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1. Introduction

Dynamic behaviour of a tool or a work which moves along a machine tool slide-
way is considered to be one of the most important factors that have a great influ-
ence on the machining accuracy. In a finishing process of machining, unstable
behaviour of the moving element, that is stick-slip motion, occurs owing to the low
driving speed of the element, and this unstable behaviour leads to a deterioration
of the machining accuracy.

Many papers on the stick-slip motion have been presented by Bowden?’, Rabino-
wicz?), Sampson®), Matsuzaki?’, Brockley$’ and Singh®’, et al. Most of them,
however, have treated the unstable behaviour of the moving element from the view
poin* of lubrication or vibration mechanics. In order to clarify the relation between
the stick-slip motion and the frictional characteristics of the machine tool slideway
from a practical point of view, more investigations are desired.

In this research, the dynamic behaviour of a moving element of an actual machine
tool slideway is examined under various sliding conditions, that is a variety of
vibrational properties of the driving system and properties of applied lubricant.
Then, the fundamental characteristics of the stick-slip motion are clarified experi-
mentally. Basing on these experimental results, a mechanism of the stick-slip
motion is revealed, the boundary condition for occurrence of the stick-slip motion
is clarified, and the relation between properties of the stick-slip motion and frict-
ional characteristics is examined quantitatively.

The behaviour of the stick-slip motion depends strongly on both characteristics
of static friction during the stick period and kinetic friction during slip period.
Especially the stick-slip motion is intimately associated with static friction as
described later. When two surfaces are in stationary contact under boundary lubri-
cation, the static frictional force gradually changes with increase of contact time
or stick period.

This paper presents experimental results on the fundamental characteristics of
stick-slip motion. Based on the results, the time-dependence of static friction is
clarified, and the mechanism of the time-dependence of static friction is investigated
theoretically. Then, the influence of lubricants and surface topography on the
characteristics of static friction is discussed experimentally and theoretically, and
to estimate the surface topography in the view point of the frictional characteristics
a non-dimensional numerical parameter so-called the coefficient of surface topogra-
phy is proposed
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2. Characteristics of Stick-Slip Motion

2. 1. Experimental

The slideway used in this experiment is
composed of inverted V and flat shape surfaces
as shown in Fig. 1, which are generally used _ ' \
in the actual machine tool. The slideway G 37 =38~
and the slider S are both made of cast iron, 155
and the surfaces are finished by scraping. Fig. 1. Cross section of slideway.

Experimental apparatus is illustrated in Fig.

2 schemetically. For a basic study of the slid-
ing behaviour of the slider S, a driving system is introduced, so that its mechanical
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Fig. 2. Experimental apparatus.

properties can be estimated clearly and accurately. The slider S is driven by
pushing at a projection B of the slider through a straight leaf spring %k (stiffness
of which is k) which is attached to an accurate screw mechanism. The stiffness
of the driving system can be varied by changing the dimensions of the leaf spring
k. Mass of the slider is varied by changing a dead weight which rests on the
slider S. Surfaces of the slideway and slider are spread with lubricant thoroughly.
A few passes of run-in sliding are made in advance of experiment so that excess
lubricant may be removed from the surfaces and the experiment conducted under
stable conditions. Experimental conditions are shown in Table 1, and the four kinds
of lubricant used herein are shown in Table 2.

Dynamic behaviour of the slider in the sliding direction is measured by a strain
gauge E which detects the deflection of the spring, and it is recorded by an ele-
ctromagnetic oscillograph.
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Table 1. Experimental conditions
Weight of slider kg W;=1L3 W2=36.0 W3=53.2
Apparent contact area cm? A=167.5
Contact pressure kg/cm?  w1=0.067 wy=0.215 w3=0.318
Stiffnesses of driving system kg/mm k1=27.3 ky=86.9 k3=128.5
Driving speed mm/min v =0.0022~92
Table 2. Lubricants
Lubricants Viscosity Remarks
cSt at 20C
A 195.4 Naphthene base mineral oil
B 214.0 Commercial slideway lubricant
C 1010.5 Non-drying vegetable oil
D 62.8 Animal oil
Relation between applied load and de- i
flection of the springs used in this experi-
ment is shown in Fig. 3. It is seen in the 0r
figure that each of these springs has good ks
linearity in the range of the experiment. - i
Experimental records of free vibration of =
. . . 20
these springs are shown in Fig. 4. The =
natural frequencies of these springs are . ke ka
greater than 800 Hz and they are so high
compared with the frequency of the stick- ok
slip motion that the springs can follow
the motion of the slider and the dynamic I
behaviour of the slider can be mvestxgated
exactly. 1 1 L ]
Figure 5. shows the vibratory system Y 02 04 06 08
X mm

of this experimental apparatus which con-
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Fig. 3. Relation between applied load
and deflection of springs
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Fig. 4. Free vibration of
driving springs
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sists of the slider and the driving mecha-

_j——\/—}_\/vkvv\_ oW nism. The figure indicates driving speed
e v, spring constant % of the driving mecha-
ANNNN AN nism, deflection x of the spring, displace-

Fig. 5. Diagram of vibratory system. ment ¥ of the slider M, and frictional

force F acting on the slider.
; Figure 6 illustrates the stick-slip motion. In the figure, (a), (b), (c) and (d)
indicate deflection x of the spring, displacement of the driving point, displacement
9 of the slider, and sliding speed ¥ of the slider, respectively. In the curve (a),
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Fig. 6. Stick-slip motion

one cycle of the stick-slip motion is represented by ABC. AB is the stick period
(T, is the stick time) during which the slider M rests on the slideway as seen in
the curve (c). Hence the sliding speed ¥=0 as shown in the curve (d) and in this
period F=*kx. BC is the slip period (7'; is the slip time) during which the slider
slides along the slideway as shown in the curve (c). In this period y>v, and at
the first half of the slip period F<kx and at the later half F >kx. Strictly
speaking, at the point S just before the point B the slider begins to slip gradually;
at the point B ¥=wv, at the point C y=v again, and at the point R just after the
point C the slider rests and y=0. Consequently, in this meaning, RS is the stick
period, and SR is the slip period.
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2. 2. Characteristics of Stick-Slip motion

Experiments are conducted under various conditions, that is, variety of applied
lubricant, stiffness of driving system, weight of slider.

Figure 7 shows an example of experimental records of the stick-slip motion at

v =0.J2.mm,/min

Lubricant A, k=86.9kg/mm, W=36.0kg
Fig. 7. Experimental records of stick-slip motion.

different driving speeds. The figure indicates a typical stick-slip motion and the
nature of the motion is seen to vary with the driving speed.

Figure 8 illustrates variation of the stick-slip amplitude @ with increase of the
driving speed. In the figure, the amplitude ¢ is presented in the non-dimensional
form ak/W, where k is stiffness of the driving system and W is weight of the
slider. It is seen in the figure that the amplitude ¢ decreases as the driving speed
v increases; but the magnitude of @ and its decreasing tendency with v vary mar-
kedly by the kind of the applied lubricant. That is, in the care of lubricant A, the
applitude is held nearly constant below the speed at point 4, as shown in Fig. 8,
and at the speed between A; and A, the amplitude decreases abruptly. In the case
of the lubricants B, C and D, there is a tendency that the magnitude of « is
considerably smaller than in the case of lubricant A, and within the examined driving
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Fig. 8. Amplitude-driving speed curves for various lubricants.

speed, a range in which @ becomes nearly constant does not appear. It is seen that
the amplitude « decreases abruptly as the driving speed v increases, and htet in the
range beyond the speeds B,, C,, Dy, as shown in the figure for the individual
lubricant, the stick-slip motion disappears and the slider moves smoothly.

Figure 9 illustrates variation of the stick-slip frepuency with increase of the
driving speed, which coresponds to Fig. 8. In the figure, the frepuency f is repre-
sented in the non-dimensional form f/f,, where f, is the natural frepuency of the
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Fig. 9. Frequency-driving speed curves for various lubricants.

system which is calculated from the stiffness % of the driving system and the
weight W of the slider, that is, fo=+/gk/W /(2%). It is seen in Fig. 9 that the
frequency of the stick-slip motion increases as the driving speed » increases in
general and the tendency that f/f, is convergent to unity (f is convergent to fo)
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as the driving speed increases is recognized in the case of the lubricant A. Mean-
while, in the case of lubricants B, C and D, the stick-slip motion disappears at
speeds By, Co and D, as shown in Fig. 8 at which the frequency f is considerably
smaller than f,. Moreover, comparing Fig. 9 with Fig. 8 in the case of lubricant
A, the feature of the increasing rate of frequency varies with the range of driving
speed, that is, the range below A, between A; and A, beyond A,. Under the
conditions of lower driving speed, the relation fo=v/2a¢ (f=1/T1, T1=2a/v) holds
approximately because the stick time T is considerably larger than the slip time
T,. Therefore, at the speed below A;, it is recognized that f is approximately
proportional to » because the amplitude « is nearly constant as shown in Fig. 8.
At the speed between A; and A the increasing rate of f is larger than that at
the speed below A;, because @ decreases abruptly as v increases. At the speed
beyond A4,, owing to the fact that 7, approaches T, in magnitude, the slider makes
a nearly harmonic self-excited oscillation, the frequency of which approaches the
natural frequency f, of the system, and as a result, f/f, is considered to be con-
vergent to unity at the range of the higher driving speed.

Figures 10 and 11 show the characteristics of the stick-slip motion at different
weights of the slider. It is seen in Fig. 10 that the magnitude of the amplitude @
increases as the weight W increases. The value of ak/W increases as the weight
W increases and this fact implies that the amplitude is not proportional to the
weight W and the influence of the weight on the amplitude is complicated. More-
over, it is seen that the critical driving speed at which the stick-slip motion
disappears becomes higher as the weight increases in general and this tendency is

T T
k=86.9 kg/m
0.3 [ Lubricant A
— e e C
@ \
F o1 W=53.2 kg
KO\O\ 36.0k
0.2t 9
2
x i —D\
° ~o.. ~L Il.3kg
T 36.0 kg
o F~ T~ b\zb\q
°__ 6\
N Q|
- N L3 kg
S o ~
o \nl O~ —
0.00I 0.0l ol | 10 100

v mm/min

Fig. 10. Amplitude-driving speed curves for various weight of slider.

remarkable in the case of the lubricant C. It is seen in Fig. 11 corresponding to
Fig. 10 that the frepuency f decreases as the weight increases, and that the speed
at which frequency f is convergent to f, becomes higher as the weight increases.
Figures 12 and 13 show the characteristics of the stick-slip motion at different
stiffness of the driving system. It is seen in both the figures that as the stiffness
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increases the amplitude decreases and the frepuency increases, and that the increases
of the stiffness is equivalent to the decrease of the weight with respect to the
characteristics of the stick-slip motion.

! [ ]
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Fig. 11. Frequency-driving speed curves for various weights of slider.
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Fig. 12. Amplitude-driving speed curves for various stiffnesses of spring.
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Fig. 13. Frequency-driving speed curves for various stiffnesses of spring.

2. 3. Conlusion

It is clear that the vibratory characteristics of the slider vary with the pro-
perties of the applied lubricant and the driving system. It is considered that the
variation in the dynamic characteristics is due to the fact that the frictional
properties of the slideway at the static and the kinetic conditions are affected
markedly by the kind of lubricant applied and the vibratory properties of the sys-
tem. The frictional properties of the slideway will be discussed in the later parts
in detail.

3. Static Friction in Stick-Slip Motion

3. 1. Properties of Static Friction

The slip motion of the slider which has rested on the slideway occurs at the
moment when the driving force acting on the slider overcomes the maximum fri-
ctional force. Referring to Fig. 6, it may be considered that the maximum
frictional force F, is equal to the maximum spring force kx, at the point B in the
figure where the slider begins the slip motion.

Figures 14 and 15 show the relation between the stick time 7°; and maximum
frictional coefficient (zo=F,/W) which is calculated from kx,, that is, the maxi-
mum frictional force Fy. In the figures, T;~, relations in the case of lubricants
A and C are shown collectively at different weights of the slider and at different
stiffnesses of the driving spring. From the figures, it is evident that g, increases
as T, increases, and that the increasing rate of g, diminishes as 7'; increases, X
then converges to a certain value for the longer stick time. Furthermore, it is
seen that the relative amount of g, the required time for g, to converge to a
certain value and the convergent value of g, are affected strongly by the kind of
lubricant applied. Namely, for the lubricant A4, the range of variation of p, with
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Fig. 15. Time effect on static frictional coefficient.

Ty is larger than that for other lubricants, and g, is converging at the smaller
value of T, and the convergent value of g, is large. Moreover, it is seen that for
both the lubricants A4 and C, g, is barely affected by the weight of the slider and
the stiffness of the driving system within this experiment. From these results, it
may be considered that y, can be represented numelically as a function of T'; only.

The frictional condition of the slideway in this experiment must be the so-
called boundary lubrication, considering that the sliding speed is low, the finished
surfaces are relatively rough, and the frictional coefficients observed are fairly
large. The time-dependence of static friction thus appears closely associated with
the transitional condition of boundary lubrication on the slide surfaces.
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3. 2. Formulation of Static Friction

Here, an empirical formula is proposed for quantitative treatment of the time-
dependence of static friction. Up to now, several attempts have been made to
formulate the time-dependence of g, as shown in Table 3. Howe, et al.”?, have

Table 3. Formulas from various researchers

Researchers Formulas Hs i Other parameters
Howe po=pra+(us—pa) (1—€67) | 0.56 8: 2(1) gzg 2358
Desjaguin  mo=ss +CiT/(Ca D) 0 Ci0m, Gy
Rodtey Kokt OT 020 Croo.0m, Oy,
Okamura wo=ps/{(ps/pa—1)/vVCT+1 +1} 8 ig g gé g::?g

upper colum ; Lubricant A
lower colum : Lubricant C

measured Van der Waal's attractive forces between glass surfaces and found the
strong time-dependence of this force. From such results, a formula has been sug-
gested. Derjaguin® has examined the critical conditions for occurrence of the stick-
slip motion, and proposed a formula for to~T, relation on the basis of the
experimental facts, that static frictional coefficient increases with the stick time,
and that #, tend to a certain value for an extended stick time. Rabinowicz?> has
also proposed an empirical formula on the basis of experimental results. Brockley,
et al.®), have given a good explanation for the time-dependence of static friction by
using the creep theory on the metallic junctions, and expressed the po~T; relation
in the same formula as Rabinowicz. However, these formulas are derived from dry fric-
tional condition and are not in through agreement with experiments over a wide
range of stick time. For lubricated conditions, Okamura!® has explained the time-
dependence of static friction by the “squeeze” theory. He derived a formula for
the po~T; relation theoretically under lubricated conditions by assuming that the
static frictional coefficient is inversely proportionate to the lubricant film thickness
which varies with stick time through the squeeze film effect. This simple assump-
tion, however, may be invalid because in that only the variation of the lubricant
film thickness is considered, while the relation between the film thickness and
contact is not taken into account.

Figure 16 shows #o~T1 relation by these formulas. The values of the para-
meters in the equations are summerized in Table 3. The figure shows that the
formulas by Rabinowicz and Brockley are limited to the narrow applicable range of
the stick time. Howe's formulas provides a good explanation of the time-dependence
of static friction but the applicable range is still restricted, while Okamura’s
formulas gives good agreement with the experimental results.

In this study an empirical formula is proposed, similar to Howe's equation,
which has a wider application of T;. The expression is
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M
po=pts— (ps—pa)e "1

where,
Hs=asymptotic value of x#y when T'1—oc,
#a=value of po when T1—0 and nearly equal to kinetic friction,
7, m=constants which depend on properties of lubricant applied and the
surface topography, as described later.
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Figure 17 shows the results calculated by equation (1) so as to apply the
equation to the experimental results. In these cases, the values of #;, 4, 7, and m

06 9

o:’//
[e]

(o} (e}
ke 5 o

A
0.4' o /
9 o
3 A/X?/ b °
- 2 C
'C/%D/,oo/ /,(
o S )
od R al o Experimental
02 Cdlculated
ol | 10 100 000 - 10000

T sec
Fig. 17. Calculated po—7Ticurves.

for the various applied Inbricants are summerized in Table 4, where y, and pq are
both obtained by experiments. The calculated g#,~7; curves show good agreement
with experimental results as seen in Fig. 17; and the time-dependence of static



14 S. Kato, K. Yamaguchi, T. Matsubayashi and N. Sato

friction can be well expressed by equation (1) for a wide range of stick time.

Table 4. Chart of parameter

Lubricants s L 7 m
A 0.56 0.21 0.38 0.40
C 0.46 0.20 0.067 0.45

3. 3. Conclusion

Based on the experimental results, in order to make the stick-slip process clear,
the characteristics of the static friction in the stick period concretely. As a
result, it has been shown that the static frictional coefficient generally increases
with the increases of the stick time, and that the magnitude of the frictional
coefficient and its increasing property vary remarkably with the kind of lubricant
applied, and further that the static frictional coefficient is independent of the
weight of the moving element and the stiffness of the driving system. On the bases
of these experimental results, an expression for the static frictional coefficient fo
is proposed, in which #, can be expressed with a simple exponential formula by the
stick time.

4. Kinetic Friction in Stick-Slip Motion

4. 1. Relation between Stick-Slip Motion and Kinetic Frictional Force
Referring to Fig. 5, the equation for slider motion in slip period is

My=kx—F (2)

Fig. 18. Experimental records of
B slip motion.
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Cosequently, the momentary frictional force of the slideway may be investigated by
measuring the deflection x of the driving spring and the sliding acceleration J of
the slider. An example of the experimental records of x# and ¥ as measured by a
strain gauge attached to the driving spring and accelerometer on the slider is shown

in Fig. 18.

Figure 19 shows an example of the relation between the momentary “slip” speed
¥ and the kinetic frictional coefficient # which is obtained from the experimental

] Lubricant A
03] k=869 kg/mm
W=532 kg
0.4
3
0.3
0.2
0

Fig. 19. Relation between slip speed and
frictional coefficient.

Figure 20 shows p~¥ relations in
the case of different lubricant applied.
In the figure, the general tendency of
change in ¢ is same as in Fig. 19, but
it is found that the wvalue of g and
the decreasing rate of # with the rise
of ¥ is remarkably different by the
lubricant.

Figures 21 and 22 show the rela-
tion between the displacement ¥ of
the slider in the slip motion and p
obtained from Figs. 19 and 20 respec-
tively. In the figures, it is seen that
1 is considerably affected by the dri-
ving speed and the kind of the lubricant
applied in the same manner as shown

records such as Fig. 18. In the figure,
it is seen in general that the {rictional
coefficient shown in 1 at the beginning
of the slip motion, which indicates ma-
ximum frictional coefficient #,, has an
extremely large value, and that the value
of u decreases rapidly as indicated by
1-2-3 with the rise of ¥ and after the
value of ¥ reaches point 3, which indi-
cates a maximum slip speed, # is nearly
constant in. spite of ¥ decreasing as
shown in 3-4-5. In the case of higher
driving speed, #, is small and the value
of ¢ in the period of acceleration is
small, but in the period of deceleration
# is held in nearly constant value which
seems to be independent with the value
of uy.

050 I
W=36.0 kg
k=86.9 kg/mm
04 - v=0.017 mm/min

—O— Lubricant A

0] 5 10 15
y  mm/s

Fig. 20. Relation between slip speed and
frictional coefficient.
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05 Lubricant A
k=869 kg/mm
W=532 kg

y. mm

Fig. 21. Relation between slip distance and frictional coefficient.

W=36.0 kg
k=869 kg/mm
v=0.017 mm/min

—O— Lubricant A
_.@— C

Mm
e d e
w
e —@ o
1 . 1
O.l .15 0.2

Fig. 22. Relation between slip distance
and frictional coefficient.

in Figs. 19, 20. 1t is recognized that the kinetic frictional force in the slip period
shows a complicated transitional property becaues the slip speed changes over a wide
range in a short time, and it is considered that the value of x and that changing
tendency are affected not only by the driving speed and the lubricant applied but
also by the sliding conditions such as the vibratory property of the driving system.
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Here, in order to understand summarily the relations between the sliding conditions
and the" kinetic frictional coefficient which shows the complicated transitional
property as shown in Figs. 19, 22, mean kinetic frictional coefficient in the slip
period is calculated as a representative value of the kinetic frictional coefficient.
Figure 23 shows the relation between the changing process of the frictional
force accompanied with the slip motion and the mean frictional force. In the figure,

F.kx

Fn—

¢

2a
Fig. 23. Schematic diagram of mean frictional force.

when the driving speed is low and the slip time is much shorter than the stick
time, the driving spring force decreases along the straight line BMC while the
slider slips from 0 to D. In this case, the slip motion corresponds to BC in Fig. 6
and the slip distance is equal to twice the amplitude of the stick sllp motion. If
the frictional force in the slip period changes along the curve B-1-2-3 (or B-4-5-6)
in the figure, the elastic potential energy of the driving spring which corresponds
to 0-B-C-D is converted to frictional work in the slip period, and both are nearly
equal. Consequently, the mean frictional force Fm may be represented by the line
NMN; which passes through the middle point M of BC. In this meaning, the mean
frictional force in the slip period can be calculated as the mean value of the
maximum and the minimum spring force approximately.

Figure 24 shows the relation between the characteristics of the static and
kinetic friction and the stick-slip motion. In the figure, the curve AB shows the
relation between the stick time 7'; and maximum static frictional coefficient g, as
shown before. If the slider is driven at a constant speed, the driving force acting
upon the slider which is under the stick condition increases along the straight line
01, and the inclination of this line is indicated by kv/W. At the point 1 whehe the
line 01 crosses the curve AB, the spring force is equal to ohe maximum frictional
force. When the spring force exceeds the point 1, the slider begins to slip. It is
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considered from the physical law be-
tween the potential energy of the spring
and the frictional work that the slider
moves from point 1 to point 2, the dis-
tance between both points being equal
to twice the distance between 1 and My,
where M, is the mean frictional coeffi-
cient in the slip period; and then the
slider attaines the stick condition. The
spring force increases again along the
straight line 34 which is parallel to line
01, and next the spling force changes
with the process 4-5-6. Finally, the
stick-slip motion of the slider occurs in © T

the steady cycle as shown in P-Q-R. Fig. 24. Relation between frictional coeffi-
. cient and stick slip motion.

o fim

4. 2. Properties of Kinetic Friction
and its Formulation

From the fact mentioned above, it is obvious that the magnitude of the mean
kinetic frictional coefficient ¢, is one of the most important factors which govern
closely the properties of the stick-slip motion, in addition to g,. However, it is
considered that the value of p, is affected by the various sliding conditions. As
factors influencing the kinetic frictional coefficient g, there are the maximum
speed of the slip motion, the slip time, the weight of the slider and the maximum
frictional coefficient at the beginning of the slip motion in addition to the properties
of the lubricant applied. Here, the influence of these factors on (. is discussed in
detail. ‘

Figures 25 and 26 show relations between maximum slip speed and g, as obtained
from the experiment with both lubricants A and C under various conditions, that is,

ki
,~T=00I1 s Wi a -

ks

o3

Lubricant A

0.1 - L 1 — 1 1
o} 10 20 30
Qwe mMmM/s

Fig. 25. Relation between awo and pim.
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02+ VAR
J0=0.25 . Me=035 He=045
Lubricant C
O[ 1 1 1 ]
o} 10 20
Qwo " 'mm/s

Fig. 26. Relation between awo and um.

contradictory characteristics of u, are due to th

by changing the weight W of the
slider, the stiffness k of the driving
spring and the driving speed. Since
the slip motion of the slider may
be regarded as having behaviour
similar to a free oscillation of the
system, the maximum slip speed is
represented by aw,, where @ is the
amplitude of the stick-slip motion
and @, is the natural frequency of
the system which is determined by
W and k(wo=~/gk/W ). From both
figures, in the case where g, is
taken as a parameter, g, shows a
negative tendency for g, to dec-
rease as 4w, increases. On the
other hand, where the slip time 7T,
is taken as a parameter, 4, show
the positive tendency for g, to in-
crease as aw, increases. These
e fact that the factor aw, can not

vary independently of the oter factors, and various factors depend on each other.
Consequently, it is considered possible that some of the other factors besides aw,
influence 4, more significantly. " In order to reveal the extent of the influence of
each factor, the relations between each factor and Un are studied in a manner
similar to Figs. 25 and 26. The arranged date are given in Table 5. In the table,

Table 5. Analysis of factpyrs which influence pn

Vari- | Para- Effect on pm . Vari- | Para- Effect on im
ables | meters | guwgl a | o | T2 W ables | meters | qwy a | uo| 7T W
i awy a +1C |+ | - 1 T2 +i4+ 1+ C
2 wo |- =|c|- 12 AN I I R e
3 T: |+ |+ |+ C 13| 7, awo” [ C| = |+ | =
4| W+ + ]+ -]c 14 a +lc|+ -
5 a awy C|— |+ 15 Ho - =1 C| -
6 o — | -1 C| - 16 w C
7 Ty |+ |+ |+ C| 17 | w awg | C | =+ |4 =
8 w + 1+ |+ c 8 a |+lcl+—| =
9 2o awy C| -1+ - 19 %o - - C |~ -
10 | a +1C |+ - 20 T ‘ | C

C: Parameter itself

such factors showing a steady influence on fn independently of the other paramaters
can be thought to influence p, considerably. From this viewpoint, in Table 5, it is
seen that the maximum frictional coefficient g, and the slip time T, are the most
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significant factors influencing /» in the case of either lubricant 4 or C.

Figures 27 and 28 show the relations between g and g¢n in which T, is taken as
a parameter. In both figures, it is seen that g, increases as increases and the
extent of the influence of #, on #, is more marked for the lubricant C.

04T
T=0011 s
o
E -
3
T2=0,020 s
0z 20036 s
i Lubricant A
0.1 L [ : 1 L 1 ) —
02 03 0.4 05 0.6

Mo

Fig. 27. Relation between po and pm.

03

/J.m

T:0,020 s

oz T2=0.036 s

Lubricant C

[oR] 1 1 L 1 L |
0.2 0.3 0.4 05

e Fig. 28. Relation between po and pm.

Figures 29 and 30 show the relations between T, and fn, in which g, is taken
as a parameter. In bot figures, it is seen that tn decreases with the increase of
T,, and the difference in z, originating from the difference in g, grows gradually
and p, approaches a constant value independent of g, as T, increases. For the
lubricant A, it is seen that the decreasing rate of n in conjunction with the
increase of T, is higher than for the lubricant C, and that at a relatively large 7,
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Fig. 29. Relation between 7, and um.

0.4 T H=045

——+— Calculated

£
3
03
02
Lubricant C
1 1 1 1 1 1 . 1 ]
0] .01 0.02 0.03 0.04
T s

Fig. 30. Relation between 7" and um.

the influence of same becomes small and g, approaches a constant value.

From the foregoing, it is clear that the characteristics of the kinetic friction
in the slip period may be understood all-inclusively by introducing a concept of the
mean kinetic frictional coefficient pn., and the factors which influence Un are
and T, in the first meaning.

Here, in order to understand the characteristics of the kinetic friction during
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the slip motion quantitatively, an expression for g is proposed corresponding to
the empirical expression for . '

fon=pra+ (pro—pra) ~°TE (3)

In equation (3), %4 represents the value which f, approaches when 7T,;—co, and it
is considered to be the same parameter as the one in equation (1) for static
friction. The value of 6 and » are the measure of the time effect for pn, and
they are decided by the correlation between the lubricant and: the surface topo-
graphy of the slideway, the properties of 6 and # being considered to be similar
to the properties of y and m respectively. i

On the basis of the experimental results with stick-slip motion, the parameters
shown above are determined as in Table 6 for the lubricants A and C. Calculated

Table 6. Parameters in expression for kinetic friction- -

Lubricants ra o n s r m
A 0.21 - 67 1 0.56 0.38 0.40

C 0.20 43 1 0.46 0. 067 0.45

values of /. using equation (3) are shown concurrently in Figs. 29 and 30. In the
figures, the calculated values agree well with the experimental values of #n, and it
is confirmed that the characteristics of 4, are well expressed by equation (3).

4. 3. Conclusion

The characteristics of the kinetic friction in the slip period are discussed. The
result is clarification of the characteristics of the kinetic friction as understood
collectively by introducing the concept of mean kinetic frictional coefficient .

The factor which influence the value of ¢, are studied in detail, and then it is
revealed that the properties of the lubricant, the maximum frictional coefficient at
the beginning of the slip motion and the magnitude of the slip time influence #n
significantly, and a generalized expression for #n is proposed.

5. Critical Condition of Occurrence of Stick-Slip Motion

5. 1. Estimation of Stick-Slip Motion

On the basis of the expressions for static and kinetic friction with the slideway
and the relation between the frictional characteristics and the stick-slip motion
shown in Fig. 24, the characterics of the stick-slip motion are discussed quanti-
tatively.

Substituting equation (1) into equation (3), the following equation is given.

fin= o+ (pe—pra) (1 — @7 TT) e =0T% (4)
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®

Referring to Fig. 24, the amplitude of the stick-slip motion is as follows :

a=(po—pn) W/k=T0/2 ; (5)
Substituting equation (1) into equation (5). the relation between v and T, is
obtained as follows:

RoT,/2W = (pr— ) (1—e TTT) (1— ¢ —0TH) (6)

where
T,=1/2f,=n~W/gk (7

The amplitude @ of the stick-slip motion can beobtained from equations (6)
and (5). That is, equation (6) is converted to following equations to be resolved
graphically.

— 0Tk
yi=koT,/2W (p,—p,) (1—e  *

—yTT
Y,=1—e '

)
&

The stick time T'; corresponding to a given value of v is obtained as the point
of intersection of the straight line ¥, (the inclination of ¥y1 is proportional to %)
and the curve y, as shown in Fig. 31,
and then the amplitude @ is obtained
from equation (5). /

Figures 32 and 33 show the calcu- |
lated results of the amplitude in non-
dimensional form for both the lubricants ¥
A and C where W and % are varied as
obtained by the above mentioned method.

For the lubricant A, the experimen-
tal results are shown in the figure
together with the calculated results. It
is recognized in the figures that the
calculated results agree very well with
the experimental results. Therefore, by o - T =
the application of the expressions (1)
and (3) for the static and kinetic fric-
tion the characteristics of the stick-slip
motion are well obtained quantitatiuery. Moreover, the motion of the slider in the
slip period can be estimated by employing the mean kinetic frictional coefficient.

In equation (2) which expresses the equation for slider motion in the slip
period, the slip distance y is given referring to F ig. 6 as follows:

/__
A
p A

ya

Vi

vi,

Fig. 31. Graphical calculation of 7.

V=%,—x+vt ©))
Consequently, equation (2) can be transformed as follows :

M+ hx = p, W (10)
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@
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Fig. 32. Calculated amplitude-driving speed curves for various weights of slider.
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L 86.9kg/mm —-o— Cadlculated
.; A\  (Lubricant C)
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Fig. 33. Calculated amplitude-driving speed curves
for various stiffnesses of driving spring.

Under the initial condition

x=%,=pmW/k
=0
at t=0

Equation (10) can be solved as

%= { (po— i) COS@GE+ 1} W/ R 1
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where

wo=+/'gk/W

It is recognized from equation (11) that with the deflection % of the spring the
slider motion in the slip period is an harmonic oscillation having the amplitude

(#o—ttm)W/k.

Such a calculated result of the slip motion is compared with the experimental

one. Figures 34 and 35 show examples
of the phase plane trajectories, the abs-
cissa indicates the ratio of the deflective
speed « of the driving spring spring (which
is nearly equal to the slip speed of the
slider, since the driving speed is far lower
the slip speed) in relation to the angular
natural frequency @, of the driving sys-
tem, and the ordinate indicates the defle-
ction x of the spring. The experimental
results are obtained from experimental
records as in Fig. 18, and the calculated
results are obtained as with the foregoing
methods on tbe basis of the experimental
values of 4, and y,.

In Fig. 34, as the driving speed v is
smallar than the slip speed ¥, the stick
process is shown as the straight line RQ
which coincide with the abscissa, and the
slip motion is shown as the curve QR.

O.15F

0,20

0.15

c i
£
o M
*0.10
Lubricant A /;
k=869 kg/mm -
0.05 /

———— Calculated
—e—— Experimental

O 1 1 1 1
0] 0.05 (0X10]
%/we MM
0.10 Fig. 34. Phase plane trajectory
S of stick-slip motion.
E
> From both figures, it is recognized that the
005 LR Lubricant C calculated results coincide very well with the
experimental results and that the slip motion
k=869 kg/':mm of the slider can be estimated with sufficient
- W=360 kg accuracy by employing of the concept of the
mean kinetic frictional coefficient.
o 1 1 3
0 005
Xx/We mMmM

Fig. 35. Phase plane trajectory
of stick-slip motion.
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5. 2. Critical Condition of Occurrence of Stick-Slip Motiou

The critical condition for occurrence of the stick-slip motion is discussed. The
stick time decreases gradually as the driving speed v increases, but referring to
Fig. 6, the period T, of the stick-slip motion does not become so small as the
period T, of the natural oscillation of the system, hence Ty =T, holds. Therefore,
critical driving speed v, for occurrence of the stick slip motion is considered to
coincide with where T:=T,. The value v, is obtained from inclination of the
straight line OC in Fig. 31 as follows:

0,=2(—pa) (1—e 7T (17T ‘ (12)

Figure 36 shows the relation between the natural frequency fo and the critical

100 DN , N
X —— Calculated

mm/min
o
o
fo)
>
o

/

O.l 1 1 L ! 1 1 |
@} 20 40 60 80

Fig. 36. Relation between natural frequency and critical
driving speed of stick-slip motion.

driving speed v, for the lubricants A and C. In the figure, the value of v, which
is obtained from equation (12) is compared with the value of the experimental
critical driving speed beyond which the stick-slip motion disappears in the experi-
ment. It is recognized in general that v, decreases as f, increases. Namely,
where the system has a large natural frequency the stick-slip motion is inhibited.
Morever, though the value of v. differs considerably with the kind of applied
lubricant, the calculated values of v, for both lubricants agree well with the ex-
perimental value qualitatively. Therefore, it is confirmed that the critical condition
for the occurrence of the stick-slip motion can be discussed qualitatively at least
using equation (1) and (3).

Next, the relation between the parameters of the friction of the slideway, that
is, &s, ta, 7, M, 0, 1, and the critical driving speed is discussed concretely.

Figures 37-41 show examples of the relation between each parameter in the
expressions for the frictional characteristics and the critical driving speed v, which
is obtained from equation (12). In Figs. 37, 38, and 39, which show the relation
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Fig. 41. Relation between #» and ve. n

between the parameters for the static friction and v., it is seen that v. increases
as the value of (#s—#q) which indicates the variability of #, increases, and that
the increasing rate of v, in terms of the increase of (#;—q) is large in the range
of small value of (¢s—po). It is further seen in general with increasing 7 and
with decreasing m that v, increases and the stick-slip motion easily occurs. In
Figs. 40 and 41, which show the effect of the parameters for the kinetic friction
on v., it is seen in general that v, increases as & increases and # decreases.

In practice, it can be supposed from these results that a lubricant such as
caster oil which is considered to have the high strength as a lubricant film and a
high viscosity may show low values of (#s—g4), 7 and 4. Consequently v, is low
and the stick-slip motion is prevented, and that probably because the smooth slide-
way shows a low value of (#;—#q4), 7, 6 and a high value of m, #u, then v, is
low, too.

From the above, the aptness of the expressions (1) and (3) for the static and
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kinetic friction in the stick-slip motion is confirmed, and at the same time it is
shown that if these expressions are given, the amplitude and the critical driving
speed of the stick-slip motion can be obtained.

5. 3 Conclusion

On the basis of both expessions for static and kinetic friction proposed in
Chapters 4 and 5, the characteristics of stick-slip motion namely the amplitude
and the frequency can be estimated numerically. A critical condition for occurrence
of the stick-slip motion is introduced, hence, the critical driving speed can be
calculated and it becomes clear that the calculated results agree well with the ex-
perimental results.

6. Pitching and Yawing Motion of Moving Element Caused
by Stick-Slip Motion

Irregular behaviour of moving element is also found in the normal direction to
the sliding with the stick-slip motion, This irregular behaviour (pitching and yaw-
ing motion) creates slight inclination of moving element, and lead to deterioration
of machining accuracy.

On the irregular motion in the normal direction to the sliding, Hensen!?,
Mitsuil®, Okamural?®’, Shiozakil4’, et al. reported some investigations, in which the
floating phenomena of the moving element under hydrodynamically lubricated con-
dition were treated both experimentally and theoretically. A machine tool slideway
is generally operated under boundary lubricated condition. However, any studies
on the pitching and yawing motion under such condition have not been made in
spite of its practical importance.

In this Chapter, the fundamental characteristics of the pitching and yawing
motion of the moving element accompanied by the stick-slip motion are investigated,
and some factors which have influence on the characteristics of the pitching and
yawing motion are discussed. The mechanism of that motion is considered too.

6. 1. Experimeuntal

The slideway used in this experiment is composed of inverted V and flat shape
surfaces as shown in Fig. 42, which was explained in section 2. 1. The pitching and
yawing motion of the slider accompanied by the stick-slip motion is measured by
five sets of electric micrometers L, which detect the slight displacement of each
measuring point e;~e5 arranged on the slider. Five pieces of the gauge blocks F
which are attached on the slider in the precisely parallel direction to the driving
motion are prepared as the base surfaces for the measurement. The measuring
points ¢;~e; are used for detection of the vertical displacement of the slider, and
¢4, ¢5 are used for detection of the horizontal displacement. The position of the
projection B, through which the driving force acts on the slider, is changed both
vertically and horizontally as F, Cy, Cs, C3 and V shown in the figure. The position
of the standerd driving point.C; is determined so that the driving force may act on
the slider through the center of gravity of it. The point C; and C; are placed so
that the vertical position of them may change. The point ¥V and F are placed so
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that horizontal position may change. The experimental conditions aré same as shown
in Table 1. The lubricants applied are shown in Table 7.

[=%E3
+ 4.+ + 4 e
j i h, g f

B (T — O

F/I'_,;Elgz,Es L_cgig €4

L
,—rl-l—, 165
250 1. Cs
e 52452 I
L Tk _.& Ce F N~
G S-F ) I o \B 4 X CI’):
SoTgse | eepft,  docl b ®]
F ‘ <
720 .
Fig. 42. Experimental apparatus.
Table 7. Lubricants
Lubricants Viscosity ¢St (200) Remarks
Ay 54 Naphthene base mineral oil
Az 195 ”
As 460 ”
214 Commercial slideway lubricant
C 1010 Non-drying vegetable oil

The condition of the contact between a machine tool slideway and slider seems
to be not always homogeneous over whole contact area. For example, it is laid
down in the standard for accuracy of a machine tool such as JIS that a slideway
must not be depressed at the middle part, in consideration of deformation by a load
and of wear with sliding. In a practical case, a slideway is commonly finished
to swelling slightly at the middle part. Thus, it is conceivable that the condition of
the contact between the surfaces is more intimate at the middle part than at each
end of the slideway.

In order to study the condition of the contact of the slidesurfaces used in this
expriment, flatness of both slideway and slider are measured by autocolimater and
minimeter at the inverted V and flat shape, respectively. The results of the mea-
surement are shown in Fig. 43 (a) and (b). The curves G and S in the figure show
flatness of the surfaces of slideway and slider, respectively. It is found from the
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Fig. 43. Flatness of sliding surfaces.

figure that the slider S has a slight swell at the middle in both parts of inverted
V and flat, and that the slideway G has good flatness. When these slideway and
slider come into contact, the condition of contact between both surfaces seems not
to be homogeneous over whole contacting surfaces, and to be more intimate near
the top of the swell in both parts V and F. There may be a slight clearance
between the surfaces at each end of the slider. Such condition of the slideway
used in this experiment is considered to be quite common in reference to the
actual machine tool slideway which is provided in accordance with JIS. The broken
line ¢ in Fig. 43 show the amount of the vertical displacement which occurs on the
slider when a concentrated load is applied upon the slider at the points a~j (see
Fig. 42), and they are considered to indicate the clearance existing between con-
tacting surfaces at each point. The curves & show good agreement with the
nature of the clearance which may be suggested from the difference between flat-
ness curves S and G. Moreover, it is found from the curves 6 that both surfaces
may contact intimately near the point d at the part V and near the point g at the
part F.

6. 2. Properties of Pitching Motion

Figure 44 shows an example of the experimental record of the stick-slip motion
and the pitching and yawing motion of the slider. The curve (a) in the figure
indicates the stick-slip motion and the group of the curves (b) indicates the pitch-
ing and yawing motion of the slider at each measuring point. It is seen from the
figure that each measuring point of the slider moves both vertically and horizontally
with the stick-slip motion, and that the amount of the displacement at each point
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»=0.12 mm/min, Lubricant A4, Driving position Ca.

Fig. 44. Experimental record of stick-slip motion and
pitching and yawing motion.

varies with the same period as that of the stick-slip motion.

In an actual machine tool, such a pitching and yawing motion is transferred to
the shape of the machined work, and in particular the periodic variation of the
motion causes a deterioration of the machining accuracy directly and indirectly.
Since this pitching and yawing motion may be closely related to the stick-slip
motion, the characteristics of the stick-slip motion are first investigated for diffe-
rent driving conditions as shown in Fig. 42.

Figures 45 and 46 show the relation between the driving speed v and the
amplitude @ or the frequency f of the stick slip motion for different driving posi-
tions (see the points Ci, Cs, Cs, F in Fig. 42). It is seen in the figures that the
amplitude @ decreases abruptly from a large value as the driving speed v increases
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Fig. 45. Amplitude-driving speed curves.
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and beyond the speed v, the amplitude converges to a very small value, and that
the frequency f increases almost proportionally to the driving speed and it converges
to the value of the natural frequency f,. However, it is evident in the figure
that very little effect of the driving mechanism on the characteristics of the stick-
slip motion is found under these experimental conditions. ,

The characteristics of the pitching and yawing motion of the slider accompanied
by the stick-slip motion are studied here.

Figure 47 is a brief schematic diagram of the stick-slip motion and the pitching
and yawing motion. In the figure, the curve (a) indicates the changing process of
the spring force with the driving motion, and the curve (b) indicates the vertical
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Fig. 47. Schematic diagram of pitching and yawing motion.
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displacement in the pitching motion at a representative measuring point on the

slider.

Figures 48 and 49 show the characteristics of the pitching ang yawing motion
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for various driving positions (see the points Cy, C,, C; in Fig. 42). TFigure 48
indicates the relation between the driving speed v and the maximum vertical dis-
placement ¢ in the pitching motion. Figure 49 indicates the relation between v and
the variation de of the vartical displacement (see Fig. 47). Since it is evident in
the figure that the displacement of the point 2 (see Fig. 42) is much smaller than
that of the poins 1 and 3 as seen in the experimental records of Fig. 44, in the
following part of this chapter, the displacement of the points 1 and 3 is examined
mainly when the pitching motion of the slider is discussed. It is considered that
the relative amounts of the displacement of each point 1, 2, 3 are comnected with
the condition of the contact of the slideway, and that in this experiment the
smallest displacement is found at the point 2 and at the diagonally opposite position
to the point 2 which are near the points d and g (Fig. 42), where the intimate
contact may be produced as seen from Fig. 43.

It is found from Fig. 48 that for the driving points C, and Cs;, the measuring
point 1 moves to the positive direction (up ward) and the point 3 moves to the
negative direction (downward), and that the absolute values of the displacement
of both the measuring points are nearly equal. Hence, it is recognized that the
slider moves in a forwardly inclined posture to the sliding direction. TFor the
driving point Ci, however, it is seen that the slider moves in a backwardly inclined
posture, but the amount of the inclination is considerably small. It is concluded
that for any driving point the value of ¢ is fairly large in the region of small
values of v, and that ¢ becomes smaller with increase of » and it converges to a
very small value beyond the speed as shown v, in the figure. The value v, corres-
ponds to the speed beyond which the amplitude ¢ of the stick-slip motion reaches a
small value as shown in Fig. 45.

In regard to the effect of the driving mechanism, it is found that the charac-
teristics of the pitching motion are influenced strongly by the position of the
driving point in contrast to the fact that the characteristics of the stick-slip motion
are influenced very little by it as shown in Fig. 45. That is, the value of ¢ is
largest for the driving point C, which is the most distant point from the surface
of the slideway, for the point C, the value of ¢ is medium, and for the point C,
which is the nearest point to the surface of the slideway e is smallest.

It is found from Fig. 49 that in the region of small values of v, the variation
de of the pitching motion is large and it almost equals to the value of ¢/, that the
value of 4e decreases abruptly as » increases, and that the critical driving speed
shown as v, in the figure 4e¢ becomes zero. It is recognized that the slider slides
in the posture of constant inclination beyond the speed vp.

Then, comparing Fig. 49 with Fig. 48, it is found that the critical value vp is
considerbly smaller than the value of v, at which the stick-slip motion disappears.
Moreover, in regard to the effect of the driving mechanism on Ae, the value of de
generally increases as the vertical position of the driving point becomes higher, and
such tendency is the same as that of shown in Fig. 48.

Figure 50 shows the relation v~¢, or v~4de for different driving points which
are changed in their horizontal positions (see the points ¥, C,, F in F ig. 42). It is
recognized from the figure that the horizontal position of the driving point has
little influence on the value of ¢ and 4e.

Figure 51 shows the relation v~¢ or v~de for various applied lubricants. It is
found from the figure that both ¢ and 4e generally increase as v increases, but the
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magnitudes of ¢ and 4e and the decreasing tendecy of those with v are different
considerably depending on the sort of applied lubricant. That is, the value of ¢ for
the lubricants B and C are considerably smaller than those for the lubricant A,
but the discrepancy between the values of e for the lubricants B and C is not found

clearly.
Meanwhile. in regard to 4e, the value for the lubricant A, is largest, and the

discrepancy between the values for the lubricants B and C is found to exist clearly.
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Moreover, it is found that the critical driving speed v, at which the variation 4e
of the pitching motion reaches zero is influenced remakably by the sort of applied
lubricant, and the value of v, is large in the order of the lubricants C, B and A,.
It is concluded from Fig. 51 that the effect of the applied lubricant is more re-
markable on 4e than on e. In particular, the characteristics ef 4e are considered
to be an important factor from the fact that the value of 4: seems to affect
directly the machining accuracy.

Figures 52 and 53 show the relation between the height 7 of the driving point

Fo=17.5kg 15kg
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Fig. 52. Relation between vertical driving position and pitching motion.
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Fig.753. Relation between vertical driving position
and variation of pitching motion.

from the slideway and ¢ or 4e in order to make more clear the effect of the
driving position on the characteristics of the pitching motion. In these figures,
the maximum frictional force F, and the variation 4F of the driving spring force
in the stick-slip motion (see Fig. 47) are taken as parameters, respectively. From
the figures, it is recognized that the value of ¢ and 4e generally increase as both
values of % and F, or 4F increase exept for the small value of 4.

In an actual machine tool, usually there exists a certain distance between the
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driving position and the acting position of the frictional resistance as in this ex-
periment. A considarable magnitude of the rotating moment based on this distance
seems to act on the slider, and this moment for the pitching motion seems to be
proprtional to % and F,. It is expected from the reltion shown in Fig. 52 that the
amount of the pitching motion ¢ of the slider is determined mainly by the magni-
tude of this moment. Similarly, it is expected from Fig. 53 that the value of 4¢ is
determined by the variation of the moment, too. But the magnitudes of ¢ and e
in the pitching motion originating from the rotating moment and its variation with
» are considered to be affected by the sort of the applied lubricant as mentioned
later. Moreover, it is seen from Figs. 52 and 53 that both ¢ and 4e lose their
proportionalities to % in the region of small % and at the point Mp in the figures
¢ and 4de are zero, and that for the drivang point C; the direction of the pitching
motion is reverse to those for the driving points C, and C;. This fact is considered
to be connected with the correlation between the pitching motion of the slider
accompanied by the stick-slip motion and the figure or the condition of the contact
of the slideway. Since the rotating moment is very small for the driving point
C,, the pitching motion originating from this moment seems to be small. However,
at the same time a slight horizontal dis placement of the slider occurs, and then
near the measuring point 2, where the condition of the contact is intimate, the
slider climbs up along of the inverted V part with that horizontal displacement.
As a result, the slider has a little vertical component of displacement in the nega-
tive direction at the measuring point 1 and in the positive direction at the point 3.
Such behaviour seems to be seen in the same way for the driving points C, and Cj,
too, but it is considered that such an effect of the horizontal displacement on the
vertical displacement can be more remarkable for the driving point Cy where the
magnitude of ¢ is relatively small.

6. 3. Mechanism of Pitching Motion

In the previovs section, the characteristics of the pitching motion of the slider
accompanied by the stick-slip motion are investigated. Next, the mechanism of the
pitching motion is studied.

When a driving motion with a constant speed is applied to the slider which
rests on the slideway as shown in Fig. 47, the driving spring force F increases at a
constant rate until it reaches the maximum frictictional force F, of the slideway
as shown in the curve (a), and at the same time, the slider moves vertically along
01 curve with the increse of the spring force. This vertical movement is considered
to increase almost proportionally to the increasing driving spring force of the curve
es if the driving speed is very small and hence the driving spring force can be
regarded as a static one, but in this experiment the magnitude of the vertical
movement is generally smaller than the curve e, mainly owing to the viscosity of
the applied lubricant and the vertical movement varies along the cvrve e,. It con-
sidered that the viscosity of lubricant produces squeeze phenomena and prevents the
pitching and yawing motion of the slider in general, and that the amount of squeeze
effect depends on the viscosity of the lubricant and the variation rate of the
rotating moment. The magnitude of the difference between ¢, and e, which are
mentioned above seems to be affected by the driving speed.

As soon as the driving spring force exceeds the value Fy, the slider slips and
the spring force falls down to the value kx; in the figure almost instantly. As a
result, the slider recovers its displacement as shown in Fig. 47. In this process,
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owing to the disturbance of the lubricant viscosity primarily, the slider can not re-
cover its displacement very rapidly, and in the mean time of the recovering process,
the increasing tendency of the displacement with the rise of the driving spring
force becomes prominent. Thus, the slider is considered to show the behaviour as
1-2 or 2-3. Such process as 1-2 or 2-3 can be regarded as the resultant of the
recovering movement accompanied by the falling in the drivnig force with the slip
motion and the increasing movement with the increase of the spring force in the
stick period. That is, if the spring force falls bown by 4F with the slip motion
from Fy to kxy, and then, if the spring force is kept at the value ki, invariably,
the displacement of the slider is expected to recover gradually along the curve &4
shown as 2-5 and to approach a certain value e, (kx;) which corresponds to the
spring force kx; on the line ¢;. On the other hand, with increasing driving spring
force the displacement of the slider increases as the curve s, shown in 0-4 in the
same manner as 0-1. Accordingly, the practical process 2-3 of the displacement can
be recognized as the resultant of the curves e, and e¢,. Both the curves ¢, and ¢,
are generally affected by the viscosity of the lubricant, and in particular the curve
¢, depends on the driving speed, too.

Such a hypothesis on the mechanism of the pitching and yawing motion is con-
sidered to be confirmed by compering the experimental records of the pitching and
yawing motion with the calculated results obtained from the resultant of both the
experimental curves e, and eg.

Figure 54 and 55 show the relation between the spring force F and the increa-
sing process e, of the pitching motion of the slider for different driving speeds
and for different sort of the applied lubricant, respectively. It is found from the
figures that e, decreases generally with the increase of the driving speed and
increase of the viscosity of the lubricant. In both figures, the broken lines indicate
es which are obtained experimentally under the condition where the driving speed
is very slow and the squeeze effect of the lubricant seems almost to disappear.
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Fig. 54. Increasing process of pitching motion.
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From Fig. 55, the lines &, are recognized to be almost independent of the sort of
the applied lubricant.

Figure 56 shows some examples of the curve e, which indicates the recovering
process of the pitching motion obtained experimentally to simulate the behaviour

Driving Position Ce

2 © Lubricant Ai

@ e} Az

1 0
O 20 40 60
t s
Fig. 56. Recovering process of pitching motion.

of the slider in the slip period by means of quick removal of the spring force
from a certain value. It is found from the figure that it takes longer time for the
recovery as the viscosity of the lubricant increases.
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Figure 57 indicates an example of the comparison of the calculated “result of
the pitching motion obtained from the curve ¢, and e, as shown in Figs. 54-56
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O Experimental 1
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Fig, 57, Example of pitching motion obtained from calculation.

with the exprimental results at the measuring points 1 and 3 of the slider. It is
recognized from the figure that the calculated results agree very well with the
experimental results over the whole period of the stick-slip motion.

Figure 58 indicates the relation between v and ¢ or 4e calculated by the above
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Fig. 58. Calculated pitching motion.
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procedure, and the experimental results are shown at the same time. From the
figure, it is found that the calculated results agree well with the experimental

results for both ¢ and 4e.
Figure 59 shows the comparison of the calculated results which are obtained
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Fig. 59. Comparison between calculated and experimental results.

from many curves for the differnt conditions corresponding to Fig. 57 with the
experimenal results for ¢ and 4e. It is found from the figure that over a wide
range of ¢ and 4e both the experimental and calculated results coincide with one
another very well.

The propriety of the hypothesis, that the pitching motion of the slider with
stick-slip motion may sppear as the resultant of the recovering moment accopanied
by the falling in the driving spring force with the slip motion and the increasing
movement with the increase of the spring force in the stick period, is confirmed
from the above investigtions.

Thus, it becomes clear that the pitching motion can be calculated fairly accura-
tely on the basis of the curves e, ande, obtained experimentally. ,

6. 4. Yawing Motion of Slider with Stick-Slip Motion

In the previous section, the characteristics of the pitching motion of the slider
have been investigated.

The characteristics of the horizontal displacement, that is yawing motion, are
studied here.

Figures 60 and 61 show the relations between the driving speed v and the
maximum horizontal dispacement ¢ or its variation de for various driving points F,
C;, V which are changed in horizontal position. The characteristics of the stick-
slip motion are recognized to be almost identical between them as shown in Figs. 45
and 46. From Fig. 60, it is found that both points 4 and 5 move horizontally in
counter direction to one another, and that with an increase of the driving speed v,
the amount of such yawing motion ¢ decreases and beyond v,, ¢ becomes very small.



Stick-Slip Motion and Characteristics of Friction in Machine Tool Slideway 43

4

Lubricant Az

Driving
- © o ® Bosition
o

Cz

Sg
b 4

Fig. 60. Relation between driving 10 100
speed and yvawing motion. v mm/min
2 i T ® Oriving v
Lubricant Az o Position .
S F
——
0O
PE:
- Fig. 61. Relation between driving
00l 10 speed and variation of
v mm/min yawing motion.

These v~¢' characteristics of the yawing motion are almost identical with those of
the pitching motion, but it is found that the direction and magnitude of the dis-
placement are affected markedly by the horizontal position of the driving point.

From Fig. 61, it is seen that the value of 4e is much smaller than that of &,
or than that of 4e¢ in the pitching motion, hence, the characterstics of the yawing
motion are rather different from those of the pitching motion. This tendency is
considered to depend on the fact that in the vertical direction the recovering
moment for the pitching motion from the dead weight of the slider itself exists,
but in the horizontal direction only a slight recoverhng moment from the horizontal
reaction at the inverted V part of the slideway exists.

Figure 62 shows the relation between the value of / which is the distance from
center of gravity of the slider to the driving point and ¢ in order to make clear
the dependence of the yawing motion on the horizontal plane. in the figure, =0
indicates that the driving point is identical to the center of gravity of slider. It is
found that the displacement ¢’ becomes zero at the point Mh in the figure which
deviates slightly from that point (/=0 to the part V, and that at both sides of Mh
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Fig. 62. Relation between horizontal position of
driving point and yawing motion.

the direction of the displacement is contrary. Furthermore, it is recognized from the
figure that ¢ varies proportionally to /. Regarding the point Mh as an acting point
of the frictional resistance in the horizontal plane, it is considered that the yawing
motion depends on the moment in the horizontal plane which occurs from the fric-
tional resistance and the driving force. The fact that the point Mh which is
regarded as the acting point of the frictctional resistance differs from the center
of gravity of the slider is due to the difference in the frictional resistance at each
part of V and F of the slideway.

These characteristics of the yawing motion as well as those of the pitching
motion seem to be affected by the viscosity of the applied lubricant and the yawing
motion may have close relation to the contact condition of the slideway, too.

Figure 63 shows the characteristics of the pitching and yawing motion for the
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Fig. 63. Relation between driving speed and pitching and yawing motion.
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driving point C;* (see Fig. 42) the vertical position of which is equal to that of
the point C;, and the horizontal position of which is equal to that of the point Mh.
For the driving point C;*, the moment in the horizontal and vertical plane are
minimum in this experiment. In this figure, (a) and (b) indicate the relations
between the driving speed v and the vertical or horizontal displacement &', respec-
tively, and the value of ¢ for the driving point C; is shown at the same time for
reference. From the figure, it is recognized that the value of ¢ for the driving
point Ci* is much smaller than that for the driving point C;. Then, it is clear
that the pitching and yawing motion almost disappears if the driving point is placed
at such position where the moment in the vertical and horizontal plane are mini-
mum. Though this optimum driving position for pitching and yawing motion is
affected by the figure of the slideway, the cutting resistance or other external
force, there exists the optimum driving condition under a given sliding condition in
the aspect of the pitching and yawing motion.

6. 5. Conlusion

It is clarified that the pitching and yawing motion is a phenomenon that the
moving element slides with a slight inclination (¢’) owing to the moment the
caused by the driving force and the frictional resistance on the slide surfaces and
amount of the inclination change (4s¢) with the stick-slip motion owing to the
variation of the moment. It is concluded that the characteritics of the pitching and
yawing motion are generally affected remarkably by the driving mechanism, the
viscosity of the applied lubricant, etc.

7. Characteristics of Static Friction under Boundary Lubrication

On an actual machine tool slideway consisted of inverted V and flat surfaces
and finished by sclaping, properties of stick slip motion was investigated as men-
tioned in Chapter 2. As results, it was clear that the friction of slideway especially
static frictional characteristics dominate the properties of stick-slip motion.

In this chapter, mechanism of static friction under boundary lubricating condition
is discussed.

7. 1. Experimental

Under boundary lubricating condition, it is considered that the characteristics
of friction are controlled by contact condition of surfaces in micro scale and
property of lubricant applied. In this experiment, in order to grasp precisely the
contact condition and to replace easily with different suraces, model slideway
with relatively simple shape and uniform surface topography is employed.. But the
dimension of slideway is not so small as compared with actual machine tool slideway.

7. 1. 1. Apparatus

Characteristics of static friction in stick-slip motion for a number of conbina-
tion of contacting surfaces and lubricants were investigated experimentally. The
experimental apparatus consisted of four main sections as shown in Fig. 64; a
slideway G, a slider S, a driving leaf spring %, and a driving device 7.

The slideway had a pair of smooth guiderails R to drive the slider straight, and
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was mounted on a rigid surface plate.

The slider consisted of a slide
surface having varied surface topogra-
phy, a projection B at which the slider
was driven by the leaf spring, and
four guide rollers arranged to can-

A T.
tact with the guiderails R. The pro- v $ @
jection B was set on a level with a | BEET s D)

~ Jaz i rzL ,

slideway surface to prevent pitching
and yawion of slider caused by stick- 80—
slip motion. The frictional force be- AE L
tween guiderails and guiderollers was

so much smaller than the frictional .
force between sliding surfaces that it A‘*[
could be considered negligible. Total . L
weight of the slider was 12.4kg in l

these experiments, and contact pres- i E{—E-
sure was 0.344 kg/cm?. : "SO L |©

The relation between load and Slider S 7 , .

T | I
deflection of the driving leaf spring ____\,25.?{// o BL‘jO:
had a good linearity and its spring Slideway GR R \
constant k=16.1kg/mm. The appro- | _ I
ximate natural frequency of the spring pl  Driving Sprggv:;g S-Cre/ w T
was more than 800 Hz, and it was
high enough compared to the stick-slip
motion observed, so that the spring
could completely follow the motion of
the slider.

The driving device was made from two accurate parallel ball screws with 5
mm pitch which were connected to one anether with a timing belt. The screw
driven by a moter through a series of reduction gears. The gear combination
permitted accurate control of driving speeds in the range from 0.004 to 80 mm/min.

0

Fig. 64. Experimental apparatus.

7. 1. 2. Surface preparation

Five surface combinatios (S1G1-S5G5) were prepared for slider and slideway.
Surfaces were all made of cast iron (Micro Vickers hardness number 200) and
ground by cup type grinding wheel. The maximum height of asperities was in the
range 0.5-20 pgm. The surace had a flatness of 2 um in the 300 mm length slideway.
The surfaces ground by cup type grinding wheel is considered to be very convenient
to study the frictional characteristics because such surface has no apparent direc-
tional effect. Figure 65 shows typical propfilographs of the sliding surfaces.
These profilographs were obtained by stylus method, in which the radius of the
stylus (4 um) was much smaller than the radii of the suface asperities, so that the
surface topography was measured precisely.

7. 1. 3. Lubricants

The lubricants employed in these experiments were seven commercially available
oils. A description of the lubricants is given in Table 8. Heighly refined mineral
oil A and the paraffin oil D do not contain any additives, while mineral oil B
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Fig. 65. Typical profilographs of sliding surfaces.

Table 8. Lubricants

Viscosity

Lubricants St at 20C Remarks
A 230.4 Naphthene base mineral oil
B 214.0 Commercial slideway lubricant
C 1108 Castor oil
D 212.4 Paraffin oil
B 86.4 Olive oil
G 514.8 Mixed oil (C 75%, E 25%)
G 266.0 Mixed oil (C 50%, E 50%)

contains various additives to meet the requirements of any type of sliding system.
Castor oil C and olive oil E are both nondrying vegetable oils containing many
types of chemically active species, Mixed oils F and G are a blend of caster oil and
olive oil.

7. 1. 4. Test procedure

Experiments were carried out at constant room temperature (20--1 deg C) and
with a uniform lubricating procedure. Initially the standard surface combination
(S81G1) was examined. After a thousand running in under lubrication, the surfaces
were thoroughly cleaned with trichlorethylene prior to the actual experiment, and
the test lubricant then applied to the surfaces. After a lapse of a day, the lubri-
cant was wiped off and the test lubricant was supplied again. The slider was
placed on the slideway and was run over the surface several times to remove exess
lubricant from the surfaces and then experiments were run. The same procadure
was employed for any test lubricant and also for any surface combination.

The deflection of the leaf spring ¥ was measured by means of strain gauges
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mounted on a spring and an electromagnetic oscillograph. A load versus deflection
calibration of the spring permitted the translation of deflection into frictional
force. The frictional force, the stick time, and the driving speed were mesured

by tracings on the oscillogram.

The static frictional coefficient x, was obtained by using the following equation,

pro="h%o/ W

where, ¥, = the maximum deflection of the driving spring (see Fig. 6).

7. 1. 5. Experimental Results

Figure 66 shows the exprimental static frictional coefficient g, versus stick
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Fig. 66. Experimental and calculated po—7T1 curves.

time 7'y curves for the standerd surface
combination and various lubricants app-
lied. In the figure, the time dependence
of static friction similar to the results
shown in section 3. 1 is found. In the
same figure, solid curves show the re-
sults calculated by equation (1). In
these cases, the value of the parameters
ts, ttq, v and m for the various applied
lubricants are summarized in Table 9.

Table 9. Chart of parameters
Lubricants s Iha v m
A 0.450 0.156 0.286 0.671
B 0.290 0.160 0.211 0.362
C 0.300 .0.150 0.0436 0.473
D 0.520 0.184 0.637 0.413

The calculated go~T; curves show good agreement with experimental results in
this experiment too, and the time dependence of static friction be well expresed by
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equation (1) for a wide range of stick time. In the following sections, the mecha-
nism of the time dependence of static friction, and the physical meanings of the
parameters involved in the formula are discussed in detail.

7. 2. Mechanism of the Time-Dependence of Static Friction

7. 2. 1. Contact between Sliding Surfaces under Boundary Lubrication

In order to investigate the mechanism of the time effect on static friction, it
is necessary to study the contact process between sliding surfaces under boundary
lubrication.

When lubricated metal surfaces are placed in contact under an applied load, the
asperities of the surfaces are deformed to support the applied load. As a result of
this deformation, the lubricant film is trapped between the two metal surfaces and
subjected to very high pressure. The pressure, however, may not be uniform over
the whole region of contact. In the regions where the pressure is relatively high,
local breakdown of the lubricant film can occur and metallic adhesions may develop.

The mechanism of boundary lubrication is diagrammed in Fig.67, In this figure,
the region of the metallic adhesion is shown as A4, and the region where the lubri-

S

Fig. 67. Contact model under bonndary lubrication.

cant surface film undergoes high pressure and carries a part of the applied load is
shown as B, and the region where the liquid Iubricant spreads over the micro-
cavities between the contact surfaces is shown as C. The pressure of lubricant in
the region C is generally low, but in the limited region C’ (a part of region C),
where the distance between the tips of the asperties distributed on the contact
sufaces is very small, the pressure of lubricant might be rather high.

The total normal load W of the slider is supported by these three regions and
be expressed as follows

W:Wm+Wb+Ws:pAm+pbAb+Ws (13>

where,
Wm; Wb, Ws

il

the loads carried in the regions A4, B, and C, respectively.

P = mean pressure at region A and nearly to yield pressure P
of materials.
p» = yield pressure of lubricant surface film.

An, 4, = contact area in regions A and B, respectively.
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The last term in equation (13) W, is the load-carrying force produced by the
hydrodynamic effect of the liquid lubricant in the region C (especially in C’) when
the two surfaces approach each other. The hydrodynamic effect is considered to
decrease with increase in stick time and W, tends to 0.

Assuming that the sliding resistance of the liquid lubricant in C can be negligible
because the resistance force in this region is generally smaller than that in the
regions A and B, the frictional force F is nearly equal to the tangential force
required to shear both regions A and B. Let the shear strength of two regions Sp
and S, be, respectively,

F=S,A,+S,A, (14)

The static frictional coefficient #, can be expressed as follows

SpAn+S,A,
pmAm+pbAb+ Ws

Fo== (15)

Consequently, it is considered that the time dependence of static friction may be
caused by the decrease of W, with increase in stick time and that the amount of
An and A, varies with the lapse of stick time.

Now, in order to examine the amount of A,, A and W,, the mechanism of
contact between surfaces must be studied.

7. 2. 2. Contact Area

A metal surface is generally composed of a large number of asperities. If each
asperity is arranged in the order of its height, a certain distribution between the
height and number of asperities can be obtained. Archard!® assumed that the
shape of surface asperity is hemispherical and that asperities are evenly disributde
in depth over a surface. A more reasonable surface geometry is that of Fig. 68.

X |
Hmax

Fig. 68. Distribution function.
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Now, let an ideally smooth surface be put a rough one and be deformed by an
amount x from the top of the highest asperity; then let the ratio ¢ of the number
of the contacting asperities 7 to the total number of the aspeerities I,, be a dis-
tribution function. The function ¢ is generally expressed as folllows

¢<x>:1i0:f( .o )=2( 7o ) (16)

where,
Han.x = maximum height of asperities

x = deformation or relative approach of two surfaces

D = distribution factor

m = distribution power
Both constants D and m depend on the
surface preparation or the surface fi-
nish.

Let us assume that small identical
hemispheres of radius K are distributed
in depth (the X direction) as shown in < h-><h->rh>rh>
Fig. 67, and are placed in contact with
a flat surface. Figure 69 shows that
the surface asperities exist at each of

the X coordinates; X=0, hl/™, (2h)1/™, '
(3)1/m, weeve (iR)1/™ oo, where h<R. ))

Equation (16) is transformed as follows

1= (17 | '- } | ]

h
ho hi ha hs ha hn
Fig. 69. Distribution of asperities in depth.

where,

]/Z: (HmaXDm/]OD

When the rough surface deforms by amount x, the tip of the highest asperity
(Hmax) begins to contact and deforms by x, the deformation X; of ith contacting
asperity countered from the initial one is given as follows (cf. Fig. 70)

A

X~ (ih)
k'
Ny
]
i

__.‘l‘»\/@/ } l'i_f___\.‘K )

Fig. 70. Deformation of asperities.
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Xi=x— (ik)" a8

The contact area of i th contacting asperity 64, is given by

5 A, =27 R{x— (il)") (19)

Hence, the total area of contact A, may be obtained by summing up the contact
area at each contacting point for large I/ and small %, as follows

AmzanS[ (x— (ih)")di (20)

Here, assuming that each lubricant has an inherent value of the thickness of the
lubricant surface film #, adsorbed on a metal surface, the area A, of the region B
shown in Fig. 67 where a part of the applied load is supported by the adsorbed
lubricant film, can be obtained by the same procedure. The annular contact area
of 7 th contacting asperity with the lubricant film 64, is given by

Total contact area with lubricant film A, is the sum of these areas.
Ab:Am('x”‘—tb)—Am(x> (22)

The number of asperities in contact and the contact area of both rough surfaces
can be obtained by extension of the results of contact between a rough surface and
a flat surface.

The number of asperities in contact can be calculated from the contact model
shown in Fig. 71 as proposed by kragelskiil®’ who assumed that surface asperities
consist of rods standing on a base plane. In this model, the base plane is extending
out from the level of the lowest valley of surface asperities. This theory is very
useful to study a contact problm in cases where the total number of asperies of
each surace is very large and nearly equal to one another.

i

W
~
e
[
=

5 B
i £
T I
x<
! //4//41:
X Lt o
© o s T, 5
! 8 F
G(j=2)
v

Fig. 71. Rod model of contacting surfaces from Kraghelsky.
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If the surface j (j=1, 2) deformes by amount x relatively (cf.equation (16)),
the number of asperities in contact 7; is given by

Ij=1,;9;,(x;) (23)

The number of asperities with tips situated in layer dx; at the distance from the
tip of the highest asperity is given by differentiating equation (23)

dlj=1y;%, (x;)dx; (24)

In Fig. 71, the probability of contact between the tips of asperities in both layers
dxq, dx, is given by

dr, _ di,
X
] 01 ] 02

If the total number of asperities of both surfaces is nearly equal (Jo1==Iy2=1,),
number of contacting asperities is given as a function of the relative approach of
two surfaces @

A AN TACAES (25)

Equation (25) is transformed in the same form as equation (16)

B I B a a-z , - a™
ool oy o

Equation (26) suggests that contact of rough surfaces with distribution func-
tions ¢;, %, can be equivalently translated to contact a rough surface with surface
with distribution function <& on a flat surface.

In order to calculate the contact area by the foregoing procedure, it is necessary
that the contact of two spheres with curvatures R; and R, be replaced by the
contact between an ideal flat surfacs with R=co and a sphere with an equivalent
curvature R.=(R1R;)/(R1+R;). Using the equivalent curvature, the contact areas
A, and A, between rough surfaces can be obtained by the foregoing equations (20)
and (22).

7. 2. 3. Hydrodynamic Effect of Lubricant

In Fig. 67, when two surfaces approach each other, the lubricant in the high
pressure region (especially in region C’, where clearance of asperities is very small)
is gradually squeezed out to the low pressure region and hydrodynamic pressure is
produced. This squeeze effect of lubricant contributes to carrying the load acting
on the contact surfaces in transitional condition. The load carried by squeeze
effect W, is generally expressed as follows
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where,

7 = viscosity of lubricant

® = squeeze factor

h film thickness

The load carried by the microsqueeze effect of a lubricant under such boundary con-
ditions as in these experiments cannot be expressed in the same form as equation
(27). The load supported by the microsqueeze effect W, under boundary lubrication
as shown in Fig. 67 is given by replacing % in equation (27) with (h.,—%,—a) as
follows :

Il

_ 76 da
V=it o) (28)

where
he = effective initial film thickness
a = approach of two surfaces
da/dt = approaching rate of two surfaces
Equation (28) shows that W is proportional to the approaching rate and suggests
that the time effect on y, is due to the variation in the magnitude of Wi.

7. 2. 4. Analysis on the Time-Dependence of Static Friction

In a machine tool slideway, the deformation of asperities is much smaller the
maximum height of asperity because in general the mean pressure w is relatively
small. Hence, the distribution of the asperities in height can be approximated to a
linear distribution (the distribution power m =1 in equation (16)), and expressed as
follows

X X
$(%1) :Dl(mﬁi??) ¢2<x2)202(ﬁ> (29)
The numger of contact points / is given by equations (25) and (29).

;__ LDD,
ZHma‘lemax 2

a? 30)

The areas of contact A, and A, are given by equations (20), (22) and (30).

__ #nRI,DD, 3
Am“‘ 3Hmalemax2 “ (31)
A= RBD((a11)0— %) (32)

SHmaxl max2

For the standard surface combination S1Gl, each factor involved in equations
(30), (31), and (32) is obtained from the actual surface profilographs and given in
Table 10. The thickness of adsorbed lubricant film #, can be estimated as follows.

When the static friction g, approaches the asymptotic value (7;—c0), F—FSs,
a—as, h—0 and the time effect on g, disappears. Hence the last term in equation
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Table 10. Test surfaces and their properties

Surfaces Hmax mm R mm z 1/mm D &
S1 20.4x10-3 21.4x10-3 23.4 1.46 35.8
G1 19.6 16.6 23.9 1.57 31.8
S2 5.0 10.1 12.0 1.19 28.9
G2 7.2 12.0 11.3 0.81 16.6
S3 0.48 17.8 14.2 0.29 153
G3 0.46 14.4 14.4 0.38 173
S4 4.25 57.2 21.0 0.55 157
G4 4.66 46.9 16.0 0.71 115
S5 11.4 27.5 15.9 1.43 54.8
G5 12.4 25.3 14.1 1.43 41.4

(13) is negligible.

where subscript s denotes the value corresponding to g.

The following equations are given referring (13) and (14).

T/V":pmAms’{— pbAbs

Fs:: SmAms“i" SbAbs

(33)
(349

Both values of f, and a;

can be estimated from equations (31), (32), (33) and (34), where W is designated in
The lubricant A, assuming that

this experiment and is obtained experimentally.
Sm/bmn=1, Po/Pn=1, and S,/ps=0.075,

workers and average thickness of #,, is estimated to be 0.211 microns.
For the standard surface combination S1G1 and the standard applied lubricant
4, Fig. 72 shows An/Aq, As/Ao, (Ao: apparent area of contact) I/I,, p,, versus

1/1o XIO™

Am/Bo, Av/Do X|O

SIGI
Lubricant A
Po=3.6 X 10°
Io =20 x|0°

mm?

Qs=060 x 107

g

mm

0.2

Q.

a’/as

Fig. 72. An/Ao As/Ag, I/1o, po—a/as curves.

respectively, following the data of many
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a/as curves calculated from the equations described in the foregoing by applying
each value shown in Tables 10 and 11. In the figure, @, denotes the approach of

Table 11. Calculation chart of parameters
. -8 <103 -3

Lubricants I ta ”kxgl,g /mm? fe ?nlxg h":lig m?n 4
A 0. 450 0.156 2.2 0.211 0.851 28.4
B 0. 290 0.160 2.0 0.312 0.826 47.6
C 0. 300 0.150 9.79 0.305 0.831 150
D 0. 520 0.184 1.90 0.176 0.821 5.25
E 0. 252 0.161 0.800 0.344 0.825 16.5
G 0. 297 0.192 4,99 0.308 0.830 75.0
G 0. 300 0.176 2.54 0.305 0.830 35.0

two surfaces when po—pq, T7—0, and @, is the maximum elastic deformation of
asperities estimated from Hertz's equation. and «.*, a.*, and «.* denote the dimen-
sionless forms of a./a., a./as, and as/a;, respetively. It is seen in the figure that
I, A,, and A4, increases as « increases, and as a result x, increases.

Figure 73 shows the load carrying rate, W,./W, W,/W, and W,/W versus defor -
mation a/a, curves for the conbination S1Gl and the lubricant A. Here, W, is

1.0k as
7
= /1404
N % / q
g SIGI M Ho / 1
=
. Lubricant A 1
2 o5k W24 kg N
2 0s=060 X 10° mm
;' 10.2
N
13
= 4
0 b= y 1O
0 02 04 0.6 0.8 10
a/as
Fig. 73. Load carrying rate, Wn/W, Wy/W, Ws/W —a/a; curves.
calculated from equation (13):
W=W—(W,+W,)
It is seen in the figure that W, decreases gradually as « increases. Integrating

equation (28) graphically using the W versus @ curve shown in Fig. 73, the relation
between @« and 7'; can be obtained. As a result, the g¢o~7; relation can also be
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obtained. Consequently it becomes clear theoretically that static friction increases
as stick time increases and approaches an asymptotic value.

The values of two parameters /%, and @ involved in equation (28) are considered
to depend primarily on the topography of the contacting surfaces and the properties
of the applied lubricant. However, they cannot be obtained by a direct measurement
and have not yet been treated because the mechanism of microsqueeze effect under
boundary lubrication is very complicated, and the analysis of microsqueeze phenomena
is considered to be very difficult. Figures 74 and 75 show the influecnes of he and
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Q on pe~T, curves, assuming the values of h, and @ so that the pgo~T; relation
obtained theoretically almost agrees with the experimental results. It is seen in
these figures that the trend of wo~T7 curves depends greatly on the values of /e
and @, and that k. determines the amount of stick time regired for g, to reach
the asymptotic value.

Figure 76 shows the po~T7; relation obtained theoretically by assuming the

o Lubricant A

s1GI /)y/a ®
D
/(g*—ﬁf [©]

04t y )y:&j

o7 C ———-~ Calculated

®
= —— Theoretical

0.5
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e

|
& e P

o 0 100 1000 10000
Ti sec

Fig. 76. Theoretical and calculated po—T1 curves for various lubricants.

suitable values of &, and @ as seen from Figs. 74 and 75. and shows the comparison
with that calculated from the authors empirical formula equation (1). It is seen
in the figure that the theoretical results agree well with the experimental results.

In order to investigate the influence of the properties of the lubricant and the
surface topography on /. and @, many experiments are carried out to obtain the
po~T1 curves for many surface combinations and various applied lubricants. on the
basis of the results, the correlation between he or @ and properties of lubricant
or surface topography are obtained experimentally. The po~T; curves ean be
calculated theoretically on the basis of these correlations for any lubricant and any
surface combination. From the foregoing procedure, the influence of the properties
of lubricant and surface topography on the parameters 7 and m involved in the
empilical formula equation (1) can be clarified and be discussed in the following
section in detail.

7. 3. Influence of Lubricant on the Time-Dependence of Static Friction

In this section, first, the relation between the properties of the lubricant and
value of factors in equation (28) @, k. is investigated experimentally. Second, the
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influence of properties of lubricant on the parameters 7 and m involved in equation
(1) is studied on the basis of the experimental results.

Figures 77 and 78 show the comparison between the experimental uo~T1 curves
and -the theoretical ones obtained by using the values as shown in Tabe 11 for
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Fig. 77. Theoretical py—T1 curves for various lubricants.
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Fig. 78. Theoretical uo—~T1 curves for various lubricants.
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various applied lubricants. The theoretical po~T; curves agree well with the expe-
rimental results in the figures. Based on these figures, the correlation between the
squeeze factor @ and the viscosity of the lubricant 7 for various surface combi-
nations is obtained as shown in Fig. 79. It is seen in the figure that @ increases

200

Lubricant

OMMoOO >

m4

E 100

O 5 . 10
N xI0®%kg-s/mm?

Fig. 79. Correlation between @ and 7.

linearly with » and the increasing rate of @ with 7 depends remarkably on the
surface topography. Regarding the #o~71 curves for homologous oils C, F, and G
with various viscosity, it is recognized in Figs. 77 and 78 that the po~7T; curves
lie to the right on the figures in the order of their viscosity while the values of g
for these oils are nearly equal. These results suggest that the time effect on
static friction may be slight for a lubricant with high viscosity.

Figure 80 shows the relation between the effective initial film thickness %, and
the viscosity of lubricant ». It is seen in the figure that the value of /%, is not
influenced by the viscosity of lubricant 7 but depends markedly on the surface
topography. The value of k. is connected with the initial average effective clea-
rance between the asperities of contact surfaces approaching one another, and is
nearly equal to the sum of the maximum deformation of the asperities a; and the
thickness of adsorbed lubricant film #,. This is because when the slider is set on
the slideway at rest for a long time, T1—>oco the lubricant between the asprities of
contacting suraces is squeezed out and the equivalent squeeze film thickness % is
nearly equal to zero, and then he~=as+f;. The value of a is generally considered
to be greater than the value of t;, and the difference of the value of ¢, for each
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lubricant is small as seen in Table 11.

Fig. 80. Relation between k. and 7.

related to the surface topography because a; depends on that.
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The theoretical po~7T; curves can be obtained by the theory described in the
previous section on the basis of the results shown in Figs. 79 and 80 where t, and
n are varied. Figure 81 shows an example of theoretical xo~7T; curves for various
values of #,. In this calculation, the values of @ and %. are determined from Figs.
79 and 80 as follows. Q=46 mm¢*, %.=0.83x10"*mm for n=3x10"%kg-s/mm?. It
is seen in the figure that the greater the value of t, is, the smaller ¢, and g are.
Applying the empirical formula equation (1) to theoretical uo~7T, curves, the
relation between the parameter s, 7, and m involved in equation (1) and £, can be
obtained, and the influence of the thickness of the adsorbed lubricant film 7, on the
time-dependence of static friction can be quantitatively examined.

Figure 82 shows the g, 7, and m versus #, curves obtained by the foregoing
procedure. It is seen in this figure that g, and 7 depend heavily on ¢, and decrease

0.6 r m
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o4l 702
E 1
3
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Fig. 83. Theoretical xo—7"; curves as function of 7.
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as 7, increases, and also that m depends slightly on #, and increases a little with
increasing ;.

Figure 83 shows the theoretical p,~7; curves for several lubricats having
various viscosities in the same way as Fig. 82. The figure is for the standard
combination S1G1, where k. and @ are determined from Figs. 79 and 80, respctively,
as follows: 22,=0.83x10~*mm for S1G1, @=31mm! for 7=2x10"%kg-s/mm?, Q=
92mm* for 7=6x10"%kg-s/mm? and Q=153mm* for 7=10:x10-%kg-s/m2. It is
seen that the higher viscosity » is the longer the stick time required for g, to
reach the asymptotic value; but the asymptotic value y; is not influenced by the
viscosity 7 because a constant {; is assumed.

Figure 84 shows the g, 7, and m versus 7 curves obtained by the same proce-
dure as Fig. 82 on the basis of the theoretical yy~7, curves shown in Fig. 83. It

06
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04r L ps 102
E L _
=
021 =0, /%
.{
i SIGH i
1=25%10* mm
O 1 <1 I 1 1 (0]
0] 4 8 12

M x10® kgs/mm?

Fig. &4. ps 7, and m curves.

is recognized in the figure that #, does not depend on 7 and that 7 is rather
affected by 7. It decreases with increasing » and its decreasing rate varies with
7, and moreover / depends slightly on 7%, decreasing as 7 increases.

From the results described in the foregoing, it is concluded certainly that the
time-dependence of the static friction of machine tool slideway depends markedly
on the properties of the applied lubricant for each surface combination, and it can
be evaluated by specific value of lubricants y,, 7, and m which are closely correla-
ted with the adsorbed lubricant film thickness 7, and the lubricant viscosity 7,

7. 4. Influence of Surface Topography on the Time-Dependence of
Static Friction

In order to investigate the relation between the frictional behaviour and the
surface topography, problems of how to estimate the surface topography concretely
and entirely are significant. In this section, the influence of size, shape, and distri-
bution of asperities on the time-dependence of static friction is first investigated
theoretically. A new numerical parameter is proposed to describe the surface
topography entirely. Then, the relation between this new nunnerical parameter, and
s, 1, and m involved in equation (1) is investigated.
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Based on the contact mechanism described in section 7. 2, the surface topogra-
phy may be estimated by the following factors; the maximum height of asperities
Hp.x, the shape of the asperity (if the shape of asperity is assumed to be hemis-
pherical, the curvature R), the number of asperities per unit length of the surface
Z which gives the density of the asperities distributed over the surface, the distri-
bution factor of asperities in height (if the asperities are assumed to distribute
linearly in height, distribution factor D). Then, the influence of these factors on
the characteristics of static friction, especially g, is investigated theoretically.

In the calculation of #;, the following factors are assumed; Hmax1, Huax2=20
w; Ry, R,=20p; Dy, Dp;=1.5; z=201l/mm; and f, is determined as 7,=0.2 £.
These values nearly correspond to the values for the standard surface combination
S1G1 and the standard subricant A applied in this experiment. Assuming that three
factors among them are assigned and the other one is variable, ¢, can be calculated
by using equations (31), (32), and (33) and the following equation (35) derived
from equation (34). When Ws=0, An. and A, are obtained as follows

W  C,—
A s=___~.um§__/is_
" j)m C3_C1
(35)
A w ps—Cy

" GGG

where,
W=12.4kg, pm=200kg/mm?, C,=Sm/pm=1
Co=po/Pun=1, C3=5,/P»=0.075
Figures 85, 86, 87, and 88 show the calculated po~Hmax, pe~R, p~D, and
ty~2z curves. It is recognized that the value of #. is greatly affected by these

05
Hmaxz
=20X10°
mm
5
0.4+
‘ 10
203+
5
o2r 15=2010"* mm
Ri,R2=20xI0° mm
Z=25 1/mm
O | 4 \ DI,D.2=|.5 \ ,
o) 5 10 15 20 25
Hemox1 XIO's mm

Fig. 85. Calculated ps—Hmax curves.
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i
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04 - d } 0.5 1.0
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Fig. Calculated p;—R curves. Fig. 87. Calculated us—D curves
0.6
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5- -
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0.4+ Hmhxl,Hmuxz=2oxlo-3 mm
Ri,R2=20XI0° mm
Di,D2=15
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Z 1/mm
Fig. 88. Calculated p;—z curves.

factors. It is true that the larger Hna.x is and the smaller R, z, and D, are, the
higher #; is. Here, small D means that few asperities distribute near the maxi-
mum height of asperities. These results coincide well with the general fact that
the frictional coefficient becomes high under conditions where the lubricant film
breaks down easily and metallic junctions are produced. Accordingly, it is concluded
that the characteristics of static friction can be evaluated by the previously descri-
bed factors.

In reference to equation (31) and (32), a nondimensional numerical parameter
§=D(R/Hmax)zLy is proposed to estimate the surface topography where L, is unit
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length. The parameter & is called coefficient of surface topoqraphy in this research.
A surface having a large value of & may be a good surface for friction and wear
because it has a large bearing area near the maximum height of asperities. When
two surfaces evalueted by £&,, &, are in contact, the effect of contact may be
approximately estimated by the product £1&,. The relation between the characteri-
stics of static friction and surface topography is discussed by using this new
parameter.

Figure 89 and 90 show the distribution function of asperities for various sur-
faces of slider and slideway. If the distribution function is approximated to be

1.0
0.8t
06+
-5
04 Slider
o S|
e S2
® S3
0.2 P
° S5
O ! Fig. 89. Distribution function for
o8 10 slider.
X/Hmax
.0
0.8}
06+
<
04 Slideway
oGl
e G2
0.2 e G3
o G4
e G5
O 4IF 1 1

Fig. 90. Distribution function for 06 08 10
slideway. X/ Henox



Stick-Slip Motion and Characteristics of Friction in Machine Tool Slideway 67

linear the maximum height of asperities, the distribution factor D is obtained from
the inclination of the tangent line for each curve in the vicinity #=0. The values
of Hupax, B, z, D, and & for various surfaces are summarized in Table 10.
The mean curvature of the asperities is determined as follows; the profilogram
shown in Fig. 65 is magnified by an optical projector, and each asperity is inter-
sected at a very small distance x from its tip, while the resulting width » of the
cross section is measured accurately, and then the curvature determined by the
relation R~y2/8x. o

Figure 91 shows the comparison between the experimental results and the theo-
retical uo~T; curves for five surface combinations I, II, III, IV, V, where the

o1 SIGI
e _ |®1 S2G2
® o Il S3G3
ol 54G4
L0 e V S5G5

——Theoretical
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e

/
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0.3

T

k
)

Ve
T

Q.1

0.0l ol | 10 00 1000 1000

Ti's
- Fig. 91. Theoretical uo—T1 curves for various surfaces.

applied lubricant is A. The values of parameters used in the calculation are sum-
marized in Table 12.

Table 12. Calculation chart of Parameters

Surfaces Fs Ha 162 hegg)“? m?n‘*
S1G1 0. 450 0.156 1140 0.851 28.4
S2G2 0.500 0.213 480 0. 950 3.1
S3G3 0. 350 0.157 26500 0. 280 1.27
S4G4 0.146 0.071 17900 0. 467 90.9

S5G5 0.303 0.179 2270 0.736 6.0
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Figure 92 shows the relation between @, he, and £;&, obtained from Fig. 91 and

Table 12. It is seen in the figure that

both @ and h, are strongly affected by

£,&,, Q increases and %, decreases as £:§; inCreases. The value of & is correlated

1.0~
<150
et
£
i ~ Lubricant A 100 =
4 0 SIGI £
Q)O5“ ® S2G2
< ® S3G3 o
I © S4G4
| ©55G5 199
O:i @ 1 © L I 1 ‘O
log 10® 10* 10°
gE,

Fig. 92. Relation between @, he and £1 & for various surfaces.

with the so-called smoothness of the
surface (& is large for smooth surface),
and @ depends on the topography and
the size of contact surface. If the sur-
face is ideally smooth (&->c0), the value
of @ is large and depends only on the
size of the contact surface. Hence it
is considered that @ increases as & in-
creases. Initial effective film thickness
he is approximated to the sum of the
maximum deformation @, and the adsor-
bed thickness of lubricant film 4.. And
he depends primarily on @, in general
as described in the foregoing. The sur-
face having a greater value of & gives
a smaller value of «@,. Hence k., dec-
reases as & increases.

Figure 93 shows the experimental
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T o3t
3 Hd
0.2r
e 0®
Ol F
[]
O 1 ! i 1 ]
107 o} |o* 10°
Bk

Fig. 93. Experimental ps pq—&1£2 curves for
various surfaces.

Us, La versus £1&, curves. It is recognized in the figure that g, #4 decreases with
increasing &;&, as predicted from the results shown in Figs. 85-88.
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Figure 94 shows the theoretical g,~7; curves as a function of &;&; calculated
from the results shown in Figs. 92 and 93. In the calculation, the values of @, k.,
Us, and p4 are determined as follows; for &;£,=500, @=1.4mm¢, 4.=0.97x10-3mm,
#:=0.495, ©;=0.215; for &£;&,=5000, @=54mm*, h.=0.58x10"3mm, p.=0.320,
#4=0.125; and for §&,;&,=50000, @=140mm?*, h.=0.28x10"3mm, p,;=0.522, u,=
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Fig. 95. x5 v, and m versus &; &2 curves.
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0.110. It is seen in the figure that g, decreases as &£, increases, and the stick
time required for g, to approach the asymptotic value g, increases as £, in-
creases.

Figure 95 shows the relation g, 7, m, and £;&, obtained by applying equation
(1) in the same way as described in the previous section. It is seen in the figure
that #,, 7, and m depend strongly on &:&,, and that, as &£, increases, #; and 7
decreases ; it is especially notable that 7 decreases abruptly and approaches 0, and
m increases. The value of m depends but slightly on the properties of the lubri-
cants as seen in Figs. 82 and 84 but rather considerably on the surface topography
as seen in Fig. 95.

The results are that the effect of surface topography on the characteristics of
static friction can be discussed theoretically using the new parameter, coefficient
of surface topography &. It is considered that the frictional behaviour for any
surface combination can also be examined in the same way.

Finally, some fundamental considerations on prevention of stick-slip motion are
set forth on the basis of the results described in the foregoing.

The characteristics of stick-slip motion on a machine tool slideway depend
markedly on both kinetic and static frictional behaviour especially the latter. If
frictional behaviour can be estimated clearly, the characteristics of stick-slip motion
can be approximately predicted.

The characteristics of its amplitude of stick-slip motion are most important.
Amplitude @ is relatively large and nearly constant in the range of low driving
speed v and decreases abruptly as v increases, and in the range above a critical
speed, @ takes on a very small value, or stick-slip motion disappears. These be-
haviour can be qualitatively examined by the characteristics of static friction,
namely the amplitude has a large value for a large static friction ¢, and the critical
spped is low as the stick time required for g, to approach the asymptotic value
is long. The characteristics of static friction are discussed from these points of
view. :

Tt is presumed from the results shown in Figs. 81 and 82 that, as the adsorbed
lubricant film is thick, the values of g, and y become small, and as a result, the
amplitude becomes small and the critical speed decreases. In reference to Figs. 83
and 84, the value of 7 decreases as the viscosity of lubricant increases, and as a
result the critical speed decreases. In reference in Figs. 94 and 95, the surface
having a large value of & takes small values of us and 7, the amplitude becomes
small and also the critical speed lowers.

Summarily speaking, in order to prevent the stick-slip motion, conditions are
desirable where the values of g, and 7 are small and the values of m and & are

large.

7. 5. Conclusion

The mechanism of contact between sliding surfaces and load carrying mechanism
under boundary lubrication are discussed. As a result, the mechanism of the time-
dependence of static friction has been explained by the microscopic squeeze effect
of lubricant produced by the relative approach of the contact surfaces.

The influence of properties of lubricant and surface topography on static fri-
ction is quantitatively investigated on the basis of an empirical formula. The
results are that the viscosity of lubricants, the thickness of adsorbed lubricant
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film which depends primarily on the chemical composition of lubricant, and the
surface topography have a marked effect on the characteristics of static friction.
The effects of surface topography on the characteristics of static friction are
discussed theoretically with a new numerical parameter proposed to estimate the
surface topography.

Based on the foregoing results, a general concept to prevent the stick-slip
motion in machine tool slideways is advanced.
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