pw)., The Voigt model would then have linear coefficients
and the normal time constant would have the form

T& = l _(_:i - B - 1 07-7
: Ke .
As the equation is non-linear, a useful time constant analogy cannot

be made.

If we consider eqn, 97 and 98-7, as hd reduces so does ﬁs
aﬁd so must the "effective" Pwe The rate at which Pw reduces must be
greater than that of hd, For some velocity V let hd reduce to hdv and :
eqne 97-7 becomes, '
veffective™ Pw = 1,46 (hdv}4'55 - 108-7
By considering the o term described earlier in this section (eqn.93-7)
the above relationship can be rewritten as,

Pw_ = 1446 (hdv)4‘55 - 109-7
o

Therefore o& has the effect of attenuating the value of Pw as one surface

slides over the other. _
For a value hdv, eqn. 98-7 can be expressed as,

Kev = 1,46 (hdv}3'55 x 10% - 110-7
If eqne 97-7 is divided by egqn o 109-7 then,
‘ 4455
&= (%l%v) : - 111-7

and by dividing egqn. 110-7 by eqn. 987 then,

3435

Substituting eqgne. 112-7 into eqn. 111-7 a relationship between the model
normal "stiffness" ratio and X can be established thus,

-
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- 113-7

o< = (Ka )1.28
Kev
From a dry friction point of view, it has been shown by several researchers
(eege Dolbey (77) ) that as the velocity increases the coefficient of
friction falls to some constant level, The speed required to reach this
condition is quite small, typically 0.5 = 1.5 cm/s for machine tool
slideways. This means that at some velocity (VeL ) the friction force will
just reach the lower level and the above model analysis indicates that this
is the consequence of a reduction in the contact area. Therefore at
velocity (Ver ) the surface penetration has also reached a new reduced value

of hdv which may be considered as being constant for small increases in

velocity above this value.

_ In order to obtain some numerical data for a friction-velocity
curve to be constructed, some model assumptions have to be made,
Following the ideas postulated by Akhamatov (104),let the yield stress at
the interface increase with sliding speed from 132 kgf/mm2 to a maximum of
220 kgf/mmz, this is numerically the same as the Brinell hardness number
for grade 17 cast iron, It is also assumed that this stress is operating
over the entire leading edge area at velocity (Vew ), thus the contact

area will be,

. 2
Acwy = Pw «mm . -
220 - B
As the load per unit area is 0,65 kgf then at Veu
Acw. = 065 x 106 = 2950 }:un2

220

Using eqn, 96-T7 then,
hdv = 0,663 pm ‘
This value of surface penetration is that reached at velocity Veun and the

corresponding friction force will be (eqn. 57-7)

Fv = (Acwv ).Ss + Wy.Tan © - 115-7
and as ‘
k = K - 1167
XA -

at velocity Vev , Mk will have the value of 0,185. (The static coeffieient
for this model is Ms = 0.373)s )
Substituting the value for hdv, from above, into eqn. 106-7,

Pw = 0227 + 0,874 U .Tan©. V



126

It is clear from this equation that to maintain Pw, at velocities above
Ven 4 then the value of Ua.Tan®V must become a constant, As we are only
interested in the falling friction characteristic, then the relationship
between V and Ua is of little consequence .once the steady value of}.lk

- is reached. Nevertheless it is suggested that either,

a) The value of Ua alone, reduces with increased velocity,
or '

b) Both Un and Tan © reduce due to some complex process of asperity
deformation. It is likely that, at high sliding speeds, the thermal
effects (e.g. softening of surface material) will change the model parameters
in such a way as to give rise to an increase in the friction coefficient,

The author is of the opinion that the use of a coefficient such
as o (mentioned previously, eqn, 93-7), would be most useful in any
further work since the non-linear equations can then be used to good effect.
It is interesting to note that as o increases the effective material modulus
increases, but the expression in eqn, 113-7 indicates that the model normal

"stiffness™ Kev will reduce, e

The magnitude of <X can be established using eqn, 111-7 since,
at zero velocity hd = 0.84 pmand K = 1,
at velocity Ve hdv = 0,663 Jm and o4 will be 2.9
As ot changes between two values as the velocity increases from zero to
VoL then the expression for o can be written in the form of a first order
transfer function thus,
& = (14 2.9 Ts) - 117-7
(1 +Ts) .o '
This equation is based upon the work of D.F.Moore (106) who analysed the
behaviour of viscoelastic matérials using linear spring / dashpot mddels,

Equation 117-7 is expressed in terms of the laplace operator,
the coefficient T is the equation time constant and in the terminology of

the sliding surface model becomes,
T = Um - seconds - 118-7

icx- lj-Eo

The term Um describes the "dynamic viscosity" of the bulk cast
iron material, It has proved difficult to establish a value for this
coefficients As J.Gilman (107) points out, its magnitude could be wide-
ranging and will depend upon such factors as intermolecular bonding, types
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of molecular structure present in the material, temperature and the rate of

the atomic dislocations.

The denominator of eqn. 118-7 expresses-the increase in the material
modulus above its original value and the magnitude of Ey is expressed as,
Ev = (X= 1).Eo +E, = k&
which corresponds to the relationship shown in eqn. 93-7

If the Laplace tenn?;in.eqn. 117-7 is replaced by the complex
notation jw the subsequent rationalised equation will be,

X = 1+ ?.9.(‘1‘;0)2 + 3. 1.9.Tw J - 119-7

1+ (Tw)< 1+ (Tw

In control theory analysis w is a frequency applied to the systenm, Although,

in this model, w is not a sinusoidal variation and a frequency of
deformation is not strictly true, since the asperities may experience

deformation only once in the sliding operation, it is convenient to use such

a concept in order to solve the equation, - v

The value of w is related to the sliding velocity such that,
w =YV - 120-7
L

where L is a characteristic length, lying in the direction of motion and

related to the leading edge contact area Act

This area is the sum of all the aspérities in a single crossed range

which are in contact. These individual areas will be similar in shape when

viewed normal to the surface, and it is zssumed that their combined area can

be expressed as having the szme shape. The required length characteristic

can be taken as,
L = (Acp)
It is clear that as V increases the contact area will reduce, due to

0.5 ‘ - 121-7

changes in hd and so will the value of L,

A plot of X against w is shown in Fig 7.16 when Un is assumed to have

a constant value of 8 x 1010 Poise or 800 kgf.s/mmzo

The time constant will be from eqn., 118-7
T = 800 = 0,0318 seconds

1.9 x 1.32 x 104
end from eqn, 117-7
X = (1 + 2.9(0.0318)s)
(1 + (0.0318)s) )
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With these values of o the contact area Acwv is plotted againstw in
Fig.7.17 using eqn., 92-7,

The values of sliding velocity were calculated using eqn, 120-7
and 121-7 thus,
V =w(acwy ) —mn/s - - 1227
and FPig. 7.18 illustrates the relétionsbip between (W and V,
Fig. 7.19 indicates the changes in)J]c and hgy with respect to sliding
velocityV. Fig. 7.20 illustrates the changes in Ke and the magnitude of
table rise (hg) or surface separation where, '
hg = hy - bhgy | R - 1237
Using these results, eqn., 102-7 has been used to calculate the values of
Ce for changing velocity and these are plotted against V in Fig.7.21
together with the values of UA found from eqn. 101-T7.

To obtain some correlation between Ke , Ce and X for cﬁanges in
"frequency"w, egn., 119-7 .is broken down into its real and imaginary parts.

In Fig, 7.22 Ke 1is plotted together with the inverse of the real
part of the equation, i.e,
‘ x! = 1+ !Tuﬂz
1+ 2,9 (Tw)?
In Fig. 7.23 Ce is plotted together with the imaginary part of eqn.l19-7,

i.e. A = 1.9 Tw o
1+ (Tw)
It can be seen that apart from scaling changes, the variation of Ke with

frequency is a similar shape to the term o'. The non-linear equation for

Ke has caused the divergence of the two curves at low frequencies.,

The curves of Ce and " are also very similar in shape. The
maximun value of o occurs when the frequency w is equal to the value
p =10 but the maximum value of Ce occurs at approximately =078
It is suggested that the value of the time constant index arises from the
non-linear relationship between the actual contact area and the associated

load per unit area.

It would appear that the transfer function for ot (eqn. 117-7) can be
|
rationalised in its complex form to produce & real vart (30 ) and an

imaginary part ( ®") identifiable with this surface model parameters,

Ke and Ce.
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In Moore's (106) analysis the treatment is purely linear but his
simple model approach does describe the likely changes in systom paremeters,
It is felt that a more detailed discussion on his method is not required
here although the concept may provide an avenue for further study. One
initial modification for closer comparison could be to divide the terms of
eqn, 102.7 by the actual contact area Acw in order to obtain a pressure
equation instead of the force equation used here., This would tend to
linearise the equation and may make his techniques more applicable,

The use of the o0 term in illustrating the change in contact area with
sliding speed does give results similar to those obtained experimentally.
The value of hy, reduces as sliding speed increases as shown in Fig.7.19
and it is estimated that the value of Vcu would be approximately 11,0 mm/s.
The calculated coefficient of friction is also illuastrated and has the same
characteristic shape as that obtained experimentally by researchers such as
Dolbey (77), his results are also shown, A theoretical curve can be drawn
to fit his experimental results and, using the model surface parameters as
detailed here, this would mean changing the value of T and the @aximum

contact surface pressure to give a larger value of &% (if }.lk were 0,15 at
Vet , o would be 4).

The normal stiffness per unit area, and the amount of surface
separation are shown in Fié. 7.20 plotted azainst sliding velocity. The
surface separation curve has the same shape as that found experimentally
by Dolbey (77), but his curve seems to 1ndicate';hat separation continues

well after the lower value of‘pk has been reached. Dolbey also calculates

a dynamic stiffness of his slideway. This necessitates the use of a large

vibrator mounted on the sliding table and his stiffness was evaluatcd as
the ratio of force amplitude to displacement amplitude. The resulting
curve of his values plotted against sliding velocity is similar in shape to
that of Ke plotted in Fig. 7.20, It is suggested that the form of his

_ tests is illustrated by modifying equation 102-7 thus,

Pw + PvSin.wyt. = Ke.hq + Ce.hy - 124=17
where Pv is the amplitude of vibrator force andw, is the frequency of Pv.

The above analysis of kinetic friction indicates that the relationship

and sliding velocity is complex under dry surface conditions.,

between MU
which results in the following relation-

Fig. 7.24 is a plot of M against
ship,
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-0.6
Me = }13'[ X ] T - 1257
substituting eqn., 119-7

_ e [ (21429 (Tw)2 4 . 1.9 Tw | ]70-67 - 126~
P w S| |4 e B

and combining eqn, 92-7, 120-7 and 121~-7, then the corresponding velocity is

V- w.[P%(]O"* X . 0.,00985. -cu/s - 1277
If eqn, 126 and 127-7 are restated in terms of Pw and, if the maximum
pressure across the contact area is denoted by Py then, at velocity Veu

Acev = Pw - mm? - 128-7
Px

and using equations 96-7 and 111-T, : ,
= g%o%iﬁ_ﬂ - 129-7
Substituting this ot quantity into 126-7 together with eqn. 65-7 9.13) then,
}"Jc = (0,3 1 + (Tw 2 +.3. (ot = 1)Tw —o-e7 - 130=7
ZPw;f’"“ ’ T + (Tw)? 1+ (Tw)?

If the maximum value of & is still unity at Ver then from equation 129-7

there will be a maximum for Pw thus, , 55
[' 1,237 M
Pw(max) = |0.00335(Px) - kef. - 1317
If Px is 220 kgf/mmz then Pw(max) is approximately 70 kgf which-.would act
on every cm2 of apparent area. Although this value is unacceptably large,
the fact that ot will then remain at unity means that the coefficient of
friction will remain constant, i,e. Mg "}Ilc and in this case the value will

be approximately 0.17. _ -

In order to fix a v-'aIué for Ve.. , the following equation is

suggested, from egn. 127-7,

Voo = 8[ Pw 1% x 0.00985 - 132-7
T (=8 ) e
where 8 is the frequency W which is 3 octaves above the highest corner
T
frequency (_I_L_) in the transfer function for & (eqn. 117-7).
T

It is not particularly clear from eqn. 130 and 132-7 how Mp will

" change with sliding velocity for various values of Pw. In Fig.7.25 four
such curves are sketched for reasonable values of Pw, using the model data,
At velocity VeL eqn. 130-7 can be rewritten with the substitution of o

eqn. 129-7, as
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0.3 0.00335(px)1*23 06T
N T R —

thus ).lk = 1Constant) . - 134-7
Pw (=TT=¥TY ) ‘

Therefore at Ve the value of M varies by-only a very small amount, but
does reduce as Pw is increased. This equation can be compared with that
for s (eqn.67~7) where this value varies as (Pw)-aqéﬁ This indicates
that, for this model, the static coefficient may change substantially with
Pw but the minimum value for‘pk will be practically the same in all cases,

Finally, it is unfortunate that a surface time constant cannot be
specified as a fixed value for the surface model expressed by eqn.l07-7.
As Ke and Ce vary with velocity the calculations of a 'relative' time
constant indicate that they will range from 0.00039s to 0,0044s. Therefore
under dry conditions there will be a small lag dbetween a rapid change in

velocity and the corresponding change in friction,

The fact that thefe will be a lag means that for continually changing
velocities, the correspending 'dynamic' friction values will not be equal
to their steady state values as calculated from eqns., 126 and 127-7. This
observation is borne out by the experimental work of Bell et 21(46) during

stick-slip conditions on a slideway system.

7.3.ii. LUBRICATED CAST IRON SURFACES.

When a lubricént is apflied to the contacting surfaces the friction
force reduces in both the static and kinetic conditions. In machine tool
applications it is usual to find a minimum friction value is obtaiped at
some low sliding velocity, followed by a slow rise with further increases

. in speed.

In section (7.2 ii) of this chapter it was suggested how the lubricant
brought about changes in the static friction. When the surfaces are moving
relative to each other the fluid lub?icant may give rise to an increased
lifting adtion, eventually causing complete "solid" separation. To achieve
this the lubricant film must be capable of supporting the load by remaining

between the two surfaces.

It is worth noting at this point, some observations made by

previous researchers,
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1) The orientation of the molecules must favour an increase in the

boundary viscosity during flow around the surface miocro profiles - Akhma?ov
(104

2) The parameters affecting friction at low velocities include,(logb

a) Physical nature and properties of the surfaces,

b) Structure and physicochemical properties of the lubricant
molecules.

c) Nature of the adsorptional adaptations of the lubricant
molecules.

d) Interface pressures.

e) Effective thickness of lubricant film.

f) Sliding velocity.

3) The surface roughness affects the friotion of a lubricated sliding
pair. The surface topography may increase or decrease the frictional
properties compared with a bearing having smooth surfaces - Christensen(108)

4) In boundary friction conditions the bulk viscosity of the lubricant
is not so important. Its molecular structure and properties are the prime
factors influencing this complex process. Akhmatov (104) ‘

Both these researchers realise the interactive effect of both the

surface topography and the nature of the lubricant film.
Tt is easier to visualise the friction force as boing composed of

two separate quantities,

F = So0lid friction due to metallic contact + lubricant friction
- . due to fluid shear

o - 135-7
The solid friction is influenced by the degreeo of support given by the
lubricant and, as importantly, the lubricant friction may be affected ﬁy
the surface asperities causihg redistribution of the lubricant over the

profile giving rise to accumulations of any polar additives in surface

hollovs.,
In order to arrive at some relationship between friction and velocity

the following analysis has been attempted in the contoxt of the above
equation. . Due to a lack of information regarding lubricant physicochemical
behaviour during conditions of metallic contact the linear laws developed
by Reynolds (97) have been used with several modificatlions, in particular

his equation governing the pressure generated by a lubricant between two

solid surfaces,
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PI,. = 6.?.V. E - KQ - 136-7
: H|¢
' This is the hydrodynamic equation for two smooth surfaces. The constant
Kp is dependent upon the geometry of the wedge formed botween the surfaces,

Because of the nature of the model surface topography a film thickness [H]

is difficult to visualise.

If we consider two pairs of asperity ridges crossing at right angles
and just in contact as shown in Fig, 7.26, then the equivalent free space

between two ridges in Fig, 7.26(a) will be

area = (€ — B) x (100 h.) + (2f - B) x (g) - 137-7
2 2 2

area = 27440 }sz
»
The effectiva‘%onstant height over length € between ridges will be,
hy = area = 2.74}Mm - 138-7
f .

This same height can be calculated for Fig. 7.26b whose area is at right
angles to the other, thus the total equivalent height in an areca € x ¢

*

will be

2.hg = 5.48 pm. - 139-7
If the penetration level is hy at rest then the minimum equivalent height
will be _
Ho = 2he - hd = 4.64).1::1 - 140-7
In the hydrodynamic conditions applicable to eqn. 136-7 the "wedge" profile
shown in Fig, 7.27 is assumed,
The quantity Hy is made up of H plus an additional height gained over length

€, which in this asperity configuration will be 100.hy (3}1!11).

It is suggested that when asperity ridges cross at 90° the maximum
lifting conditions will prevail and as this angle reduces Hy will also reduce,

. Let m relate H to Hy such that

m o= H -1 = (H+3) -1 - 141-7
H T H

The coefficient Kp is related to H through parameter m,a hydrodynamic

variable. From Fuller (97),
Kp= [1.1loge (1+m) - _2 ] - 142-7

[52 m (2 + m)

It has been assumed that when the asperities have just lost contact
the pressure generated by the oil will be equal to the load per unit arca(Pw),
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Using eqn. 136=7 in this condition,
Pw = 62.Veu. E.Kp - 143-7

H 2

[ ] vhere H = Ho + hd

Using data presented by Dolbey as being reasonable for this model surface,
then for his two olils, both with and without polar additives, the following

average values apply,

0i1 (1) 2 = 0.74 Poise
Ve = Scm/s

011 (2) %2 = 5.9 Poise
VeL = 2,2 cm/s

Pw is 0,65 kgf/cm? and the value of Kp for both oils was calculated.
However, it was found that. these were not the same values as thom calculated

using the appropriate value of (m) (eqn. 142-7).

The value of £ in eqn. 143-7 was 1 cm, the distance between ridge
asperities and it was decided to replace the term Kp by Ks, i.e.
Ks = CKp - 144-T
and in thiscaseit would have the same value as Kp. It was considoroé that the
quantity e represents a unit surface distance and that for every displace-
ment € along the surfece, in the direction of sliding,the contact profile

would be repeated.
Equation 143-7 is rewritten as, _
Pw = 6.2.Vor.Ks ' : - 145-7

2
(1]
and because this equation was not satisfied a correction factor (Cv) was

introduced thus,

= 6.2.VoL. = 146
Pw ‘[6}? ']z You.Ka 146-1

To establish an equation for Cv another value of II was required with
its corresponding value of velocity, Again using Dolbey's (77) results,
this time selecting a velocity (10 cm/s) well into the apparent
hydrodynamic region,Ks could be calculated from Eqn. 146-7 and using

eqn. 142-7 also,.
It was decided to adopt a linear relationship between Cv and velooity

V and tho following relationship was established.
For 0il (1) Cv = 1,6 + 0,14V - 147-7
For 0il (2) Cv = 7.4 + 0.64V - 148-7
In order to ease calculations two further relationships were established,

These were,
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Cv
ii) a relationship between Ks and H

.Using eqn. 147 and 148-7 the following eqns. were found relating(z_)to v

1) a relationship between(v ) and V

Cv

For 011 (1) (L) - 0.79(v)0-624 - 1497
Cv

For 0il1 (2) (g_) = 0.145(v)°7 - 1507
Cv

It should be noted that this relationship was very good for the range
between the two velocities selected for each oil, but it will be used in the
analysis for sliding velocities from zero to 10 cm/a. The relationship
between Ks and H is shown in Fig. 7.28 giving the following equation,

Ks = 0.09 - 1517
(g) ©°478 (H in pn)
Thus if we start with the general equation for P. (eqn.136-7) this becomes,
P = 62V.Ks x 100 - 1527
(H)?Cv.

where 2 is in Poise and H is in pa.
Eqns, 149, 150 and 151-7 can be substituted giving the final relationships
for both oils, '

0i1 (1) P = 23.89.2.v0:5% - 1537
2= 0,74P (1) 2.478 .

0i1 (2) B = 4.38.%. 07 - 154-7
2' 5.9P (H) 2.478 '

In this way the pressure developed by the lubricant between the model

surfaces is expressed in terms of only two variables for each oil, V and H.

During these calculations.it was decided to leave the lubricant
viscosity as an independent parameter and not relate it to other variables.
Substituting Ks alone into eqn., 152-7 then,

P. = 302V - 155-7
(H) 2.47-8(3?
. This equation remains sensibly the hydrodynamic equation but eqns. 153 and
154-T7 both show how Cv has made significant changes, It is likely that Cv
is not only a function of viscosity ﬁut also of the physicochemical

properties of the lubricant molecules.

As one surface slides over the other some of the load is taken by the
0il film and the remainder by the contacting asperities, If we consider
eqn. 102-7 in conjunction with egns. 153 or 154=-7 then the distribution of

load per unit area is expressed completely.lience,
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Pv = Keohd + Ce.hd + R : - 156-7
It has been pointed out in the previous section that Ce was difficult to
_establish and as this quantity (Ce.hd) will be small in comparison with R
above quite low velocities it has been excluded 'in order to facilitate

calculationé.

Using the expression for Ke.hd from egn, 103-7 then for 0il (1)

Pw = 1.46 (hav)4*50 + 23,894.v0-62 - 157-7

where hdv is the metallic surface penetration at some velocity. If hs is
the amount of surface separation from the rest condition at some velocity V
hdv = hd - hs Ja - 158-7

and,

H = Ho + hs Jam -159-7
It is obvious that when hs> hd then the term (Ke.hd) will be zero.

Substituting 158 and 159-7 with eqn., 157-7

Pv = 1.46(hd - hs)?*?2 4 23,854 y06% — 1607
(Ho + hs)2478 ’

A sinilar equation to that above exists for 01l (2).

Equation 160-7 has two unknowns hs and V and for values of hs up to
hd the corresponding velocities were calculated, After this point values of
V were used to determine hs,

Fig. 7.29 illustrates the values of hs for changing velocity using the
equations for both oils, Had it been possible to include the Ce term
(ean.155-7) the curves would have been modified at low velocities. The likely
changes are shown by the two dotted curves.

Also shown in Fig. 7.29 are the experimental results obteined by
Doltey and Burdekin (77) using the same two oils. .These show some agreement

over the velocity range.

The relationship between hs and sliding velocity can only be obtained
through an equation such as that of 160-7 or the curves derived from it.
"There is no possibility of a simple mathematical expression,

In order to obtain the 'solid' friction value the contact area Acwy
must be calculated using eqn, 92-7 where the term X is obtained from eqn.111-7

Ao = 0.009705(23) 0.82
(=4
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hdv

o = (hd )4'55 - 161-7
hd = hs

where o = (hd )4'55 and usine eqn, 158-7

The term o can alternatively be described using a general form of
eqn. 160-7, thus,
x = (3’“’——) - 162-7
Pw - R
The value of ¢ will now range between unity and infinity as P_ increases
to Pw,

The friction force can be calculated from eqn, 84-7 in which Wy
is replaced by Pw/x ‘

F - 0.009705,(_15-_.5 )0'8,2 [ Ku:] + DPw.Tano - 1637
I =
~ where 2
Kip = - (Ko + 0.06 Ss + Ko + 0.06 |Sovu - 164-7
. Pm . Pm v

A value of Xo has to be selected and is based upon the}ls value. In this
case the results obtained by Dolbey are used and).ls values are estimated
for polar and non-polar oils, the value of bulk viscosity having very
little effect. ‘ '
1) For Polar Oils ).ls‘- 0.13
and using Fig..7.14 Ko = 120
2) For Non-Polar 0ils ).ls ='0,288
Ko = 70
Using other data from section (7.2.ii) then,
Kip {Polar) = 7.87
Kip (Non-Polar) = 22,8
Therefore for each oil we have two curves of F against velocity. (One
polar and the other non-polar), As an example ‘

For 0il (1) 4 = 0.74Poise.
(Polar)

F = 0.009705.(33)0'8? [7‘87] + Py .Tan @ : - 165-7
=8 =3

The previously calculated values of V and hs are used in these equations
and then}ﬂc is found by dividing F by Pw. The resulting four. curves are
drawn in Fig,7.30 using linear scales. If we let Vcu be the velocity when
the solid friction is Just zero, i,e. when solid contact has just ceased,

a plot can be made of}k against (Ve - V) where V has values from zero
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up to Vewn . The value of VeuL can be calculated from eqns. 153-7 and
154-7. (P. = Pw). - 216

.For 0il1 (1) Vecu = |Pw _(Ho + hd) 2.478 -cm/s. - 166-7
, 23.89 2. D143 ‘
For 0il (2) VeL = v (Ho + hd)2‘478 -cm/s. - 167-7
4.3872.
Fig. T7.31 illustrateg the four conditia;s and a general relationship
does emerge.
(Sol1d) - fx = N.(Vew - v)2-18 - 168.7
Term N can be calculated when V is zero,
N = Us - 169-7
(VoL ) 218 :
Therefore eqn., 168-7 can be rewrittenaas
(Solid) - prx = s . (Ver - v)2! ' - 170-7
M ﬁ')'z.la

Thus the solid kinetic coefficient of friction can be established and it is
suggested from eqn. 166 and 167-7 that the terminal velocity Ve. will
reduce as the bulk oil viscosity increases and when the surface toﬁbgraphy

is "smoother", reducing the term (Ho + hd).

‘The friction attributed solely to the lubricant has now to be
established and again the hydrodynamic equation is used. From Fuller (37)

F = 2.M .V x Kf ‘ - 171-7
| iﬂj .

The 'load! taken by the oil is equal to P. therefore the above eqn. can be
2 2
rewritten as, (Aﬁ'f * lem ) '

F_ = flo = 2V.Kf - - 172-7
" P . PL.(H)x 100 (2 in Poise, H in )
If eqns. 153 and 154-7 arec substituted then,
For 0il (1) Mo = Kf. (n)1-478  0.376 - 173-7
| 2383
For 0i1 (2) Jlo = ke, (1) 1+478 ¢ 0.30 - 174-7
: 438.5

Again to ease calculations a relationship between Kf and H has been

established through the equation,
Kf = [ 6 - 2, g (1+ m)] - 175-7

2+m m
This is taken from Fuller (97) and (m) has been defined in eqn. 141-7,
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A plot of Kf against H is. included in Fig. 7.28 and a related equation gives

k£ = 0,51 () 0+23 = W9E
. Substituting this expression in 173 and 174-7,
For 0il (1) Mo = (H)1'7l v°'376 - - 177-7
4684
For 0i1 (2) Jlo = (m)'-Th 030 . TR
859.8

where H = (Ho + ﬁs) .

Having already established values of hs and V}JMo can be calculated,

Fig. 7.32 illustrates the changes in)ﬂo with V. Thesecurves show a steep
rise inaﬂo at low velocities and give a nearly linear relationship
thereafter. It is interesting to note that if a straight line is drawn
through the latter part of the curves, when V is zero the cosfficient.of'
friction still has some small value which increases with the higher viscosity
oil. This will mean that a complete friction/velocity curve will have some
form of linear rise in friction as the sliding speed increases above the
minimum condition. Dolbey's (77) results and those of other reseerchers
(46) indicate that if this linear portion of the curve is projected back to
zero velocity it does result in a standing friction value, This affect then
is attributable to the lubricant friction characteristic which in turn is

influenced by the surface topographical conditions.

It could be argued that with even larger amounts of apparent surface
separation the table attitude could still give rise to small amounts of
solid friction, and this could account for the friction offset at zero

velocity. In this case an analysis would be very difficult.

The complete frictionyvelocity curves for the two oils, with and
without polar additives, are illustrated in Fig. 7.33 and )JT is the total
friction coefficient given by

Jro= o+ o - 179-7

As an example of the complete expression in parameter terms,

For 0il (1) Polar, (using eqn. 165-7 znd 177-7)
)-11' =  0.003705 .(_Em_f_ )0'82. - 7.871 + Tan® - (Ho+hs)1'].'TVo'376
Pw 23 X 4684
' - 180-7

where. & is given by eqn. 161-7.
This complete result hinges on the relationship between hs and V

established from egqn. 160-T.
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To end this section some general comments can be made concerning the
analysis of the model surface and its relationship to machine tool |
- slideways.,
1) The initial fall in the friction characteristic at low sliding
velocities can be attriduted to three main factors, :
a) The degree of metallic contact.
b) The support given to the load by the oil.
¢) The molecular strength of the surface layers of the oil film,
2) The amount of table rise is small even at higher velocities so that
the rising "linear" portion of the friction characteristic is still
influenced by surface topography as well as bulk lubricant viscosity.
3) The lifting action is due mainly to the surface topography enabling
the interface oil pressure to be generated.
4) The amount of oil between the slides at velocity Veu would be
(Ho + hd) multiplied by the total area. In this case for a slide area of
696 cm2 the volume is 0.382 cm>, This quantit& is extremely small but is
most effective in reducing friction especially at very low speeds and when

polar additives are present.

Finally it was shown in the dry surface condition that some form of
surface time constant would be present causing a lag between changes in
friction force and velocity. In the lubricated condition the author feels
that although such a time constant must exist, especially during the falling
friction characteristic, the contribution made by the oil is still in
question, Several authors (77) (54) have attempted to epply squeeze film
techniques under static conditions to obtain a damping term and so calculate
a time constant, Without the inclusionof the effects of surface topogfaphy
and sliding conditions there must be some doubt as to the validity of this
technique., TFurther comment on this matter will be made following the next

chapter which deals with the analogue simulation,

T.4 FRICTION EQUATIONS USED FOR SIMULATION PURPOSES.

The friction characteristic has been broken down into two parts,

1) A non-linear portion attributed to the 'solid' friction,

2) A linear part due to viscous conditions .
The solid friction force can be established from eqn., 168-7, but in order
to use theavailable functions on the analogue computer this equation has

had to be modified’hy taking the index as 2.0 instead of 2,18,
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F (Solid) = N (Vew - V)2 x Load - 1817

or F (Solid) = _Ms . (Ve - V)% =xwW - 1827
.42
(VeL )
The viscous friction term has been considered to be completely linear whi
is not apparently possible by modifying an equation such as 178-7. The
standard form of linear equation has been adopted,
F (Viscous) = f x V. - 183-7
The total friction force will be,
P = P(Solid) + F (Viscous)
F o= s . (VoL = V)2 W4 £V - 1847
2
(Ver )

This equation can be compared with eqn. 6.4 which is repeated here for
completeness,

F = N (VeL - ).(o)2 + fXo
A time dependent arrangement has been introduced into latter simulation

circuits affecting only F(Solid)

P(S01id) = N (Vor - %0)%x [ 1 - 185-7
l +Ts .

The bracketed term describes a first order lag system in terms of the

Laplace operator.
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CHAPTER 8

AN ANALOGUE COMPUTER SIMULATION
OF NON-LINEAR FRICTION BEHAVIOUR
ON A MACHINZ TOOL SLIDEWAY

8 : 1 INTRODUCTION

The simulation of the slidewsy system was carried out on the
Solartron 1451 (110) which is illustrated with other preipheral equipment

in Fig. (8.1).

A detailed description of the analogue computer is not required here,
but a list of main elements is given below,

1) 16 summing amplifiers - gains of x 1 and x 10

2) 8 integrating amplifiers — gains of x 1, x 10, x 100 and x 1000
3) 12 fixed potentiometers

4) 6free potentiometers

5) 4 Diode pairs . .

6) 2 quarter squares multipliers

7) digital voltmeter

The machine operating voltages are * 100 V d.c.
Many books have been written about the operation and use of the
analogue computer and the author hes found the works of Charlesworth and

Fletcher (111) and Jackson (112) most helpful.

This chapter has been broken down into sections in order to fully
jllustrate the details of the simulation and the results that have been

produced over the several years of use and subsequent modification,

Some general observations regarding this work can be made.
1) The accuracy of the results is of the order of *2t for the size of
these simulation circuits. This will depend mainly upon the setting of

potentiometers,
2) Although the simulated system frequencies varied they were well

within the bandwidth of the amplifiers, for all input gains,

3) The machine is ebout twelve years old and has valve type amplifiers
with mechanical chopper stabilisation. This has caused some minor problems,
one being the appearance of high frequency garasitic oscillations

superinmposed on the output voltages.
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4) The computer was thoroughly checked for electrical faults before
any simulation work was attempted, and included recalibration of the amplifiers,
5) All recordings were made on the same storage oscilloscope, the '
Tektronix T&pe 564 and where necessary photographed with the attached
polaroid camera (Polaroid series 125), The calibration of this equipment
was checked periodically.
6) Most of the simulation work was carried out before the mathematical
:analysis in chapter 7 was developed. Some parameter values had to be

estimated from data recorded by other researchers (76)

8 + 2 THE SIMULATION CIRCUIT - EARLY DEVELOPMENT WORK

The analogue computer is used to simulate physical systems and a
scaled voltage quantity is used to represent all the physical variables,
Usually the system is described by a differential equation and care must be
taken in selecting the amplitude scaling factors and the time scaling factor.

The amplitude scaling factor ensures that any voltage representing a
physical variable does not exceed the linear range of the amplifiers (in
this case £100 V d.c.). There are several ways of deriving these factors
but those most often used by the author are the Equal Coefficient Rule (112)
eand the Computer Block Gain technique (113). In this simulation the latter
technique has been used., Although it can be quite complex to operate it
does have the advantage of allowing each individual system element to remain

as a discrete unit in the computer diagram.

The time scaling factor is not necessary for this work, but would have
to be used in other simulations under the following conditions.
1) The recorder frequency -is lower than the frequency of signal to
be recorded. '
2) The simulation frequencies are calculated to be above the bandwidth

of the amplifiers,
3) Extremely slow processes are to be computed.

In the author's experience the first condition has proved to be the
most common and the time scaling factor is usually worked out with the

following formula,

TIME SCALING FACTOR = PLOTTER FREQUENCY - 1.8
MAXINUM SYSTEM FREQUENCY

The maximum system frequency is that which occurs under stable

conditions., The plotter frequency can be expressed as,



PLOTTER FREQUENCY = PLOTTER SLEWING RATE x INPIIT GAIN - 2-8
2 x INPUT VOLTAGE AMPLITUDE

To illustrate the amplitude scaling required the linear part of the
slideway system is analysed and the computer simulation diagram produced.
Consider the diagram shown in Fig. (8,2) which represents the slideway system.

The differential equation is,

MXo + fxo + Kxo = Kxq ‘ - 3-8
This equation can be represented by the block diagram of Fig, (8.3).

Knowing the values of the system coefficients N, f and K, the value

of the input xi must be chosen.,

In the steady state or rest condition xo and.xi are zero and the

magnitude of input is taken about this point.

Setting x; maximum at 2,54 mm the input scaling factor will be
0.0254 mmJVblt. This scaling factor applies to xo and to the output of

summing junction (A) which is also a positional quantity. .

The summing junction (A) of Fig. (8.3) represents a device whose
output will be the difference between x; and x; and must be a sﬁmming
aﬁplifier. The gain is calculated from the following formula,

Computer gain for (A)= inout scale factor x block gain - 4-8

output scale factor ’

Computer gain for (A) = 0.0254 x 1 = 1

0.0254
With K the stiffness coefficient equal to 17,86 MN/m, the maximum input force
ﬁill be,
Max, Input Force = K(xj = xo) = K.xj - 58
2 17.86 x 2.54 x 107 N
= 45,36 KN ‘

An appropriate force scaling factor will be 453.6 N/V so that the
computer gain for block K will be,

C.G. (K) = 0.0254 x 10'3 x K - 6-8
453.6 ‘ i

C.C. (K) = 0,0254 x 1070 x 17.86 x 10
' 453-0 -

c.G. (K) = 1,0
At summing junction (B) inputs and output are all forces, therefore the
computer gain is unity. "It is necessary to sclect a maximum acceleration
and an acceptable value would be 254 m/sf and with the mass M equal to

454 kg, the acceleration scaling factor will be 2.54 m s "?/v and the
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computer gain can be calculated as

C.G. (_1_) = 453.6 x1 = 0.39 - 7-8

_ o 2.54 454

Again the maxinum velocity is given a value 0.254 m/s so that the scaling

factor will be 0,00254 n s -I/V giving a computer gain for integrator (1)

s C.G.Int (1) = _ 2.54 x1 = 1000 -~ 88
0.00254

The gain of integrator (2) can now be calculated as the position scaling

factor is known,thus

C.G.Int (2) = 0.00254 x 1000 x 1 = 100 - 9-8
0.0254
The linear damping coefficient (f) has a value of 17.86 KN s/m. and,
C.G. (£f) = 0.00254 x 17.86 x 103 = 0.1 - 10-8
453.6

The computer diagrem suitable for patching on the analogue computer
can nov be drewn and this is shown in Fig. (8.4). All the amplifiers and
fixed potentiometers arec addressed., It should be noted that the computer
gain for K was 1.0 but this has been shared between amplifier A5, heving a
gain of x 10 and potentiometer PC6 having a value of 0,1, This means that
for changés in K the potentiometer setting can be modified, e.é. K = 45MN/m

then PC6 = 0.252, (z15 x 0.1
17.86

Potentiometer PA3 is set in relation to the reciprocal value of M

therefore if M = 810 kg then PA3 = 0,218, (4.54__:: 0.39)
810

It can be seen that the computer dizgrem in Fig. 8.4 shows a marked
similarity to the block diagram of Fig (8.3) which describes the systenm

differential equation,

Two main parameters required from egn. 3.8 are the undamped natural
frequency Wn and the damping ratio £. These can be found by the followingz

relationships (20) .

Wa = (}5_)0'5 | - 11-8
M .

b o- g o5 - 128
2(11.K.)"™* -

Using the values given gbove, -

Wa = 198,34 rad/s
= 31057 HZ

f - 0.

The diagram of Fig. (8.4) represents the heart of the simulation-circuit,

and

We now have to modify this with respect to non-linear friction,
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If the system has a static friction value Fs, the friction/velocity
diagram will be as shown in Fig., 8.5 (a) and a system cheracteristic equation.

. will be of the form, (25) -

MXy + fXo + Xo. F's + KXo = Kxj _ ‘ - 13-8
—
|*of

This eqn, is non-linear (25) but can be analysed for particular conditions
using either the describing function technique (109) or the phase-planc
method, (109).

To modify the original simulation diagram an arransement has to be
made for accommodating the static friction term, If eqn. 13-8 is rewritten
in teérms of the input force then for xg = io = 0,

Fs = K(xi - xo) - 14-8
If the system is in a rest condition (xi = o) it is suggested by eqn.14-8
that an equality will only be achieved when xo has some negative value,
This would mean that the force Fs would move the mass M backwards.
Obviously & friction force does not do this, but some early simulations,

(53), do in fact operate this way. )

What is inferred in eqn., 14-8 is that in order to move the mass M and
overcome the viscous friction f the system input force must be greater than
tFs. Therefore,
MX, + fXy, = Useful input force - 15-8
where the useful input force is given by,
Useful input force = K(xj - x,) - Fs ‘ - 168

and is zero when K.(xj -~ x,) < Fs

A plot of input force against useful input force is illustrated in
Fig. 8.5 (b). e : -

In order to achieve this characteristic a dead zone circuit is
"introduced between amplifiers A5 and A4 of Fig. (8.4). This circuit is
jllustrated in Fig. 8.5 (e) and is made up of two free potentiometers

PB1 and PB2 and one diode pair. D1-D2,

The operation of this network is described briefly as follovs,

1) The volteges tVa arc constent (in this case & 50V)

2) When Vy is positive diode D2 will conduct only when the voltage on
the wiper arm of PB2 is just positive. This depends upon the value of Vs
and the position of the wiper arm on the resistive track, If the arm was
at the centre of the track length, then D2 would conduct when + V) was just
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greater than - Vg in magnitude, In this situation then,

Vo £ V; - Vg when V3 > Ve |

Vo = 0 " . whenVy £ Va

3) Siﬁilarly when Vl is negative diode D1 will conduct when the voltage
on the wiper arm of PBl is just negative. The diodes require a small
positive potential between the anode (a) and the cathode (k). Therefore
it is much easier to set this ecircuit on the computer in the following
way, using the Problem Check (111) computer mode.

Let Vg, be the scaled voltage for Pg and Vi the scaled input
force with a voltage level between 3V and 6V greater than Vr.

1) V1 is checked at the output of A5 (see Fig.815(e) ) with the
D.V.M. and the polarity is set positive.

2) Vo is checked at the output of A4, which has unity gain. This
voltage will be negative due to & sign change through the amplifier.

3) PB2 is adjusted until the output Vo is equal inmagnitude to V1 - Vg

4) The polarity of V1 is changed and the level of Vo again checked
whilst adjusting PBl. )

Care must be takén with the amplitude scaling in order to reduce the
effect‘of the diode threshold. Generally Vr needs to be at leazt five
times greater than the diode breakdown voltage, i.e. Vg » 1.3V. It is
obvious that the smallest dead zone voltage will be approx. 0.256V when the

wiper arms are.at the bottbm of their tracks, or when Vg 1is zero, .

During the bulk of this simulation work the zero velocity friction
force was 771N, for a selected/ﬂs value of 0.17. The force scaling factor
was 453.6 N/V so that V¢ would have been 1.7 volts. This was toolow for
* the dead zone voltage and therefore some of the scaling factors were dhanged
as follows,

i) Force scaling factor - 45.36 N/Y

i11) Acceleration scaling factor — 0.254 m s 2 /V
iii) Velocity scaling factor - 0.254 mm s™' /V
" Only the gain of integrator Al had to be changed from x 100 to x 10, The
dead zone voltage Vg representing the friction force Fs was now,
Ve = 171 = 17V
45.36
It was not obvious immediately that the dead zone circuit itself had an

attenuating effect when the circuit was conducting and this modified the

value of the system stiffness K.
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Consider the circuit in Fig. 8.5 (c¢). To set the dead zone of
L * 17V the input voltage was + 20V and the potentiometers were adjusted to

give an output of + 3 volts.

Taking one haglf of this circuit, when V] is - 20V the voltage at
point A on PBl will be - 3V and so will the value of Vo. (The input
resistance of A4 was much greater than the effective potentiometer

resistance and therefore the wiper arm loading was neglected).

The total voltage drop across the potentiometer resistance was
(V@ + V1) and the voltage across the section of the wiper arm from the

input to point A was (V3 - V,), thus the resistance ratios were governed

by the equation

R2 - V1 - Vo - 17-8
R+ Rp RGN | |
= 17 = 0,24
.70

The value of Vo is given by ’

Vo = Vi - 0.24 (Vp + Vy) - - 18-8
When Vo is zero the above eqn. can be written as

0= V] - 0.24 (Vg -+ V) - 19-8

where Vi ¢ V1. With Vg  equal to 50V then,the value of Vi will be,
l 3 1

Vi = Ve. (0.24) - 20-8
L 1-0.24 : : - '

vi = 15.79v _
The circuit should give an output voltage of zero when Vi is 17V and

using eqn, 17-8 again then the ratio value will be,

Vl = 17 .= 0,254 . © - 218
Ve + Vl -37

" This new ratio will modify eqns, 18-8, 19-8 and 20-8.
From eqn. 18-8 .
Vo = V3 = 0.254 (V& + Vp) - ' - 22-8
With V] having a value of - 20V as before and using the above equation
Vo was set to - 2,22V. '
From Eqn. 19-8 ]
0 = V{ - 0.254 (Vg + V) - 23-8
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Subtracting eqn., 23-8 from eqn, 22-8
Vo = (Vy =Vi) = 0.254 (V3 - V1) |
or Vo = 0,746 (V1 - V]) - 24-8
Therefore, ﬁhen the diode D1 is conducting the relationship between the
output (Vo) and the effective input (Vy _ vi) is
' Vo = 0.746 -~ 25-8
(v1 - vi) o
In this case, with Vg at + 50V, the effective input was ~ 3 volts
and this should have given an output of -~ 3 volts instead of - 2.22 V;
To correct this the output of the circuit was amplified by a factor of
x 1.35. 3
Modifying eqn, 20-8, V{ can be expressed &3,

(1-0.254)
or Vi = 0.34 Vg - 27-8

Fig. 8.6 illustrates the values of Vo for changing values of V§j
with three settings of Vp; the potentiometer resistance ratio (?qn. 17-8)

remaining at 0.254.

Bearing in mind the attenuation causcd by the dead zone circuit an
extra potentiometer was required (PA5) to emplify the circuit putput. This
would save altering the value of PC6 which was solely related to the system

stiffness K.

The circuit repreéenting eqn, 13-8 is shown in Fig. (8.7). The dead
zone circuit was set up as outlined previously except that when Vy was
* 20V, then Vo was set to + 2,5V, for a Vg value of + 50V. The output
voltage was checked for various values of Vg, in order to establish
compliance with the circuit characteristics established theoretically in
Fig. (8.6). It can be seen that the fixed potentiometer PAS has been
introduced (together with an input gain of x 10 on A4) to eliminate the
attenuation caused by the dead zone circuit. It should be noted that due o
a change in the force scaling factor the maximum value of X3 in physical
terms will be 0,254 mm( = 10V). To demonstrate the effectiveness of this
circuit the transient responses of Xo are illustrated in Fig. (8.8), for a
linear.condition when Fs is zero (Vg = o) and a non-linear condition when
Fs is 771N (Vg = 50V). A step input of 0.127wm has been applied. The
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responses obtained are comparable with those that have been observed

by other authors (25) (109).

In the case d the usual slideway friction characteristic such as that
illustrated in Fig. 7.33, the friction force decreases initially as the
velocity increases from zero. The steady state inoutforce will also
decrease duringz this stage. To accomplish this on the analogue computer,
the dead zone circuit of Fig. (8.5) was modified such that the voltaze Vjp

vas made a function of velocity.

The characteristics relafing Vg and Vp to &elocity are shown in
Fig. (8.9)a, and the required circuit modifications in Fig. (8.9)b.
In this circuit the total friction force will be,
F = f% + N(Vev = x5) %o - 288
EN
where, N(VeL - X,) = O when %, > Ve
Therefore the friction force is the summation of the viscous and

non-linear terms in the form of straight line approximations,

To déscribé this circuit let Ven be 2,54 mm/s, thé other parameters

remaining the same as before.

When the output velocity is zero then Vg must be + 50V which is
generated from potentiometer PCl, amplifier X1 (+ 50V) and emplifier

X2 (- s50v).

When the output vélocity is + 2.54 mm/s the voltage at the output of
amplifier A3 will be + 10V, and this is converted to a uni-polarity voltage
after B3 at point (U). If the output of A3 is negative diode D3 will
conduct, if it is positive its polarity will chenge through B3 and diode

D4 will conduct. Thus at point (U) the voltage will be approximately -10V.

Having this element in the circuit reduces considerably the number of
amplifiers and potentiometers,

The voltage at point (U) goes into amplifier B2 via potentiometer PC2,
The overall input gain is unity since PC2 is set to 0.1 and the amplifier
gain is x 10, ' )

tmplifier B2 is set to saturate to give a maximum output of + 10V

using a uni-directional saturation circuit consisting of PP2 and D5, such
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an arrangement is known as a soft limiter (111). The output of B2 is set
. at + 10V, when the voltage output of A3 is t 15 volts,

The output of B2 is fed into X1 via PC2, giving an overall input
gain of x 5. Therefore when B2 saturates the "input" to X1 will be + 50V,
As there is also a constant input of -~ 50V the output of X1 and X2 should

be zero,

To ensure correct operation the outputs of X1 and X2 wéro checked
when the output of A3 was + 10V and + 30V. In the former condition the
outputs should be zero and in the latter condition the outputs should be
slightly negative (approx. - 0.5V). Any necessary adjustment was made by
making small changes to the sctting of PC2.

When Vev was 2,54 mm/s the value of PC2 was 0.1. If VeL was to be
5.08 mn/s (output of A3, - 20V), then PC2 is adjusted to a setting of 0.05,
and for a VeL value of 1,27 mm/s PC2 is 0.2.

The setting of PC2 affects the velocity at which Vg becomes z¢'ro,
and its setting can be derived from the followinz eqn.

PC2 Setting = VoL - 29-8
10 x 2.54

'The complete steady state friction characteristic is shown in Fig.
8.10(a), with a plot of K(xj - x,) against velocity %o for three values of
VeL teken from the simulation, Fig., 8.10 (b) .

The complete circuit shown in Fig. 8.11 was patched up with settings

as shown in the diagranm,

At low velocity ihputs, less than Ver. , the simulation did exhibit
'stick- slip' motion. Pig, 8;12 shows the output position, velocity and
acceleration for a ramp position input of & 0.1émm/§ (£ 5V). All relevant
data is also detailed in this figure.

A reamp velocity input was applied through a second input to amplifier
B3, This had a value of £ 1.2 mm s_;/s and the pesk velacity amplitude
was 10.16 mn/s (& 40V). Fig. 8.13 (a) shows the resulting S,V.P, the

input velocity rising from zero,

Fig. 8.13 (b) illustrates the positional error and ouiput velocity
during "stick-slip" recorded on a base of time for a constant velocity inout,
It can be seen from these recordings that the simulation behaviour is very
similar to that of the experimental equipment used by researchers such as

Bell (46), and their recordings exhibit the same features,
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As stated at the beginning of this chapter most of the simulation

. vork was carried out before the analysis of chapter 7, and some parameter .
values had - to be estimaﬁed. Typically these were Vew , the viscous damping
coefficient (f) and the static coefficient of friction, It has happened

that the selected values appear to be satisfactory.

Some of the S.V.P!s recorded practically by Britton (47) could be
reproduced very closely by alterinz the position of the Vel velocity and
changing the coefficient (f), having set up the appropriate value of mass
and subsequent static friction force. It is interesting to note that the
critical velocity (Ve) at which oscillations would cease was always equal
to the velocity VeL , in other words at the velocity when the steady state
friction characteristic changed from a negative slope to a positive slope.
The work carried out by Bell et al (46) did not necessarily suggest this
and it was difficult to see how the changes in simulation parameters could

be related to his experimental changes in o0il viscosity.
4

The development of the final simulation circuit was bascd upon the
assumptions listed below. o

1) The system simulated in Fig. 8.11 had a basically meaningful
circuit and therefore the bulk of the circuit should remain.

2) The way Vp and hence the non-linear friction force (F) chenges with
velocity is obviously not linear, It was decided to select a squarc law
relationship as this could.be quite easily simulated.

3) If the sliding massland drive system remained constant it was known
(47) that the critical velocity reduced és.the lubricant viscasity increased,
It was reasoned that for a given mass the friction characteristic would not
alter very much, especially tﬁe nbn—linear part. Therefore another mechanism
must be influencing the point of critical velocity and so a first order
circuit was introduced to enable a lag to occur between rapidly changing
velocity and the equivalent level change'in non-linear friction.

It waslanticipated that these modifications would enable simulsation
velocity profiles to be produced which were in very good agreement with

those experimentally recorded.
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8.3 FINAL SIMULATION CIRCUIT

The non-linear friction force was to be related to sliding velocity
through a square law relationship, (from eqn. 181-7).
F(solid) = N (Ver - %5)2 - 30-8
and F (solid) = O when iol? VeL
Equation 28-8 describing the original total friction force can be rewritten

a8, Faff + N(VoL - %)% % | - 3-8
W
I%ol
To achieve this type of reduction in F(solid), use is made of a multiplier
(110) whose output will controlthe value of Vg, The circuit is shown in
Fig. 8.14(a), in which a quarter squares multiplier (111) in a selected
mode will give,

Q.SM. output = +A2 + 32 Volts - 32.8
100

where A and B are the input voltages. In this mode the input volfagc must
be positive and the output will be positive. For negative inputs the
output is zero. The output has a scaling factor of 0.0l so that if A is
100V (B = 0) then the output will be 100V. In the situation shown in

Fig. 8.14 (a) input A is used and B is connected to signal ground (zero_
volts). Vg is to remain at 50V when io is zero and if this is the output
voltage of the multiplier then the input at A must be 70.7V. As X
increases the input will reduce from 70,7V and thereférs VB will reduce as
a function of the squafe of this value, Fig. 8.14 (a) also shows a typical
characteristic in which Vg will go to zero when Xp is equal to Vecu

and the input to (A) is zero volts.

In use this multiplier is placed into the functional circuit shown in
Fig. 8.14 (b). This entails minor modifications to the circuit shown in
Fig. 8.9 (b). The operation is as follows,

1) Vhen X, is zero the output of A} is zero,as”also are the outputs

" of B3 and B2,
2) The output of B2 goes into amplifier X1 with an input gain of x 10.

The other input to this amplifier is - 100V at unity gain. 1In the condition
specified above the output of X1 will be + 100V.

3) This signal is attenuated by potentiometer PCl to 70,7 volts
before entering the.multiplier on input (A).
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4) PCl is normally set to give an output of + 50V on the multiplier.
. This is done by monitoring the output and adjusting PCl in the computer
problem check mode. This setting up procedure eliminates any slight errors
in the multiplier. Obviously the potentiometer setting is very close to
0.7071.

5) When %, is equal to VeL the output of B2 will be + 10V and go
into amplifier X1 to become + 100V, Therefore the output of X1 will be
zero and so will the output of the multiplier.

6) B2 is set to saturate at + 10V and PC2 is set to 0.1 when VcL
is + 2,54 mm/s (&£ 10V). The output of tho multiplier is monitored so that
when the output of A3 is 10V, PC2 may need to be slightly adjusted to give
a multiplier output of zerbf

A first order lag circuit can be introduced by replacing amplifier
X1l. This circuit is shown in Fig. 8.15 together with its signal flow
diagram (20) and transfer function.

The transfer function has the form, !

OQutout = 1 - 33-8
Input l + TcS .
and for a given value of Tc the setting of PAl will be,
’ PAl (setting) = 0.001 - 34-8
Te

If the setting value is below 0.05 (Tec = 0,02) then the integrator Al must
have an inpuf gain of x 100 instead of x 1000, in which case,
PAl (setting) = 0,01 . - 35-8
Tec
where Tec > 0.02 :
There are two inputs to the network. '
1) From + 100V terminal via a keyswitch and potentiometer PA2. The

keyswitch was put into the line to isonlate this input, and PA2 could be
used to adjust the output of the network during setting up. The potentio-
meter was set at 0.1 and the out_going signal was connected to an input
gain on A2 of x 10. Effectively this input is made equal and opposite to
the maximum value of the second input. ‘ ’

2) From the saturated amplifier B2 via amplifier X3 havinz an input
"gain of x 10. This meant that when the output of B2 reached its saturation
level of + 10V the output of X3 would be - 100V, This signal was connected

to the unity input on A2,
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When theé velocity signal was zero the output of X3 would also be zero
and the output of theclosed loop circuit comprising A2, Al and Bl would be
"+ 100V,

The effective input was the voltage difference between the two inputs
mentioned eabove and was taken from A2 to PAl and integrator Al. The gain
of Al and thesetting of PAl produced the effective forward path gain which
could be regulated by the setting of this potentiometer., The output of Al
was fed back at unity gain via Bl to A2. In the steady state the output of
the circuit would be equal in magnitude to the difference between the two

inputs, i.e. g zero output from A2,

For g rapidly changing voltage input from X3 there would be a changing
output of Al lagging the input., The amount of lag, or phase shift and the
degree of attenuation would depend upon the fo?ward path gain, or the
circuit time constant Tec gs specified in the first order equation in 33-8,

As an example let the output of X3 be — 50V with a superimposed

sinusoidally varying signal of 10V ampli{ude at 1 radiagns per second. This
To

is the system corner frequency (20) and in this condition the output of Al
will consist of a standing d.c. voltage of + 50V (100V - 50V) superimposed
with a sinusoidal signal at the input frequency. The amplitude of this
changing signal will be reduced to + 7,07V (- 34B attenuation) and there will

be a lag in terms of phasé shift of 45 degrees., For a particular value of
Tc,the amount of attenuation and phase shift will depend upon the frequency

or rate of change of the input signal,

~ The.complete final circuit is shown in Fig. 8.16 and was used on the
analogue computer to obtain all of the following results. A modification
was tried by placingthe lag circuit after the multiplier but this did not
affect the simulation results at all, The circuit in Fig. 8.16 can be drawn
in simple block diagram form as shown in Fig. 8.17 and is very similar to
that suggested by Nakashima et al (54) with regard to their simulation
study. However, some comnments about features of their circuit and

differences in capability can be mades=

a) Nakashima's circuit contains at least twice ags many amplifiers
which may cause added discrepancies due to amplifier drifting and changes

in amplifier gain.
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b) The circuit used several multipliers as "electronic potentiometers"
(111) which will lead to inaccuracies, especially under high frequency

dynamic conditions,
c) Negative values of X, cannot be simulated (A unidirectional sliding

system is simulated). _

d) There are multiple inputs on his circuit for system variables
" such as %o and f,

e) His main output is the total coefficient of friction for the system.

f) "Stick-slip" motion at only one set velocity can be recorded. It
is not possible to have a ramp velocity input,

g) There is not a positional input (xi)or positional output (x,).

h) The greatest difference is the way in which the non=linear friction
is applied to the rest of the system., Nakashima used five relays to do this,
and in the author's opinion this is not good simulation technique., The use
of releys in simulation work is outdated and as his computer has a voltage
range of + 10V these could have been replaced by digital cos/mos aqﬁlogua
switches (114) which have extremely high frequoncy response and are free

from hysteresis problems.

Both circuits entail the breekdown of the friction into two parts, the
linear and non-linear. The application of the non-linear friction in the
author's circuit is done through the use of a dead zone circuit and whilst

admitting that this is a compromise, the circuit in Fig. 8.16 is
ropresentative of a complete slideway system., One limitation is that

slideway movement for a position input is severely restricted.

8.4 BASIC SIMULATION RESULTS

The recordings chown in this section are similar to those that have

been experimentally recorded by researchers mentioned in chapter 2.

Most of these recordings were taken with some of the system parameters

set at the values listed below. Where these are varied due attention will

be drawn,
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SETTING FOR SIMULATION RECORDINGS

M = 433kg PA3 = 0,408
K = 45KN/mn PC5 = 0,252
f = 10.7 N.s./mm PA4 = 0,06

Fs = 771N ()_ls = 0,178),Vg = 17V (%5 = o)
Veu varies from 1.27 mm/s to 25.4 mm/a
Te varies from 0,025s to 0,006s

Fig. 8.18 illustrates tho steady siate friction characteristic for
very slow changes in input velocity. This was recorded for a very high
value of Tc of 0,58, Also shown are the variations in cheracteristic with

changes in the position of Vei.

The stick-slip motion is shown in Fig, 8.19 in terms of output position
and velocity and in Fig, 8.20 of velocity and acceleration. The input

velocity and values of Ver and Tec are stated with the illustrations.,

The positional error against time is illustrated in Fig. 8.21 ysing

the same settings of the parameters as the previous illustrations.

Usually the dynamic friction characteristic is done by ploéting the
error force or input force against output velocity,and this is illustrated
in Fig. 8.22 under stick-slip conditions. Superimposed on this curve is the
steady state friction characteristic. Fig. 8,23 illustrates the same
characteristic but this time under quasi-harmonic conditions which occur

at a higher output veloéity.

A system velocity profile is shown in Fig., 8.24 for an increasing input
velocity of 1.2 nm s"%/s and Fig, 8.25 illustrates the changes in input
force over the same input velobity range., It can be seen from this

recording that the oscillation ceases whilst the friction characteristic is

still on the negative gradient,

Finally Fig. 8.26 illustrates the "frequency" of slideway oscillations
- plotted against input velocity for the same perameter settings as Figs,
8.24 end 8.25. In previous work (12) (54) the "frequency" has always been
determined from the periodic changes in positional error or input force

and in Fig. 8,26 the latter variable has been used,

It can be seen from all the results illustrated that they are in very
good agreement with,K the practical data recorded by other researchers., In
particular Fig. 8.24 is comparable with the recordings made by Britton (47)
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of system velocity profiles. His recordings were made with a velocity
sweep starting at zero to some maximum velocity. An SVP for a reducing

. velocity input terminating at zero could not be made because of limitations
in test rig size. But such a profile can be recorded from the simulation
and is shown in Fig. 8.27 together with the increasing input velocity S.V.P.
It can be seen that the upper critical velocity Ve is greater with
increasing input velocity and is suppressed to Ve as the input velocity
reduces to zero. This observation is new and important with respect to
machine tool slideways, especially those on numerically controlled maéhines,

vhere both acceleration and- deceleration are controlled automatically.

The degree of change between Ve and Ve 1is due to an effect of the
load mass onthe system. In the reducing velocity condition it provides an
inertia force which will aid the system in maiqtaining stable sliding
conditions. In addition,the values of VeL , f and To affect the difference
between these two velocities but it was not possible on the simulation to

obtain a value of V¢ greater than Ve, ‘

Finally it can be noted that for very small values of Tc the critical.
velocity always occurred near to the zero slope on the steady state friction
characteristic. The introduction of this time constant intothe circuit,
coupled with the fact that the non-linear friction had a square law
relationship with velocity, gave great flexibility in controlling the shape i
of the S.V.P, and the critical velocity Vc, the other variables remaining .
constant, '

8.5 FURTHER SIMULATION RESULTS

This section deals in particular with the effect of changes in To
and VeL on the eritical velocity (Ve) for increasing command velocity and
a study of quasi-harmonic motion (24) especially near to the critical
velocity,

The critical velocity Ve is not particularly easy to de;ermine from
the S.V.P. as some transient effects are carried forward beyond the true
point for Ve giving slightly larger values. The simulation shows that, for
& particular system, the point at which osdillations cease depends upon the
rate of change of input velocity. Fig. 8.28 illustrates this point with a
recording of S.V.P.’s from the same system as that for the recordings in

Fig. 8.27 but with an input velocity rate of 2.4 mm.a"l/s.
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Comparison between these two illustrations indicates that an increazse in
the velocity rate does give a rise in apparent critical velocity Ve. In
" the case of reducing velocity input FPig. 8.28b shows a greater reduction
in V8, The general shape of the S.V.P.)s change as the magnitude of ramp

velocity increases.,

If the velocity command rate is reduced below l.2 mm é_y/a smaller
changes still occur but they are less easy to distinguish on the simulation
recordings, These observations are important to note since any critical
velocities established by experimental techniques depend upon the rate of
velocity command. Even though a system does not exhibit oscillatory motion
at one particular input, it may show oscillatory behaviour if tho input
rate is increased., Such a situation is illustrated in Fig, 8.29.

The effect of changes in Tc and VeL. on system behaviour with respect
to Ve were studied for a rising velocity input of 1.2 mm.s_l/s. The values
of this upper critical velocity were estimated from the recordings ‘and two
sets of graphs were drawn. The first set shown in Fig. 8.30 are drawn for
the selected values of Tc., However, in teking the results and checking by
calculation, it was further observed that the critical velocity had occurred
at the same value of slope on the solid friction curve.

The slope of the curve can be obtained from eqn. 30.8,

F(solid) = N(Veo - V)2

and N = F =] ) - 36—8
(VcL )2 ‘

differentiating F(solid) with respect to V,

d F(solid) = « 2N (Veu - V) - 37-8

av

Let Cn = - dF - 38-8
av '

When V is equal to the critical velocity Ve,
Cn = 28 (VeL - Ve) - 33-8
and substituting eqn, 36-8
~¢n = 2Fs_ (Ven.- Vo) - 40-8
(Ver )2 )
It can bte seen from these results that for a particular value of Tc the
critical velocity (Ve) will occur at a point on any non-linear solid
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friction/velocity curve where the slope Cn is the same. The value of Cn
increases as Tc increases indicating that as the friction/velocity lag

“increases the critical velocity occurs at a steeper point on the negative

friction characteristic.

For any particular value of Tc the value of Ve is dependent upon the
slope of the F(solid) curve , in this case the simulation value of Ve .
"since s is a fixed quantity. The maximum value of Vo can be obtained by

differentiating Ve with respect to VeL and equating to zero.

From eqn, 40-8

Ve = VoL - Cn(Ver )2 - 41-8

. s
dVe = 1 = CnVec - 42-8
dVeu Fs
substituting for Cn using egn. 40-8,
dVe = 1 = 2(Vq£ -~ Ve) - 438
dvVer Veu
equating eqn. 43-8 to zero then, ’
(Ve) max, = Veo . = 44-8
2

By rearranging eqn, 42-8 when it is equated to zero,then the maximum

critical velocity value will occur when,
VeL = Fs - 45-8
Cn .

Therefore, with a constant value of Fs, 28 Tc increases so will Cn and the

maximum critical velocity will reduce as shown in Fig. 8.30.

The second set of results are illustirated in Fig. 8.31. As the value
of Tec reduces then it can be seen that Vo will become asymptotic to the
value of Ve . The mathematical expression in this figure is tzken fronm

chapter 9 and has been used to plot the curves,

If we aséume that the limiting case will occur when the velocity is at
- a value giving zero slope on the total friction curve, by differentiating

eqn. 31.8,

dF = =20(Ver = V) + £ - 46-8
dv -
Equating to zero and rearranging for V,
V = VoL - £ : : Y i

2N
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This value of velocity can be rewritten, by substituting for N (eqn,36-8) as
V = Veu (1 - fVc ) -~ 48-8
2Fs
For the giﬁen simulation paramecters then
V = Ver (1 - 0,00694Vce ) . -~ 43-8
This velocity is the limiting value of Ve vwhich will only occur when To

is very close to a zero value and so is Cn,

It can be seen from these curves that Ve will have a zsro value for

e particular Tc and Vc. combination. If we look at equation 40-8 then for

Ve to be zero

Cn = ©2Fs ' - 50-8
Veu
and Ver = s - 51-8
Cn

In order to include Tc there must be some relationship between Cn and Tc, and

this point is dealt with in the following chapter. ‘

The quasi-harmonic motion which is exhibited on the simulation recordings

"igs now reviewed, In some conditions sticlk-slip will occur followed by

periodic oscillations of output velocity between two non-zero values,

(quasi-harmonic motion). In other cases only the latter type of oscillations

will occur. The recordings tzken by Britton (47) indicate that both can
occur in practice., Fig. 8.:32 shows the two cases recorded from the

e L e

simulation,

The characteristic jump phenomenon at the start of output motion can
be clearly seen, followed later by a cigar shaped profile leadinz to the
critical velocity and stable motion., At input velocities near but below

" the critical velocity the oscillatory output motion is considered to be
sinusoidal with equal excursions on both half cycles. This is shown in
Fig. 8.33 for the conditions appertaining to Fig. 8,322 and 8.32b. The

frequencies of these oscillations are very nearly equal to their cystem

natural frequencies. The on-set of ‘this type of motion is difficult to

estimate from simulation recordings, ecspecially if it is preceded by stick-

elip motion, It is suggested at this point that it is related to the value

of df/dV (eqn. 46-8), the time constant Tc and the system natural frequency Wn,
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Simulation recordings show that the wave_form of the oscillatory
~motion, just following stick-slip, is not completely sinusoidal and there
are not equal excursions either side of the "steady state" output velociﬁy.
An example of this type of wave_form is shown in Fig. 8.34 for the same
system whose S.V.P, is illustrated in Fig. 8.32a.

Finally several authors (24), (47), (54), have commented on the fact
that slideway critical velocity (Ve) can be reduced by increasing the drive
stiffness, and therefore the undamped natural frequency. Simulation tests

were carried out for changes in K only, other system parameters remaining

as follows,

M = 433kg

f = '10.7 N.s/mm
Feg = 771N

Veu = 40 mn/s
Te = 0;00?1 s

The resulting values of Ve against K are plotted in Fig., 8,35. It can be
seen that the stiffness does influence the critical velocity in thes same way
as experlmental observations have indicated. Moreover, it was evidcnt
during the simulation that stick-slip did not occur in every case but that
the slideway system did exhibit some form of indigenous oscillatory motion

before stable conditions prevailed.

8.6 CONCLUSIONS

An attempt has been made to simulate a machine tool slideway system with
non-linear friction, The author feels thet the results compare favourably
with experimental data so far recorded. Although the theoretical friction/
velocity curves derived in chapter T have not been used due to factors
mentioned earlier, the values selected are considered to be reasonable,

A theoretical analysis is made in chapter 9 with a view to relating the
" work of the previous chapter to the conditions of non-linear sliding motion
observed here. It can be seen that -there are many system variables that

affect slideway motinn, somc of which are also paraneters determining the

friction/velocity characteristic,

L

One general observation that can be made, is that the value of a

possible critical vblocity will depend upon rate of change of the input
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force counterbalancing the rate of change of the non-linear friction force.
After such a balance has been accomplizhed stable motion will occur. This
.0of course will mean that oscillatory motion may start at some relatively
high velocity due to the steady state friction characteristic having a
slightly positive gradient at small velocities before becoming progressively
negative. This oscillatory starting velocity has been called the 1ow6r
critical velocity (24) and the author is of the opinion that this condition
is not worth considering from a machine tool point of view as only the

suppression of the "upper critical velocity" or Ve is of importance.

Finally, the non-linear motion is affected by the system "viscous"
damping term. It is likely that the simulation value of (f) has an

association with the solid friction behaviour, In practice such a term may

be difficult to measure,
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CHAPTER 9

A THEORETICAL ANALYSIS OF NON-LINEAR
FRICTION BEHAVIOUR

9.1 INTRODUCTION

The simulation results together with mathematical relgtionships
established in chapter 7 will be used to try and establish as complete a
picture as possible of a friction system appertaining to a machine tool
slideway. In particular the activities that teke place at slow sliding

speeds causing non-linear motion of the moving table.

The upper critical velocity, above which stable motion occurs, is
considered to be most important. Its calculation in terms of the other
system parameters will aid the engineer in the design of slideway systems,

4

One outstanding feature to be resolved here is the relationship between
some surface parameters, including lubricant properties and the’ simulation

time constant (Tc). Once such a relationship can be found an equation for

the critical velocity can be attcmpted.

It has been shown in this thesis that the drive stiffness has a major
effect upon the S,V,P, and the critical velocity. The drive stiffness has
a unique position in the slideway system. It is completely independent of
all other parameters and does not affect the friction characteristic. In
contrast the sliding weight has a major influence on the friction
characteristic as well as an effect on the system natural frequency. It is
suggested here that, to a great extent, these effects counterbalance one
another and there is an indication that although the sliding weight affects
the S.V.P., it has only a minor influence on the value of the critical
velocity. (This particular observation has also been made by Bell (47) ).

For a given slideway configuration with fixed values of drive stiffncss,
mass and surface finish, the only other affecting parameter is the
lubricant. Experimentzl work (47) has shown that as its viscogity incroascs

the critical velocity reduces. The lubricant is likely to have two spheres
of influence, one in changing the shape of the friction characteristies and

tke other in modifying the surface time constant. It is suggested here that
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the former has greater importance. Similarly the addition of polar
additives will cause marked changes in slideway friction,

The chapter starts with the énalysis of results obtained from the
simulation work. This gives rise to fairly simple mathematical reclationships
governing system performance. Data from chapter 7 is then used to provide
a realistic mathematical interpretation of the nop—linear behaviour, The
resulting equations, although complex, could be useful to the design
engineer by showing the relationship between measureable parameters.

Note. The analysis is presented in S.I, units, Where data has been

taken from other sources it is quoted in its original units,

9,2 ANALYSIS OF SINMULATION DATA

The values of critical velocity for changes in Veu and To are plotted
in Fig. 8.30. Tor a varticular value of time constant To the critical
velocity always occurs at the same value of slope on the steady-state dry

friction cheracteristic (Cn), ‘

The relationship between Te and Cn is illustrated in I'ig. 9.1. A
straight line drawn through these points yields the following reletionship,

.Cn = 7.5 x 104 (Tc)l‘54 N.s/mm - 1.9
I+ should be noted that this relationship exists for a particular value of

drive stiffness and table weight. _
The value of Cn is.given by eqn, 40,8 in terms of other system

parameters,
Cn =2Fs (Ven = Vo)
(Vor )2
For complete system stability, tken Ve must be zero and therefore this

eguation will reduce to

Ch = 2Fs ' - 2.9
Vev
. If we rewrite this equation in terms of VeL and substituting eqn. 1.9 then
Ve, = 2 Fs - 3.9

7.5 x 104(1e) 24

This relationship is plotted in Fig., 9.2 end the curve marksthe division
between the unstable region where some oscillatory-motion will occur, and

the stable region where Ve will be zero,
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If we assume that a value of Tc has been established and oscillatory
motion does occur, then by transposing egn. 40.8 and introducing eqn. 1.9
- the critical velocity can be expressed as,

Ve = Ver - (Vor)? 7.5 x 10%(1o)l+54 - 4.9

2 Fs
It can be seen from this expression that Ve can go to zero if the value of

static friction (Fs) is reduced or the value of Tc is increased.

Eqn. 4.9 has becn used to construct the curves shown in Fig. 8.31.
These curves indicate that in the limiting condition, when Tc is zero, the

eritical velocity will be equal to Veu. where Cn will also be zero.

The effect of changing the drive stiffness on the value of Vc is shown
in Fig. 8.35. 1In this case we have fixed values of VeL and Te. A plot of
the correspondine Cn values against K is illuatrated in Fig., 9.3. Again-

a straight line can be drawn through the experimental points to yield the

. following eguation, . _
cn = 16 (x) 9077 - 59
where the units of K are N/mm.

We now have two expressions for Cnj in eqn. 1-9 the coefficient must
contain the value of K (45 ki¥/mn) andin eqn., 5-9 the coefficient contains
Tc(0.0071s). Testing these two equations yields a common coefficient of
3.3 x 104, thus Cn can be expressed in terms of Tc and K as,

Cn = 3.3 x 104 (Tc)1*?* (x)°-O77 - 69

This equation has been obtained using particular simulation conditions,
I+ has been shown to have reasonable validity with other limited data
aveilable and provides a means of taking the snalysis further. It indicates
that the value of Tc has the gfeater effect on the value of Cn., Equation
4-9 can now be rewritten to include the new expression for Cn giving,

Vo = Vo - (Ver )2 . 3.3 x 10%(1e)t*24(x) 97T _ 1.9
2 Fs

It has been deliberate policy here to neglect the effect of the sliding
weight and the simulation viscous friction quantity f. As stated earlier
the weight will affect V¢ and sy for example a moderate increase in

weight will increase Ver and to a lesser extent I's, as a consequence the

value of V¢ will increase,

From the slideway model analysis deseribed in chapter 7 any viscous
friction term is likely to be very smzll and therofore will play little part
in the calculation of Ve. The simulation parameter f must be related to the
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physical system in some complex way as stated in chapter 8 but it is felt
~that it is not directly comparable to the viscous damping coefficient
usually associated with a linear physical slidevay system,

9.3 THE RELATIONSHIP BETWEEN Te AND OIL VISCOSITY .

This analysis is carried out for non-polar oils because,
i) Relevant experimental results are availablo (47)

ii) The affect of poiar additives will mainly result in the reduction
of the static friction force and produce very little change in bulk oil
viscosity. _

The Ve velocity has been described in eqn. 166-7 and 167-7, for

two oil viscosities. The general form of these eqns.-is,

m
Voo = |Pw (Ho + na)?+47° ] ~ 89
KL'?.
The constant (m) changes very little over a viscosity range greater than

+

10 to 1, therefore an average value has been tgken,

m= 1,515 - 9=9
The other coefficient K. does have g wide range and a logerithmic plot
of thls value against viscosity yields the relationship,

K = 18.7 (%4 )~ °-819 - 10-9
Substituting eqn. 9-9 and 10-9 into 8-9 gives a general equation,

1.515
Ver = |Pw (Ho + hd)2'478 -cn/s - 1129
18,7 (/z )0.181
The static friction force (Fs) can be determined using eqn. 164-7 in which
k= 1 and K = 22,8 (non-polar coefficient, sce eqn. 163-7).

Equation 165-7 gives the friction force per unit area (cmz) and thereforo
the static friction force for the slideway model will be,

Fs = IO.AA.[ 0.009705(2w)°* 82, (Kie ) o+ Ps-ﬂ'ane:] -N, . - 12-9
as An = 697 cn® and Tan® = 0,05, ‘ /
Fs = [1542.7(2w)% %% + 348.4 (Pv)] - 132

Inthe work of Britton and Bell (47) two table weights were used and in this
analysis the lower value has been selected since it 1s approximately the
same as the simulation value, i.e. 450 kgf. giving a load per unit arca
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of 0,615 kgf/cm2 (Pw). Applying eqn. 13-9 this gives a static friction
force of 124911,

Assuming their surface topology to be the same as the model then from

eqn. 11-9,VeL can be expressed in terms of viscosity only,

In this case

Ho = 4.64)1m (eqn. 140-7) and hd = 0.84).1m (eqn. 94-7)_', so that

Ve =

10.['2.
(

23
% )0.18

]1.515 /s
1

14-9

For convenience the following table has beon constructed using Fritton's

(47) results, taking four viscosity values.

TABLE T9-1 VALUES OF Vey .
Drive stiffness

Viscosity

2 ()
0.13
0.34
0.455

0.535

chs Ec mﬁ;gooci{ngmm
59.0 5.5 38.4
45.3 4,2 50.0
41,83 2.7 55.86
38.9 | 2.0 60.9

vwhere Cn = 2 Fs .

Having values of Vel

(VcL )2

to viscosity.

(Ver

Rearranging eqn. 7=93:

Tec

s Vc and Cn for changes in viscosity and

(Ver - Vc). 2 I's

(Ver

)2

K =« 27600'N/nm  |K = 11000 N/mm

Ve nn/s|Cn.Ns/mm | Vo mm/s |Cn.Ns/ma
12 33.7 t>15 | $<431.6
7.0 46,6 T.8] * 45.65
5.0 52,58 6.0 51.15
3.3 58.77 5.0 55.96

Ve) (fronm eqn, 40,8)

’ Ve and K enables eqn. T7=9 to be used to relate Tec

0.643 1529

-S

3.3 x 104 x(K)°'°7}

For the values set out in table T.Q-l the relevant value of Tec ic calculsted

for the various drive system stiffnesses. Theze results are tabulated in

Tﬂble T. 9-20
_ TABLE T.9-2 Values of Tc for changes in viscosity and drive stiffness

Viscoasity
Up)

0.13
0.34
0.455
0.595

K = 450003/mm

Te

0.00720
0.00860
0,00920

0.00380 |

K = 276001

Te ,
0.00690

0,00850

0.,00910
0.00980

ﬁ/mm

K = 11000N/mn
Teo 8

0.00590 (Ve = 16)
0,00870

' 0.00930

0.0099
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In the above table the calculated time constant quantities show very
consistent values for each viscosity value even though there is an

appreciable change in stiffness.

In order to produce a mathematical relationship betwecn To and
viscosity these values are plotted using logarithmic scales as shown in
Fig. 9.4. A straight line can‘easily be drawn throush these points to
yield the following relationships,

2 - 36 x 1070 (10)4+238 _p, - 16-9
Te = 11,16 (%2 )06 _us. - 17-9

In these two equations Tc is expressed in milli-seconds.
Using eqn., 17-9 in eqn. 7-9 then the critical velocity can be expressed as,

Vo = Voo - (Vo )2 32,5 (4)0+363 (x)°:077 - 1829
_ 2 F's
This expression has been used to calculate Ve for changes in viscosity

and drive stiffness using the data listed in table T9.1l. These values are

plotted against viscosity in Fig. 9.5 together with all of Britton's (47)

experimental results for the same sliding mass.

. The theoretical curves are in good agrecment with the experimsental
observations made by Britton et al (47), and therefore the form of equation
18-9 would appear to have some validity.

The same procedure was adopted using the same experimental results (47)

for a table weight of 850 kgf (Pw = 1,18 kgﬂ/cm ). The resulting time
constants (using eqn. 15-9) were again plotted against the same viscosity
values. Their relationship is also shown in Fig. 9¢4 and the following

equations can be formed,

2 = 9x107° (76)5+47 -p, : - 1949
Te = 8,3 (4)0°18 s - - 20-9
. Using eqn. 20-9 in eqn, 7-9 then the critical velocity can be exprecsed as,
Vo = Ver = (Voo )2. 20.6 (?)0.282 (K)O.UTT . e 219
2 Fs “

This equation has been used to calculate Vo for changes in viscosity and
drive stiffness and the resulting curves are shown in Fig. 9.6 together

with experimental datsa,
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The theoretical curves for drive stiffnesses of 45 MN/m and 27.6 MN/m
are in reasonable agreement with the experimental data from Britton (47)
but for a drive stiffness of 11 HH/m the data gnd theoretical curve show

a large discrepancy. Nevertheless the author feels that the simulation

results have provided a mathematical relationship enabiing the critical
velocity to be calculated, bearins in mind the assumptions that have beenmade

between the slideway model data, experimental data and simulation results.

Equations 18-9 and 21-9 do have discrepancies inthe form of a cheange

in the value of a coefficient and the index for the viscosity. Thesc are

better illustrated by considering eqn. 6-9 and substituting the relevant

values for Tc, thus, )
For W = 450 kgf (Pw = 0.615 kgf/cmg)
Cn= 32.5 (% )0.3§3 (X) 0.077 . - 2229

For W = 850 kaf (Pw = 1.18 kgf/cn°)
Cn = 20,6 ( 2 )0+252 (x)0-077 - 2323

4
the sliding weight increases, the

These equations again indicate that as
This same

value of Cn reduces, thus the critical velocity increases.
observation is made later in section 9-4 deduced by mathematical analysis

of tﬁe system,
It has not been possible to simplify these equations but the general

expression for Cn is of the form,
Ch = m ('QV)n. (K)O'077- - Ns/mm - 249

where m and n are variables mainly dependent upon the table weight. Both

values decrease as the weight is increased.

W = kgf m n
450 32,5 0,363
850 20.6 0,282

A eimilar expression is possible for the relationship between the simulation

tinme constant and viscosity.
Te = a, ('Z)b -mS - 25-9
The variables (a) and (b) again reduce with increased table weight as

indicated bvelow, _

U <~ Xkgf a b
450 11.16 0,236
850 : 8,30 0,183



9.4 A MATHEMATICAL ANALYSIS OF THE FRICTION SYSTENM
9.4 (i) Routh-Hurwitz, Stability Criteron

A useful starting point for the analysis involves the Routh Hurwitz
Stability technique (20) on the closed loop system. Fig. 9.7 illustrates
the signal flow diagram and is drawn from Fig. 8.17 for a positional input.
The closed loop transfer function is similar to that of Nakashima et al (54)

ﬁ - K (1 + Tes) - 26=9 -
X3 MTesd + (M + £To)s® +(KTe+f + N)s + K

Using Routh-Hurwitz on the denominator the system stability condition

ocours * when,

(M + £Tc) (KTe + £ + N) > IKTe - 279
Considering an input at the critical velocity i.e.

for small perturbations about this point the non-lincar term N is
effectively the slope of the solid friction curve (Cn).

Putting
N = Cn © - 29-9
eqn, 27-9 reduces to the form,
(M + £Tc) (£ + Cn) + &KT5 3 O - 30-9
or | _
Cn > -t - KT - 3129

M + fTe

(N.B. Cn is negétivé).‘
At the critical velocity (ve)
Ch = = f = fKTo? - 32-9

M+ £fTe
These equations show that system stability can be achieved even tvhen the
sliding occurs at a velocity within the region of the negative gradient

friction characteristic,
. Expressing eqn. 32-9 in a non-dimensional form as done bty Nakashima (54),

A = RT¢2 - 339
M ' '
B = CnTc ) - 34-9
1 '
C = fTc | - 359
o
then B = —C - A.C _ - 36-9
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Fig. 9.8 illustrates the relationships between the factors of this
equation, The curves indicate clearly thet for a particuler value of f
" the value of Cn increases negatively as the drive stiffness (K) increases.
Stability is generally improved by increases in Tec and reductions in M,
The greztest improvement is by changing Tc. This is also indicated in the

earlier simulation analysis by eqn. 6.9.

Using eqn. 32-9 and the simulation time constants then an alternative
relationship between Cn and Te can be found.
The resulting formula is,
for, W = 433 kgf
K = 45 k/mm
f = 10,71 Ns/mnm
Cn = 12.95 x 104 (7c)1*?? - 379
.This equation can be compared with eqn. 1.9, obtained using only simulation

results, It is apparent that the Cn values will be greater using eqn, 37-9.

The index for Tc in both these equations is practically the same,
L)

Similarly a relationship between Cn and K can be made and this yields

the following equation,
for, W = 433 kgf
' £f = 10,71 Ns/mm
Te = 0,0071 s . )
cn = 0,038 (k)°°%%5 . - 389
This formula does not compare favourably with the simulation equation 5-9.
Equations 37-9 and 38—9 are combined to produce a composite equation for Cn,
Cn = 82,5 (Tc)1'55 (K)0'685 - 39-9
The simulation results yielded a quite different equation (6—9) which is

repeated here for comparison,

From simulation results:
cn = 3.3 x 104 (1c)t+?% (x)0-077
Although there are major dilferences in these two equations, the simulation

work and this analysis do have some common points., These ere listed in

order of importance, .
1) The value of Cn, which deternines the critical velocity} will

change with the time constant Tc. As Tc increases so does Cn therefore

reducing the critical velocity value.

2) As Cn is constant for a value of Tc, the critical velocity can be

found if Fs and Ver. are known, using eqn. 40-8.
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3) The value of Tec has the dominating influence on the paramcter Cn.
4) As the value of drive stiffness (K) reduces Cn reduces, thus
- increasing the critical velocity. Its effect is not as great as that of Tc,
5) As -the systen approaches its critical velocity, the simulation
indicates that the frequency of oscillations is very close to its undamped
natural frequency., From the Routh-Hurwitz analysis this can be determined as
- 0.5
W= [ K _ —rad/s
(M + £Tc)

An interesting parameter is f - the Qiscous damping term., This quantity
is built into the simulation circuit and hasrather a large value, It has
an important role in that it has a stabilising influence on the system. In
a physical system the "viséous" damping term will usually have a very low
value and therefore the author feels that this.lincar term has very little
influence. If this is the case, although Routh-Hurwitz providea some
interesting pointers it is not suitable for obtaining mgthematical

confirmation of the physical or simulation data. ¢

The simulation data does provide a formula that appears to, be useful
in obtaining a mathematical relationship describing the physical behaviour,
A positive damping coefficient similar to the £ value used in the computer
work must also be present in the physical system and it is most likely that
it is related to the solid friction characteristic.

In order to in&estigaté further the interrelation of system parameters,
the technique of Describing Functions (109)has beer cmployed to handle this

system non-linearity. _ _

9.4 (ii) DSSCRIBING FUNCTION TECHNIQUE

For the diagram in Fig. 9.9 the system transfer function will be,

= Te.o(s) - 4129
Xo . 1 + Ne.G(s)
The limiting condition for stability of the system is set by conSidering the

denoninator thus,

1 + Ne.G(s) = O - 42-)
and G( 3) = —_:_'[__ - 43"9
Ne

where Ne is a linearised description of the non-linear term, This
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linearisation is done by Describing Functions. Further analysis using

a form of eqn. 43—§ is then carried out in the frequency domain. The
.latter part is much akin to the Nyquist Stability technique (20), but the
Nyquist point is replaced by someform of line described by the tern l/NEI.
Any intersection of the loci of the two plots indicates a critically stable
condition under which the system will oscillate at some frequency and
amplitude. The frequency quantity is taken from the plot G(Jw) and the

amplitude from the curve (_;l__)
Nej

In the frequency domain the open loop transfer function (G) is related

to the describing function, from eqn. 43-9 as,

¢ (jw = =1 - 44=9
« NEe.

All signals are taken to be sinusoidal and the attenuation of (C) is
frequency depondent. The attenuation of the non-linear term is amplitude
dependent, In general the "gain" of the non-linear term ic given by,

Ne = g(B) + 3n(E) - 45-7
where g(E) = 1_. J‘”f(ﬂ.sm ©) . Sinb.de - 46=3
. TE .
[=]
and 2T,
b(E) = 1. f(}:s;ne}.cose. e - 47-9

o
The difficulty with this technique is the establishment of the terms
g(E) and b(E), they can become complex and unwieldy. Nevertheless the form
of eqn. 45-9 can be established and it must then be expressed in polar forn,

el o - 489

vhere |Ne| = [(b(E))2 - (g(E))zJ ' - 43-9

and ¥ = Ten™! [ n(z ' - 50-9
[ 3(E)J |

A polar plot is then made of -I/II\TE' and ¥ 3 usually for various values.

of (E), the input amplitude.

For single-valued non-linearities there will be no phaso shift
between thé input fundamental and the output, thus b(E) will be zero. In
the ccee of a non-linearity with memory, often called a double valued
function, there will be a phase shift, 5. (b(ﬂ) == 0).
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The most important step is the establishment of the non-linear

relationship beiveen input and output. In this case the analogue

simulation circuit indicates the possibility of obtaining the function in
terms of force. '

Consider first of all Fig, 9,10(a) where, in a steady state velocity
condition (x, = 1;), the input forcoc to the system would be (). This is

gencrated by the drive stiffness giving

K.error) = F
If the error quantity increases there will be some "useful" force

- 51-9

available,
useful force = K.(error) - F - 52-9

which may be used to accelerate the moving mpss. On the other hand if the
error quantity reduces no "useful" force will be available. If we describe

this function in terms of input foreces then Fig. 9.10(b) can be drawn.
This is 4 single valued non-linearity and would describe the element (Ve )

of Fig- 9'9! ’ .
L

It should be noted th&t the value of F does not change with veolocity
and it can be shmnzthat|ﬂal will tend towards unity as the input force

sinusoid increases in amplitude or as the value of F decreases, Fig. 9.10[)

shows the effect of changing amplitude,

Fig. 9,11(a) shows a typical slideway friction curve in ite decomposed
form. For a value of Xy there will be a velue of (F) the solid friction

force and & value of viscous force (2). The viscous friction coefficient(f)

is a linesr term and is therefore related to the function (G). Considering

only the solid friction characteristic as being non-lincar, then if the
input force for a steady value of %3 is K(error) the useful output force

will be reduced to
8.' = foio
since this is required to overcome the linear ternm.

The output of the non-linearity will bte,
‘ _ a=f.x, = Klerror) -
This equation ig depicted in Fig. 9.11(b). "In this case both (F)
and (a) are functions of velocity X,. If a sinusoidal force is impressed

F - 539

uPon the standing eppor force the resulting output force is shown in.
Fig. 9.11 (o).
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In the case of oscillatory motion on a slideway it could be
considered that the impressed force oscillation was due to this. Moreover
.it leads to the idea of making the standing force position the input exis

for investigating the motion. The oscillations are taking place about a
steady state condition x5 = Xj. With a transposition of the input axis it
is apparent that an assumpéion has to be made that any input force
oscillation is symmetrical about this axis. This assumption is well
justified in a quasi-harmonic condition, but it may not te necessarily so

in the stick-slip situation.

If we consider the input waveforms as in Fig. 9.11(0) for E, <: a
the output waveform is complete and will be E;.Sin ©, This will mean that
the describing function (Ne ) will have a value of unity, In other vords
the system gain has no attenuation and the system is performing in a linear
fashion, If this is so, then due to the viscous damping remaining the

oscillations will decay in time to zero giving a completely stable situation

For E; > a,the output wave_form is non-linear. This will give a
describing function value which is less than unity and cause sygsten
attenuation., This will effectively reduce the value of the system gain K

giving a reduction in the froquency_of any system oscillations,

For a fixed value of input amplitude (E), the degree of attenuation
will depend upon the megnitude of (a) which is a function of both f end x,.
If the viscous damping term is also consiani then system attenuation is a

function only of velocity Xg.

Let us consider the conditions appertaining to Fig. 9,11(¢) in gréator
detail and obfain the describing funotion for this singsle valued non-
linearity. TIig. 9.1é depicts the usual layout for describing function work.
It can be seen that no phase-shifting exists and therefore b(E) will be zero,

Using eqn. 46,9
4 "w+0, 27-6,
‘g(E) = _1 j(ssme).sm&ae + _1 j (-a)Sine.de
e on . e _T+6,
+ 1 (ESing). Sing. de. | - 549
-‘TE 21[.9'

and after integration and substitution,
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g(B) = 1 + & -~ Sin26 + 22.Con®, - 55-9
2 L 2T TE

-The Sine and Cosine function can be expressed in terms of (a) and (E)
(see Fig. 9.12) to yield
g(E) = 1 + 0 + a2 1-(5)2 9.5 - 56-9
2 Al TE E

The limiting conditions for this equation are,

a =0, vhence ®, = 0 and g(E) = 1
2

to
a=E, 6 = W2 and g(B) = 1
Usually g(E) is calculated in terms of ratios of (D) and (a) and this
approach has been used in producing the table T9-3 below, It should be
noted that in this case, :
Ne = g(E) (from egn. 45-3)
gnd =1_ = <=1

Ne g(E) ‘
Table T.9-3

E/a g(E) Ne --l/NE

1 1 1 -1

5 0.627 0.627 | - 1.596

20 0.532 0.532 | - 1.88
00 0.5 0.5 -2

¥=0" ' '

These values for-l/NE are plotted on the Nyquist diagram Fig. 9,13

and form a straight line running along the negative real axis. .

‘ Although Ne has been established using a non=linear function in ternms
of forces the same results would be achieved if the non-linecarity (Fig.9.12)
was in terms of positional qugntities by dividing both axis values by K.
 This will allow K to then form part of the linear function (G). The model

system is second order and,

G (s) = K ' - 57-3
' s(ks + ) -
In the frequency domain (G) can be expressed in polar form as,
6( jw) K - 539
[ ) 4 (20)2 )00
Tan § = _1f . - 53-9

Mw
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As an example, such a polar plot has been sketched on the Nyquist
diagram of Fig. 9.13. Itis obvious that no interaction will occur and
_therefore the system will not exhibit oscillatory bohaviour.

To enable system limit-cycling to occur, the diagram shown in Fig,9.12
has to be modified. We know that system oscillations will occur on the
input forceé quantity, as already outlined, but they will also occur zbout
the steady velocity io. Conséquently oscillations will be presont about

the standing value of FF, Let

inﬁut force = K(error) + E.Sin 6, - 60-3
velocity = io - v Cos €. - 61-9
Forcé at F = F + n, Cos ©. : - 62-3

The parameter (n) has the lincarised form,

n =-Cn, v. - 63-3
‘where' Cn is the slope of the solid friction curve at velocity X, ond
from eqn. 40-8,

Cn = 2Fs , (Ver = Xp) . - 64-9

(Veo )2
fig. 9.14 illustrates the modified describing function disgrem end

this will be used to deomonstrate how this technique can be applied to

solve the different types of non-linear motion.

Besides the terms (&) and (E) the size of (n) dotermines the type of
output motion., Fig. 9. 14(&) illustrates the output waveform when n <{a
end Fig. 9.14(b) n>a. In both cases it is cleer that some phase shift

has taken place relative to the fundamental input.

For Fig. 9. 14(a) R £ a, ' 27-64 '
g(E) = __1__J' (Esme — n.Cos®) + Sing. d@ + 1 __| (-a)Sine.de
TE Jo e i T+6;
+_1 5 (ESin® - n.Cos9).Sin ©.d0 - 65-9
W.E 21r =) 25,
“and b(E) = _1 I (E.sue - n.Cos®). Cos ©.d6 4 _1 J(-a).&'os&.d&
. T.E ‘ T.E 6,
4.1 J *UESin © - n.Cos ©).Cos & d6 ._ - 663
27-84

Sslving for g(U) and b(E),

g(B) « 1.f1+0a + e+ a, (n2+ B2 a%)0 - 6729
2\ T T " (n? +E2)



178,17,

OouTPUT

ESinB-nCosb,
INPUT -
a). D.F rer n<a.
L'}
k4§
n Esmg-nCOEQ
OUTPUT
£ESn D,
— K
b). D.F For n%a.,
INPUT ™
ras

Fie 9-14 Descrigne Funetion For ComPLE X
NoN-LINEARITY,



179

b(E) = -n, [ %(1 +.‘23:_...i_94) + a,(n?+®2. ﬂ2>°'5] - 689

E L ‘(n2 + BZ)

* where, Cos 9'3 = E(n2 + B2 . a2)0'5 - an - 69-9
(n® + E2)
Cos @ = E (n® + E2 _ a2)%¢3 4 an - 70-9
' (n? + E?)
and Tand = - n ' - T1-9
E 0.5
|Ve|= g(E).| 1+ (2 2 - T72-9
E

We now have to consider three parameters (E), (a) and (n) and for
convenience ratios of (E) - have been selected together with ratios of

a

tg) in order to determine Ne and ¥.
a

For Fig. 9.14(b) n > a,similar equations have been produced.

: 7] T+63
g(B) =1 _.1(-a).Sin0. a0, 4+ _1_,| (ESin® - n.CosB).Sino.ce
TE o .E =P A
+ <= (-3)Sine.de, - T73-9
b(E) = _1,| (-a).Cos6.d0. 4+ _1 | (ESin® - n.CosB).Cos 6.d0
LEN N TE | o L 2y
’ . 4
: -+ 55| (=2)Cos6. a6, - 749
. TTBs
Solving for g(E) and b(E) in this case,
g(E) = .l.-(l + 03 - 6\ +a,(n2+ 12 - a2)0+? - T75-9
2 m (n2 + E°)
b(E) = -n, _1_.(1 +03 - 02\ +2,(n2+ B2 a2)0 "- 76-3
El 2 - L (n2 + E2)
where
Cos @3 = E(n2 + E2 - 22)%*3 _ an - T7=3
(n? + E2)
Cos €2 = E(n2 + Ez - a2)0.5 + an - 78-9
(n2 + E?)
and Tan § = =-n - 79-9
E
[e] - s(E).[l +(_r_1.)2 ]0‘5 - 80-9
B
It should be noted that vhen (E) and (__r_1) are unity then eqn, 67 is cqual
a a

to eqn. 75-9 and eqn. 68 is equal to eqn. 76=9. In addition, when the term



180

(n) is zero eqn., 67 and 75~-9 will have the same expression as eqn. 56-9,
Although the reader may find .the truth of these remarks rather obvious,

" it has been the author's experience that the usefulness of such inter-
relationships is not always realised, It is quite easy to make mistokes
during mathematical processing and if simple conditions can be applied the

validity of the solutions can be checked,

The resulting data is shown below in table T,.9-4.
Table T.9-4

E/a 20 " 5 1

nf/a | 1/ 5 ° “ 1/Ne 5 ° 1/%e 5°
0 1.88 0 | 1,60 0 1.0 0
0.1 | 1.88 0,286 1.597 1,145 || 0.997 5,71
0.4 | 1.88 1,146 1,59 4.57 || 0.94 21.8
0.6 1.88 1,72 1.586 6.84 0,886 30.9 |
1,0 | 1.88 2,86 1.57 11,3 0.778 45.0
2 1.87 5.71 1,50 21.8 0.58 63.4
4 1.85 11.3 1.30 38.66 0.37 75.9
5 1.83 14.0 1.2 45.0 0.31 8.7
10 1.69 26,6 0.8 63.4 0.18 84.3

Using eqn. 58 and 59,9 two sets of results were calculated for the linecar
transfer function to demonstrate the effect of changing the drive stiffness
K, The parameter values were the same as those used in the simulation. For
completeness these results are tabulated below in table T.9-5.

Table T.9-5
K = 45UN/m M= 433%g £ = 10.7 KN.s/m| K=22,5:0/m M=433kr £ = 10.7KNs/m
W. rad/s G( 5w) 2° W.r=d/s G( jw) 8°

100 10,09 13.9 150 2.28 9.36

200 2.58 7.04 180 1.57 7.77

250 1.654 5,65 - 227,95(Wn) | 0.9%4 6.19
322.4(Wn) 0,997 4.383 300 0.574 4.7

400 0.65 3.54

The resulting plots are drawn to scale in Fig. 9.15. In particulnor it should
be noted that the curves describing thc non-linear term,drawn for a cet

value of (E/a),_now move away from the negative real axis as the ratio
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(n/a) increases,

It can be seen that intersections will take place between the curves

" for the linear and non-linear elements, At such points the systomn will
exhibit stable limit cycle conditions, Oscillations of a fixed amplitude

and frequency vill be maintained,

To interpret the results of Fig. 9,15 the following observ&tiona are

made, considering the effects of various conditions in turn.

If (E) retains a constant valus, and as (a) is given by

then (Q) = Constant . - 82-9
a Tox,

As io is the steady slidinag velocity about which oscillations teke place,

—_—

the ratio (B) will incrcase as this velocity reduces,
a

For a constant value of (a) and using eqn., 63-9,

4
(11. = Cn.v . - 83-9
a Constant

The ratio (n/a) will increase as the amplitude (v) of the velocity

oscillations increases.

For any of the G(jw) curves then it can be seen that as (ﬁ) inereases,
a

n\ &nd these occur at
a
This means that as the command velocity reduc:s

intersections take place at incressing values of (

lower system frequencies.
(iq = ii)’
1) the amplitude of velocity oscillations increases.

2) the frequency of oscillations reduces,

Bearing these points in mind, it can now be seen that aos the drive
stiffness (K) reduces the ratio (n/a) increases at the intersections.
. Consequently velocity oscillations will increase in omplitude, for the
szme steady state velocity and their frequency will be reduced.

It can be visuelised that tho system velocity profile will tend to

increase in size as (K) reduces. There will be increases in the critical

velocity and the velocity at which stick-slip motion is repleced by

quasi-harmonic oscillations.
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The values of (n/a) are difficult to establish from Fig. 9.15 and
so the.data is re-precented in Fig 9.16. This time, the magnitudes |G(ju)|
~and 1/l are plotted against phase angles P and ¥ respectively. At the
intercections the common phase angles are recorded, then from eqn. 59-9

the frequency can te calculated and from eqn. 71-9 the ratio (g) can be
E

established. It is then a simple matter to determine (g) as the product of

a

(ﬂ) and the appropriate value of (_EJ_) at the intersection.
E a
K = 45M%/n K = 22,.54/m

E/a 1 5 20 E/s 1 5 20
g/ |4.39° [s.530 | 6.00 g | 6290 | 7.8 8.47°
W.radb| 322,2 | 255 235 W,rad/s| 227.7 180 166
(n/E) | 0.0758| 0.09568| 0.1051 (n/E) 0.1085 | 0.1370 0.1490
(n/a) | 0,0768] 0.4814 | 2.10 (n/2) 0.1085 | 0.685 0.298

In order to find Cn let (e) be the amplitude of the error signal

oscillation which will be related tothe velocity signal (v) by frequency (W)a

T
FNow,

E

v

Cn v
K.e

e.Ww,

and substituting the above eqn.

Cn

n = Cn,Ww

B .
As Cn hac the relaiionship_(from eqn. 40-8)
- 2.Fs , (VeL - io)
(Ver )2

84-3

85-9

the steady sliding velocity (in) can be found, With this information, the
tern (a) can be established and hence the value of (E) and subsequently (e).

E =

-] -

(_E_)ua = Ke.

K

= E )
(;; x fx,

K

Using con, B4-9,(v) can be calculated.
These values are listed in table T9.6

86-9
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Table T.9-6

K = 45 ¥1/m K e 22.5 ¥l/n
E/a 1 5 20 E/a 1 5 20
f_in 10,71 17.1 20,13 Cn 10.72 17.1 20.15
Xoma/s | 28.89 | 22,26 | 19.1 X /s | 28.89 22,26 | 19.1
e. mm |0,00687| 0,0255| 0,091 e,.mn 0.01374 0.0523]| 0,1818
v.nn/s [2,213 6.757 | 21.36 v.on/s | 3.122 9,528 | 30,18
w.rad/s|322.2 255 235 w.rad/s| 227.7 180 166

This table shows that Cn (end hence X,) is related to the ratio (E/a) and

the same values occur for both values of drive stiffness, Other comments

are as follows,
1) When the ratio (E/a). is unity Cn has the szme value as the simulated

"viscous" friction. The frequency of oscillation is practically the same

as the undamped natural frequency ﬂdn). As angle ﬁ is equal to angle ¥

then, n = - 87-3
E M{wn) _
substituting eqn, 853 ‘
cnWn) - s - 8
K M({Wn)
’and as wn2 s K - 89-9
M
then by transposing eqn, 88-3
Cn = f = 0
and

2) &q io reduces, the amplitudes of oscillation of both position

velocity increase. In particular when (E/a) is equal to 20 the amplitude of

the volocity signal (v) is greater than X, in both cases. Therefore this myst
At the lower values of (E/a) the

nean that "stick-slip" motion will occur.
value of (v) is less than io and quasi-harmonic oscillations will be present.

3) A reduction in drive stiffness increases the amplitude of the
oscillations. It is interesting to see that when the drive stiffness is

reduced by 50% the velociiy amplitudes (v) are increased by approximately 503

4) an attempt has been made to draw an S.V.P, for both values of K
usiny the information presented in table T.9-6. This is shown in Fig. 9.17

Although the velocity scales are not of the same megnitude as the
sinulation results, the shape produced is consistent with those in the later

section of the recsrded S.V.P.s
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To conclude this section on describing functions, the author feels
it is clear that this technique docs have a superiority over other forms
of analysis. In particular the mode of oscillation and their magnitude
" can be estimated for a partibular mean sliding velocity. An attempt has
been made to show that oscillations, especially in quasi-harmonic conditions

can be sustained,

The critical velocity condition is not so easy to visualise. Fronm
the information presented in table T,9-6 the system will oscillate at a
frequency very close to its (Wn value when (E/n) is unity. Observations made
in chapter 8 indicate that at the critical velocity, system oscillations
are also at frequency Wn. Therefore it is suggosted that for this
particular describing function (Fig,9.14) the critical velocity will occur
vhen (E/a) is unity. This means that the hagnitudo of Cn is the samo as

that for the "viscous" damping value f. (eqn. 90-9).

If this relationship gives the true valuc of Ve then the observed
value obtained by applying a ramp velocity input, will definitely be larger.
This can be appreciated by considering Fig. 9.17 since a fixed anplitude
(v) is present at the velocity for which (E/a) is unity. It is suggested
that this amplitude would reduce to zero with further velocity increasss,

probably following a linear exponential decay.

The effect of the solid friction time constant (Tc) has not been
considered here although it was present in the simulation study, The
describing function curves will chenge their positions if this term is
included. The added complexity means the use of.a digital computer would

be. escential to handle the calculations.,

Although a great deal of further work is required the author feels
that it is by describing function technigues that a satisfactory analytical

-s2lution can be establishgd.
9.5 CONCLUSIONS

The énalysis of a slideway system is made complicated by the non-

linear friction behaviour. Mathematicel analysis is not easy and only one

téchnique, that of Describing Functions, is worthy of concentrated study.
Nevertheless oscillatory problems associated with low sliding speeds con
be analysed using simulation tpchniquos. The problem in this case is the
degrece of sophistication to be.huilt into the simulation circuit,
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The answers provided by the simulation used here have alloved

equations to be formed that do give comparable results with thoso obtained

_ from machine tool slideways (eqn.‘22—9 and 23-9).

To provide a guide to design engineers,eqn. 22;9 can bo expanded
to include data derived in chapter 7. Using eqn. 18-9 (W = 450 kgf) and

rearranging in terms of Ve,

Ve = VcL.[ 1 - Ve(32.5.40:3%3 0'077) - 9229

2 Fs.
Substituting for Ver and Fs using eqn., 11-9 and 12-9 with the following
changes
i) Pw replaced by W_

< AA .
ii) Pw.Tan © approximated to (PW)O'sg Tan © for simplification,

Vo = 4155 (o + na)3 7% |1 - 19.8(1)0-895(Hoena) 3 T54K0-0T7 40-12 ma,
8.45 (ay )19 40:2T4 1 (ay )1%%(Kie + 103.Tan ©)

Several observations can now be made about ways to reduce Ve,
a) 0il viscosity () should increase.
b) Load (W) must reduce.

. ¢) Stiffness (K) must increase.
d) The term (Kup ) must reduce - this is most easily done by the

inclusion of polaf additives in the lubricant.

e) The term (Ho + hd) should increase. This means that the genoral
surface waviness oﬁer one centimetre intervals should be larger.
This could be done by scraping the sliding surface, which would
provide a better lifting action,

f) Tan © should decrease making the asperity vedge basc angle smaller,

producing a "smoother" local surface condition. Again, scoraping

the surface may produce this.

The apparent contact area (A5 ) should decrease, and could be done

by meking small slots on the sliding surface. This rather unuszual

result comes about from the fact that although a reduction in area
will increase Veu it will have a greater affect on reducing the
value of (Fs). Therefore the bracketed term of eqn, 92-9 will

g)

reduce by & greater amount than the quantity Veu will increase,

thus reducing the critical velocity.
If it is possible to apply eqn. 93-9 down to the limit when the

critical velocity is zero,
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19.8() 0995 (1o + na)3+754 g 0.077 2012 Ly - 94-9
- (A )1'695.(KLP + 103.Tan ©)

(a5 )1%99(kep + 103.Tan ©) = 19.8(w)%*693(11040a) 3+ 7540077 , 0.12
- 95-9

In practice, the left hand side is always the larger., On a

particular machine with fixed values for Tan &, Ap , K, (Ho + hd) end W

the relationship between Kip and 4 becomes very important. The equality

of eqn. 95-9 could be achieved by extremely large increases in bulk oil

viscosity, but the author feels that it is far more convenient to reduce

Kip . This can be done easily by including polar additives in the bulk

lubricant,

In conclusion it should be pointed out that all the parameters in
eqn, 93-9 could quite easily be found with the exception of Kwe ., This will
prove a difficulty until further studies are made, Meanwhile it is
suggested that the values found in chapter T could be. used for cast iron
slideways.
For Polar 0ils Kip = 7.87 kef/mn°
For Non-Polar 0ils Kip = 23,0 kgﬁ/mmz

The remaining parameters in eqn. 93-2 have the following units,

V - xgf, (Ho + hd) = pm, 92— P; K = ¥/mn, Ax - cm®, These can be
available for the design engineer, but the author suggests that, from tho
work carried out in chapters 5 and.7, the values of Tan & and (Ho + hd)

could be taken to be the same for all ground cast iron surfaces,
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CHAPTER 10
CONCLUSIONS AND RECOMMENDATIONS

This study has brought together physical and mathematical considerations

using a control system approach to the overall analysis,

The non-linear friction characteristic of machine tool slidewvays is
dependent upon many variszbles. As stated in tho introduction some of
these variables have not been proven, It has been shown that two new
parameters (Ko) and (Kup ) will help to provide a better understanding of
0il behaviour in a friction model. Available data about tho effect of oil
on lubricated surfaces is not yet sufficient to express these indepencontly,

like properties such as surface finish and viscosity.

The way in which the friction charscteristio falls with increasing
velocity is an extremely important mechanism. An engincering solution
depends upon an understanding of the physical interaction betwcen the

surfaces,

.

The detailed work undertaken regarding surface conditions does give
as complete a picture as possible, in particular the determination of the
static friction level (Fs)and the velocity at which 'solid' friction ccasos
(VeL ). These two enable a solution to the‘problem to be initiated, &nd

are used to form the equation for solid friction gradient,

Cn=2fs_ (Voo - Xo)
(Ver )2
In many cases they could be measured quite easily on a machine tool
slideway, especially as the viscous friction quantity is small.

This is not the complete picture, for the friction/velocity relation-
ship is time dependent. It must bave a system transfer function of its

own. In this work a first order equation has been used.

‘ F(solid) =Fs (Vev - X" ( 1
(Ve )2 1+ Te.s

The value of Tc has been difficult to establish from studics of the syaten

in terms of its physical parameters, The simulation study has provided

the only way of doing this. The value of Cn at tho eritical velocity will

depend upon the value of Tec, and as Cn can be cxpressed in terms of the

physical parameters it has been possible to relate To to oll viscosity.



Tc = 5.3 ( 2 )0'183 -ms

It would be dangerous to presume that Tc is a function of bulk oil
.viscosity alone. It is more likely that this constant is a function of
Imetal damping within the asperities, coupled with some additional effect

of the lubricant. Even in a dry condition Tc would have soae valuo and

could be effectively equated to some minimum "viscosity" value.

Concerning the oscillatory métion, of the mathematicel analysis carried
out only the Describing Function technique has proved of valuo., It is a
cumbersome technique but does provide the necessary confirmation of obsorved
results., The answers obtained depend upon the sophistication of the
describing function equations, and in this work a successful way has been
explored and is capable of further developmgnt.

For the present the Analogue computer gives excellent results and now

that some relationship between (Tc) and ( 2 ) has teen esteblished its

usefulness can be extended. By keeping the circuit simple only a few

design parameter values are requirod., Apart from the sliding wass and drive

stiffness, the values of Vewn , Fs and £ can be obtzined from the equations

produced in chapter 7. From an engineering point of view the value of Tec

must be established which will suppress the critical ?elocity to a value

below the normal operating range of velocity.

The simulation will give a direct reccording of the S.V.P. In most
cases the shapc will be of little importance, If stick-slip motion is
exhibited efforts should be made to eliminate this. It is possible that
under "quasi-~-harmonic" cond1tions only,the system can bo stabiliaod by

conventional control techniques, these would not operate satisfactorily

under 'stick-slip' conditions, From simulation studies a complcte quasi-

harnonic regime can be established by increasing the value of Veu. only.

. From a purely friction point of view the best characteristic to
achieve is one in which the coefficient remains constant at all velocities.

This would be difficult to oblain uﬁder dry surface conditions, and anywey

would incur high friction forces. 0il lubrication can meke sliding -

stability more uncerizin since it accentuates the normal dry friction
characteristic, causing the friction coefficient to reduce by a much largor

factor over a greatlér velecity range. The important point hero is the

degree of change in friction level. What is required is the supprossion of
the stgtic friction level and this can only be achieved with oil lubricants
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by the use of polar mgterial, What seems to be the best situation is to
have a, low viscosity oil {say 0,2P) containing long chain polar material,
This will suppress the value of Fs and increase the magnltude of VeL ,

producing a very shallow friction characteristic,

Considering now the wear conditions and changes in surface topography.
Obviously we must discount the operation of a slideway system under dry
conditions. It has been shown in chapter 5 from the model tests that a
very low wear rate prevails after a period we would normally call "running-
in". VWhat has happened is that the actual contact area has been increasod
and consequently individual asperity loading has reduced. This is a
condition that a slideway system should maintain over its working life.
Unfortunately only in a dfy situation can the wear rato be estimated. With
the gddition of lubrication the time taken to reach a steedy "highor
condition is prolonge& and any"c&nstant" wear rato vould bve

contact area"
difficult to assess. lMeasurements have demonstrated that & steady ctate
surface topographical condition is reached ultimately on cast iron Plidowaya
and it is suggested that this will occur regardless »f the initial surface

conditions., In other words it is inherent in a slideway system: to preduce

a condition of least wear and perhaps least resistance, The understanding

of such a mechanism is essential in order to aid and sustain such a condition,

Eventually oil lubricﬁtion as we know it will be finished and it is
becoming important to make good use of available lubricants and reduce waste,
It is suggested that cast iron slideways should continue to be used and

radical changes should be made in the forms of 'lubricant'. All that is

required on a2 slideway is some form of protection from chenmicel and

atmospheric attack and reduction in the static friction level, moroovor

. these effects must be maintained.

Some intimations of further work have been made but are now listed in
. what the author feels to be the order of importance.
1) A $tudy of the mechanism by which oil polar additives reduce the

coefficient of friction at very low sliding speeds
2) A study of the mechanism by which slideway surfaces rcach a stoady

state topographical condition, both when dry and lubricsted.
3) A study into alternative forms of lubricant and methods of

lubricating cast iron slideways
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4) The establishment of a physical mcans of determining the surface
time constant (Tc), needed in the friction/velocity transfer function.
. 5) The development of the Describing Function technique for the
analysis of slidevwasy oscillatory motion due to friction.
6) An expansion of slideway system simulation techniques both analogue

and digital. I% seems certain that these techniques will present the best

picture of performance related to friction behaviour.
7) The suppression of oscillatory motion on slideways by the use of

control system techniques, especially on automated machine tools.

Complex answers to rather complex problems are not conducive to

increases in machine tool ‘'sales., As far as slideways are concerned sone

frictional problems can be analysed quite easily by the findings presented

here, In addition data has been assembled so that the effocts of parancter

changes can be predicted,
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APPENDIX 1

The Scanning Electron Microscope

The scanning electron microscope Fig. A+l enables surfaces to be
examined over a wide range of magnification (x 20 to x 50,000) with a
greater depth of foéus, without the elaﬁorate and costly specimen
preparation, than can be achieved by other methods of microscopy. The
specimen can be manoceuvred in five different planes about the x, y and z
. axes, and can be accurately positioned in any of these planes from a given
datum, To obtain a stereoscopic effect, pairs of photomicrographs can be
obtained by movement of one of the five positioning devices and insertion of

this pair in a suitable viewing unit produces the three dimensional effect.,

The principle of the S.E.Ms in that an electron beam is directed down an
evacuated chamber containing electro-magnetic lenses which reduce the
diameter of the beam, Scanning coils are used to raster the beam across the
specimen surface being viewed, Fast reflected primary and slower secondary
electrons are emitted from the specimen, A proportion of both types of
electrons strike a layer of aluminium, approximately 700 A thick, which is
coated on the end of a perspex rod which causes fluorescence. This light
energ& is converted to an electrical signal by a photomultiplier which
provides the major part of the amplification of the signal required. This
amplified signal is recorded as a pulse on a cathode ray tube, and by
‘acanning the electron beam in synchronism with the raster on the cathode ray

tube, an image of the surface topography of the specimen is built-up, which

is similar to 2 television picture. In applying a voltage to a collector

grid positioned between the Specimeﬁ and the scintillator the slower secondary
electrons can be made to contribute to the CeR.Te image and as the applied
voltage is increased so the number of secondary electrons attracted increases,
The electron image is produced on two separate CeRe.Tes, one with long

persistence for visual examination and the other with no persistance for

photographic recording.
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High density (high atomic number) materials reflect more primary
_electrons than low density (low atomic number) materials, Hence in a multi-
phase region of a specimen the densest phase is brightest on the screen.
Surfaces orientated favourably reflect electrons towards the scintillator
which appear bright on the screen while the areas reflecting electrons away
from the scintillator attracts these electrons, which are deflected away from
the scintillator, so that the interior features of holes can be observed, The
electrons attracted by the grid are referred to as secondary electrons, and
these are also produced as a result of collision between high energy electrons
of the beam and the atoms of the specimen. The original electrons loose their
energy but orbital electrons are ejected from the atoms of the target material
and these possess sufficient energy to cause reproduction of the process.

This process continues until the ejected electrons have insufficient energy to
cause further liberation of electrons from target atoms or until the ejected

electrons leave the surface of the specimen as secondary electrons,

Projections usually appear brighter than the rest of the surface since

there is less possibility of secondary electron emission. Secondary electrons

usually give a larger total signal and consequently a more advantageous signal
to "noise' ratio, Ilon-conducting particles, such as oxide, which are on the
specimen surface become charged to a high voltage by the beam so that primary

electrons are repelled, and those that travel towards the collector produce a
stronger signal. Low density materials therefore can appear as the brightest
area of the image produced on the C4R.T, due to this emission,

The limitation of fhe S.E.M, are factors which affect the'resolution of

the CeReTe image.- They are principally, the diameter of the electron beanm,
the wavelength of the electrons, (the higher the accelerating voltage the

smaller the wavelength) and the 'noise' resulting from the electronic circuitry

of the instrument.



The sizeof specimen for maximum specimen manceuvrability must be limited

to 12,7 mm dixzeter by 10 mm length.
Conductin specimens need no special preparation; the specimen is cut

to size and munted on a specimen holder, using an adhesive, before mounting

into the instnrent, If a non-conducting adhesive is used then electrical

contact is made by painting the junction between specimen and holder with

silver 'dag', Non-conducting specimens can only be examined if the surface
is first coatel with an evaporated conducting film,
Scanning electron microscopy gives the best results when examining

small areas of machined surfaces since the nature of metal removal and the

surface deformtion caused through the machining can be examined in detail,
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in a manner not possible by optical microscopy or surface profile investigation.
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