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Sumnary

A scries of experiments have been carried out on a pin-on~-disk friction

'testéf'to determine the frictional characteristics of a 304 stainless steel

on 304 stainless steel sliding combination in distilled water., Tests were

carried out at two normal pressures, two sliding speeds, and two tempera-
tures, and the effects of introducing iron oxide contaminant particles and
varying the surface roughness were determined,

1t was concluded that, provided that the initial surfaces are reason-

ably clean, a design based on friction coefficient values between 0,80 and

0.20 should cover all eventualities.
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Report to Boston Ldison Co. Attn:- Dr. Mukti L. Das

Friction coefficients of water-lubricated stainless steels

Introduction

It is mwy understanding that Boston Edison is in the process of desipnning
a nev spent fucl rack. In order to consider the feasibility of this design,
it is necessary to know the friction coefficient to be anticipated between
two of the conponents of the system, namely the bearing plates attached to
_the rack module and the spent fuel floor.

In order to determine the friction coefficient, it was decided to carry
out testing using a standard method for measuring friction, that involving a
pin-on~disk friction apparatus which has been in use for many years in the
Surfsce Laboratory at M.i.T. With this apparatus, {t is possible to reproduce
the significant variables of the arplication, namely the contacting mater-
1als, the lubricant, the interfacial pressure, the temperature, surface
roughness and the anticipated sliding velocity.

A few significant variables could not be well matched, in particular
the amount cof surface contamination (introduced during the various machiningp
processes or during assembly) likely to bc on the sliding surfaces at the
beginning of the operation of the systen. But experience with other similar
sliding systems, and indced experience pained 4in these tests, sugsests that

this initial contamination is worn off relatively quickly and thercafter



relatively clean sliding conditions prevail.

Apparatus and experimci.tal procedure

A schematic {1llusciation of the pin-on-disk apparatus used in these
tests is shown in finure 1. 1In this apparatus the top specimen, the pin, is
held essentially staiilonary in a dynamomcter while it is pressed against the
rotating disk by a dead weight load. The angular speed of the disk is con-
trolled by an infinitely-variable motor drive and pulley system, and the pos~-
ition of the pin is adjusted so as to produce the desired sliding speed. The
friction force is mecasured using a strain gape ring, and recorded continu-
ously with a Sanborn recorder.

For these tests, the bottom disk was replaced by a cup, so that the

flat sliding specimen mounted in the cup could be immersed to a depth of 2

en by distilled water, 1In some of the tests, this water was heated, by an

immersion heater, to a temperature in the range 72 C - 78 C (162F - 172F).
In other of the tests, fine iron oxice particles (F203) were introduced into
the wvater to simulate the effect of corrosion products in the spent fuel
tank.

A more complete discussion of the experimental procedure is to be found
in Appendix 1, which outlines the.var;ous experimental conditions used in
the tests, and which was approved by Dr. Das.

Two sliding speeds were used in the tests., One of them, namely 4"/sec-
ond, corresponds to the maximum sliding speed derived from Fipure 6, entitled
"Pilgrim - relative displacement of floor and mass,", of the report “A feas-
ibility stud; report on the spent fuel rack modules for Yankee Atomic Electric
Company Pilgrim Station 1," dated September 29, 1976, bv A. J Sturm and K. F.

Neumeier of Programmed Remote Svstem Corporation. The other speed, 0.04"/




sécond. vas chosen to be two orders of magnitude slower than the top speed,

so as to bracket all speeds likely to be encountered. During the slow speed i
tests, five determinations of the static friction coefficients, after the
sliding specimens were kept at rest for one minute under the normal load of 3
2 kg, were also made.

A normal load of 2 kp was used in all the tests. In some of the tests a
pin was used on whose end a circular £lat of diameter 0.09" had been machined.
This gave a mean contact pressure of 690 psi, closely similar to that of the

application (770 psi when a force of 22,000 1h acts on a circular bearing

plate of diameter 6 inches). In other cases the end of the pin was rounded
off, and this produced much higher pressures, similar to those which arise in
the application when the bearirg plate and the spent fuel floor only contact
over a few patches.
All the tests were of one hour duration, except for some of the high
temperature tests which were shortened to 0.5 hours when it was discovered
that prolonged expesure te high temperatures had an adverse effect on the
dynanometer ring.
In addition, a more systematic series of static friction tests were car-
ried out on surfaces which had been stationary for times of 1, 10, 10, 1000, I
10,000 and 50,000 seconds. For these tests, the relative spced applied to
induce sliding was 6 x 10-‘ in/sec. ‘
Most of the testing was done using flat specimens of surface roughness
221" CLA (27 u" RMS) as measured with the Talysurf Profilometer. A few tests
were carried out with much coarser surfaces, with surface rounhness values

of 260 u" CLA (320 u" R1S). 1In both cases the surfaces were obtained by

abrasion against abrasive papers. The surfaces wvere introduced in:o the sli-



ding system without further cleaning or surface treatment after the abrasion

and surface roughness detcrmination procedures.

Results

The results of the various tests are described in turn. During each
sliding test ten friction coefficient values obtained at roughly uniform
intervals of time were determined, and these are gfven, as {s their mean,
and in some cases .omments about extreme friction values are also provided.
For the slow speed tests, the five static friction coefficient values and
their mean are also given.

In the case of the static friction tests, the various friction wvalues,
as well zs the mean of the last batch of values, after enough sliding had
been produced to wear off some small amount of surface contamination, are
lls; given.x

Jest 1. 304 steel on 304 steel. Room temperature. Hemispherically
ended slider. Roughness 29 microinches rms. Distilled water lubricant.
Sliding speed = 4 in/sec.

f values:- 0.38, O.Lg. .41, 0.35, 0,35, 0.37, 0.37, 0.34, 0,33, 0.53

Mean friction coefficient = 0.36

Test 2. 304 steel on 304 steel. Room temperature. llemispherically

ended slicer. Roughness 29 microinches rms. Distilled water lubricant.

Sliding speed = 0.04 in/sec.
-~

-
f values:- 0.37, 0.46, 0.62, 0.65, 0.64, 0.64, 0.64, 0.61, 0.66, 0,62

Mean friction coefficient = 0,59. Peak friction value = 0.8{

~ ~

Static f:~ 0.62, 0.58, 0.57, 0.63, 0.74, mean = 0,062 <£"‘-~.,//



Test 3. 304 stcel on 304 steel. 73C - 74C. Hemispherically ended

slider. Roughness 29 microinches rms., Distilled water lubricated. Sliding
speed 4 in/sec.
f values:- 0.35, 0.42, 0.44, 0.29, 0.46, 0.50, 0.49, 0.49, 0.41, 0,39

Mean friction coefficient » 0,43

Test 4. 304 steel on 304 steel. 72-76C. Hemispherically ended slider.
Roughness 29 microinches rms. Distilled water lubricated. Sliding speed =
0.04 in/sec.
£ values:- 0.46, 0.52, 0.51, 0.64, 0.65, 0.71, 0.76, 0.60, 0.67, 0.82

Mean friction coefficient = 0.63 Peak friction value = 0,91

Static f:~ 0.64, 0.46, 0.57, 0.56, 0.74 mean = 0,59,

Test 5. 304 steel on 304 steel. Room temperature. Slider end diameter
0.09". Roughness 27 microinches rms. Distilled water lubricant. Sliding
speed 3.9"/sec.
£ values:~ 0.36, 0.27, 0.32, 0.21, 0.25, 0.21, 0.31, 0,27, 0.33, 0.38

Mean friction coefficient = 0,29, minimum friction = 0.20.

Test 6. 304 steel on 304 steel. Room temperature. Sliding speed =
4.3 x lo-z“lsec. Slider end diameter 0.09", distilled water, roughness 27 u" rms.
f values:- 0.41, 0.43, 0.49, 0.50, 0.45, 0.47, 0.50, 0.53, 0.53, 0.49 |
Mean friction coefficient = 0.48, maximum friction = 0,61

Static f:- 0.51, 0.49, 0.52, 0.47, 0.49, mean = 0,50

Test 7. 304 stecl on 304 steel. 71-79C. Slider end diazeter 0.00",
Roughness 27 microinches ms. Distilled water lubricant. Slidine speed 3.8"/sec.
f values:- 0.51, 0.51, 0.39, 0.40, 0.40, 0.41, 0.36, 0.27, 0.30, 0,38

Mean friction cocfficient = 0,31



Test 8. 304 stcel on 304 steel, 72-76 C. Slider end diameter 0.09".
Roughness 27 microinches rms. Distilled water lubricant. Sliding speed
4.1 x 10"2"/sec
f values:- 0.42, 0.38, 0.53, 0.44, 0.46, 0.44, 0,60, 0.47, 0.68, 0.43

Mean friction coefficient = 0.48

Static f:~ 0.36, 0.36, 0.45, 0.70, 0.55, mean = 0,48

Test 9. 304 steel on 304 steel. .Room temperature. Slider end diameter
0.09". Roughness 27 microinches rms. Distilled water lubricant with fine
iron oxide particles to a depth of .005"., Sliding speed 4.2 x 10-2 in/sec.

f values:- 0.46, 0.53, 0.51, 0.52, 0.53, 0.49, 0.56, 0.57, 0.61, 0.54

Mean friction coefficient = 0.53

Iggg_lg. Same as test 9 but iron oxide particles to a depth of 0.25".
f values:~ 0.61, 0.58, 0.57, 0.63, 0.54, 0.53, 0.54, 0,57, 0.56, 0.58

Mean friction coefficient = 0.57. Maximum friction = 0.72

Static friction test I. 304 steel on 304 steel. Room temperature.

Slider end diameter 0.09". Roughness 27 microinches rms. Distilled water

lubricant. 1Initiating sliding speed = 6 x 10-6 in/sec.

Time Friction coefficient values la::.sa?i
1 sec 283y +33, M, 23, 00 .62, .56, .61, .68, .68, .64 .63

10 s d ¥y o390, AR, 232, 30 oBl, b, 8), 08, .66, 07 63

00 ° w90y s, 3T, AT, 50 o3, 36, B2, 80, A9, 4B 63
1,000 033 6, .35, 4B, .60 Bl, .83, .69, .60 63
10,000 .29 98, 72 .65

50,000 .39



Static friction test 11. Same as tatic friction test I, but surface

roughness is 310 microinches rms.
—

Time Friction cocfficient val: ~s Mean friction
1l scc b, 46, 4B, .45, .49, .49, .54, .49 A48
10 B2 46 A9 48 .51 .33 .52 0 31
400 A4S 45 43 .49 .50 .51 .45 .60 ; A9
1,000 A3 AV R 49
10,000 50 .49 46 .54 .50
50,000 .43 A3

Discussion

Looking at the frictional data themselves, we note that they seem pretty
consistent. The typical batch of ten friction coefficient values shows just
about the trend and amount of scatter I would have expected, with initial
fric;ion valﬁes somewhat low, but with overall scatter (as defined by the
standard deviation) about 20X of the mean value.

The effect of the variables seems typical, also. Temperature had very

little effect, because the stainless steel-stainless steel system is not

affected by moderate chanpes of temperature, and the water is such a poor
2 bricant that temperature has little effect on its performance. Interfacial

pressurc also has little effect, 4in line with general experience with fric-

tion coefficient determinations. Sliding speed has a major effect, in that

the friction is distinctly higher at lower sliding speeds; however the time of
stick seems to have relatively little effect.

As amticipated, iron oxide particles introduced into the sliding system
produced no noticeable change in friction, because they are too easily pushed
aside during sliding. Surface rougﬁness has some influence, in that the
very rough surfaces gave somewhat lower friction. T weuld anticipate that

——— —

very smooth surfaces (for example 1 or 2 u" rms) would give distinctly

higﬁer friction values still.




What kind of friction coefficient values should Roston Cdison expect?
Before starting the project it was my fecling based on previous experience
that friction coefficient values between 0.4 and 0,65 would be tvpical of
this sliding system, and indeed the results ohtained are in pood apreement
with thig—;xpectation. However, previous experience provided little guidance
on the extreme values to be expected. These experiments described above

suggest that f = 0,80 and f = 0,20, the extreme values reliablv observed in

theée tests, might be regarded as the upper and lower limits respectivelv,

At first sight it scems that, by usinp the larpgest and smallest values
observed in our tests as the extreme values to be anticipated in practice we
are providing no margin of safety, but in practice a substantial margin of
safe:y is inherent in our experiment, in which the friction is measured over
a small area of about .006 1n2. wvhereas in te application the friction is
ave;aged over the much larger area of 1Q9_1n2. This tends to averane the
friction coefficient and to suppress extreme values.

What guidance do the results provide for those desiening the Bo;ton
Edison spent fuel rack module systen. The only helpful fact that emerpes is
that the rough surfaces (250 u" rms) seem preferable. Both theory and prac-
tice suggest that the extremely high friction values are aveided, because the
geometry discourages the formation of large, strong junctions. At the same

P

time it is probably easier to scrape contaminants from the peaks of large

e

sharp asperities, so that low friction coefficients are less likely to per-

sist for any length of time.
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Figure 1. Schematic illustration of the pin-on-disk tester. For these

tests, the flat specimen was in a cup~fixture which was immersed in distilled

. water, and for the hipgh temperature tests an immersion tester was used.




Appendix 1. Operating procedure

The nin-on=Ciak teater

In the pin on disk tester, onec of the sliding materials is 4n the form

of a pin or cylincer, typically 1" loap and 0,25" dizmeter, vith an enc which

rmay be either flat, hemisphericel or a trunkated cone, The other surface, the

£1az, 4s typically a plate of dimensions 2" x 2" x 1/4" mounted elther on 2

£ 3 liquid ludricant is to de used, The flat sure

'

¢t surface, or in a cup

1#]

1
face {3 rotated via a variadle speec motor and a pulley systen, thus pro-

-3 2
ducing sliding speeds anywhere in the ranse 3 x 10 " to 3 x 10 ce/sec. The

normal load 4s typically a dead weipht 4n the ranpe 10 gm to 5 kg, vhile the
friction force is mensured by the strain fages mounted on the atralin ring,
and recorced continuously by a Sandorn recorcer. Calibration s by leacd~
weicht, via string-and-pulley system, and is applied directly to the ricer,
4t Pin én disk machincs represent one of the most flexidle ways of studving
friction. Vaorious machines of this type are descerided on pp 159 to 222 of :
the compilation "Friction anc Wear Devices," ind Edition, American Society
of Lubrication Ennincers, Park Ridpe, I11l. 1976,
The operation of the pin-on=disk tester has been discussed in a number
of my published papers. The carliest and the most recent are the followinp:-
E. Rabinowicz, "The fric;ionnl properties of titanium and {ts alloys,"
Metal Progress 65, No. 2, 107-110, 1957.
E. Rabinowicz, "The boundary friction of very well lubricated surfaces,”
Lubrication Cngincerine, 10, 205-208, 1954,
£..Rabinou1c: and P, A, March, “Friction and wecar of rare earth metals
in air," J. Less Common ‘etals, 30, 145-151, 1973,

E. Rabinowicz, "Friction and wear of seclf-ludricating metallilc mater~

1als," J. Ludrication Technolopny, Trass. ASMT F, 97, 217-220, 1975.




The pin on disk tester as well as other friction measuring apparatus,
are discussed in section 4.17 of my book "Friction and Wear 6f Materials,"
John Wiley and Sons, NY, 1965.

In the tests to be carried out for Boston Edison, the basic variables
to be used are the following.

Materials. 304 stainless steel. The flat specimen is to be a plate
of dimensions 2" x 2" x 1/4", with a surface finish of '2 microinches +a
factor of two as determined in a Talysurf model 4 Profilometer. The sur-
face finish is to be generated by hand lapping against eyery paper. In
addition, tests may be carried out at a surface finish of 250 microinches
+ a factor of two, generated and measured in the same way. The Talysurf
has been recalibrated this week against a standard surface.

..The pin is 304 stainless steel of 1/4" diameter and approximately 1"
in-length. Two configurations are used. In one of them, the pin is term-
inated by a hemisphere of diameter 1/4", and this produces point contact.
In the otnher case, the pin {s terminated by a flat of diameter 0.NS".

When loaded by a dead weight load of 2 kg, this confisuration produces the
save surface stress as the actual th of 6" diameter when loaded by 22,000
1b.

Ludbricant. Distilled water, applied to a depth of about 1". Two
lubricant temperatures are used, namely room temperature (70-80°F) and an

elevated temperature (160-180°F).

Sliding speed. Two sliding speeds are used, namely 4"/sec, corresp-

ending to the maximun specd anticipated in the application and 0.04"/sec,
or 17 of the maximum specd. Sliding tests are to be of one hour duration.

In the slow speed tests, the static friction after static load application

for 1 minute are also to be measured.



. Force mecasurcment

The normal force is to be applied by dead weight loading, while the
friciion force is to be measured and continuously recorded, by a Sanbora
model 150 recorder. Calibration of the whole apparatus, namely the friction
dynamometer and the Sanborn recorder as a unit, are to be made before each

day's runs by a dead-weight-and-pulley method.

Personnel

All the tests will be carried out by Professor Ernest Rabinowicz of
M.1.T. Prof., Rabinowicz has used the pin-on-disk tester for over twenty
years, and has carried out friction testing using this and other methods

continuously for the past twenty-nine years. His technical biography is

appended.
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. Appendix 2. Discussion of experimental errors

The design and mode of operation of the pin-on-disk friction apparatus are

such that errors in the determination of the friction coefficient tend to
be kept to reasonably small values. For example, measurements have shown
that the dead weights totallinp 2 kg, used for applying the normal load,
actually hacd a weight of 2.006 kg, but this introduced no error because the
sanc weight is used in calibrating the friction force mcasurement with the
dynamometer.

Whi. errors there are arise mainly from some zero drift in the exper-
iment, arising partly from slight instability of the Sanborn recorder in its
maxizum gain position, and partly from slight drift in the performance of
the strain gage ring, resulting from creep of the adhesive bonding ;he
strfin gages to the aluminum ring. To counteract this zero drift, we fre-
quently unloaded the dynamometer, during a friction test to deternine the
instantaneous zero position. All in all, 1 would anticipate that the error
in the friction coefficient due to this zero drift would be less than 0.02
in all cases, and generally only 0.01 or less. T“or the typical friction
coefficient of 0.5, these would amount to errors of 4% and 2% respectively.

A more serious error arises from the fact that the dynamic character~
istic of ou. dynamometer tends to introduce vibration into the friction
trace which are probadbly more extreme than the fluctuations in the friction
coefficient, and we compensate for this by introducing a little damping
into the electronic circuitry. The consequence is that therQ is no error
in dcterm;ning the average value of the friction coefficient, which consti-

tutes almost all the friction values tabulated above, but there may be an

errcr, which 1 estimate to be about 0.03, 4n the 'maximum friction' values




'as determined in the slow speed tests.
An additional source of error may exist in the high temperature tests,
in which, towards the ends of the tests, the strain gage ring became sub-
stantially warm, and in consequence, took on a few of the characteristics of
a resistance thermometer. Perhaps a random error of as much as 0.10 could
have afflicted some of the friction values. This has serious consequences
only in regard to test 4, in which the highest average friction value of
0.82 was measured, as well as the highest peak frictinn value of 0.91. 1If
wve cuppose that these data points were afflicted with an error of up to 0.11,
then we can state that there were many occasions in which friction coefficient values
above 0.70 were measured, but it is not certain that the friction coefficient ever

rose above 0.80,



“Appendix 3. Effect of time of stick on static friction

In most sliding systems, the friction coefficient i{s increased if the
surfaces arc kept at rest for long periods of time before sliding {s com-
menced. According to some workers, this effect continues as long as the
time at rest is increased, while according to others, the friction coef-
ficient ceases to increase after the time of stick reaches some time in the
interval 100-10,000 seconds. (A good summary of the various points of view
of this problem are to be found in the paper, "Some considerations on char-
acteristics of static friction of machine tool elideway," S. Kato, N, Sato
and T. Matsubayashi, J. Lubrication Technology, Trans ASME F, 84, 234-247,
1972).

In our situation, we hardly measured any increase of friction with
sncreased time of stick, But let us make an extreme-case assumption that
the static friction coefficient is 0.65 after 10,000 secs at rest, and
increases by 37 for every factor of 10 increase of time from that point on,
Then in 20 years (6 x 108 years), the time will have increased by nearly
five factors of ten and the friction will have increased by about 24% to
0.80. Thus, an upper design limit of 0.80 seems adequate, even if we assume
that the friction coefficient cantinues to increase. (Incidentally, I per-
sonally believe that the friction does continue to increase with time of
stick and have published papers to that effect. According to the Kato

pape: referred to above, this is by nowv a minority position).



.;Appendix 6, Statistical analvsis of friction cocfficient valucs

A short statistical analysis of the friction data has been carried out
in order to determine, by standard statistical techniaques, the highest and
lowest friction values which mipht reasonably be anticinated. As will be
seen by examining the actual friction coefficient values, the friction cnef-
ficient values observed in this series of tests cover a wide range, since
there is systematic variation of the friction wvith the degrec of surface
contanination and with the sliding speed (as well as considerable random
variation caused by local variations in bond strenpths between the various
junctions found between the top and the bottom sliding surfaces). Accordinp-
ly, it seems sensible to perforn separate analyses to determine the highest
expected friction coefficient value and the lowest expected friction coef~

ficient values.

A. Niphest friction cocfficient values

Here we consider all the friction runs which gpave high friction values,
namely tests 2, 4, 6, 8 and 10 (eliminating in each case the first two
values, which might have been affected by contamination), as well as the
second half of the results oltained in static friction test 1 and all the
results of static friction test 2. .

In this way we obtain 134 friction coefficient values, and their his-
togranm is shown in figure 1. The normal distribution vhich best fits these
data (i.c. by having the same number of data points, the same v.ean, and the
same standard deviation) is superposed.

The mean friction coefficient value for these data 1 ,.563, and the
standard deviaticn is .090.

The procedure for carrvinp out these computations is discussed on pps



—

. 47 to 51 of the book "An Introduction to Experimentation,” E. Rabinowicz,

Addison-Wesley, Reading, MA, 1970.

B. Low friction covfficient value

All the friction data given in the body of the resort but mot shown in
figure 1 4s plotted in figure 2. ./ gain the corresvondinng normul distribu-
tion is supcrposed.

The mean friction coefficient value in this case is .380, and the

standard deviation 4is .080.

Discussion

At this point we must decide how many standard deviations to go above
and below the mean, in order to compute the highest and lovest anticipated
friction value. Under mormal circunstances, a value of three or four times
the standard deviation would seem io be appropriate. In this case, I think
a vaiue of twice the normal distribution is more sensible, in that there is
already a considerable degree of averaging in going fron the Esggg_with an
area of .006 inz to the application with an area of 100 inz. Nominally, a
standard deviation of (x + 26) or (x - 26) is excecded ahout once in every

40 occacions, but because of this arca effect, in this case the likelihood

of exceeding the extreme value is very small.

As regards the high friction value, x + 26 1s ,755

As regards the low friction value, x = 26°is .224.

Note, in deriving these values, we have allowed onlv for randon fluct~
vations, not systematic effects. As repards the hiph friction value, there

{s the likelihood that the friction valuec may continuc to rise with tire of




- stick, and hence some small allowance for this, raising the friction coef~

ficient to .80, may be appropriate. As renards the lov friction value, an
allowance for narcater contamination appears to be prudent, thus lovering the
friction coefficient to .20 or even a little further.

The method used in this analysis, of separating the exnerimental data
4dnto high friction and low friction values may strike the reader as heing
very artificial. If we simply lump all the 199 friction values topether,
thc'ovetall population has a mean of .503 and a standard deviation of ,125.
Thus the upper limit (x + 26) would be .ZE}, and the lover limit (X - 26)
amounts to .253. It will be seen that these values are almost the same as
those yiclded by the other analysis.

Incidentally, we have also analysed the data shown in finures 1 and 2
by carrying out a‘%? analysis (as outlined on pps 52 to 55 of the "An Intro-
duction to Experimentation' text cited above). The data shown in figure 1
arc quite unlikely to be a normal distribution, sinceT&? is 16.29 with 6
degrees of freedom, giving a P value of .0l14 only. The data of fipure 2
gives a)(z value of 3.40 for four deprees of frcedom and a P value of .49,

and may well b2 part of a norzmal distridbution. In this particular case, I

don't believe the above analysis is invalidated by the finding that the exper-

imental data shown in figure 1 are not normally distributed.
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anuary 24, 1977

Appendix 5. Ouestions submitted to me throueh Boston Ed{son

(Based on the main body of the report and the firct three appendices).

Question 1.

We should be concerned only with static coefficients. Long term sliding
which produces high coefficients are not germain to our problem. Test 6,
Test 8, and Static Friction Tests I & II are the only ones which appear to

be useable.

!!! comnent

This may possibly be correct, though I should make clcar that modern
friction workers regard the distinction between static and kinetic friction
coefficients as being rather artificial.‘since all friction coefficients are
functions of other variables, such as speed, time, rate ¢f {ncrease of the

shear force, and stiffness of the slidinp system,

Question 2.

The use of a small rounded pin with hiph contact stresses and deforma-
tion are not valid. Data taken using this equipnent should be disreparded,

This includes Tests 1 throupgh 4,

Hz comment

For an opposite opinion, I quote from p 98 of the classic book "Friction
and Lubrication of Solids," F. P. Bowden and D. Tabor, Clarendon Press,
Oxford, 1954. "It follows that the real area of contact A depends only on
the loud V and the hardness p and {s almost independent of the apparent area
of the surfaces. Ccnsequently, the friction force F should be independent of

the apparent area of the surfaces. This is Amonton's first law "

W ——— -



.

Question 3.

Using the data presented from the four tests which appear to be valid

for our situation the maximum vulbes for static friction are‘.SZ in Test 6,
.68 in Test 8, .72 in Static Friction Test I and .60 in Static Friction Test
11. It appears to us that based on these tests and using a standard bell
curve for data distribution we should have an effective coefficient no higher

thar .70.

My comment

I don't agree that only four tests are valid.

Final statement submitted to me

|
|
Since the required analysis is not sensitive to chanpes in friction i
|
|

between .7 and .8 Yankee agrees that the .8 value should be specified.

My comment

Foriunately the required analysis applies equally to frict’on coeffi-

cients of 0.7 and of 0.8, so that all is well.

B 1K

Ermmest Rabinowicz




