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STUDY OF FRICTION OF FOLYAMIDES OM STEEL

by
V. P. Mitrovich

PREFACE
The polyaxmide group comprises plastics with good antifrictional properties.
The literature giver exam;'.es of the successful use of plastic bearings, snd indi-
cates the conditions mede necessary by ths use of this materisl for the design of
the pert. There are still, however, few data on the oz:ses that limit their
operating conditions. Klucidation of these csusJs requires lsboratory studies

’ In connection with the study of the satifrictional nroperties of plastics at

the Institute of Machine Technology, V. P. Mitrovich made an experimental study of
the friotion of polyamides, and found the fastors determining the e=zireme conditions
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of possible operition of polyamides in Iriotion on steel, and tested bearings of
capron in the mechaniems of metal-cutting machine-tools,

for laboratary expe.iments the author deseloped a number of instruments and
dr¢ices which are of interest.

This book gives the principal results of laboratory tests conduoted at the
laboratory of wear-resistance of the Institute of Machine Technology and in the
rxperimerital Research Institute for Machine Tools.

M. Xrgshchov

INTRODUCTION

The axperienre in the use of synthetic materizls that has aceumulated up to
now gonvinoingly shows that the use of plastics in machine building oan yleld an
immense economic and technological advantages.

If uany articles sre made of plastics instead of metals, the labor cost and
production cost is sharply decressed, and the scarce nonferrous metals are saved.

One of the promising applications of plastics is their use as slide bearing
material, The first materisls of this type were rubber, textolite and wood waste
plastics with phenolformaldehyde resins as binders. Ilater, bearing materials were
made froa polyamides, polytetrafluoroethylene, epoxy resins, eto.

The polyamides today cocupy a speciul position among the plastics used as
slide bearing materials.

Their most ixportant feature is high wsar resistance. Under certain conditions
they withstand loads and sliding speeds as well as babbits and bronses.

Substantial advantages of polyamides are the high efficiency of marufacture
into an article, the possible use in the form of thin-walled bushings and inserts,
foil and thin layers (~0-2 mm) applisd to s metal base by gas-flame or vortex

spraying.
FTD-TT-¢,-1092/1+2 2




Suscessful tests of polyamides used in friotion units of variouvs machines and
méchanisms have been reported.

Basides their favorable features, the polyamides also have faults, similar to
those of certain other plastics: high thermal expansion, power to absorb moisture,
relaxation oharsster of the processes during deformation, and tendenoy under certain
conditions to flow under load, leading to dimensional hstability of the articles,
the nead for higher clearances, and the limitation of the upper load limits.

Still more substantial shortcomings are the low heat resistance and the low
thermal conduotivity.

In conneotion with the relative.y high coefficients of friction, the last two
Properiies may be particularly acute: the antifrictional properties are impaired
and the zerviceability of polyamide bearings may bo sharply impaired.

One of the oonditions of lack of riction with metals /1/ 1s that the anti-
friction properties under c.aditions of friction with boundary lubrisation
corrosponds to those preperties of the beering material which assure a lower
temperature on the friction surfeces, protesting the boundary lubricant layer from
destruotion. This condition is correct not only for metals but also for plastics,
vhere the limitation of the temperatures is particularly important.

One of the methods of improving serviceability and lowering the temperature of
plastic bearings is to improve heat removal, which can be sccomplished by design
measures or by improving lubrication.

But there is also another way, to improve the antifrictional properties of the
plastios themselves. To take this way one must know the specific features of
plastics and the primary factors determining their friotion.

iIn spits of the large mumber of research projects devoted to the study of the
physical properties of plastios, no fundamental critsrion has yet been found for
establishing with sufficient defiriteness, the possibility of using a polymer in
some specific bearing.

FTD-TT-64-1092/1+2 3




To establish such & oriterion it is alco necessary to find the faotors which
primarily determine the level cof frietion.

Thus the knowledge of the primary faotors that determine the friction of
polymers is necessary both to solve questions connsoted with their introduction as
a bearing material and to isprove the antifriction properties of such materials.

The object of the present work is to investigate the friction of polyamides

on steel as it relates to the cperating conditions of bearing materials, and to find
the basic faoctors on which the value of their frisiion depends.




CHAPTER 1

PRINCIPAL RELATIONS OF THE FPRICTION OF POLYMERS IN THE
ABSENCE OF LUBRICATION

The Effects of the o t ) S rs

The dependence of the fristional force on the load has been studied ty various
vorkers on polyamides, polyethylene, polymethyl methacrylate, polytetrafiuvoro-
ethylens, yarns, rubbers, and other materials.

The tests were run on friction acoording to the schemes: "sphere-plane,”
“crossed oylinders,” "crossed fidbers.” The materials of the mated surfacesz were
motals, plastios and glass.

The expsriments were run mostly without lubrication at low sliding speeds (of
the order of 0.0001 m/sec), thus excluding any apprecisble heating of the friction
surfaces., Of all the mltitude of formulas obtained by investigstors for the load
dependence of the frictional force F, two main types may be distinguished.

nm var e —— it e _——
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The first type includes the basic formuls used to desoribe the friotion ol
solld bodies,

F = p.P+ GSQ, (l)

whence P ”.+¢_s_;’
where & Mo are coefficients; S’ is the area of actual contact; P is the load;
and E is the coefficient of friction.

This formmla was first proposed by Coulomb. It was experimentally verified
in a number of works in the study of the frioction of fibers and rubber /2-8/, It
was somewhat developed by S. B. Ratner, who investigated the static friotion of
rubbers /9/.

A number of authors investigeting the friotion of polymers in the form of
fibers and specimens of other shape, have established relations of a second type
/10-17/

2
F =aP® @)

whence
p=p?
vwhere a 18 a coefficient; 0.67<¢n <1l. They have also shown that the friotional

foree of the polymers is proportional to the area of actual contact, i.e.,

(3

vhere - F = cSe,

S¢ = kP"; . (%)
k is a coefficient; 0.67< n <13
The value of n is determined by the character of the deformation, intermediate
between pure elastics and plastios /11/, by the character of the contact /16-18/,
by the shape and dimensions of the contact surfaces and their roughness /15, 19, 20/,

by the charsoter of the ourvature of the supporting surface, eto. /21/. The formula




obtained by G. M. Bartenev based on the moleoular-kinetio theory of frioction
developed by him /22/ is of differsnt form:

F = ¢,Sp + c3Su0P (5)
where u1, 02 are coefficients depending on the sliding speed, the temperature and
the molecular constants; S, 1s the ncaingl area of contact; and - is a quantity
characterizing the effect of the load on the adhesive force.

In view of the fact that the second term in Hgq. (5) is usually small /23/,
p this formule can be reduced to £q. (4), which corresponds to the proportionality
of the frictional force to the area of astusl contact.

Acocording to References /24 - 25/, at small losds ig. (5) passes over into
the formule of Coulomb or Amonton.

In all the above studies, a decrease in the coefficient of friction of polymers,
including polyamides, was observed with inoressing load. ‘fhis decrease in the
coefficient of friction is particularly sharp at wmall lsads in fibsr friction.

Taking account of the views developed by B. V. Deryagin on the friction of
solid bodies /26-27/, whioh consider the possibility of & variation of the frictional
force independontly of the area of actual contact, the theoretical correctnees of the
correlation of the friotional force orly with the area of actual contact of the body
may be doubted.

According to data of I, V. Kragel'sidy and V. S. Shohedrov /28/, on the friction
of metals, the frictional force is determined by the values of the unit, pressures on
the areas of actual content, which depend both on the elasto-plastic properties cof
the material, and on the shape of the surface irregularities and the character of
the jurvature of the supporting swrface.

It would seem tnst in the case of polymers the frictional force cannot depend
only on the area of actusl contact. However, the agreement in the character of the

’ losd dependence of the frictionsl force, Eq. (2), and the load dependence of the

ares of actual contact, iq. (4), speaks for the view that while there do exist




factors distorting these relations their influence i# clearly small and practically
speakdng it is precisely this variation in the area of actual contact that is of
decisive importance in the losd dependence of the frictional force for polymers.

In oconnection with the faot that in the friotion of polymers on steel and other
materials the character of the load dopendence of the frictional force is subject te
the predominent influence of the variation of the arsa of actual contact ard are
close togethor for all polymers, it would be diffiocult to draw any conclusions at

all about the featurss of theinteraction between friotional materials based only on
this single relation,

The ue f the 3 the ti rs

Only a few suthors have studied the influence of the sliding speed on the
friction of polymers. Let us briefly consider the results of the most important
of such studies,

Gralen and Olofsson /3/, investigating the friction of fibers against fibers
in a relatively narrov range of speed (at V< 1.5 cm/sec), obtained only a small
decrease in the coefficient of friction with inoressing sliding speed. This
permitted the conclusion that the coefficienmt of friction M of fibers, including
polysmide fibers, is practically independent of the sliding spsed. A certain
increase in u with decreasing speed, as well as the fact that the value of }, is
greater than u,, is explained by Olofsson /6/ as the result of the more complete
contact and the engagement betwsen the surface irregularities (u, and j are the
respective static and kinetic coeffiaients of friotion).

Milz and Sargent /29/ studied the friction of & mumber of polymers. Their
tests were run on the scheme of intersecting cylirders, ons of which was steel at
sliding speads of 4.0 to 186.5 om/sec. The speed had a different effeci on the
variation of the coefficient of friction of different polymers. Thus in the

polyamides he obaerved an inoreass in the coefficient of frioction with increasing




speed up to a certain valus (61 om/ses), which subsequently held constant. The
same was observed in the friotion of polytetrafluoroethylene with fillers of
molybderum disulfide or copper. A similar relation was obtained for polytetre-
fluoroethylene by other authors /30-31/. In some polymers, however (polystyrene
and celluloss acetats) the coeffiolent of friction declined with increasing spesd
in the same rarge.

Mile and Sargent relate the character of the dependenss of M on the sliding
speed to the difference in ths relation between the static and the kinetic ocmponent
when a discontimious displacement, "gripping-slipping,” takes place.

Sporkert and Hahn /32/ ran experiments on the friction of various polymers
against *teel in the scheme “sphere-plane.” When the speed was increased to
1 om/sec, they observed a decline of the coefficient of friction. On further
inorease of the speed to 10 om/sec, the coefficient of friction of various polymers,
including polyamide and polytetrafiuoroethylene, increased.

Studies by many authors /13, 33-35/ have shown that on fristion of rubbers
against a hard base (glass or metal) the coefficient of friution inoreases with
sliding speed. This increase contimues until other factors, heating or vibration,
begin to exert the decisive influence on the character of this relation.

Ye. A. Chudakov /36/ explains the inorease in the forese of friction of rubber
with inoreasing sliding speed by the fast that, since rubber is an elastic body,
the sliding of various surface elements at low speeds is not simultansous. This
causes what might be callad an inoomplete utilization of the normal force in the
formation of the frictional resistance., With increasing speed, the number of
elements sliding simultaneously increases, and the force of friction also increases,
The explanation of the increase of frictional force with spesd proposed by G. M.
Bartenev and A. Shallamakh is closely related with their views on the mechanisa of
fricticn of rubber. This question will be discussed in more detail below.




Cii the basiz of the above we may note that in various polymeric materials the
sliuing-opeed dependence of the coefficient of friotion takes different forms:

a) the coefficient of frioction of rubber inoresses with increasing sliding
speed within certain limdts; f

b) for iastics, no si.gle charaster rf variation of the frictional force
with sliding spsed is observed. Since the studies havse covered only rather narrow
ranges of sliding speed, whioch have not been ths same, and have been performed under
various conditions, it is diffiocult to establish ary general law of variation of
frioction for various groups of plastics or polyamices.

The existing difference in the speed depandence of the frictional foree in
various polymers is consistent with the view that tho peculiar properties of polymers
themselves affect the charaoter of this relation.

The Jnfluence of Tewperature on Polvmer friction

The peculiar mechanical and st.ruotural features of polymers result in a sharp
temperature depsndense of their physico-mechanmical properties. There is litile
information, however, on the temperature dependence of the frictional force of
polymers. No studies at all have been periormed on the temperature dependence of
polyamide friction,

Shooter and Thomas /37/, investigating the friction of polymers against each
other and in pairs with steel on the schewme "sphere-plane” in a mumber of polymers,
ocbserved & certain increase in frictiocnal forece with temperature. Polystyrene
showed the greatest growth. A temperature rise from 20 to 80°C inorsased the
coefficients of friction from 0.5 to 0.65-0.70.

A temporature rise to 200°C had nc effect on the frioction of polytetrafluoro-
ethylene against polytetrafluorcethylene, rnor sgainst steel, but did increase the

coefficient of friotion of steel against polytetrafiucroethylene from 0.09 to 0.14.
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King and Tabor /38/ investigated the effect of temperature on the mechanical
properties and coefficient of friotion of polyethylene, polytetrafiuoroethylene,
polytrifluorcethylens and polymethyl methacrylate.

The test was run on the scheme "sphere-plane” on pairs of similar materials.
The authors found that the coefficient of frictions for the polymers investigatad
varies in accordance with the ratioc S/H, where S is the shear resistance of the
polymer in bulk and H is the hardness, from the unrestored impression from indenta-
tion by a ball.

A study of M. M. Khrushchov and Ye, M. Shvetsova showed that temperaturs has
a different effect on the coefficient of friotion of braks-shoes of different
materials: in some cases it inscreased that coefficient, and in other oases decreased
1t /39/.

In the opinion of I. V. Kragel'skly anu iroyanovskaya /40, 41/. the dilier-
ence in the character of variation of the coefficients of friction with temperature
is due to the different character of the variation of the mechanical properties of
plastics, their hardness, toughness and shear resistance.

In & study of rabbers /35/, /42/, it was found that the frictional force
declines sharply with increasing temperature, but that an increase in temperature
above a certain level leads to the rise of that force.

Ir studies performed at constant tensile force, S:hallamach obtained the
following texpsrature depsndence for the sliding speed of rubber:

Vrosm = Ap (= ELLET )

where Vp = const is the sliding speed at constant tensile foroe; Aj, £y and R
are oconstants, and T is the abscluts temperature.

Based on the form of cependence obtained, he proponed that the friction of
rubber is a process related to activation. It 1is precisely by this that the

character of the temperature and speed depsndence of the coefficient of friction




of rubber is determined. With this tresiment, the role of that part of the fric-
tional forsce connected with wear and deformation is excluded from consideration.

He considers the share of the friction related to wear to be negligible. He does,
however, show a substantial influence of deformation end of the changes in the
physical properties of the smurface layers of rubber during friotion on the value of
the frictional forve f42/.

On the basis of tresa data it may be concluded that the character of the
temperature dependence in polymeric materials varies. In the rubbers, when the
Lempersiure increases to a certain level, a sharp decline in the coeffisient of
friction is observed. In plastics, a temperature rise has various effscts on the
frictional force. The nonuniform temperature dependence of the frictional force
among various polymers permits the conolusion that specific properties of the
polymers affect the character of these deperdences.

Some Peculiarities of the Properties of Folyamides

Polyamides are compounds containing peptide groups betweer. hydrocarbon chains,
Their structurc corresponds to the gemsral formula - MH - R - CONH-R-CONH, where R
are hydrocarbon chains with seversl CH,-groups.

The polyamides presented in Table 1 are today the most widely used in the USSR
for technical purposes,

Figure 1 /43/ shows the structure of a polyamide with criented chain molaules.

The NH groups are for the most part attached to the CO groups »f the adjacent
molecules by means of hydrogen bonds. The presence of intermolecular hydrogen bonds,
increasing the energy of intermoiecular cohesion, is of deoisive influence on the
Froperties of polyamides: the maliting point, the modulus of elasticity, the rigidity,
sto. But since not all the polar groups of the neighboring molecules are able to
forn hydrogen bonds, owing to the distance between them, some of them are present in
the polyamide in the unbonded state /43, 4L/,




Table 1

Name Simplified Chemical Specifica-~
Formula tions
Technical Chemical
Capron Polycapreclactam (—NH (CH),CC—), Vit ukhr
!bs 69‘58
AK-7 Polyhexamethylensadipamids &—-NH g:Hg,NHco VIU No. MY0-57
(for the most part) {CHy) L0},
P68 Polyhexamethylenesebacamide (--NH(CH,) TV GKhP
o s"”CO (cu:).co—),, No. M617-57

Fig. 1. Structure of polyamide with oriented chain molsoules /43/,

e




Polyasides are orystalline polymers /45-46;/. The orystals, in the form of
plates and needles, are formed by polar peptide groups, between which flexible
polymethylens segments are located in random arrangement. The molecular chains
pass through the orystals in transverse direction /47, 48/.

As shown by the studies of V., A. Kargin, G. L. Slonimsikiy, ard T. 1. Sogolova,
crystalline polymers possess peculiar properties which differ sharply from those of
amorphous polymers, The ideas of thres physical states, of the value of the
dimensions snd of the flexibility of the chain molecules of amorphous polymers
f49-51/ cannot be directly applied to orystalline polymers /52-54/.

in oontrast to amorphous pclymers, ths curves of deformation of crystalline i
polyamides * ve regions of elongation sharply demarcated from each cther.

K ,/D*\z . '
alfAnt ) : :

——— e

0 a0 - 30 80 00 120°C
Fig. 2. Tewperature deperdence of hardness of polyamides
according to data of /57/:
1 - capron; 2 - P-68
ther peculiarity is the considerable increase in the mcdulus of elasticity
under the influence of great mschenical stress. In connection with the structural
peculiarities of polymsrs and the existence of long chain saclecules, completely
ocrystalline polyamides do not exist. The degree of crystallinity depends on the
rate of cooling from the melt and on the subsequent heat treatment.
The mechanical moperties are primarily determined by stress and temperature.

The molecular weight, orientation, moisture content and other friotors exert a great

influense /54-56/.
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Table 2

lvamid 0TsS 6-6-3
Property folyamides Bronsze
Capron AK-7 P68 (chill cast)
pro Bronge /58/

Short-time tensile
strength 0-,, kg/om? 60C -650 500-650 400-500  1800-2500
Modulus of oluticgg
ir tension, E, kg/ - 15000 12100 990,000
Brinell hardness HB,
kg/om® 10-12 15-18 14-15 65-75
Specific gravity )y,
g/cad 1.13 1.14 1.11 8.82
Coefficient of linesr
expansion o< per 1°¢  10U-18°10~7 10-11°10"> 11-12°10"2  1,7¢10-5
Coefficient of thermal
conductivity A,
cal/°C-om-sec o~teru~t - - 2240104
Melting point t, OC 215 240243 210-215 950

Figure 2 shows the varistion of hardness of several polyamides, according to
data of A. D. Kuritsine and P. G. Meystmer /57/.

Table 2 gives the principel physicomechanical properties of polyamides
(according to data of the Plastios Research Institute) and alsc the data for OTsS
bronse 6-6-3.

By comparison with bronse OTsS 6-6-3, the polysmides are distinguished by a low
coefficient of thermal conductivity, a high ocoefficient of thermal expansion, a
relatively low melting point, and a low specific gravity.

cffegt t 0 n of Po ]

The data on the influsnce of heat treatment of polyamides on friction are
incomplets and socatusred.

Jacody /59/ imestigated the influence of heat treatment on deformation and

the coefficient of fristion of pclyamide bushings. The heat treataent consisted in
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holding the articles in machine oil at 15°C for 24 hr. Before testing the specimens
were kept in water for 4 hr. After heat treatment the onefficient of friotion in
test without lubrication in a pair with steel according to the scheme "shaft-bush"
at & load of 65 kg/om® decreased from 0.23 to 0.19, but at load 150-200 kg/cm?,
there was no difference. The deformation of polyamide in a friction unit under load
decreased from 5% to 0.5%.

Ne changes on examination of thLe structure in polarized light were detected.

Olsen /60/ investigated the effsct of hest treatment of polyamides o certain
mechsndcal properties and on their structure. He subjected specimsns of polyamides
(first dried in vacuo at t = 60°C for 10 days) to a heat trestment consisting in
prolonged holding at 100, 120 and 150°C in various media: machine oil, in an
atmosphare of COo, in a jet of steam, and in molten sslts. All forms of heat treat-
ment led to a certain inoresse of hardness (10-20%). The author notes, however,
that the improvement in mechanical properties is lost after absorption of moisture
by the specimen,

No changes cculd be detected on examination of sections of the polymer by
polarised light.

Aocording to the experimental results of Czech workers /61/, heat treatment in
not oil at 160 or 140°C significently increases the hardness of roiyaraczes, ripure 3
shows the variation in the hardness of capron according to these data.

The melting of the surface layers of polyamide by infrared irradiation or by a
blast of hot air followed by alow cooling leads to the appearance of spherulites
in the structure and to an increase in surface hardness. The coefficients of
frioction decline, partiocularly with good lubrication. The wear resistance is
considerably increased /62/.

In these studies, except for the examination of thin sections of polymer in

polarised light, no structural studies were performed. At the ssme time, several
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investigators did specially study the structural changes in heat treataent, using
the methods of X-ray analysis.

wfun? Q)
J

k117 4 ﬁ_cz’

2500 ra

(407~
2000 /// //____/:rjw’;
15 —_—
1000

00
0 Fi ¢ [ ¥ vac ).

Fig. 3. Hirdness of capron plottad sgainst temperature and
duration of heat treatment /61/.

a) kg/mf b) br

The results of Fuller, Baker and Pape /46/ distinotly showed an increass in
crystallinity in slowly cooled specimens (t = 204°C) and indicated that the
conditions of crystallization were better in polyamides slowly ocooled in the range
200-215°C than in those held for a ionger period at a lower temperature (200°C).

An increase in crystallinity was also obsorved at 160°C. wWith increasing tempera-
ture, however, the degree of orystaliinity also increased.

I. V. Mikhaylov and V. 0. Klessan /63/ alsc found that when oapron, rapidly
cooled from the melt, was heated to 175-180°C, it passes from the nonequilinrium
undercocled amorpacus state to the equilibriua orystalline state.

A change in the form o¢ the X-ray patterns vas also found after heat treataent
at lower temperatures /64/, which indicatss that the process of orystaliizstion of s
polyamids commences at tempsratures ovea lower than the glass transition point, but
proceeds slowly. On approaching the glass transition point, the rate of crystal-
lization increases and is more amli more acoelerated with increasing tempsrature.

17




These data are evidence that on heat treatment, under certain conditions, the
polyamides undergo struotural changes. Degradative processes also take place
during heat treatment /65/. Under the action of temperatures cver 90°C arud other
fuctors (ultraviolet irradiation or acids) the following processes may take place
in polyamides:

(1) cleavage of the molecules at the C - N bonds of the peptide group, forming
smaller molecules of the same chemical structure;

(2) a change in the degree of crystallinity or local order in the molecular
arrangemsnt, including a change in the packing of the hydrocarbon segments, a
redistribution of the dipoles and hydrogen bonds;

(3) s change in the quantity of firmly bound water, and alsc of the organic
ligquids serving as plasticizers.

The holding of polyaxides at elevated temperatures, especially in presence of
oxygen, osuses a oonsidersble decline in tensile strength /66/. Thus a stay of
10-12 hr at 105°C lowers the tensile strength by 12-14%. A temperature rise to
200°C for the same time lowers the tensile strength by 35-37%.

Thus many investigators have found changes in structure and the degraditive
proceszes in polyamides when held at elevated temperatures, although the effect of

beat treatment on %he antifriectional propsrties of polysmides has not been suffi-
ciently studied.

Questions in the Theory of Polymer Frigtion
There are various views on the mechanism of polymer friction and the basic
factors that leterndne it,

Some authors give data pointing to the existence of a correlation between
polymer fricticn and adhesion.

Shooter and Thomas /37/ investigated the friotion of polyethylene,

polytetrafluoroethylene, polystyrone, and polymetihyl mothaorylate in pairs of the
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same substance, The coefficients of friction were fourd to depond on the molecular
cohesion of the polymer. In this commection the authrvs assumed thet the friotion
of polymer against polymer depends on the adhesion between the surfaces, which irn
turn deperds on the molecular oohesion.

Bowars, Clinton ard Zisman 67/, studying the friction of polytetrafliuoro-
ethylens and its derivatives, confirmed the influence of molecular activity of
polymers on their friction.

They showed /10, 12/ that the expression for the coefficient of friction of
polymers, including polyawides, according to the adhesion theory, is of the form

=3_%
s¢ '

where g 1s the shear resistance of the bonds formed on friotion; $ is the bulk shear
resistance of the polyamids; &  is the resistracs of the material to flow, equal to
its hardness from the nonrestored impression (H), determined from the indemtation of
a ball,

On the basis of the olosensss of the values of the shear resistance of the
bonds formed on friction (s), and of the bulk resistance of the polymer to shear
(S), Bowden, Tabor and others /68-72/ by analogy to the theory developed by them
for metals, came to the conclusion that the mechanical friction of polymers and
uetals is fundamentally one and the same., Since the shearing of bonds takes place
in the depths of the aofter materisl, the polymer, the coefficient of friction is
determined by the mechaniocal properties of the polymer: the shear resistance (S)
and the hardness according to the unrestored impression (H).

Polytetrafluoroethylens ie an exception. The shear resistance of bonds formed
in it during friction is considerably less than its shear resisztance in bulk.

In Bowden's opinion, the mechanism of friction in polymers and hard bodies
differs cily ir details and is due to the differences in the chemical nsature of the
polymers and to the fact that polyzers are highly elastic materials whose deformation
depends on the geometry of the surfaces, the load and the loading time.
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Studies by Greersood, Tabor et al. /73, 74/ have shown that one of the sources
of the formation of a friotional foroe by rubber and other polymers may he the
deformation losses, In casss where the adhesion between the surfaces is small and
the local deformation is relatively great, which may be the case in lubricated
fristion, the friction can be determined almost entirely by hysteresis losses,

G. M. Bartenev /75, 75/, and Schallamsch /35/ treat the mechanism of rubber
friotion as a molecular-idnetio process. On contact of rubber with the surface of
& 801id body, its molecular chains adhere to that surface. The mmbsr of chains
in contact with the surfaos of the solid body deperds on the roughness and the
value of the rormal pressure., iach chain is in contact for a limited time, and then
makes a jump to a new site of ocontact. On application of an external force, the
conditions are established for a jump primarily in the direction of the force.

For the friction of rubber of any degree of roughness against a smooth hard
surface (with microprojeoctions £50 X high), G. M. Bartenev arrived at the following
expression for the sliding speed at low values of tha force F:

du

V= (8)
and at high values of the force [
{ U=yp
— M/ KT R
Tl 2f (9)

where ) is the mean distance betwesn adjacent sites of contact; { = A2Ny; Ng
being the number of chains in contact with the surface of the solid body; K is the
Boltzmann constant; T is the absolute temperature; and U is the energy barrier,

On the besis of the formulas, at F = 0, the gliding speed of rubber is O.

The author draws Lae conclusion that the dry friction of rubber is an arbitrary
quantity depending on “he accuracy of measurement and the experimental conditions,
and, in contrast co the dry friction of hard bodies /77/, is characterized by the
fact that the force and coefficient of friction at rest are both 0. Somewhat later,

on the basis of an analysis of the results of ":-well and Rabinowictz /78/, who




found a sharp decrease in the ocoofficient of friction of indium with decreasing
sliding speed to 2 x 10~7 om/seo, G. M. Bartenev and G. 1. Epiphanov came to the
conglusion that the molecular componsnt of friotion of a rubber-like polymer
resembles thet of a metal, both being of molecular-kinetio nature /79/.

G. M. Bartenev considers that his theory of fristion can be applied to the
friction of other high-polymer anorphous materials at temperatures above the glass
transition point.

S. B. Ratner, frcm a comparison of certain features of the process of friction
of rubber with the friction of hard bodies comes te the conclusion that the laws of
frietion of rubber and hard bodies are in many respects analogous, which indicates
the presence of similar slements in their mechanism /80/.

Ratner bases his work on the applicability of the molecular theory to the
friction of rubber /61-82/,

I. V. Kragel'sidy, starting out from the general propositions developed by him
in the molecular-mschanmical theory, oonsiders the frictional force of rubber (F) as
the sum of two cowponents /83/:

F = Faol *+ Fger
where Fy,1 is the component of the frictional force due to molecular interaction and
Fger is the component of that forge due to deformation. In turn,
Fror =7 mo1?r
whore'z;ol is the specific molecular force of friction;
Ap 1s the area of actual contact, and
Faer = W/d,
where W is the work of repulsion of the material;
a 1s the diameter of the contact spot of a contacting projection.

Thus various views on the mechanism cf friction of polymers exist today. A

number of investigators, besides G. M. Bartenev, defend the correctness for polymers

of one theory or another of the friation of nard bodies. I.V. Kragel'skiy starts
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out from the applicability of the molecular-mechanical theory to polymers. Many
foroign workers base their studies on the adhesion theory. 3. B. Ratner considers
that the molecular theory is true for pclymeric materials.

To elucidate the applicability of any of the above theories of friction to
the friction of polyamides, an experimentel study is required.

It is also clear from the alove survey that on the basis of the data now avail-
able no complete representation can be formed about the behavior of polyamide under
frioctlon, and the prinoipel factors on which the value of the friotional force
depend can likewise not be established.

The speed dependence of the friction of a polyamide over a wide range of speeds
has not 'b«n investigated. Yet a Imowledge of this dependence might give valuable
information on the mechanism of interaction in friction. The range of speeds in tre
axisting studies does not exoneed a faotor of 50.

The effect of temperaturs on the friction of polyamides has no. been studied
at all,

The effect of heat treatment. has been insufficiently investigated.

in connection with the above, we performed an experimental study to elucidate
the following questions:

(1) the intluence of load, sliding speed and tempsrature on the friction of
polyamide;

(2) the efrect of hsat treatment on the hardness and friction of polyvamide;

(3) to find the principal factors determining the friotion of polyamide against
steel under the operating conditions for bearing mterials,




CHAPTER II

TEST APPARATUS AND METHOD

The friction of polyamide against steel was investigated for the friction of
the specimens according to the following schemes: "shaft-partial bushing,”
"sphere-plane” and “shaft-bushing” on specially designed spparatus and devices.

The test on the scheme of "shaft-bushing” was run on a stand of the Departaent

of Metallurgy and Materials, ENIMS Litparilmtd Research Institute for Machine
Toolg] .

A atus for frigt and wesr te n_so ol = al "
The test apparatus for friction and wear w.s based on the Skoda-Savin machine
(Fig. 4), in which the disc 1 abrades the specimens 2, held in the clamps 3. Under
the action of a load, the body of the working head is lowered as the specimen 1ia
worn down. The wear is estimated by the aid of the indicator 4.
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Fig. 4, Schematioc diagram of operating unit of Skoda-Savin machine,

The. newly desigrned apparatus, differing from this machine, runs the test on
the schems of “shaft.partial bushing” (Fig. 5). In designing the loading system,
the base was the scheme of the paralielogram previously used in the "R* machine
/84/. The shaft of the machine 3s the steel disc 1, and the specimens are the
bushings 2, made of the test polymer,

The body of the attachment 3 is fastened to the stand. The load i is trans-
mitted to the lever 5 through the lsver, the plunger 4, and tae anmular bracket.
One end of it is hingedly attachsd to the body 3, the other end hingedly attached
to the orosspiece 6, connected by the straps 7 to the ¢lip 8, in which the specimens
2 are fastensd. All the supports are kmife-adge.

Mig. 5. Schematic diagram of apperstus for friction and wear tests
agoording to ascheme of "shaft-partial bushing.”




Under ibs action of friotion, the clip 8 tends to rotate together with the
disc. It is prevented from rotating by the string connsoted to the flat spring 9.
The olip is fixed in axial direotion by the aid of the fluoroplast F-4 support,
placed in the groove of the clip, Arrangemenis are provided for adjusting the
position of the olip in axial direction and on the cirommference of the disu.

The wear is evaluated by the ald of the indicator of the Skoda machine from
the depression of the clip attascshed to the plunger &4, The indicator is graduated
-n one-micron scale divisions.

The force of friotion is measured from the deformation of the fist ring by the
sid of rexistance sensing elements.

This apperatus permits testing under loads of 0.05 to 25 kg, at siiding speeds
of 0.167 to 2.5 m/sec, with and without lubrication. In the latter case a special
funnel directing the lubricant to the fi‘otion surface of the disc is attached to
the olip. The diameter of the disos is 30 ma, and the width is 6 mm. The matsrial
and firdsh of the friction surface may be vaied according to the objeot of the study.

The specimens used in the test are prepared in the form of ths strips 1
(Fig. 6, 2a) 2 x 2 x 5 mm, attached to the steel body of the partirl bush 2 by means
of the wedges 3, or in the form of partisl bushes themselves (Fig. 6, b). The

eib‘

Fig. 6. Examples of par.ial bushings.
a8 - assembled; Db - integral

partial bushes are instelled in the groove of ths clip 8 (Fig. 5) in the form of

a "dovetail™ and are fixed in lateral direction by two supports. The friction
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surface of the specimens is finally fimish-ground after they have been placed in
the machine, Instead of the working disc a disc of tho same dimensicns with emery
paper pasted on its outer surface is placed in the machine, The grinding is
contimied until the surface of the specimens is completely fresh and the height
required has been attained.

Device for testing with artificially hested specimens is employed in conjunc-
tion with the above-described _.pparatus,

A npubopy )

Fig. 7. Schematic diagram of apparatus for friection testing with artificial
heating of specimens.

a) to instrument

The copper rod 1 is tightly pressed against the working disc 2 and rotates
together with it. The heating is by the aid of tho tubular electric heater 3,
fastened in the clamps of the machine and moving on the rod with the clearance cf
1 sm. The heat is regulated by an autotransformser. The temperature is measured
in the specimens at s distance of 2 ma from the surface of friction by the aid of
copper-constantan thermocouples 0.04-0.05 mm in dismeter. The coid junction is
placed in a thermally insulated space whose temperature is checked by a thermometer,

Device for testing under various heat-removal conditione. The heat removal
conditions through the shaft were varied by means of artificial cooling of the disc
(Fig. 8). On a ocopper rod, tightly pressed against the disc, the oorrugated ring 1
is sorewer . Part of this disc is submerged in the water flowing through the small

bath 2. Thne rate of water flow is adjusted accerding to the desired degree of
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cooling of the specimens., If necessary, the water coming from the main is further
cooled in the coil 3, sutmerged in a vessel with melting ice.

The rate of water flow and its initial temperature are regulated in order to
vary the degree of heat removal within wide limits.

1

Fig. 8. Schematic diagram of device for friction testing under various
heat-removal oonditions.

a) discharge; b) from water pipe

Device for testing of friction during transiational motion of specimens. Ths
friction during translational motion of the specimens was imwwestigated on friction
in the scheme “sphere-plane” on the appsratus shown schematically in Fig. 9.

On ths guide frame 1 the carrisges 2 and 3 are displaced. The flat specimen 4
is fastened on the stage of the ocarriage 2. 7The translstional displacement is
obtained by a lead scrow driven by an electric motor through the reducer 5. The
carriage 3 with the bracket 6 attached to it is displaced by rotating the handle of
the lead screw. From the tracket, on suspensions on knife-edge supports, is
suspended the plate 7, to which the rod 8 is attached by means of a stand and the
two flat springs 9. To the lower end of the rod is attached a hclder wita the second

specimen 10. Provision is made for heating it. it is lowered by placing the weights
11 on the arm of the rod 9.
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Fig. 9. Schematic diagram of device for friction testing on scheme of

"sphere-plane” with progressive displacement of specimens,

The carriage 4 with the flat specimen, in moving, ocarries along the specimen
10. Its displacement is opposed by the spring 12 connected with the plate 7 by
means of the spring 13.

The force of friotion iz estimated from the deformation of the spring by the
aid of sensitive resistance elesments. The rate of displacement of the flat specimens
may be varied within wide limits, but in this work it was always 0.000003 m/sec. The
load can be varied from 0,01 to 5.9 kg.

Heated indentor and stage for the Super-Rockwell instrument. Figure 10 gives
the schemes of the indentor and stsge. The spirals of the electric heaters 1 and 2
are used for the heating. The temperature of the specimens 3 is measured by copper-
constantan thermocouples 4 (d ~ 0.1 mm) ocemented into them, The lemperature of the
indentor ball is measured by the thermocouple 5, whose hot junction is calked into
the indentor at s distance of 0.2-0.3 = from the surfaoe of the ball.

Stand for testing bushings in frioction. Figure 11 shows the woriirg unit of
the stand., On the shaft of the machins are seated the removable steel buskings 1,

whose outer suriaces are the friction surfaces, The upper clip 2 of the lowering




apparatus rests on the ball bearings 3. To it is hingedly attached th- lower olip
& with the test bushing 5 attached to it,

d £
2
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Fig. 10, Scheme of heated indentor and stage for Super-Rocikwell instrument.
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Fig. 11. Schematic diagram of working unit of test stand for bushings.

Lowering is accomplished by pulling the clips by the spring dynasometer 6,
and in this case the bushing 5 is pressed against the shaft (bushing 1).

The friotional force is msasured from the deformation of the flat spring 7,
which keeps the apparatus frox rotating during operation.

The friotion in the bail bearir- 3 is estimated from a special caliibration.

Depsrding on the test regime ad —ted,; the lubricant is supplied eithsr by a

puap or by a special dropper.
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CHAPTeR II1

STUDY OF FRICTION OF POLYAMIDEKS

Sejparution of specimens, The tests for the friction of polyamides against
steel were run on the schemes of "shaft-partial bushing" on the machine shown by
Fig. 5.

The discs were made of steel St.Ul0ww—tU-62, Their working surface was
ground and polished before each test. The surface finish corresponded to A7,

After polishing, the discs were cleaned by & stiff brush under running water,
dried with - cloth and washed twice with ether. The clip and n~ther parts of the
machine close to the friction surfacer were periodically rinsed with gasoline and
ether.

The polymer specimons wers in the form of bars, 2 x 2 x 5 mm., The friction
surfaces of the specimens (F = 20 mm<) were cleaned before the tests by a disc with

emery paper under & load of 0.2-0.3 kg at 140 rpm.
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The tests were run on polyamides (capron, AKX - 7 and P - 68) in the air-dried
state. The specimens were prespared from discs 2,5 mm thick, and 100 mm in diameter,
cast in a cold pressure mold on & casting machine. The properties of the polyamide
investigated corresponded to the standard specvifications.,

[ne effect of load on the coefficient of friction of polysmides. In the tes’s
for friction without lubrication, the sliding speed was constant (v = 0.22 m/sec).
The load was varied in the range from 0.5 to 4.5 kg (unit load 2.3-22.5 kg/cm?‘).
The loads over 2 kg were applied in two stages: the first stage was 2 kg and the
full load was applied in 10-15 min, The wearing-in was under full load, lasting
1,5-3 hr and was completed by the total renewal of the specimen surface. In the
test we Look account only of the wear during the period at constant rate of wear
and constant coefficient of friction. This period lasted from 1.5 to 7 hr. More
prolonged tests were run at smaller loads.

Figure 12, a and b, shows the load-dependence of the coefficient of friction
and the rate of wear of capron, in miorons per lm of sliding travel.

In the second series of tests, after finishing the final grinding, the load
was susperded in stages, beginning with a minimum (0.5 kg) up to ths load correspond-
ing to a sharp increase in the coefficient of friction. The duration of the tests
for each stage assured a constant friotional force for not less than 30 min.

The load dependence of the coefficients of friction of the test pclyamides,
in the form of the mean values of the results of three tests of sach polymer, are
shown in Fig. 13.

It will be seen from Migs., 12, a and 13, that at loads up to 1 kg a certain
increase in the coefficient of friction with increasing load is observed. A sharp
increase in the coefficient of friction when & certain "oritical” load is exceeded

is accompanied by apparent sdhesions of the polyamide to the disc and a decreass in

the rate of wear,

31




a . 4 4 2 01 xl‘
PG
S’ K b
-

Z T

Fig. 12. Load dependenceof coefflcient of friction (&) and rate
of wear (b) of capron.
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Fig. 13. Load dependence of coefficient of friction of polyamides.
1l - P-68; 2 - AK-7; 3 - oapron. a) kg
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‘The changes on the friction surface at loads above critical are of a certain
interest. The friction surface of the disc with adhering particles of polyamide
is shown in Fig. 14, a and b, With increasing thickness of the adhering layer,
it is scraped off by the specimen. On Fig. 14, b, two flakes of polyamide can be
seen bafore their separation from the surface cf the disc.

Further increase in the severity of the conditions causes melting of the
surface layer of polyamide, The surface of the specimen is deformed and has a
corrugated appearance (Fig. 14, c).

On the surface of the disc (Fig. 14, d), adhere extremely minute particles of
molten polyamlde, which rcll down, combining into rather large formations disposed
normally- to the direction of aliding.

Fig. 14. Friotion surface nf discs and specimens of polyamides under
various conditions.
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Thus the rosults of the tests show that the aofficlent ol friotion of
polyamides does rot remain constant under varying load. At loads above the
oritiocal, the coeffiloient of friction rises sharply. This is the result of the
changes taking place on the friction surface and manifesting themselves externslly
in the adhesion of particles of polyamides to the disc. The ra’s of wear when
this happens decreases,

[he results of these experiments differ from the vesults of other workers
(Chapter 1), in which the coefficient of friction of all polymers, including
polyamides, declines with inereasing load, for various schemes of friction.

Since in the sbove described tests, the specimen temperature increasec with
increasing load, while the studies discussed in the survey were run under conditions
excluding any heating of the specimens, we may assume that the differences are
connected with the influence of the temperature.

The influence of the sliding speed on the coefficient of friction of polyamides.
The experiments were run in unlubricatsd friction on the above described apparatus
(Fig. 5) using an additional reducer with a gear ratio of 1:16500.

The load was held constant at 1 kg (unit load equals 5 kg/cnz). The sliding
speed was increased in stages from 1.3 x 105 to 1.3 m/sec (from 80 x 10~5 to 80
m/min). The tests were long enough to assure constant coefficients of friction
during each stage for not less than 15-30 min.

Figure 15 shows the dependence of the coefficients of friction of capron on
the sliding speed. In connection with the great range of the speeds, a logarithmic
scale is used for tl . speeds.

The increase in the coefficients of friction with decreasing sliding speed in
the range of very amsall speeds (the left branch of the curve) is apparently
connected with the increased contact surface as a result of increased duration of

the contact between the surfaces.
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Fig. 15. Coefficient of friction of capron vs, sliding speed.

(1) log v, m/min

In the range of speeds of the greatest practical interest (the right branch
cf the curve), the coefficient of friotion increases with the sliding speed. Its
sharp rise coincides with the appearance of polyamide adhesions on the steel disc.

A similar plcture was observed in the earlier tests under loads above the
"eritical.” This suggests that the cause of the sharp increase in the ¢r “ficients
of friction is the same in both cases, and is connected with the rise in the tempera-
ture of the friction surface.

The results of the studies of the speed dependence of the coefficient of
frioction of polyamides considered in Chapter 1 are on the whole in agreement with
those presented in this chapter and correspond to various regions of the curve
(Fig. 15) covering a considerably greater range of variation of the sliding speed.

It does not correspond to the speed dspendence of the coefficient of friztions
found by other investigators for rubber.

The influence of temperature on the coefficient of friction. Temperature rise,
The experiments were run on the apparatus (Fig. 5) with the attachment of Fig. 7,
at a load of 1 kg (unit load 5 kg/om?) and a sliding speed of 0.22 m/sec.
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In unlubricated fristion, under these conditions, the temperature of the
specimens, measured at a distance of 1 mm from the friotion surface, was 4-5°C
above tho temperature of the ambient air; in lubricated friction the difference
was no more than 1°C.

Unlubriceted friction. A series of tests was run on capron spscimsns, The
slectric heatoer was turned on after the final grinding was finished. The tempera-
tare was increased from 20 to 60-70°C in ~4 hr, The rate of temperature rise in
these experiments was varied. There werse periods of constant temperature and of a

certain decline.

F . . . y o .c
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Fig. 16. Dependence of coefficient of friction (1) and temperature
(2) of capron on artificial heating.

(a) hr

It will be seer from Fig. 16 that the curve of the coefficient of friction of
capron follows the tempsrature curve rather distinctly. With inoreasing temperature
an increase in the coefficient of frioction is observed. The appearance of adhesions
visible to the naked eye on the disc correspords to a temperaturs cof about 30°C
(marked by the hatching on the figure). ‘

A similar plcture (Fig. 17) was cbserved in tests of other polymers: AK-7 and

Pés.
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Fig. 17. Temperature dependence of coeffiocient of friction of polyamides
“nder artificial heating,

1l - capron; 2 - P=68; 3 - AK-?

Lubricated friction. The tests were run on capron specimens. The lubricants
used were industrial oils ¥12% and "45% which differ considersbly from each other
in viscosity (their speocific viscosity at 50°C was 1.98 and 6.02 respectively).
The lubricant was fed to the friotion surface at the rate of 3 drops in 5 min., The
rate of heating was in all cases approximately the same. Tho temperature of the
specimens was increased until thair surface layer melted.

In the well-polished specimens the friction before the heat was turned on was
minimum, but its incresase began immediately after the temperature rise commenced.

In the poorl-polished specimens with & higher initial frioti,n, the increase
in the coefficients of fristion was samewhat delayed. At the emd of the tests,
however, the coefficient of friotion was the same, regardless of the initial finish
of the speciwmens,

The results show that on friction of capron lubricated by irdustrial oils the
coefficients of friction with inoreasing tezpsrature increases continuously (Fig.
15, a and b). It increases particularly when a less viscous oil is used. The
melting of the surface layer of the specimen leads to a decraase 1a the qoefficient
of frietion.
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The temperature of the capron specimen, measured at a distance of 1 == from
the friction surface at the instant that surface reaches the melting point of capron
was on the average 160°C, corresponding to & temperature drop of 55°C.

To determine the sensitivity of the variation of the coofficients of friction
to the variation of temperature in lubricated friction, the electric heater was
periodically turned off and the temperature of the specimens declined, partially or
completely.

From the results of one such test, using industrial c¢il *12," a greph was
Flotted (Fig. 19, a, b, ¢). It will be seen from it that the variation of the
coefficient of friction distinotly follows the temperature.

Froa the resuits of the second and third heating (Fig. 19, b, c¢) the depenaence
of the coefficient of fricticn on the temperature measured at a distance of 1 mm from
the surface was plotted (Fig. 20).

The relation obtained on the first heating is not insiuded in the graph, since
during the first test the specimens were addiiionslly paolished, thus facilitatinrg
the heating. Tho scatter of the experimertal points is slight, indicating that the
value of description is determined primarily by the temperature level, and that no
irreversible changs: ocour on the friction surfaces with changing temperature.

Thus with inocreasing temperature in friction with lubrication by industrisl
oils, as with unlubricated friction, the friction of the polyamides increases
contiruously.

Decline of temperatnre, The tests were run in lubricated friction of capron
specimens under a load of 1 kg (unit load 5 kg/cm®) and a sliding speed of 0.22
m/sec.

To increase heat remo7al the device shown in Fig. 8 was uvsed.

After completing the final polishing of the specimens & water bath* was applisd

to the ribbed disc, and the disc was pertially suimerged in the bath. The
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Fig. 18, Temperature dependence of coefficient of friction of capron
with various lubricants.

8 - industrial oil *12% (1,, industrial oil "12% with 1% of oleic acid

added (2); b - industrial oil "W5” (1), industrial oil "45" with 1% of
oleic acid added.
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Fig. 19. Relation of coefficient of friction (1) and temperature (2)
of capron specimens to period of artificial heating.

& - first heating; b - sesond heating; ¢ - third heating. (1) hr

39

-




a2 =S
a7 /

20 0 60 80°C

Fig. 20, Coefficient of friction of capron vs. temperature of
specimens.
terperatviue ol the specimens Leasurea At a distance ol 1 mm 1iom the lriction
surface was 24-26°C before cooling, and by the end of the test it wes 17°C, i.e.,
it declined by 7-9°C.

The ocosfficiemt of friotion deoclined from 0.47 to 0.25 by approximately half;.

The character of the variation of the coefficient of f iction on periodic
cooling will be seen from Fig., 21. Interruption of the cooling leads to the
restoration of the initial value of the coefficient of friction.

To check whether the vapor in the air condensed on the friction surface does
not encourage the lowering of the coeflicient of friotion, we ran a special
experimenit. Under the cooled spscimens, during the period when tbe coefficlent of
friction had not yet fallen to its final value, at a distance of 200-250 mm from
the disc, a vessel with water heated to 40-45°C was applied for 1 se3, It was
expescted that if the fall in the coefficient of friction were due to the formation
of a film of moisture, then its artificizl formation on account of the condensation
of the evaporated water would accelerate the declins in the coefficient of friction,
but the effect was in fact the opposite. The coefficient of friction increased
instantaneously by a factor of 1.5 and then slowly declined but cid not reach its
initial level during the experiment that lasted 1.5 hr.

Thus in the test with artifiocial covlirng, as in the preceding tests with arti-
ficial heating, we found a sharp temperature dependence of the coefficient of

friction of the polyamide.
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Fig. 21. Relation of coefficient of fric! ' on of capron to period of cooling.
a) without cooling; b) with cooling; (1) hr,

The axistence of a sharp temperature dependence of the coeffic.izu. of friction
of a polysmide indicates the justificatior of the previous hypothesis that the
temparature dependence exerts its influence on the charscter cf the load dependence
and the sliding speed dependence of the coefficient of friction.

The reproducibility of the results, and the rather close agreement in the
variation of the coefficient of friction and the temperature, spesk fcr the view
that the changes taidng place on the friction surfasce are of roversible nature and,
othor conditions being equal, are determined oniy by the temperature, which, in
turn, is determined by the heat removal from the unit,

For a combinea evaluation of the effect of heat removal on the behavior of
capron during uniubricated friction, we ran a seriss of sxperiments. The tests were
performed on capron spsoimens sccording to the scheme “shaft-partial bushing"”

(Fig. &) with the device for artificial heating (Fig. 8) at loads of 1 to 9 kg
(unit load from 5 to 45 kg/cm?) under sliding speed of 0.22 m/sec.

we determined the values of the coefficient of friction, the temperature and

the rate of wear Ah/AS. The latter wes determined from ths decresss in the

thickness of the capron spescimen during a disc travel of 1 lm.
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On Fig. 22 the dashed lines show the mean results of the tests of three
specimens obtained under normal heat remcval and the heavy lines show the results
with intensifisd heat removal.

It will ve clear from the figure that under the same loads and sliding speeds
the coefficient of frioction, the rate of wear and the temperature of tho specimens
are all lower with intensified Lea! removal.
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Fig. 22, Load depsndence of coefficient of frioction (1),
tewperature (2) and rate of wear (3) of capron specimens.

(a) Ah/As, #lkm  (b) kg

The shapo of the curve is somewhat modified. There is an inorease in the
grestest load at which no adhesion and no sharp rise in the cvefficient of friction
are observed, In this case the oritical locd increased over three times.

Thus the tests to evsluate the influence of the teaperature of the antifriction
properties of polyamides show that the coefficient of friction, the rate of wear and
the critical load of a polyamide all depend sharply on the temperature,

With rising temperaturs the sntifriction properties of polyamides continucusly
decline,

Variation of the temperature of tne surface leyer of & capron specimen under

conditions correspording to the begimning of polyamide adhesion to the dise. The
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experiments were run on the Skoda-Savin machine in outting of the disc 1 into the
specimen 2 at constent friction surface (Fig. 23, a).

The specimens were prepared by bonding two ocapron plates with a cement consist-
ing of a solutlon of capron in a 10-15% aqueous solution of phenol. Betwsen the
plates was plr d a thermoccuple made of copper and constantan wires 0,03 mm in
diameter, The hol junction was pisaced at a distance from the edge of the specimen
such that, after cementing and finishing the frietion surface, it would be approxi-
mately 0.4 mm from it. On finishing the friction surface, the specimen was fastened
in the clamps, Instead of the working disc a disc of the same diameter, but made in
the form of a miliing cutter, was installed. The finishing was performed under
translational displacement of the specimen relative to the rotating milling cutter.
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Fig. 23. Scheme cof test (a) and character of tempersture distribution
in surface laysr of capron specimen under friction conditions corres-
ponding to beginning of adhesion of peiyamide to dise (b).

a) distance to thermocouple, M

The thermocouples were calivratec after being ocomented to the specimens.

The thereocurrent was msasured by a GZS-47 mirror galvanometer with scale
divisions of 0,25°C,

The spscimens and discs were twice r’nused with ether before the test,

The taests were run under load of 3.5 kg (urit load 17.5 kg/ow?) and a sliding
spsed of 0.22 mfsec.
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These conditions were so selected that an inocrease in the lcad by 0.5 kg above
that selected would lead to the adhesion or polyamide to the disc in 5-1¢ min.

As the specimen wss worn down, the hot junction of the thermocouple approached
the friction surface. The thickness of the abraded layer was estimated from an
indicator graduated in divisions of 1 micron. The temperature was pericdically read,
The test was run until the hot junction reached the friotion surfacs, The combined
wear of the specimen and the hot juncticn slightly inocreasod ths temperature (by
3-49°C).

After the test, lasting 16-18 Lrs, an extremely thin layer of adhering
polyamide was observed on the disc. The regrinding of the disc and the removal of
the adhering layer did not change ihe temperature,

Thus on the basis of the results obtained, bearing in mind that the diameter
of the hot junction of the thermocouple was 0,04-0.05 mm, it may bo considered that
the measured maximum tempersture cf 64°C corresponds to the mean temperature of a
surface * -er about 0,04-0,05 mm thick under friction conditions corresponding to
the beginning of polyamide adhesion to the disc.

The conclusion may be drawn from these experiments that the temperature exerts
a decisive influence on the character of the change of the coefficient of frioction
of polyaxides with a change in conditions.

With rising temperature the antifriction properties of polyamides decline
contimiously.

Since even a relsatively small change in temperature causes a considerable
inorease in the coefficrent of friction, it may be szsssrted that the temperature
is the most important factor detsrmining the friction of polyamides. This
propcsition must be taken into account in solving problems connected with the
introduction, operation and design of polyamide bearings.

At the same time, in order to improve the opsrating efficiency of polyamide

bearings erd improve their antifrioctio:: properties, one must know what properties




of the polymer (mechanical, physical or chemieal) predomirantly define its friotion,
It is also important to know the direction in which these properties should be
modified.

The character of the properties of the material that determine friotion is
obviously closely connected with the fundamental form of interaction in friction,
For this reason the establishment of the fundamental fora of interaction in friction
is extremely important for the solution of practical and theoretical problems of
polyamide friotion.

In comnection with the faoct that there is nv clear-out solution of this problem
for polyamides, we staged a series of special experiments,

Before reporting these investigaticns we shall dwell on the experiments to find
the effect of hsat treatmernt on the hardness ard friction of polyamides.

The affect of heat treatment on the hardness of pclyamides. We noted earlier
that structural changes take place during the heat treataent of polyamide, It is
also known that a stay of a polymer st elevated temperatures leads to the removal
of the moisture acting as a plasticizer, and that on this acccount it inocrsases the
rigidity snd hardness of the material oven in the absence of structural changes.
Such a change in properties is of short duration. It disappeared after the initial
moisture oontent is restored in the polymer, and in this connection it is nct of
practical sigrificance as means of improving the properties of the material. In
contrast to this, the structural changes are of long-torm character (provided there
is no heating of the parts during operation to temperatures excssding the tempera-
ture of heat treatment).

Ooviously, to Solve the problem of the advisability of heat treatsent as a
means of improving the properties of polymers, it is very important to imow why
these properties do change during heat treatment and, accordingly, to know how

long its results can persist,
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In our studies we heat-treated not only materials in their original air-dried
state, but also with a preliminary dryinz in the atmosphers at 110°C for 12 hr.

A stay at this temperature could not cause apprecisble strusctural changes.

Specimens of capron, AK-7 and P-68 were used in these experiments.

The heat treatment consisted in holding the polyamide from 7 min tc 6 hr in a
bath filled with oil *vapor” at 160, 190 and 220°C (the latter only for AK-7). The
fluctuaticns of temperature were in the range of +5°C,

To evaluate the influence of oil impregnation of the specimens on the heat
treatment, some of the specimens were hested in capsules in argon by the method
developed by A. P. Semenov /85/. The specimens in the capsules and without the
capsules were submerged in the hot oll and removed after the heat trestaent
simultaneously, and were then cooled tc 20°C.

Their hardness was measured on an Super-fRockwell instrument by the method
developed by A, D. Kuritsina /57/,

During the study, besidss ocomparison of tbe hardness of heat-treated air-dried
and dry specimens, we also determined the effect on the duration of the polyamide
properties of prolonged impregnation with water of the heat-tr ' 3d specimens of
both types, and of specimens which had not veen heat treated.

In this cass we bore in mind that if the effect of structural changes of the
polysmide on its hardness were not disclosed in connection with the elevated hard-
ness of the specimens dried at moderate temperatures than heat treated at high
temperatures, it might still bs manifested in specimens containing moisture ard
possessing less rigidity.

The polyamides were impregnated in distilled water at 18-20°C,

Table 3 gives the hardness of the polyamides that were not heat treated. It
will be seen from the table that the hardness of the specimens first dried after
impregnation with water is somewhat higher than that of the specimens which were
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not first dried and were in the air-dried staetn until impregnation. The hardress
of the specimens of AK-7 and P-68 first dried and then impregnated with water for
600 hr continued toc dscrease on subsequent impregnation, while in the case of
specimens which, before being placed in water, were in the alr-dry state, an
increase in the durstior of impregnstion had only a slight effect on the hardness,
and that only on P-68,

Table 3
: 2
State of Specimen Hy kg/ m
Capron AK-7 P68
Airdry XXX EEZNFEENNERENNRENN NN NNNNRE RN AN N R X4 5,7 7.0 6.8
After impregnation with water for 600 hr 1
(air-dry before impregnation) cecececceccs 3,6 4,0 '
Same, for 1200 hr (air-dry before
mpl‘agmtion) $0s0csscvesssresoscscnossarse 3,6 4,0 4,3
Driasd at 110°9C for 12 AP .ccssecececveccces {
After impregnation with water for 600 hr 12,0 13,0 0,
(dﬂd before i‘pr‘muon) X 4.1 4,6 6,2
Same for 1200 hr (dried before
mpngrution) 2000000000000 000000000 000000 4,1 4.1 5,0

This is evidence that the specimens of P-68 and AK-7 that were first dried
reach a state of saturation more slowly.

The change 3in the hardness of the polyamides after heat trestment for 6 hr
is shown by Fig. 24, 3, b, ¢, and Table 4 gives its values,

It will be clear from the figures and table that the hardness of the specimens
after heat treatment was sonsiderably greater than the hardness in the air-dried
state,

The hardness of the dried specimens after heat treatment in oil at 190 and
220°C inoreased siightly, and at 160°C it even declined somewhat.

The heat treatment of dried specimens in capsules filled with argon at 190

and 220°C did not increase the hardness,
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Fig. 24, Dependence of hardness of polyamides on heat treatment,

& ~ capron; b - AK-7; ¢ -~ P<68 (specimens of
dry: heavy lines; sir-dry: dashed lines); I
11 - after heat treatmont and impregnation in distilled
1 - heat treatment in oil at 160°C; 2 - same,
; 4 - same, in oil at 220°C;

600 hr.
3 ~ same, in argon at 190°C
at 220°C

- after heat

water
in oil

at 20°C for
at 190°¢;

5 - same, in argon

polyamide before heat treataent,
treatment, dry;

After scturation with water the hardness of all specimens sharply declined,

There are therefore grounds for oonsidering that the rather sharp increase of

hardness as the result of heat treatment of polyamides containing molsture, for

instance in the air-dried state, is due mainly to the removal of water, which aots

&8 & plastioizer. The return of moisture toc the polyamide sharply decrsases the

offoct so obtained,




Table 4

Hardnees

State of Specimen Capron _AK-7 P68
ke/m?  $  kg/m’ ¥ kg/m? 3

Heat treated in cil at 160°C (air-

dry before heat treatment) ....... 12,0 210 12,4 177 10,0 147
Same &t 190°C ceecescccccvcsroscncec 13,6 28 13,2 188 12,4 182
Same at 160°C (before heat

treatment dried at 110°C for 12.hr} 41,5 9 12,2 9% 2,9 9%
Same st l%oc esecesoecsencsssscssserce 13,8 145 13,3 §02 116 $10)
Sm 3t 220°C 0000000000800 00000030 - - 13'4 ‘03 - -

Heat treated in argon at 190°C

(before heat treatment dried 12

hr at 11000) 0000000000000 0000000 - - 12,4 'H - -
Same at 220°C R amrx - - 13,0 100 - -

* The percentages indicate the change in hardness of the heat-treated
polyamides by comparison with their hardness before the heat treatment.

In heat treatment, moisture is removed not only from the air-dried specimens,

but also from those dried at s temperature lowsr than that of the heat treataent.

The hardness of the pulyamides after heat treatment for 6 hr and another impregna-

tion with water for 60G hr is given by Iauvls 5,

Table 5
Hardness*
Stats % Specimen C&};: 7§;2 P-68
kg/ma- 3 kg/wm<  # kg/me< %

Heat treated in oil at 160°C and

impregnated with water (air-dry

before heat treatment} cceeeevecas 4,5 1% .4 110 6.3 135
Sms' ‘t I%OC [ XN ERXN N XN EREENNENENN NN &ts 153 “g i“' 1I9 ’“
Same, at 160°C (before heat treat-

ment dried at 110°C for 12 hr) ... 43 1) a3 93 60
SMO, at 1930C 2edceevstesssressssen 438 117 5,0 19 1,1 124
Sm’ ‘t Zzooc [ F X N ENEENENEENSE EN N NEN ] - - ﬁ‘s tei —
Heat treated in argon at 190°C and

impregnated with water (before

hoat treatment dried at 110°C

fer 12 hr) XX YT EERN SN YRR NN ENE R "" 113 ;'{5_ ‘g 6'5 104

Same at 220%C ceevesvsccoscssscnncss

* The percentages indicate the chang® in hardness cf specimens heat treated
and then impregnated with water by comparison with ths hardnese of specimens
impregnated with water but not heat trested.
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The smallest inorease in hardness was obtained for the specimens heat-treatsd
in argon, and the greatest for the specimens heat treated in odl. It is possible
that, with the technique of investigation adopted, the increase of hardness was due
to a considerable extent to the faoct that after the same stay in the water the
specimens which in the original state were air-dried contained more water than those
first dried before impregnation, and rurther dried in the process of heat treatment
itself, inoluding those also impregnated with oil (ef. Table 3).

wWith increasing temperature and duration of the stay in oil, the saturation
with oil increases. The effect of oil impregnation is particularly marked if we
sompare the hardness of spscimens of AK-7 after heat treatment in oil and argon at
2200,

Apparently the absorption of oil by the polyamide, hindering tbe further
absorption of moisture, may enocourage the more prolongsd persistence of the elevated
hardness.

The elusidation of the process and struotural transformations in polyamides
when heated in air to 110°C and on heat treatment in oil at higher temperatures,
is a separate problem. The results indicate that the main cause of the inorease
in the hardness of the polyaxides after heat treatment is the removal of moisture.

The irreversible structural changes and increass in orystallinity that take
place under the heat tresatment oconditions adopted cause only an increase in polyamide
hardness that is not of substantial importance for practiocal purposes.

The effect of heat treatment on the coefficient of friction and the limiting
load for polyamides. The test was run in unlubricated friction by the scheme
nghaft-partial bushiag” (Fig. 5).

The load was varied over the range from 2 to 7 kg (unit load 10-35 kg/om?).

The sliding speed was 0.22 m/sec.
ri-are 25, 2, b, ana ¢, shows t:e curves c: lcad dependence of the coeiricient ol

friotion during heat trestment.
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Fig. 25, Load dependence of coefficient of friction of poi:qidu.

& - cspron; b - AK~7; ¢ - P-68

Specimens of capron, AK-7 and P-68 were tested. Various batches were prepared
as follows: saturation with distilled water for 600 hr at 20°C (curve 1); the same,
followed by drying in air at 110°C for 12 hr (ourve 2); the same, followed by heat

treataent in "vapor® oil at 190°C for 3 hr (ourve 3).
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The capron spscimens were dried in air at 110°C for 12 hr and were then heat-
treated in capsules in an argon atmosphere at 190°C for 3 hr (ourve 4, Fig. 25, a).

The temperature fluctuations during heat treatment did not exceed 15°C.

Esch point on the graphs corresponds to the mean value of the results of three
experiments,

It will be clear from the graphs that drying and heat treatment lead to a
decrease in the coefficient of friotion.

The saturation of the polyamide with oil during heat treatment hsd no effect
in most of the tests on the values of the coefficients of friction.

The inorease in the coefficients of friotion of polyamides after saturation
with watér is apparently the result of an increase in the area of actual oontacy
in friction, due to the decrease in hardness.

The eritical load causing the beginning of a sharper rise in the coeffisiert
of friction for dried and heat treated specimens is somewhat higher than for moist
specimens, and the highest losd values are noted for specimens heat treated in oil
(Table 6).

Table 6

. - Kparwweckan sarpyms.
?.’_ =
O Coacromme ofperaa
: - AK—~7 voQges

l=btate or specamens “=-uritical Loaa, Fors K23
@Humnnnﬁ sopoll B Tevenne 3-Lapron; 4-P=6; S-saturatec wivh waver ror

000 vac opu20°C . . . ... J 4. 45600 hr at 20%; o=iriea 12 nr ac 1JUOC; ‘/=tiear
g To nank 3 Tesenne 12 sac apu

treaved 3 hr in oc11 ac 1wO%; s-oame, 1n argon
THOC ... 3 4,5 2

Tepuunecks 06pabotansutl 8 tewe- es

uue 3 wac opu 490°C s macae . .| 5.5
@Toxe..apmle ......... S

l o o

It will be clear from Table 6 that the oritical load for specimens hsat
treated in oil is higher than for the dried specimens (10, 20 and 4% higher for
capron, AK-7 and P-68 respectively).

This increase is evidemtly the result of the separation of the oil absorbed
by the polyamids during heal treatment, when the frioticn conditions are made more

severe above & certain limit,
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The results of the above studies help to explain the data of ciher authors,
given in Chapter I, which at first glance are contradistory. They indicate that
it may be advisable, in order to improve the antifrioction properties of polyamides,
to hold tham in heated oil at the highest temperatures possible, without causing
destruction of the shape and dimensions of the articles, with the objeot of more
complete absorption of oil by them. The tests have shown, however, that the effect
of such treatment on the operating efficiency of polyamide bushings is small.

The results have also shown that the change in the hardness of polyamides
after heat treataent is due mainly to moisture removal and, although saturation
with oil during heat treataent favors the more prolonged maintenance of the
elevated hardmess, tlie effectiveness of this means of changing the properties of
the polywsr is slight, since, during operstion, as the imitisl moisture content is
resitored to the polymesr, the disappear.ncs of the origiml resulis is inevitable.
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The results of the above studies help to explain the data of cther authors,
given in Chapter I, which at first glance are contradictory. They indicate that
it may be advisable, in order to improve the antifriction properties of polyamides,
to hold tham in heated oil at the highest temperatures possible, without causing
destruction of the shape and dimensions of the articles, with the objsct of more
complete absorption of oil by them. The tesis have shown, howsver, that the effect
of such treatment on the operating efficiency of polyamide bushings is small.

The results have alzo shown that the change in the hardness of polyamides
after heat treatment is due mainly to moisture removael ard, although saturation
with oil during heat treatament favors the more prolonged maintenance of the
elevated hardness, the effectiveness of this means of changing the properties of
the polymer is slight, since, during operation, ss the initisl moisture ccntent is
restcred to the polymer, the disappear .nos of the original resuiis is inevitabls,
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CHAPTER IV

FINDING TdE PRIMARY FORM OF INTERACTION IN FRICTION OF A
POLYAMIDE-STEEL PAIR

In developing the msthod of study we bore in mind that in finding the primary
form of interaction a comparison of the changes in the soefficients of friction in
the mechanic«l properties of the polymers might be helpful. For mechanical inter-
action, one should observe a connection in the changes of these characteristios.
But the change in the frioctional force might also be related to the change in the
mechanical properties in the case of molecular interaction as well. In the latter
case the gonnection is duwe to the dependence of the area of actual contact on the
mechanical properties,

For this reason the existence of a correspondence between the change in the
coeffiocient of friction and the mechinical properties is by itself still
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insuffioient to warrant a judgment as tc the primary form of interaction. The

absence of such correspondence, however, would indicate that it is not the

mechanical properties that primarily determine the value of the frictional force

and, consequeatly, that the nonmechanmical interaction is the primary form. In

this latter case (since we are discussing only the mechanical and molecular 1
interactions in friction) the experiments would support the hypothesis of molecular
interaction between the wearing surfacoes.

A comparison of the relationships between the variation of the mechanical
properties and the coefficients of friction thus appears advisable for a mumter of
materials lmown to possess a sharply differing aupability for molecular interaction.
In connection with the axistence of & sharp temperature dependence of the coeffi-
cient of friction in the polyamides, the variation of their temperature was adopted
as a means of modifying the properties of the polymers.

In addition to the polyamides, we selected a number of linear polymers with
different intramolecular bonds and intramolecular cohesion: low-pressure (LP)
polyethylene and polytatrafluoroethylene.

A substantial peculiarity of the polyamides, as already notsd, is the exist-
ence of polar groups and hydrogen bonds between the molecules, sharply increasing
the energy of their molecular cohesion.

The molecule of polyethylene, according to present ideas, consists of a chain
mostly consisting of hydrocarbon groups, CH>. The intermoclecular bonds are of
disperse character. The enargy of their molecular cohesion is substantially lower.

Polytetrafiuoroethylens is likewise marked by the disperse character of the
intermolecular bonds, the interaction with other atoms being weakened by the
shielding action of the fluorine atoms. It is precisely for this reason that of
the imown polymers, polytetrafluorcethylene has the smallest adhesive power,

The effect of tempersture on the goefficient fri L LP le

and polytetrafluoroethylenr. The temperature dependence of the coefficient of
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friotion of LP polyethylene &nd of polytetrafluoroathylene was determined »y the
sare meithods used for ths polyamides. In this method, owing to the insignificent
differences in the thermal conductivity coefficients of the test materials, the
temperature ard character of its distribution in the surface layer should be close
together.

It will bs seen from Tig. 26 that the coefficient of friction cf LP
polyethylone incraases loss sharply with increasing temperature than it does in
the polyasides, and that the coefficients of fristion of polytetrafluorcethylene
deciines with rising temperaturse,

The results indicate that the character ol variation of the coefficient of
friction'with incrsasing temporature is not the same for different polymers.

The influence of tempszature on ths hardness of polymers. The heatable stage
and irdentor dezoribed in Chapter III were used to measure the hardncas at varicus
temperatures.

The hardness was sxagured on a Super-Rockwell instrument, by the method
developsd by A, C. Kuritsina /57/.

The temperature was mnasured by a2 thermccouple of wirs 0.1 mm in diameter,
The hot junction was cemented into the test specimens to a depth of 1 »m and at a
distance of 6-7 ma from the site of indentation. The cement used in making up the
hot junctions of the thermocoupies was & solution of poliyamide in a 10-15% aqueous
solution of phencl,

Before the tsst the aspecimens and indentor were heated and held at constant
temperaturs for 20-25 min.,

The mean values of the bardness and its decline, in %, with inoressing
temparature are given in Teble 7 (tae hardness at 25°C was taken as 100%).

A3 will be seer: from the tabie, the cheracter of variation of hardness was
the same for all polymers tested,
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Fig. 26, Temperature depsndence of coefficient of friotion of polymers.
1 - capron; 2 - P=68; 3 - AK-7; 4 - LP pol~ethylene; 5 - polytetrafluoro-

ethylene.
Table 7
rdness
Tempgrnture, Capron Pol iene Polytetrafluoroethyiene
¢ kg/m” % ke/m % kg /e #
25 R.45 100 3.35 100 3.2 100
60 veS 53.4 1.83 56 2.0 62,5
% 309 1‘602 1.1:‘5 3505 10“"5 “5.2
pffect of temperature on the shear resistance of polymers. Tests wsre run by

the aid of a specially designed appliance on & universal tensile tester with a
dynamometer scale division of 0.1 kg.

Loading was at the rate of 180 kg/min continuously to complete rupture. The
cross-section of the specimens was 2 x 2,3 mm,

Before the test the apparatus with the specimens was held at constan:
temperature for not lsss than 25 mizu,.

The shear resistanse was calculated by dividing the maximum load by twice the

cross-section of the specimen.
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Table € shows the mean values of the shear resistance a~d of iis deorease in
% with inoressing temperature (taking the¢ shear resistance at 25°C as 100%).
Table 3

Conporusaens2 ¢pes:

@ g @ xanpox stuaen HJL Mm:ﬂ* uCae

l-iemperature; 2=she.r resistance;
.. | 3 )
a=Folytetrailuorvevhylene; bLeKg/r

25 . 10,25 |100 | 4,
e | 505 | i85 3,
90 | $.95 | 61,8 2

As shown by the table, the character of the variation of shear resistevcse is
likewiss ths same in all polymers tested.

The sharply different cheraotar of the variation of the coeffisient of friction
with incressing temperature (Fig. 26), with the aharacter of the variation of the
machardcal properties (hardness and shear rogistansc) very similar in all csses,
gives grounds for concluding that the variation of the noefficient of friction is
Dot detormined in all the polymers tested hHy the varistion of the mechanical
properties,

The greatest difference in the character of the variation of tue coefficient
of friction is observed in polytetrafiuoroethylene, which has the lowest molecular
cohesion, and in polysmide, whose molecular cohesion is the greatest of ail the
polymers tested.

It is natural to assume that the moleoular interaction in the fricllon of the
polyamide is manifested mors distinctly ard it is preciscly this, causing the
difference in the corresponding relationships in polytetrafiuorocethylene arnd
polysthylens, tihat determine the character of the temperature dependence of the
cosfficient of frictiou.




It is also clear from Table 7 that LP poiyethyiune hes .ssen’ _a.ly a greatar
decline in hardness with inoreasing temperature than polyamide.

Qbviously during friction cunder the same temperaturs rise w.lsr the same other
conditions, a greater incresse in the area of actual contact should be observed
with rising temperature in LP polyethylend> than in polyamide, For this reason the
divergence veitwesn ithe cozfficient of friction of polyamide and that of LP poly-
ethyisne, inoressing steadily with rising tgmperature, may be explained, not by the
greatsr increase in the arsa of astual contact (since the opposite should in fact
take place) but by the psculiar charactsr of the variation of interaction in the
friction of polyamide.

Congaquently these results suggest that such a sharp increase in the
coefiicients of friction of polyamides with increasing temperature iz due to the
peculiaritioes of their chemical compoeition and v .micturs and, in partlicular, to
the presencs of polar groups, which are absent irom LP polyethylene, and the ability
to form hydrogen bonds.

Comperison of the variation of the occefficient of friction and of the ratio

between shesar resistance and hardness (S[m of polyamide with rising tempersture.
Additionmal information on the basic form of intersction during fristion of polynni&es

may be obtained from a comparison of the ratio between shoar resistance anc hardness
with the goefficient of friction on temperature variation. In accordance with the
Boden~Tabor adhesion theory, a certain ratio between these quantities should ve
observed during unlubricated friotion.

Figure 27 shows the correspondinz relations for capron. It will be seer. from
the figure that the charascter of variatic:: of these quantities is diffesreri. It
must be borne in mind that the ~stio 5/H is cbtained as a funotion of the sctual
temperatures of the polymer. fihe curve for s, on the other hand, is plotted against

the temperature measured st a distance of 1 mm from the fricticn surface.
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The results obtained in Chapter III permit us to make certain remarks about
the trus position cf the curve of the cosfficient of friction obtained with rising
temperature. Since the teaperature of the specimens in these sxperiments was
measured ai & Jdistance of 1 mm from the friction surface, the actual temperature
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~n the friotion surface itself was highsr,

At an averages temperature of 499C, the polyamide adhered to the disc (Fig. 16).
But the adhesion of capron begins only at a surface layer temperature of S4°C
{rige 23)s The drop between the temperature of the surface layer and the tempera-
ture measured at a distance of 1 mm from the surface is 15°C.

On this basis we may conclude that the trus curve of the temperature dependence
of the coefficient of friction of capron should be shifted to the right relative to
the curve shown by Fig. 27, so that its point A (corresponding to the beginning of
adhesion of polymer to the disc) is shifted to the right by not less than 15°C, and
will lie to the right of point A'.

According to the adhesion theory, m = S/H should be true in cases where the
shear takes place in depth in the softer material. The lack of agraement between
these quantities and the existence of the inequality um# S/H (Fig. 27) is evidence
that at different temperatures a bond of different strength is formed (with the
shear resistance less than the bulk shear resistance), i.e., the shearing of bornds
tskes place between the surfaces, instead of in the interior of the polyamide.

The variation of the coefficient of friction under these conditions may be due
primarily to the variation of the forces of surface interaction.

Thus these results speak for the view that the friction of polyamide zgainst
steal without lubrication is determined primarily by the molecular irteraction
between the surfaces of these bodies. To determine the extent to which this cause

_affects the behavior of polyamide in lubricated friction, we ran additional
experimsnts,

Study of the effect of temperature on the coefficient of friction of polyamides
with lubrication by oils ocontaining polar additives was conducted under the same
conditions as with lubrication by industrial oils. The industrial oils "12* and
n45n were used as the lubricants, with 1% of oleic acid as the additive.
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With this experimental method, the beginning of the rise of the coefficient
of friotion with lubrication by industrial oil "12* with additives corresponds to
& temperature of 130°C (Fig. 19, curve 2); and to 145°C with lubrication by
industrial oil "45" (Fig. 20, ourve 2). The regions of rise of the coefficient of
frioction correspond to a considerable softening of the surface layer of polyamide,
and the regions of decline to its melting.

The melting of the surface layer and its attairment of the temperature 215°C,
accompanied by a rapid failure of the capron specimen, occurred at an average
temperature of 160°C, measured at & distance of 1 mm from the friction surface.

The temperature drop was 215-160 = 550C,

Assuming roughly that at the measured temperatures of 130 and 145°C the drop
was the same or somevhat smaller (the rate of tempersture rise was held the same in
all the experimants) and amounted to 45-55°C, we get the result that the oritical
tempsratures are of the order of 175-185°C for industrial oil ™4S5* with the additive
snd 190-200°C for industrial oll *12" with the sams additive. It will thus be clear
that the introduction of a polar additive helps to prevent an incresse in the
cosfficient of friction of polyamide practically throughout the temperature range
of its operation,

The addition of a polar additive prevented the inocrease of the coefficient of
friction. This proves that the rise in the coefficient of friction of polyamids
with temperature during lubrication by industrial oils without a polar additive was
due to intensification of molecular interaction between the friotior surfaces.

Study of the features of interagtion in the frioion of s polyamide-steel peir.
Our experiments here consisted essentially in determining that oomponent of the
force of friction that is due to molecular interaction in unlubricated friotion,
and in the estimation of the shear resistance of the bonds so formed.

To solve this problem requires a separate quantitative evaluation of the

molecular and mechanical components of the force of frioction and the measurement of
the area of actual contact,
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Bowden, Moore and Tabor evaluated the sdhesion and transverse comporents on
displacement over sn indium surfece of slides ir the form of vanes, hemisphores
and hemilcylinders of the same radius,

The plasticity of indium assured the preservation of the friction irack and
nade it possible to measure it subsequently. Those suthors assumed that the
difference in the tractive force on displacement of the vane and the cylinder at
the same track width wes due to the acdhesional component. The shear resistance was
found by dividing the adhesive component by the lateral surface of the cylinder
submerged in the indium.

Since the trne elastic ' ise of polyamide makes it impossible to preserve the
trace on the friction surface from which the area of actual contsct could be
estimated, a different method was worked out. The friction of a steel ball on the
plane surfsce of a combined specimen with a plastic base and an extremely thin laysr
of polysmide on the surface was estimated. In view of the negligible resistance to
deformation by & thin film of polyamide (of the order of 1 micron thicimess), it
may be considered that the mechanical componert of the frictional force is due
exclusively to the deformation of the plastic base. By artificlally minimiszing
the molecular interaction, the value of the mechanical component may be brought
close to the value of the total frictlonal force, and that forece can then be roughly
estimated (provided constant width 5f the track and constant uplift in front of the
slide can be maintained). The difforence between the friotiomal force determined
before and after the artificial depression of molscular interaction will give the
value of the moleculsr component.

fvaluating the area of actual oontact from the track remaining in the plastic
base ve may calculate the shear resistance of the bonds formed between the fri:tion
surfaces on account of molecular interaction.

The bass of the flat specimen was prepared from lead, which is almost of the
same hardness as polyamide. Tbis permits the assumption that there will be no
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substantial differences in the areas of actual oontact obtained on bonded specimens
from those on all-polyamide specimens.

The gpecimens were prepared as follows: on lead plates 8 x 30 x 4 mm, surfaces
of 8 x 30 mm were given a high degree of smoothness by pressure of the plate in
contact with the polished surface of & measuring plate.

After degreasing in ether, films of two types were applied: (1) capron, 1
mioron thick, in a solution of capron in 85% formic acid; (2) FBF-74 varnish and
oleic acid (a 3% solution of oleic acid in aviation gasoline). The application of
the films of FBF-74 polytetraflnoroethylene varnish and oleic acid lowered the
molecular interaction on specimens with a lead base.

Before the experiments the specimen ocoated with capron films were twice washed
with ether, The steel specimens, which consisted of hardened balls of Shkhl5 steel,
6 mm in diameter, were wiped off with silica gel and washed twice with ether.

The experiments were run with reciprocating motion of the specimens on the
apparatus desoribed in Chapter II (Fig. 9).

The sliding speed used was 0.000003 m/sec, so that there was no frictional
heating of the specimens. The load on the ball was increased from 0.126 to 1.755
kg in stages spaced 7-8 min apart. On each stage the constant frictional force was
maintained for not less than 5 min. With increasing test time by a factor of 5-6
or more, the friotlonal force did not vary.

The load dependence of the fristional force for specimens coated with films
of FBF-74 varmish with oleic acid (Fz), and for specimens coated with capron films
(F1) is shown in Fig. 28, Each point is plotted from the result of not less than
three tests. The arrangement of the specimens is shown in Fig. 29. The principal
characteristics obtained in these tests are shown by Tables 9 and 10,

The slight differences in the width of the friction track and tne uplift in
the front part of the track in specimens of both types at the same load gives
grounds from the conclusion that the losses due to deformation of tie base, i.e,,
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the mechanical component of the frietional Force, Fpeens 15 about the same in both
cases, It will ve seen from Table 9 that the value for F; is approximately porpor-
tional to the cross-sectional area of the track Ap, which is equal to the area of

a circular segment. The factor of proportionality ko, representing the resistance
of the lesd base to deformation, varies in the rangs k, = 3 to 3.7 kg/mZ, which
is close to the hardness of lead.
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Table 9

Parameters Load, kg
0.126 0.252 0.505 1.130 1.755
Frictional force FZ, kg 20s%¢00000 000037 00009 00025 01083 00161
width of frioction track b, mm .., - 0.45 0.65 0.88 1.10
Area of spherical segment A;, mu - 0.003 0.008 0.023 0.043
Resistance of lead base Fto
deformation, ky = -;: , kg/mm? - 3.0 3,13 3,61 .7
Table 10
Parameters Load, kg
0.126 0.252 0.505 1.130 1.755
Totll frictionll fom' Fl u 00063 00128 00260 00575 0 .9“'5
- F ~ kg 00000 GOGCOBOISS 00059 o.u9 00235 o.u% 0.?&‘
Width Of a%tim track b. - 00“3 0063 0. 93 1019
Half surface of_sphoriod
aopont s000s0sc00ere - 00085 00169 0.330 0.527
Shear resis of bonds,
b= , kg/me ouee.. - 1.4 1.39 1.49 1.49

Share of -olocular component,
le, % eesocressvectorroense 93.7 93.0 wos 85.5 83.0

The molecular component of the frictional force (Fp,; = F - Fz) proved in
fact to be proportional to half of the surface of the spherical segment Ay which
was to be expected. The proportionality factor kl representing the shear resistance
of the bonds formed between the oontaocting surfaces on variation of load, varies but
slightly (k; = 1.39 - 1.49 kg/me%). The fact that it is only about 1/7 as great as
the buik shear resistance of the polymer (at 22°C, $ for capron is 10.3 kg/mm 2), is
another proof that the shear of the bonds takes place between the friotion surfaces
and has no direot connsction with the mechanmiocal properties of the polymer,

The inoreasing share of ths molecular oomponent with decreasing load is
connected with the fact that at small loads the depression of the spherical specimen
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Table 9

Parameters Load, kg
0.126 0.252 0.505 1.130 1.755

Frictional foma FZ’ kg 209000000 000037 0.009 00025 01083 0.161
Width of friction track b, mi ee0 - 0.‘&5 0¢65 0088 1.10
Area of spherical segment Ay, mm - 0.003 0,008  0.023  0.043
Resistance cf lead base to

deformation, ky = ]'-, kg/ma? - 3.0 3.13 3.61 s

! |
Table 10
Parameters Load, kg
0.126 0.252 0.505 1.130 1,755

Total frigtional fores Fy. kg 0.063 0.128 0.260 0.575 0.945
Fi - F2~F 1' ks e00d00000OOIOGIS 00059 0.119 00235 °0u92 00?&‘
Width of friction track b, mm . 0.43 0.63 0.93 1.19
Half surface of gpherical

’ant 9 e000000000000 - 00085 00169 003” 00527
Shear resis of bonds,

R R - 1.4 1.39 1.49 1.49

Share of molecular component,

le, 'ﬁ 9000030000060 0000000 0 9397 93.0 %05 85.5 83.0

The molecular component of the frictional foree (Fp,; = F; - F,) proved in

fact to be proportional to half of the surface of the spherical segment Ay, which

was to be expected. The proportionality factor k; representing tho shear resistance

of the bonds formed between the contacting surfaces on variation of load, varies but

slightly (k; = 1.39 - 1.49 kg/ma®). The fact that it is only about 1/7 as great as

the buik shear resistance of the polymer (at 22%, S for capron 1s 10.3 ks/mz), is

another proof that the shear of the bonds takes place between the friction surfaces

and has no direoct connsction with the mechaniocal properties of the polymer,

The inocreasing share of the molecular component with decreasing load is

connected with the fact that at small loads the depression of the spherical specimen
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1s less and the relative size of the surface of the spherical segment is greater.

In this conneotion we may assume thst, on a base harder than lead, in partic-
ular on an all-polyamide specimen, when the submergence of the slide will be some-
what less, the share of the molecular component should be not lower than that here
determined.

In spite of the closeness of the results ottained, we may conclude that the
molecular componert in friction of steel against polyamide not only determines the
character of the variation of the frioctional force with varying conditions of
friction, as already shown, but may also predominate in the total frictional force,

Moreover, the sharp difference in the force of surface interaction in the
experiments deszoribed by ourves Fy and F, (Fig. 28), with the slight difference in
the width of the friction tracks, and in the heights of the uplifts, indicates that
the surface molecular interaction may directly determine the values of frictional
force,

The absence of disruption of the polymer films after passage of the slide in
most experiments is evidence that during friction surface interaction took place
only between the steel sphere and the polymer.

At loads of 1.755 kg, hcwever, the capron file did show considerable thinning
in places, and the lead base partislly emerged tc the friotion surface. The
frictional force increased somewhat. The surface layer of the track began in same
places to be displaced, and small ocorrugations appesred. The ball rose and slid
over them, and the cycle then repeated.

The firictional force fluctuated continuously. The width of the track was
somewhat greater (by about 10%) than that of the tracks formed on specimens aocated
with FBF-74 varnish and oleic acid.

Thus in those cases when the surface interaction increased to beyond a certain
value, apparently connected with the resistance of the surface layers of the softer
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meterial to deformation, the increass in the friotional forse was partially due to
the formation cf a wave or corrugation in front of the slide and to the inorease in
the mechanical component of the friotional forsce connected with this corrugation,

The study described in this chapter hes shown that the psoulierity of polyamide
behavior in friction without lubrication against stesl are due to the peculiarities
in the character of variation of molecular interaction between the contact surfaces,

In friction under conditions of boundaiy iubrication, when it is insufficient
to prevent the direct contact of the surfaces, the molecular interaction between the
polyamide as in steel pair may likewise to a considerable degree determine the
values of fristion. This appeared most distinctly with a lubricent not containing
polar additives, with rising temperature,

The disruptisn of the hydrodyramic lubrication and the appearance of direct
interaction between the surraces takes place on atvainment of the critical conai-
tions of bearing cperation. The further serviceability of the friotion unit depends
primarily on the properties of the materialz of the pair,

We may conciuds from these experimemts that molecular interaction is the second
major factor determining the friotion of polyamides.
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CHAPTER V

STUDY OF THE FRICTION OF POLYAMIDE BUSHINGS

To study the operation of bushings, stand tests * were performed on cast-iron
(capron spray-coated) and cast capron bushings.

The bushings were 40 mm in diameter and 50 mm long. A thin layer of polyamide
wis applisd to the cast iron bushings by the vortex spray method, using the
technique developed and used at the Flastics Laboratory, eNIMS. After grinding,
the thickness of the layer was 0.20 sm. The surface finish corresponded to V 6-V 7.
The clearance used was 0.06 mm (X fit); 0,12 mm (x3 1it); and 0.20 »m. The
tolerance for the clearance was 0.0l mm.

The cast bushings of wall thickness 1.5 sm were cast at the Physicochemical
Technology shop of the Moscow Automobile Flant imeni likhschev (Fig. 30). In the
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nonoperating part the bushings were alotved a.ml the oil collecting chamfers 1 were
cut inte the edges. This cutting provided space for thermal expension at minimum
variation of the initial clsarance. The bushings were freely inserted in the ciipa,
They were prevented from turning by the pin 2 fitting into the groove of the clip.
The working surface was nct machined. The clearance was 0.20-0.25 mm.

For comparison we also tested bushings of OTeS 6<6-3 bronte, which is widely
used g8 an antifriciion material., They did not differ in dimensions and design
from the finished capron faced bushings. The surfane finish was ¢/ 7- ¥ 8; the
clearance vas 0.06 + 0.01 mm (Fig. 11). In connec’ion with the fact that the
apparatus for measuring the frictional force takes the friciion of the bushing
against the shaft * aiud the twn rocker bearings 3, a special calibration was run io
letermine the friction loss in the latter, For this purpcse, ln:stead of the test
bushing two ball bearings (likewise iransvesrse bearings) were nlaced instead of
the test oushing and the friction of the four vearings was determined at various
loads anG at the rpm selected for the main sxperiments, The correction sc determined
(related to the two ball bearings) were introduced into the caloulations for the
frictioral force of the bearings of the main experiments.

The tempersture of the buzhings wuas measured by a chromel-alumel thermocouple
with wires 0.2 mm in diameter., Its hot juncl!on was placed in the operating part
of the bushing in the middle of itc length al a distance of Z mm from the frioction

surface.




Before the test the shaft and bushings were washed with gasoli e, The load
was inoreased at intervals of 15 min by stages to 110 kg, until the znerp rise in
the coefficient of friction began. The sliding speed was 1.3 n/sac.

To check the influence of the time intervel between the successive loads,
tests were made in which the load was increased at 5 min and at 30 min intervals.
They showed that in the limits investigated, the length of the interval between
application of the additional losds has no effect on the results,

in ail experaiments, the luoricant usea was inuustrial oil "14," 1ne tvests
were run in two variants of lubrication: (1) abundant lubrication, continuonsly
fed to the friction zone at the rste of 3.6 liter/hr; (2) insufficient lubrication
fed at t‘he rate of three drops every 15 min,

The tests with abuncant lubrigation were run on busaings faced with a thin
capron layer (clearance 0.06, 0.12 and 0.20 ma) and on (TsS €-6-3 bronze bushings
at 0.06 mm clearance.

The period of sharp increase of frictional force in the bronze bushings was
accompanied by adhesion ¢f bronse to the shaft and seizing of the friction surface.

The limiting loads marking the beginning of the rise in the frictional force
in the test of the three bronze bushings were as follows:

v

) ) s
Total 2640 2880 2150
132 13 135
Unit value .

Or the basisz of the experiments, ths average total load was 2750 kg and the
average unit lcad was 137.5 kg/cnz.

In testing the capron-faced hLushings, the load was brought up to the same
level, In the bushings with clearance 0.06 mm, at a load above 1000-1500 kg, the
coefficient of friction and tro temperature both inoreased, but then decreased
after 15-20 min, The bushings contimed to operate.
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The load dependence of the coefficient of friotion and at the temperature of
one of these tests is shown by Fig. 31 (curves 1), We also show, for purposes of
cumerison, the results of 0TsS 6-6-3 bronte bushings, whose aoefficient of frietion
and temperature vary smoothly up to their sharp rise on seizing (curves 2),
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After the test the friction surface of the capron-faced bearing had a polished
appearance; no traces of machining persisted. At the edge of the lubricating
furrow, light beading wus noted, indicating that there had been a melting of the
layer during the test. S'nce the clearance was small (0.06 mm), the conditions of
normal lubrication were ipparently disturbed, and the temperature rose sharply
(Fig. 31). The melting of the iayer and the displacement of the melted polyamide
into the cavity of the lubrication groove then took place. The clearance increased,
the operating conditions of the bearing improved, and as a result the ooefficient
of friotion and the temperature both declined.

In the bushings with a clearaiwce of 0.12 mm, at loads over 1200-1500 kg, a
period of unstable operation began, and brief rises in the coefficient of friction
and the temperature were observed,




At the same time, after the end of the tests, except for a light orushing and
smoothing of the ridges (left by the machining), no damage of the friction surface
visible to the naked eys ooculd be detected,

Apparently the brief rises in the coefficient of friction and temperature were
comeoted with the disturbance of the normal conditions of lubrication and the
melting of polyamide on extremely mimute resions of the rough projections.

Under critical conditions, when the supply of lubricant to individual regions
of the friction surface is hindered, a heating and melting of the surface layer was
observed in the capron bushings.

After melting of the layer and increase of the clearance, the operating
conditions of the bushings improved, since the conditions for the lubricant feed
improved. No seizing of the friction surfaces was noted.

The tests under inguffjgient Jubrication were run on cast-iron bushings faced
with a thin layer of capron 0.2 mm thick, and on cast capron bushings of wall
thickness 1.5 mm. For ocosparison, bushings of 0TsS 6-6-3 were also tested,

Cast iron bushings. To prevent disturbance of normal operation of the bushings,
s clegrance of 0.2 mm was adopted. After washing in sviation gasoline and drying
the shafts and bushings, the same quantity of lubricant was applied to their woricding
surfaces and was uniformly distributed there (two drops on the shaft and three drops
on the bushing). Then, at intervals of 15 min, before inoreasing the load, a new
portion of lucricant (three drops) was fed.

Three spccimens wers tested. The rmumerical valuss of the limit loads and
teaperatures are given in Table 11.

Figure 32 shows the load dependence of the costiicient of friction and of the
temperature of the bushings. The ocefficient of friction in the temperature of the
capron-faced bushings (curve 1) proved to be considerably higher, and the limit load
considerably lower for insufficient lubrication than those of the bronse bushings
(curve 2).

73

-— e o e e m——— —— - =




wr K
1760 '-a,a
0,09

13201096

- e ad o =

3
YT
I

8801 005

&4} 4%

P o=
-y

Log ST . —-m-q-1-—-

-
S

Al
Iy
1y

0 w 1 ';.;M T S e s =
b

4 ] 2 J 4 vac~
rig. *j3. Loau aepenaence ol coeriicient ol Iriction oI cast capron

bus.:1n ‘S,

hr

Table 11

Specimen 1 Specimen 2 Specipen 3 Average

?ﬁiﬁf“ Plims K8 Ty OC Pyjyy K T5 OC Flyy, K8 T, OC  Pi4n, kg T, OC

Capron facing 500 1% 220 124 660 120 477 126
OTsS 6-6=3
bronge 1540 118 1210 146 1760 112 1503 125

Aftsr reaching the melting point, there 1s a contimious abrasion of the layer,

with transport of the melted particles of capron to the inlat side of the bushing.
If the temperature failed by 10-i5°C to reach the melting point of capron,
the bushings showed no defect nor traces of wear. They oompletely preserved the

scratches from the machining.
In all cases the capron bushings went out of commission after heating of the

surfsce layer .o the melting point. In view of the limited lubrication in these
expariments the melting of the surface did not lead to improvement of bushing

operation,




in connection with the slight differences of the conditlions of lubrication in
different experiments, the melting point of capron was reached by the surface layer
ard the bushings went out of commission at substantially different loads. The
difference between the measured tempsratures, however, was small.

The cast capron bushings were tested by the same method, At a sliding spead
of 1.3 m/sec under a load of 110 kg, the bushings went out of commission 5-10 min
after the beginning of the test., The sliding speed was then lowered to 0.67 m/sec.

Figure 33 gives the load dependence of the coefficient of friction of the
capron bushings. The heavy lines show the rise in the coefficient of friction of
cast capron bushings with lubrication by industrial oil *12,” and the dashed lines

show the same with lubrication by industrial oil *12% with 1% oleic acid added.

In the intervals between the regular feeding of oil, when the layer of oil
became thin, periodic increasss in the coefficient of fristion were noted. when

the load increased above a certain level, there was a sharp rise in the coefficient
of friction.
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As in the last case, it was accompanied by a melting of the surface, after
whioh the friction declined somswhat. On the surface of the shaft the layer of
polyamide spread in the form of & continuous film.

In these tests, as in the last ones, the capron bushing went out of commission
under oritical conditions only as a result of the melting of the surfacs layer. We
have shown above that the temperature is a major faoctor determinming the frietion of
polyamide, owing to the fact, characteristic of polyamides, that there is a sharp
temperature dependence of the coefficient of friction and a contimious decline in
their antifrictional properties with rising temperature,

The tests described in this chapter not only confirm this but also shows that
the extreme temperature level that can be reached under operating conditions of
bushings determines their ssrviceability.

Indeed, in operation with abundant lubricant, when the heating caused by
melting is excluded, the serviceability of bushings faced with capron proved to be
no lowser than that of bronze 0TsS 6-6-3 bushings. When the lubrication did not
provide a reliable separation bstween the capron and steel surfaces (owing to
insufficient lubrication or insufficient clearance), the coefficient of friction
and the temperature inoreased rapidly, and the bushings went out of commission at
loads only a third as great as for O1sS 6-6-3 bronze under the same conditions.
With decreasing heat removal from the friction surface using bushings with a wall
thickness of 1.5 mm, the bushings went out of commission under conditions even
less sevore,

The behavior of & polyamide bearing and its serviceability are determined by
a number of factors: the severiiy of the operating conditions (the load and sliding
speed), the quantity and quality of the lubricant supplied, the heat removal from
the friection surfaces, the design, etec.

In most cases today there i3 no method of objective and quantitative

evaluatisn of the influence of these parameters on the behavior of antifriction
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material in a friction unit. For this reason, ta 2luuvidate the possibility of
using plastic in some speoific friection unit, one must run prolonged tests under
operating conditions. Here, ¢ven susch tests cannot answer the question as to the
margin of reliability with whioch a polymer can be used. Evidently only the
estimation of the maxcimum tempersture that can be reached under actual production
conditions, of a given unit or similar units, can answer this question quickly
enough. In other words, the maximum tempersture level that can be reachsd in some
specific friction unit may be a reliable oriterion for judging the possibility of
using polyamides in such unit., It is obviously advisablie to use this criterion in
solving problews on the introduction of polyamides into machines and mechanisms now
in operation.

The experiments have shown that with oil lubrication the operation of polyamide
bushings oan be contimied up to the temperature of considerable softening and melt-
ing of the polymer. But a oonsiderable decrease in the mechanical properties, the
sharp rise of creep and the decrease in the wear resistance of the polymer takes
place at even lower temperatures. The maximum allowable temperature should thus
be determined by a group of propertiss, including not only the cosfficient of
friction but also the wear resistance, ability to flow under load, etc., Naturally
with such an approach to the choice of the axtreme temperature, that temperature
will be affected not only by the character of the variation of the physicomechanical
and chemical properties of the polymer, but also by the design of the bearing, and
by the severity of the specifications that its operating properties must meet.

The effect of a polar-active additive to the mineral oil on the servigeability
of polyamide bushings. It follows from the above that the forece of friction of
polyamide on steel increases with temperature as a result of the peculiar character
of the variation of molecular interaction. This is manifested in both unlubricated
friction and in friotion lubricatad with mineral oil. The introduction of a polar-

active additive, whicn decreases acleoular interaction, prevents this rise until
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the polyamide reaches a temperature in which considerable softening takes place.

A decrease in molecular interastion should apparently inocrease the service-
ability of bearings, since friction, heat liberation and temperature are all
decreased. Cast capron bushings were tested tc verify this proposition.

The technmique was the same as that used in the earlier test., The lubricant
used was industrial oil "12* with 1% of oleic acid added. The sliding speed was
0.67 m/sec. The load was increased every 15 min in steps of 110 kg until a sharp
rise in the coefficient of friction. A melting of the surface was observed,
followed by a decrease of the coefficient of friction, and the bushings went out
of commission,

In contrast to the preceding case, there was almost no rise of the goefficient
of friction in the intervals betwesen successive applications of lubricant. This
indicates that the operation of the tushings is more stable, and the soeffiocient
of friction lower. ™he extreme loads were incressed by an average factor of 2.3,

Thus the weakening of the moleoular interaction leads not only to a decrease
ir the coefficient of friotion but ilso to an increase in the serviceability of
capron bearings,
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rFi1e. 34. Princival to:ms oi capron mishings,

CHAPTER VI

TESTS OF CAPRON BUSHINGS INSTALLED IN METAL-CUTTING MACHINZ TOOLS

gstimate of extreme temperatures, The experiments desoribed in the preceding

chapters indicate that, owing to the peculiarities of the chemical composition and
structure of polyamides, their fristion on steel inoreases with decrsasing tempera-
ture. At the same time, under favorable conditions (good heat removal, good
lubrication, etc.), the serviceability of poclyamide bushings is not inferior to
that of bushings of the widely used UlsS 6-6-3 bronze,

To test the operation of capron bushings under industrial conditions, they
were installed in the metal-cutting machine tool 1K62. This machine tool was
selected because it is the most widely used lathe and screw-cutting machine of
medium power (Ng = 10 KW).

On the basis of our earlier conclusions, and to accelerate the solution of
the problem, we estimated the maximum temperature of capron bearings under service

conditions, *
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Bushings of sord capron were installed instead of roller and ball bearings
and brorige bushirgs in the mechanisms of the speed box, the feed box and the apron.

For the most part we used cast bushings with & wall 1 mm thick, 20, 30, 40 and 50
mn in dlameter, with snd without flange collars,

Figure 34 shows the principal forms of ocast bushings used,

nl ] :Fléi%——'.

L

rir, 35. Schematic uiagran ol machine-tool 1lhoz:
1 - 17 - sates or installation ol capron bushinrfs,

The installation of thin-walled bushings instead of roller and ball bearings
made it necessary to build intermediate clips of Cul5-32 cast iron, pressed into
the body, and¢ bushings of St.45, fitted on sxisting shaft collars.

The surface of the intermsdiate bushings in contact with the capron bushings
was grourd down to {/9-10.

The capron bushings were not mschined,

Figure 35 is a diagram of the 1K62 machine, on which the numbers 1-17 indicate
the sites of installation of the capron bushings. To measure the temperatures, the
hot junctions of thermmocouples of copper and constantan wire 0.12 mm in diameter
were cemented into bushings 1, 3, &, 5, 6, 8, 13, 15, 17 at a distance of about

0.8 mm from the friction surface, To protect cthe thermocouples against damage, they




were sncased in polyvinyl chloride tubes 1 mm in diameter. [he cold junctions, after
the installation of the bushings in the machine, were attached to the blocks of
current carriers vhose temperature was measured by a thermometer.

The reservoirs of the front mandrel, the feed box and the apron, were filled

with oil to the "oll level" uark.
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Industrial oll "20" was used. It had first been used in the normal operation
of the machine for a month. Special oil chamfers were provided on the collar
flanges of the intermediate bushings, and grooves were provided on the capron
bushings, for lubrication in the vorking zones of the bearings.

The mochanisms of the machine were loading by turning an ingot.

The rpr of the spindle, shafts I and 11 of the speed bax, the sliding speed of
these shafts in the bushings, the torques on the spindle and the power consumed in
cutting, are given in Table 12,

The average torques and the average power consuxed in cutting were determined
by calculation. Their actual values did not differ from those indicated by over

+ 5%.
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Table 12

Parameters Regines
1 2 5 4

SFQ“ of 8‘”.!”19 nsp' TP seccscccos 80 80 315 630
speed of shaft I, NI, TPR cececocces 630 630 630 1260
S”Qd of shaft II; NIIs TPA soecscee 160 160 630 1260
Sliding speed on collar of shaft I,

V1o ﬂ/ﬁ“@ e0ccscsscssveresscssscses lo65 1065 1‘65 3'”
sliéivxg sysed on collar of shaft II,

Vn, I/SGO ®00cs0ss0000to0svvecson 0.2 00“?- 1065 3'30
Average torque of spindle M.y, kg/om 0 Lét50 1500 1175
Average cutting power, Noue, KW .... ¢ 3.7 k.85 7.6

the wois were run with closeac gear train. +The spinale speea o1 63U rpm in
fhe rourth regiie was selected ocecause OnLy i1n thiiS Case was it possibie to aprly
maxismum load to all the test bearings of the speed box at maximua speed of shafts
I and II rotating in them.

Indeed, at ngp = 630 rpm, the speed of shafi II will be

my = 6% .%:63022;_=1260rm.

Here ny = Di1s since the transmission included twc pairs of gears of ratic
Ly /2. and Zg [Ze baving U5 teeth and a total gear ratio of unity.

Atnsp=2000rm, shaft 1 is actually turning at the same speed as in the
first case. It is connected with the spindle through a pair of gears with 43 and
65 (47 + 4,) teeth respectively, Fut shaft I1 does not receive the load from the
cutting force, while the conditions for the operation of the cutter wiih the amachine
running at full power at this speed are found to be less favorable.

The tests were run in cycle operation of the machine. One cycle included
contimous operation at a load above indicated on one of the regimes for 10 min
with a 4 min break. Under the severest conditions (3-4), tha load was appiied for

7 oycles (Fig. 3¢).




During the test period adopted, thé temperature was held approximately constant.

Operation in the fourth regime was run at Nill power. Hers the heating of the
capron bushings of the speed hax operating under the zeversst conditions did not
exceed 768°C even for a short time, Bushing 5, installed in the front wall of the
speed box was heated to not over 54°C. DPushing 6 sixd 8 of the feed box did not go
over 37°C, and bushings 11, 13 and 17 of the apron (not shown in Fig. 35) did not
excead 26°C., The room temperature was 22-24°C, Thus, even under maximum load
conditions, the heating of the most stressed of the cperating bushings of the speed
box did not exceed 80°C.

According to the data of our exyperiments, this temperature causes no decline
in the wear resistsnce of capron in lubricated friction. Its antifristion

properties remain sufficiently high.

Thus the results of our study of the meximim temperature of béarings resched
under service conditions of a 1Kk62 machine tool indicates that the conditions of
operation of capron bushings installed in the machine assure the effective utiliza-
tion of capgiton as a bearing aaterial.

It 1s advisable, however, tc estimate the maxixum temperatures to be attained
only when one is sure that during prolonged operation there will be no substantial
worsening of the cperating conditions of the bearings, amd no decrease in the
lubricant faed as a result of the clogging of the lubricating grooves by the
products of wear, etc.
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CHAPTER VII

ANALYSIS OF PROBLEMS COMNECTZD WITH THE MECHANISM OF FRICTION

Our work has shown that the principal relationships of the friction of a
polyamide-steel pair are determined by the molecular interaction between thes contact
surface and by the character of their variation with temperature.

Boyers, Clinton, Zisman, as well as Moore, have suggested that the friction of
polyamids may be determined by molecular interaction, but they have performed no
investigations to verify this hypothesis.

G. M. Bartenev assigned primary importance to molecular influence in the
ssiotion of polymer against smooth surfaces, and bases hkis conclusions mainly on
the results of studies of rubber. But the principal laws found by Bartenev in the
moleoular-kinetic theory of rubber friction hav. 't beer confirmed for the friction
of polyamides.




Indeed, the distinotive feature of the process of friction described by the
molecular-kinetic theories is a decline in the coefficient of friction with
increasing temperature, and an inoresas in the coeffioient of friction with
incressing sliding speeds in the range of low speeds.

txperiments have shown that the opposite relationships hold for polyamides.

Sinsce studies of the effect of load on the friction of polyamides have been
performed for a varying area of sctual contact, and in most experiments the
physicochemical properties of the surface layers of the polymer have varied on
account of the veriation of the temperature, the results ohtained give no grounds
for a judgaent as to the degree to which the meclecular theory developed by B. V.
Derysgin  for hard bodies is applicable to the frioction of polyaxides.,

On the whole, the results of the study are in agreement with the treatament of
e process ol iriction given by tne molecular-fechanical theory of l.ve
Kragel'skdy, according to which friction has a dual, molecular-mechanical nature,
Divergence occurs inasmuch as this theory proposes that the varistion of the
frictional force with the regime is dus to the change in the mechanical properties
of the surface layers of the frictiomal bodies.

The existence of a correlation between the frictional and mechanical
properties is likewise assumed by the adhesion theory. Expeériments have shown
that there is no such correlation in the case of the polyamides.

Thus the primary difference in the behavior of the polyamides from the funda-
rental propositions of the moclesular-mechanical and adhesion tneories of friction,
whose correctness has been many times confirmed by investigators on many materials,
reduces down to the fact that, in the polyamids-steel pair, molecular interaction
between the contact surfaces determines the characicr of the basic relationships of
friction, ard is itsslf of independent significance. This fact wast be taken into

account by a theory of fricticn that applies to polyamides as well.




[he study of the physicochemical aspects of the mechanisa of friction of
polyamides is a soparate problem.

On the basis of analysis of the results obtained, and of the literature data
on questions of the structure of polymers, however, it sesems to us that the
peculiar character of the variation of the coefficient of friotion of polyamides
with tsmperature may be explained by the pressnce of atoms capable of forming
hydrogen bonds in their molecular chains.

The structure of polyamides is irregular, and the arrangement of their molecular
chains in the amorphous zones is disordered, so thut not all the -NH and -CO groups
of sdjacert molecules are linked by hydrogen bonds.

This is responsible for the possibility of the furmation of hydrogen bonds
between the -NH groups on the friction surface and the oxygen of the axide film of
the opposite body.

A rise in tempersture makes it possible, on account of the increase in the
energy of thermal moticn of the units of the molecules and the facilitated rotation
of parts of the molecules atout the C-C bonds of the methylene regions, for new -NH
groups, which previously had been hindered from such interaction by the greater
rigidity of the molecular framework, now to approach the oxygen atoms of the oxide
film,

The number of -NE groups ocoming into instantaneous interaction with the oxygen
of the cxides cf the opposite body can also be incrvased by the rising temperaturs,
which intensifies the scission of the intermolecular hydrogen bonds of the ~-CONH
groups of the polyamide.

Presumsbly this increass is likewise favored by the multiple mechaniocal action
of the opposite body.

The increase in the mumber of free-NH groups on the friction surface of the
polyamides with rising temperature also leads to a relative increase in the molecular

activity of the friction surface of polyamides as compared wita that of other polymers.




In this connection the following reascning is of interest.

The saturation of dried polyamides with water encourages a decrease in its
hardness by a factor of over three. On frioction this should be manifested in an
approximately proportional increase of the area of actual contact.

If constant activity of the moleoular interaction between the friction surfaces
is maintained, this in turn should be manifested in a corresponding increase in the
frictional force (by & factor of about 3), since it has been established that the
molecular component of the fri- .onal force of a polyamide is the predominant factor.
cxperiments have shown, however, that the coefficient of friction of water-saturated
polyamide increases by no more than 20%.

Sinece, in spite of the substantial increase in the area of actual contact,
there is only a slight increase in the coefficient of friotion, there are grounds
for oconsidering that the activity of molecular interaction between fricticnal
contuct surfaces decreases with the sbsorption of moisture by the polyamide,

This is apparently connected with the fact that the polar molecules of water
diffuses in the space between the molecules of polymer and, interacting with the
CO and NH groups, block them and thus decrease the mmber of active complexes able
to interact with the surface of the opposite body. This may be an additiomal rivof
of the special roie of the NH and CO groups in the formation of the frictional force
of polyanmide.

Thus it may be postulated that the behavior of poiyamides during friction, and
in particular the increase in friction with increasing temperature, is due primarily:
(1) to the presence, in the structure of the polyamide, of free polar groups

and hydrogen atoms capable of forming hydrogen bonds;

(2) to the growth of the ares of sctual contact on account of the softening
of the polyamides with rising itemperature.

But tre funiamental differences between the behavior of polysmides and other
polymers during friction are connected primarily with the psoculiarities of their
structure, chemical composition, and polymeric oconstitution.
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The pronounced influence of chamical composition and polymeric constitution
on frictional behavior permits us to note that it is desirable for the compositicn
of antifriction organic pelymers to have one feature in common; one of the require-
ments should be the absence, or minimua number, of groups of atoms that can sotively
interact with the surface of the opposite body (provided sufficiently high mechanical
propeities are also maintsined).

Based on our work, the following remarks on the application of polyamides may
be made,

Since it has besn established that the principal factors determining the
frioction of & po.jyamide under the operating conditions of a bearing material are
the molecular intersction between the friction surfaces and the temperature, the
major effort in the work of deoreasing friction and inoreasing the serviceability
of bearings of polyamide should be directed toward diminishing molecular interaction
between the surfaces of polyamide and steel and preventing a rise in temperature.

The following methods of decreasing molecular interaction may be noted.

1. Introduction into the friction zone of substances that prevent molecular
interaction. [Experiments have shown the effectiveness of incorporating polar
additives in the oil, The action of these additives is manifested primarily in
preventing a rise in the coefficient of friction with rising temperature,

2, Introduction into the composition of the polyamide of substances decreasing
the activity of molecular interaction. The fillers now employed, molybdermum
disulfide and grapnite, act in this airection.

It will probably be possible to select other substances exerting an action
based on i:.ceraction with the free polar groups, especially groups that can form
hydrogen bonds with the oxide film on the steel shaft, and on tlocking such groups
and preventing them, to the madipum possible externt, from interacting with the
surface of the opposite body.

As for the methods of lowering bearing temperatures, these are quite geieralily

known.




Conglusions
1, The major factors determining the friction of polyamides on steel with a

mixed boundary lubrication or without lubrication are: molecular interaction
pevween the 1riction swriaces, ana vemperature,

In this connection the major efforts to improve the antifrictional properties
of polyamides and improve the serviceability of polyamide bearings should be
directed toward the maximum prevention of molecular interaction and toward lowering
the temperature of friction units,

2, The main differences in tne behavior of polyamides from the behavior of
other polymers in friction are connected with the peculiarities of their chemical
composition and structure, with the presence of polar groups in the structure of
the polyamides, and with the peculiarities in the character of variation of
molecular interaction with the surface of the opposite body wath varying friction
conditions.

3. One of the requirements that must be met by the composition of a high-grade
antifrictional polymeric material operating with insufficient lubrication should be
the requirement cf the absence or minimum content of chemical groups actively
interacting with the surface of the opposite body (while retaining sufficiently
high mechanical properties of the polymers).

4, The addition of polar-active substances to the mineral oils is an elfective
means of lowering friction and increasing the serviceability of capron bearings.

5, Heat treatment at 20-30°C below the melting point does not substantially
and permanently increase hardness; this increase disappears after absorption of
moisture, The temporary change in the hardness of polyamides aftex heat treatment
is due mainly to the removal of moisture, which exerts a plasticizing action.

6. An evaluation of the temperature level that can be reached under service
conditions may be used as a criterion for judging the possibilities of application
of a polyamide in a specific unit.
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7. 1n spite of the faot that certain features of polyamides have an unfavorable
effect on their antifriotion properties, polyamides are good antifriction materials.
Their use in frioction units of various machines and mechanisms is entirely possible
and advisable,

In partioular, our study has shown that it is entirely possible to use capron,
which 1s a polyauaac, lor the manijacture oL vearings Lo operkiie 1n uhe principad
mechanism of metal-cutting mashine tools.

8. The test temperatures of friction for polyamides should be one of the
principal forms of evaluating their antifriction properties; such tests should be
run under conditions as close as pcssible to the service conditions of the anti-

friction material with mixed boundary lubricaticn or without lubrication.
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