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КОНТРОЛь СВОЙСТВ ТРЕНИЯ В ПОЛИАМИДНЫХ ПОКРЫТИЯХ
НАПРЯЖЕННЫХ СОЕДИНЕНИЙ

Tensionмjointsмareмusedмtoмtransferмtwistingмmomentsмandмaxialмloadsмdueмtoмfrictionмforcesшмwhichмoccurм
onмcontactingмsurfacesмasмaмresultмofм theirмelasticмdeformationмcreatedмbyмtensionмinмassemblyъмDuringм
operationшмjointsмmadeмofмsteelмelementsмdeteriorateмdueмtoмfrettingмcorrosionмcausedмbyмalternatingмloadsшм
commonмforмmanyмtypesмofмmachinesмandмequipmentъмOneмofмtheмwaysмtoмightмthisмconditionмisмtoмapplyм
thinщlayerмpolymerмcoatingsъмTheмpaperмpresentsм theм resultsмofм researchм inмadhesionм strengthмandм theм
staticмcoeicientмofмfrictionмofмaмthinщlayerмpolyamideмcoatingмandмpolyamideщbasedмcompositesмonмsteelъм
Itмisмrevealedмthatмtheмbestмfrictionмandмadhesionмpropertiesмareмdemonstratedмbyмaмpolyamideмcompositeм
withмюьщ4ьсмofмmassмfractionмofмredмironмoxideъмItsмstaticмcoeicientмofмfrictionмonмsteelмisмcomparableмtoм
theмstaticмcoeicientмofмfrictionмofмsteelмonмsteelмwhileмadhesionмtoмaмsteelмsurfaceмonмfailureмisм4ьсмhigherм
thanмthatмofмaмpureмpolyamideмcoatingъм
TENSION JOINTS; POLYAMIDE COATINGS; ADHESION; STATIC COEFFICIENT OF FRIC-
TION; FRETTING CORROSION.
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̃˼̄̄̅̀м̄˷˺̇̊˾́̅̀шм̌˷̇˷́̉˼̇̄̅̀м˻̖̂м̃̄̅˺˿̌м̉˿̆̅˹м̃˷̏˿̄м˿м̅˸̅̇̊˻̅˹˷̄˿̖ъм˥˻˿̄м˿˾м̈̆̅̈̅˸̅˹м
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юьտ4ьмсм̃˷̈̈м̋̇˷́̍˿˿м́̇˷̈̄̅̀м̅́˿̈˿м˽˼̂˼˾˷ъм˜˺̅м̈̉˷̉˿̎˼̈́˿̀м́̅̔̋̋˿̍˿˼̄̉м̉̇˼̄˿̖м̆̅м̈̉˷̂˿м
̈̅̆̅̈̉˷˹˿̃м̈̅м̈̉˷̉˿̎˼̈́˿̃м́̅̔̋̋˿̍˿˼̄̉̅̃м̉̇˼̄˿̖м̈̉˷̂˿м̆̅м̈̉˷̂˿шм˹м̉̅м˹̇˼̖̃м́˷́м˷˻˺˼˾˿̖м́м
̈̉˷̂̓̄̅̀м̆̅˹˼̇̌̄̅̈̉˿м̄˷м4ьмсм˸̅̂̓̏˼шм̎˼̃м̊м̎˿̈̉̅м̆̅̂˿˷̃˿˻̄̅˺̅м̆̅́̇̒̉˿̖ъ
ˤ˗˦˧˶˝˜ˤˤ˲˜м˨˥˜˛˟ˤ˜ˤ˟˶;м˦˥ˢ˟˗ˣ˟˛ˤ˲˜м˦˥ˡ˧˲˩˟˶;м˗˛˚˜˞˟˶;м˨˩˗˩˟-
ˮ˜˨ˡ˟ˠмˡ˥˴˫˫˟˭˟˜ˤ˩м˩˧˜ˤ˟˶;м˫˧˜˩˩˟ˤ˚мˡ˥˧˧˥˞˟˶ъ

Introduction

Itмisмcommonмknowledgeмthatмtensionмjointsмareм
usedм toм transferм twistingмmomentsмandмaxialм forcesм
withoutмaccessoryмmountingsъмImmobilityмofмpartsмinм
relation to each other is ensured with friction forces 

that appear on contact surfaces due to their elastic 

deformationмcreatedмbyмtensionмinмtheмassembledмjointъ
Demountableмtensionмjointsмareмsimpleмandмeasyм

toмmakeмandмtheirмexpectedмserviceмlifeмisмlongъмButмitм
isмknownм[эտя]мthatмdeteriorationмofмsuchмjointsмmadeм
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of steel parts can occur earlier than the service life 

has expired due to fretting corrosion which develops 

becauseмofм alternatingм loadsшм commonм forм aм lotмofм
machineryъмOneмofм theм efectiveмmethodsм bothм toм
protectмtensionмjointsмfromмfrettingмcorrosionмandмtoм
repairмdamagedмonesмmayмbeмtoмuseмpolymerмmateriщ
alsшмinмparticularшмpolyamidesъ
Itмwasмbelievedмearlierмthatмifмpolymersмareмusedмinм

tensionм jointsшм tensionмmayмdisappearмdueм toм relaщ
xationмphenomenaъмHoweverшмforмsomeмpolymersшмforм
exampleшмpolyamidesшмwhichмbelongмtoмtheмgroupмofм
elastomersшмtheмPoissonօsмratioмisмpracticallyмequalмtoм
ьш5шмiъeъмinмtermsмofмtheмclassicalмtheoryмofмelasticityм
theyмareмpracticallyмanм incompressibleмmaterialъм Inм
realityмtheyмeasilyмdeformмdueмtoмplasticмdeformationsм
thatмoccurмwithoutмchangeмofмvolumeъмIfмdeformationм
occursмwhileмthereмisмnoмcapabilityмforмtheмmaterialмtoм
moveшмiъeъмnoмplasticмshearsмareмpossibleшмthenмdeformaщ
tionмofмpolyamidesмcanмonlyмhappenмthanksмtoмchangeм
inмintermolecularмdistancesшмwhichмrequiresмconsiderщ
ableмforcesмcomparableмtoмdeformationмforщcesмofмmeщ
tallicмsupraщmolecularмstructuresъмHereinшмsuchмdeforщ
mationмcanмbeмconsideredмalmostмideallyмelasticъм
Accordinglyшм thinщlayerм polyamideм coatingsм orм

polyamideщbasedмcompositeмcoatingsмcanмbeмappliedм
bothмtoмprotectмnewмtensionмjointsмfromмfrettingщcorщ
rosionмandмtoмrepairмdamagedмonesъмSoшмtheмtargetмofм
theмresearchмisмtheмnewмdesignмofмtensionмjointsмwithм
applicationмofмthinщlayerмcoatingsмmadeмofмpolyamideм
orмpolyamideщbasedмcompositesмфigъмэхмtoмincreaseм
durabilityмandмreparabilityмofмmachineмpartsъ
Theмobjectiveмofмthisмpaperмisмtoмconductмanмexщ

perimentalмstudyмofмfrictionмcharacteristicsмofмthinщ
layerмфьъэмտмьъ5мmmхмpolymerмcoatingsмmadeмofмdifщ
ferentмtypesмofмpolyamidesмandмtoмsearchмforмwaysмtoм
increaseмtheirмstaticмcoeicientмofмfrictionмonмsteelъ

Figъм эъмApplicationм schemeмofм aм polyamideм coatingм forм
tensionмjoints: 1 – bush; 2 – shaft; 3мտмthinщlayerмpolyamideм
coating of the shaft; S – axial load; M

t
 – external twisting 

moment;мq – radial pressure in the contact area;

Dмտмnominalмboreмdiameter;мL – length of the articulation

Methods and Materials

Itм isм knownм [4տ6]м thatм polyamidesм areмwidelyм
usedм inм frictionмunitsм ofмmachinesм asм antifrictionм
materialsшмsinceмtheirмcoeicientмofмslidingмfrictionм
is rather low and their operating capabilities are quite 

highм[7шм8]ъмHoweverшмsoмfarмthereмhasмbeenмnoмexpeщ
rienceмinмapplyingмthinщlayerмpolyamideмcoatingsмinм
tensionмjointsшмandмtraditionalмmethodsмforмincreasщ
ingм frictionмcharacteristicsмbyмaddingмmetalмchipsшм
asbestosмetcъм[6]мinмpolyamideмcannotмbeмusedмinмthisм
caseм dueм toм technologicalм speciicsм ofм thinщlayerм
coatings application. 

Inмorderмtoмassessмfrictionмpropertiesмofмthinщlayerм
polyamideмcoatingsшмtheirмstaticмcoeicientмofмfrictionм
onмsteelмwasмmeasuredмdependingмonмtheмpressureмinм
theмfrictionмareaъмTheмrangeмofмьшь65տьш5ямmmмthickм
coatingsмmadeмofмPAщ6шмPAщ6ы66шмPAщ68мpolyamidesм
wereмusedмinмtheмexperimentsъ
Theмvalueмofмtheмstaticмcoeicientмofмfrictionмwasм

measuredмonмaмֈIRм5ь47щ5ьщээ։мtestмmachineъмSamщ
plesмwithмpolyamideмcoatingмhadмbeenмmadeъмForceм
wasмexertedмthroughмsteelмplatesшмwhichмallowedмcreatщ
ingмpressureмinмtheмfrictionмareaмupмtoмяьмMPaъмTheм
samplesмwithмtheмloaderмwereмixedмinмtheмtransverseм
beamмofм theм testмmachineм andмwereм afectedмbyм aм
growingмloadшмtoмtheмextentмwhenмtheмsteelмplatesмgotм
toмslideмonмtheмpolymerмcoatingъмAмcomputerмrecordщ
edмtheмloadingмdiagramъ

Experiment Results

Accordingм toм theм resultsмofм theмexperimentsшм theм
staticмcoeicientмofмfrictionмofмtheмpolyamideмcoatingм
on steel is not constant. It decreases as the pressure is 

growingмandшмatмtheмsameмtimeшмitмisмяьտ4ьмсмlowerм
thanмtheмcoeicientмforмtheмpairмֈsteelщsteel։мфigъмюхъ

FigъмюъмStaticмcoeicientsмofмfrictionмofмpolyamideмonмsteelм
and steel on steel



107

Mechanical Engineering

Theмexperimentsмhaveмalsoмrevealedмthatмtheмstaщ 
ticмcoeicientмofмfrictionмofмpolyamideмonмsteelмdeщ
pendsмnotмonlyмonмtheмpressureмinмtheмfrictionмareaшм
butмalsoмonмhowмthickмtheмpolyamideмlayerмisъмInмcaseм
theмthicknessмofмtheмlayerмisмdecreasedмfromмьшэюмdownм
toмьшь65мmmмinмtheмwholeмrangeмofмpressuresмfromмэм
toмяьмMPaшмitмisмobservedмthatмtheмstaticмcoeicientмofм
frictionмgrowsмфforмexampleшмfromмьшэ7мupмtoмьшю5мatм
theмpressureмofмэмMPaмinмtheмfrictionмareaмandмfromм
ьшь8мupмtoмьшэ4мatмяьмMPaхъмInмcaseмtheмcoatingмisмmoreм
thanмьшэюмmmмthickшмtheмstaticмcoeicientмofмfrictionм
ofмpolyamideмonмsteelмisмconstantмфigъмяхъ

Figъм яъмChangeм inм theм valueмofм theм staticм coeicientм ofм
frictionмofмpolyamideмonмsteelмdependingмonмtheмthicknessм
ofмtheмlayerъмфTheмsolidмlineмisмatмtheмpressureмofмэмMPaмinм

theмfrictionмareaшмtheмdashedмlineмisмatмяьмMPaх

Aмlowerмstaticмcoeicientмofмfrictionмofмpolyamideм
onмsteelмthanмthatмofмtheмpairмֈsteelщsteel։мgivesмeviщ
denceмthatмwhenмthinщlayerмpolymerмcoatingsмareмusedм
inмtensionмjointsшмaмmethodмmustмbeмfoundмtoмincreaseм
theмstaticмcoeicientмofмfrictionмofмpolymerмonмsteelм
withм theмuseмofмdiferentм additivesшм iъeъм byмcreatingм
compositeмmixturesъ

Theмuseмofмpolyamideмcoatingsмandмpolyamideщ
basedмcompositesмinмtensionмjointsмcanмbeмlimitedмdueм
toмinsuicientмadhesionмofмtheмpolyamideмlayerмtoмtheм
steelм substrateъмSoшмmeasurementsм ofм theм valueмofм
adhesionмwereмmadeшмiъeъмmeasurementsмofмtheмultiщ
mateм strengthмofм theм coatingм adhesionм toм steelм byм
simpleмstressesъмThereмareмaмlotмofмpapersмdedicatedм
toмadhesionмofмpolymersмtoмsteelм[ээшмэюшмэ5տэ7]ъмHowщ
everшмtheseмstudiesмhaveмbeenмmadeмforмpolymerмslideм
bearingsмratherмthanмcoatingsмinмtensionмjointsъм
Adhesionмhasмbeenм researchedмbyмaмwellщknownм

methodмofмbreakingмaм steelмpinм fromм theмdepositedм
polymerмcompoundм [8]ъмTheм loadingмdiagramмandм
generalмviewмofмtheмtestмsamplesмareмgivenмinмigureм4ъм
Theмsamplesмrepresentмpivotмэшмwhichмinishesмinмaмям
mmмpinъмDiscмюмisмplantedмonмtheмpinмwithмaмslidingм
attachmentъмTheмsurfaceмofмtheмdiscмandмtheмendмofмtheм
pinмcoincideъмPolymerмorмpolymerщbasedмcompositeм
is applied on the surface of the disc. In order to lower 

frictionмbetweenмtheмpinмandмtheмholeмofмtheмdiscшмtheм
pin is covered with graphite lubrication.

The value of breaking stress of the end of the pin 

fromмpolymerмwasмmeasuredмonмaмֈIRм5ь47щ5ьщээ։м
testмmachineъмForм thisшм theмdiscмofм theм sampleмwasм
ixedмinмtheмclenchмofмtheмmachineмtransverseмbeamм
andмtheмpivotмofмtheмsampleмwasмexertedмwithмaмgrowщ
ingмforceмtoмtheмextentмwhenмtheмpinмbrokeмofмpolymerъм
Atмtheмsameмtimeмaмcomputerмrecordedмtheмloadingм
diagramъ
Asмappliedмtoмtheмoperationмconditionsмofмpolyamщ

ideмcoatingsмinмtensionмjointsшмadhesionмpropertiesмtoм
steelмofмpureмpolyamideмandмpolyamideщbasedмcomщ
positionsмwithмleadмoxideшмredмironмoxideмandмpowщ
dered glass were studied. 

[ Н а д п и с ь  н а  к а р т и н к е :  l o a d ]  

Figъм4ъмTheмloadingмdiagramмandмgeneralмviewмofмtheмsamplesмforмdeiningмtheмadhesionмvalue: 1 – pivot;

2 – disc; 3мտмpolymerмcoating;м4 – block stop

Loada) b) c)
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Accordingмtoмtheмresultsмofмtheмexperimentмфigъм5х:
the value of adhesion on failure for a pure polyщ

amideмcoatingмisмaboutмя5мMPa;
withмtheмvaluesмofмmassмcontentмofмleadмoxideмupм

toмюьсшмtheмvalueмofмadhesionмofмthisмcompositeмtoм
steelмpracticallyмdoesмnotмchangeмandмcanмbeмdeinedм
asмя5мMPaмandмgoesмdownмdramaticallyмifмtheмcontentм
is larger;

withмtheмvaluesмofмmassмcontentмofмpowderedмglassм
upмtoмэ5сшмtheмvalueмofмadhesionмofмthisмcompositeмtoм
steelмgrowsмbyмapproximatelyмюьсмфupмtoм4ьмMPaхмandм
goes down if the content is larger; 

withмtheмvaluesмofмmassмcontentмofмredмironмoxideм
upмtoмяьсшмtheмvalueмofмadhesionмofмthisмcompositeм
toмsteelмgrowsмbyмapproximatelyм6ьмсмфupмtoм5ьмMPaхм
and goes down if the content is larger.

Fig. 5. Change of adhesive characteristics of

polyamideщbasedмcompositesмdependingмonмtheмtypeмandм
massмfractionмofмadditives

Theмmeasuredмstaticмcoeicientмofмfractionмofмtheм
polyamideщbasedмcompositeмwhichмcontainedмюьсмofм
red iron oxide showed that its values coincided with the 

correspondingмonesмforмtheмpairмֈsteelщsteel։мфigъм6хъ

Figъм6ъмChangeмofмtheмstaticмcoeicientмofмfractionмof
polyamideмbasedмcompositeмwithмюьсмofмredмironмoxideмonм

steel because of pressure in the contact area

Discussion of the results

Accordingм toм theмmolecularщmechanicalм theoryм
ofмfrictionм[э4]шмfrictionмforceмformsмdueмto:
resistanceм toмmotionмofм oneм bodyм towardsм anщ

otherмdueмtoмinteratomicмandмintermolecularмinteracщ
tionsм inм theмactualмcontactмareasмofм theмbodiesшм iъeъм
adhesion forces;

whenмsolidмbodiesмcomeмinмcontactмdueмtoмtheirм
varyingмstifnessмorмtheirмinhomogeneousмpropertiesм
inмdiferentмareasмandмdueмtoмvaryingмstifnessмofмindiщ
vidualмmicroщirregularitiesшмstiferмelementsмpenetrateм
lessм stifм sectionsъмAsм relativeмmotionмbeginsшмmoreм
solidмsectionsмdeformмtheмsurfaceмofмoneмofмtheмbodiesъм
Resistanceмforcesшмwhichмoccurмatмthatмtimeшмcanмbeм
calledмdeformationмcomponentsмofмfrictionъм
Accordingмtoмthisмtheoryшмtheмcoeicientмofмslidingм

friction f
f
 can be presented as:

           0
0 1 ,a

f

S p
f f

N

 
= +  

м ммммммммммммфэх

where pьмisмtheмspeciicмforceмofмmolecularмattractionшмм
S

a
мտмareaмofмactualмcontactшмNмտмloadшмfьмм– 

the value

ofмtheмcoeicientмofмslidingмfrictionмasмpьм=мь.

Thusшмwhenмtheмloadмgrowsшмtheмcontactмareaмreщ
mainsмconstantмandмtheмpressureмinмtheмfrictionмareaм
growsшмtheмcoeicientмofмfrictionмmustмdecreaseъмTheм
intensityмofмthisмdecreaseмdependsмonмmechanicalмandм
adhesiveмpropertiesмofмtheмmaterialsшмwhichмalsoмafectм
the intensity with which the surface area of actual 

contact is changing due to a growing load.

Theмobtainedмresultsмareмconirmedмwithмtheмdataм
fromмliteratureмsourcesшмaccordingмtoмwhichмtheмcoefщ
icientмofмslidingмfrictionмofмpolyamideмgoesмdownмifм
pressureмgrowsмinмtheмfrictionмareaъмForмinstanceшм[6]м
forмPAщ68мpolyamideмtheмcoeicientмofмslidingмfrictionм
changesмfromмьшэ5мatмtheмpressureмofмюш5мMPaмtoмьшь7м
atм9шьмMPaшмwhileмforмpolicaproctalamмitмvariesмfromм
ьшю5мtoмьшэ5ъ
Theм resultsмofм theм experimentsм conirmм theмasщ

sumptionм[9шмэь]мthatмinмcaseмthinщlayerмcoatingsмareм
appliedмonмsteelмsubstrateшмstrongмcompressionмstrainsм
фupмtoм4ььмMPaхмdevelopмinмьшэмmmмthickмpolyamideм
layerмwhichмdirectlyм adjoinsм theм steelм surfaceъмThisм
happens due to coordination bonds between iron 

ionsшмwhichмareмpartмofмredмironмoxideмandмsteelмsubщ
strateшмandмnitrogenмatomsмinмpolyamideмhotmeltъмAsм
aмresultшмsurfaceмhardnessмgrowsмdramaticallyмandмsoм
doesм theмmechanicalм componentм inм frictionм forcesм
andшмconsequentlyшмadhesionмincreasesъмThereмareмnoм
iron ions in lead oxide or powdered glass.
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Conclusions

эъмTheмvaluesмhaveмbeenмdeterminedмexperimenщ
tallyмforмtheмstaticмcoeicientмofмfrictionмandмadhesionм
strengthмonмfailureмofмthinщlayerмpolyamideмandмsomeм
polyamideщbasedмcompositeмcoatingsмonмsteelмsurfacesъ
юъмItмhasмbeenмidentiiedмthatмtheмstaticмcoeicientм

ofмfrictionмforмtheмpairмֈpolyamideмտмsteel։мisм4ьсм
lowerмthanмthatмforмtheмpairмֈsteelмտмsteel։ъ
яъмItмhasмbeenмrevealedмhowмtheмefectмofмpolyamщ

ideмcoatingмlayerмthicknessмimpactsмtheмstaticмcoeiщ
cientмofмfrictionмonмsteelъмWithмcoatingмthicknessмmoreм

thanмьшэюмmmшм theм staticм coeicientмofм frictionмofм
polyamideмonмsteelмdoesмnotмchangeъ

4. In case additives such as red iron oxide are 

addedмtoмpolyamideшмaмcompositeмformsшмwhoseмadheщ
sionмtoмsteelмisмbiggerмthanмthatмofмpureмpolyamideшмupм
toм5ьсмofм redм ironмoxideмmassм fractionъмAdhesionм
reachesмmaximumмvaluesмofм5ьмMPaмwithм redм ironм
oxideмcontentмofмяьсмinмmassмfractionъ
5ъмInмtensionм jointsм itм isм reasonableм toмuseм thinщ

layerмcoatingsмconsistingмofмaмpolyamideщbasedмcomщ
positeмwithмюьտ4ьмсмofмredмironмoxideмmassмfractionшм
ratherмthanмpureмpolyamideъ
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