Bynopsis

With many of the automated machine tools, special
purpose machines and zlike the accurate positioning
i3 normally done by an “error actuated” servo-mecha-
nism.

Cwing to slow down near fo the “desired position
ot the positioning device, thz dynamics of the lubri-
cating film change; “sticktion” and subsequent “stick-
glip” motion might take place.

When only 2 small “error” exist hetween the “des-
ired” and actual position, the activating force of the
sgrvomechanism is often not enough fo overcome the
g" friciion thus the “small positioning error”
will prevail,
In part 1 the iribolegical conditions are examined

and in part 11 soms n ls ave deseribed to over-

coms or oliminate “stick-slip™ in the required direction

ol moticn.

art I

The Problem af ziick-siip

Consider an clement of lubricant with dynamic lub-
rication.

Censider the element of lubricant shown in
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and in the coordinate system-convention indicated in

iz, 2. If relative motion exist, he ate of shear in

the ¥ divection is different betweon “top” and “bottom”.
T

Let the shear siess be on the “hortom™ -, In the X

direction The shear stress on the “wp” he
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The pressure varies zlong X, “left” face of
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the element it is pdvds and on the “right” face of the

element it is-
(PJr d:r)dyff&

For dynamic equilibrium in the X direction the alge-

byaic sum of these forces tust be zevo, thus:
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If one would consider the flow & shear in the Y dir-

ection, this, similarly would give

If Z is the direction of the “clearance” between slide-
way and slider, (i.e. the gap filled with lubricant, or
the thickness of the lubricant) than, it is reasonahle
to assume that the pressure throughout the film thic-
kness is the same, le.

_gl_;_= ................................................ (i)

Considering “Newtonian” lubricant, from Newton’s
viscosity equation, (shear stress=viscosity coefficient
x velocity gradient) one gets that:
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Where 7n=coefficient of viscasity
From (i) & (iii)
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Integrating gives
du _ 3 .
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In 7% is constant.in the film thickness, (h) than, after
intergration ’

numiji— _z__ I—A.1 i
Let velocity in X direction be &, at z=h

and %, at z=o

Obtaining values from these limits for A & B leads to
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Now, considering the centinuity of flow of an eleme-
niary column, base daxdy and hight b, as shown in

fig. £ one gets
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The average flow rate X direction will be given by:
qx=jﬂ:udz .......................................... v (V1)
Substituting for # from (v}
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ané partially uifferenuatmg the above with respect to
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The same argument can apply in the Y direction, with
boundary velocities V, and V.
Substituting these flow variation rates into the contin-

uity aquation, (v} one gets
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This is keynold’s equation in 3 dimension. Considering

V,=V,=0 and

no trangverse velocity, 1. e.
— mine GR . .
U=U,4U,; and using e for (wyp—ws)

cne arrives at:
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For a flat slide, for instance, one may consider that
Jp i S i
oy

When U is low or approaches C, the flow in“X dire-
ction will reduce drastically(neglecting inertia forces)
which, when examining the above equation, indicates
that h will alse be reduced.

This will Iead to a condition, known as boundary

" lubrication. Essentially, the continuity of the oil film

separating the two surfaces breaks down, owing to
reduction of the relative movement and the correspo-
nding lack of Iubficant flow. The film gets “punct-
ured” (surface tension) by the “high spots” or “aspe-

vities” of the bearing surfaces. -



T4 5d

# =

These asperities {rom the mating surfaces come to
contact and support the load. As the iotal avea of

the contaciing asperities is very smnall, the stresses

7

re in excess of the “yield stress”™ of material, thus

£y

“plastic deformation” of the surfaces take place, tog-
ether with elastie, herzian momentarily deformation.

At such instances “cold welding” of the mating
surfaces will take place. This vepresent and “instan-
taneous stop” or the “stick” portion of the “stick-slip”
moeverneni.

Now, if 5y, is the vield stress of the slider aad
By, is that of the sildeway and W is the total load
on the bearing, than the total area of contact on w-

hich “cold welding” might take place is

4 W

P . .
A== for the slider and
vy
W -
Ay=—for the slideway
(%5473

Cold weld does not take place over the whele area
owing to lack of time, presence of oxygen,etc. but,
experiments show that to break ie. to shear the so
formed welded joints requires an accumulative force,

equal to:

Felyr, e

If A=A, (l.e. ¢y ~~dy.) than, ks, the “area coeffi-
cient of cold weld”, is between 1/3 and 2/5, pending
on the duration of the “stick” period. When the be-
aring remains in the “stick” position for prolonged
time “sticktion” takes place.

When “stickiion™ takes place XK, may bhe between
2/3 ¢ 3/4 pending on conditions.

MNOTE: “sticktion” in instrumenis is o very comm.
on occurrance. The actuaticn or metive force 1s very
small charges of measured parameter; net enough to
overcome “siicktion”. As a practice, these instruments
are siightly tapped by hand before reading, thereby
removing the sticktion in the bearing surfaces of the
movement of the instrument. In some cases, instrum-
ent panels were artificlally vibrated, so as not to
allow “stickiion” to take place.

When momenzarly stick takes place and the accum-
ulated motivating force is sufficient to break (shear)
the cold-welded minute joints, a “slip” will follow.

During slip, complete dynamic Iubrication conditi-

ons might be reestablished, but the forces are used

up in supplying momentum o the sliding inertia, Te-
ducing eventually the speed of slip, (U}, reducing

the separation, (h) and stick might follow. The re-

@ ]

petition of this condition is known as “stick-slip
movement.

In part I an investigation into the introduction of
a “cross motion” will be described a5 a means, proved
by experiments conducted by the writer, to reduce or
climinate “stick-slip” condition of machine tool slide-

AYE.

Part Ll

Deseription of the research apparatus

As no ready-made test equipment exist for the study
of the cffects of cross motion a new concept of exp-
erimental apparatus had to be developed.

Scime researchers at a University were experiment-
ing with textile fibre slip on cylindrical supports.

The fibre was applied over a cylinder under tens.
ion, then pulled horizontzly and the angle was cbse.

rved when shp in the horizontal direction occured.

Then the eylinder was rotated about it's axis and the
experimeni repeated. Skip occured ¢ much lower an-
gles-but results were not consistant as the fibre size
was small and surface finish of the cylinder affected
very much the results. Using a 2 inch diameter hi-
ghly polished cylinder with copper wire was the next
experiment. Here the results consistanty indicated that
horizontal slip oceur on the rotating cylinder at an-
gles lower than on the stationary one. Hewever, pr-
cblems were experienced with the metal combination,
as the annealed copper wire exhibited wear and the
cylindrical surface was soon contaminated with copper.

The next experiment was with brass foil stretched
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over ihe cylinder, Though the wear problem was eli-
minated, no definite relationship could be established
between the angle of slip and the rotational speed of
the cylinder. For a very large span of rotalional sp-
eeds form a few rev/min. to several hundreds of rev/
min. had little effects. At higher speeds the tempera-
ture increased fapprecizbly and results became very
unpredictable. Unpredictability also was true at very
low cylinder speeds as well. The next apparatus was
designed to eliminate the exponential contact pressure
between the foil and cylinder. The foil tension over
the cylinder varies in accordance with the exponential
et where « is the angle of lap (in this case = ra-
dian) and g is the coefficient of friction but which
coetficient? This question was puzzling and answers
to date are not quite satisfactory. .
The next apparatus featured a V-block sitting on
the top of the shaft, which was rotating, as shown

in Fig. 6.
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Fig. 6

A weight was attached to a string though z pulley,
thus creating some tension, T, in the axial plane.
The V.block did not move. The shaft was started,
the speed inereased continously until the V-block be-
gan to slide axially. The results indicated clearly that
by the rotation of the cylinder an axial slip occured.
The V-block often started to topple in the direction
of the rotation before it began to slide axially. To
balance it a long arm with adjustable weight and
mechanical limiting was used, as shown in Fig.7,

In spite of the balancing, at low rotational speeds,
at the commencement of the axial slide an interesting
oscillatory movement was noticed on the balancing
arm.

To record this oscillation a mirrer was attached to
the side of the block and a lightheam was reflected
After

by this mirror and was cbserved on a screen.

Tension

@ Light
Source

g 7

several hours of running the experiment, the oscilla-
tion was reduced in magnitude, increased in frequen-
¢y and developed a quasi-periodic pattern.

On examination of the V-black, the line of contact
has been “run-in”, so to speak, showing some sign
of wear and a “smocther” surface than the rest of the
V section. About 1/32 inch was milled off the V face
and the experiment was repeated. The same general
pattern was observed, however the results were so
scattered that no fxm conclusion could be reached.

A “dead load” was zpplied on the top of the V-
block and the procedure was repeated. In general, the
tension, T, necessary to produce axial slip wvaried
with the vertical load and it was only slightly affected
by the rotational speed of the shaft, provided that it
was above a few rev/min. and below 200 rev/min.

An estimated relationship between vertical load and
tension required to slide and rotational speed is shown

in the graph in Fig. 8§ below.
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At low speeds, the results are scattered and indicate

a “transient” situation. Af high speeds there appear



to be also a “iransian: region”, however, here the
temperature component scem o have an influencing
facior.

In order to stedy further the effecis of temperature
and the effects of surface woear on the sticktion coelf

<lent, the experimental a

paratus was completely re-
designed.

The main frame was of heavy channel iron, “san-
dwitched” with polyester lavers, which are good vib-
ration absorbers. As the source of the oscillations at
the onsst of the slide might have come from the drive
mechanizm; in the new epparatus every effort was
made to eliminate or to damp out any external source
of vibration.

A large, 18 inch d

ned, bardened, and ground

dizmeter steel drum was fine tur-
by J 5 grade wheel. The
surface was inspectad
TALYSURF,
Fig. o)

using a portable

using & CLA micro-inch scale. (Ses
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from the frame, the cviindrical drum assembly

held in two externally presiurised air bearings, using

two jet rings at the guater plones with

equi-spaced 0.G12 inch diameter jets. The radial ne-

minal clearance was (L0015 inch and the air supnly

at 60 psig was fitered by en § micron fabric flter]

5

element. Considering the low rotational speed, a la-

rge pearing arvea of 5 in? projected section was used

to support the 64,4 Ibf dead weight drum.

The driving torque was transmicted via o “Constant
torque” device, using two pairs of pegs with sleeves
and an endless belt in 2 rwnber & configuration. This
was replaced later by a more positive methods, using

two nylon rods as coupling pegs between the olates.
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sle rotating magnetic feld unit,

geared 1:15 down.
Constant and stable rotational speeds of 1/4 rev/min
could easly be achieved. Without the reduction gear
box and with special sots of pulleys, the high spesd
range was several hundred rev/min. The transmission

from the prine mover unit was V-belt and pulleyr,

using a 2:53 or 1:1 ratio. The general arrangenient is

The Voblock was replaced by 4 special shider, or

jeckey, in the form of an inverted u bridge and 2 1/2

tneh wide metal foil strerched  across the apan, as
shown in Fig, 11A.

The jockey was held by 2 unbonded strain cauge
type force transducers (ETHER UFI TYPE DVYNAM-
CMETER) for the messurement of X and Y compo-
nenis.

To avold .Y

interaction, the connection force
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trepemission element contained two natural hinges,
formed out of 0.018 inch dizmeter spring-steel wire,

bonded to the transmission rod. (see Fig. 11 B)

Fig. 11 B

The vertical load (Z component) was applied via a
spring steel canti-lever with screw adjustment, using
4 3 inch long vertical push rod, thus reducing the
effects of any small misalipgnment, as the angle over
the 3 inch long push rod yielded a cosine value about
§. G087 (se= Fig. 12) the applied force was measured
by a high gange factor (200) ceramic type strain ge-
uge, bonded to the spring steel canti-lever. Later, in
order to double the output, a similar but negative
output strain gauge was attached to the upper side of
the spring-steel cantilever. The combination was ca-
Tibrated using a simple load-cell, replacing the jockey.

The jockey together with all the associated loading
and instrumentation attachment was secured to g car-
riage assembly. This was guided by two parallel cy-
lindrical guides and 3 recircnlating ball-bushes. The
cylindrical guides were mounted on a rigid 5/8 inch
thick plate via compressed rubber bushes as not to
give source of any vibration.

The linear prime mover in the axial direction was
a 1 % inch bore double acting phneumatic ¢ylinder of
12 inch stroke, operating on 50 psig. air supply. To
get a good speed control, =z needle valve was nsed on

the exhaust ports of the 5 part, 3 way control valve.

To achieve axial speeds of 1/8 inch per minute, or

lower 2 hydraulic check unit was opposing the motion.
of the phenumatic cylinder. The control action had a
micrometer type needle valve. The temperature of
the hydraulic check unit had to be kept constant to
maintain a uniform oil viscosity. The check-unit was,
piloted by air valves, having “skip”, “fast for ward”.
“fast return® actions thus facilitating initial warm up
of the hydraulic oil.

The axial displacement was measured by a carbom:
type potentiometric linear transducer. An electronic
differentiating circuit gave the speed wvalues, Further,
to have reference marking on the recording and ot
to have to rely on the “paper speed”, a coarse pitch
corew of 10 TPI and 2 micro-switch with roller folio-

wer as shown in Fig.12 gave a displacement mark

at every (.1 inch.

The rotational speed of the drum was measured by



a continuously rotating 355° active potentiometer via 2
differentiating electronic circuit. Again, as a double
check, every 45° of rotation a proximity device gave
intermittent marks. The accuracy of the method was
confirmed by a strobo-fiash applied at the reduction-
gear-box input.

The plate with the carriage assembly and guides

was aligned relative to the drum by using dial gauges,

as shown in Tle, 14

ek
[

Fig.

All controls were housed in a purpose bulit console,
using moduiar construction units.

The recordings were made using & 6 banle Ultra-
Violet racorder and sub-miniature galvanometers of 25
cm optical arm. The strain gauges were exited by a
stabilized D.C. supply znd outputs were amplified by
charge amplifiers. Speeds were recorded on the same
chart, The intermittent check by microswitch (axial

movement) and proximity device (rotaiional) were

Fig, 15

recorded on a fast speed pen recorder (EVERSHED) .
The general arrangement of the research apparatus

is shewn in Fig. 15.

Results & Conclusiops

From the recorded observations and caleulated resulis
the following conclusions can be drawn:-

a) Under houndary type lubrication there is a stic-
ktion between the two surfaces, at rest.

b} The sticktion coefficient is the limiting coefficient
of friction; starting relative movement, depends on
the load (contact stress) and on the general texiure
of the mating surfaces. The load is carried by the
mutual metallic contact areas of the asperities; these
contact arveas depend on the vertical load. On rough
surfaces there are fewer but larger contact areas; om
smooth surfaces there are more, but smmaller contacis
areas. These contact areas are subject to stresses hig-
her than yield stress; thus plastic deformation takes

i

place which leads to “cold welding”. On a smoother
surface there is a larger distribution of small eold
welded areas, so as motion begins there are fewer
welded avess to be sheared at any one imstant, The
following stick-slip motion will have higher frequency

and Jower amplitude. Conversely,

on rough surfaces
the number of cold welded Joints s less, but at any
instance the cold welded joint is large, leading to a
lower frequency, higher amplitude stick-slip motion,
¢) The boundary lubricant itself has two functions:
(i) partical load supperting on a “stick” period
(11} act as lybricant®eom a “slip” period
For the purposes of (i) the giant molecule type (eg.
molybdium disulphade) lubricants serve very well as a
few melecular layers are comparable in size with the
rugosities of the surface. In seme cases suitable lubri-
cants will eliminate the need for very expensive surf-
ace fininsh, such as lapping, honing or superfinishing
d) “Running in” is &4 process where the “higher
peaks” of surface asperities are worn off, thus stick-
slip is less pronaurced after 2 running in period.

3 The “lay” or the direciion of machining marks
and general machining direetion s important. The
relative motion between two surfaces will take place
easier in the direction of “lay” than across it {assu-

ming no separation on account of hibricating film).
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Omni.directional lay is generally a better “slipping”
surface than uni-directional one, owing to the haph-
azard distribution of asperities.

f) The introduction of a moderate cross (Transver-
se¢) motion will eliminate stick-slip phenomenon bey-
ond the detectable levels, assuring boundary lubrication
and moderately well machined surface.

g) A prominent application at this conclusion is the
application of rotating cylindrical guides to the servo-
positioned platforms. (eg. N/C machine tools stable

platforms, sic.)
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