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RESUME 

Le frettage a ete introduit il y a quelques annees pour le maintien des outils a queue 

cylindrique notamment pour l'usinage a grande vitesse (UGV). La solution pour une 

manipulation efficace, passe par des temps de frettage et de desserrage courts, produits 

par un echauffement inductif et une densite d'energie elevee. La technique est en pleine 

expansion et les efforts se multiplient pour permettre la rapidite et la fiabilite dans le 

changement d'outil. Jusqu'a maintenant seuls les porte-outils frettes sont valables pour 

les vitesses de rotation de broche au dela de 25000 tours par minute (t/min). 

L'assemblage frette se distingue des autres assemblages par l'absence d'element de 

liaison entre les deux pieces tels que boulons, clavettes, soudures ou autres. II permet des 

realisations faciles, sans balourd ni excentricite d'ensemble. Les recherches precedentes 

sur le frettage se sont interessees a la resistance de l'assemblage dans des conditions 

statiques, sans considerer le cas de beaucoup d'applications ou les assemblages sont 

exposes a des conditions dynamiques. Pourtant, dans plusieurs applications de frettage, 

tels que les machines-outils, le comportement dynamique est de toute premiere 

importance. 

L'importance de cette structure d'outillage en general et de l'interface outil/porte-outil 

en particulier pour l'usinage avance a done augmente, mais les efforts de recherche qui 

lui sont dedies sont peu nombreux comme l'indique le faible nombre de publications 

dans ce domaine. 

L'objectif de notre etude est d'optimiser l'assemblage frette en maximisant son 

amortissement tout en respectant la resistance en torsion minimale requise pour le bon 

fonctionnement de 1'application. A cette fin, l'effet de la rugosite et du serrage sur 

l'assemblage frette est caracterise selon une demarche en trois etapes : (1) Investigation 

du comportement du coefficient de friction statique de l'assemblage sous l'effet des 

variations de l'etat de surface et de la pression de contact; (2) Etude de l'effet de l'etat 

de surface et du serrage sur le couple transmis de l'assemblage frette. Aussi une nouvelle 
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approche est developpee pour predire le serrage des assemblages dont les surfaces en 

contact sont rugueuses; et enfin, (3) les variations du taux d'amortissement en fonction 

du serrage et de la rugosite sont etudies. 

Le premier article concerne l'effet de la rugosite et de la pression de contact sur le 

coefficient de friction statique d'un assemblage frette. Un dispositif experimental special 

a ete concu et fabrique pour repondre a nos exigences d'application. Un plan 

d'experience factoriel de 27 essais a ete adopte pour l'experimentation et les resultats ont 

ete analyses. Les resultats prouvent que la rugosite des surfaces et la pression de contact 

ont des effets importants sur le coefficient de friction statique et la relation entre eux 

inclut un minimum pour les asperites moyennes. 

Le deuxieme article s'est interesse au couple transmis par l'assemblage frette qui, entre 

autres facteurs, depend sensiblement de la rugosite et de l'interference entre les pieces 

d'assemblage. L'investigation experimentale a montre le role de la rugosite et de 

l'interference pour les performances de tels assemblages. Nous proposons une nouvelle 

methode pour calculer l'interference effective en tenant compte de la micro- et de la 

macrostructure. Un resultat interessant de cette etude est qu'on peut moyennant des 

surfaces rugueuses transmettre un couple pour lequel on utilise habituellement des 

surfaces tres lisses. 

Le troisieme article decrit les resultats d'une serie d'experiences planifiees ou 

l'amortissement des assemblages frettes est mesure pour differentes rugosites de surface 

et serrages. Les surfaces metalliques en contact dans les assemblages frettes offrent une 

bonne source de dissipation d'energie, ayant pour resultat une reponse structurelle 

dynamique amortie. Les surfaces rugueuses et les petites interferences favorisent 

l'amortissement. 
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ABSTRACT 

Shrink-fit assembly is a solution adopted for tool-toolholder interface, it consists in 

heating the holder by means of a specialized heater. At normal temperature, the holder 

bore is slightly undersize compared to the tool shank. Heating the holder opens this bore, 

allowing the tool to be inserted, when the holder cools, the bore shrinks around the tool 

shank to create a rigid clamp. Shrink-fit presents no connection element between the two 

parts to assemble such as bolts, keys or others. It allows easy achievements, without 

unbalance or overall eccentricity. 

The qualities sought for the interface tool-tooholder are minimum run-out, rigidity, 

balance, vibration damping of use and less cost. The shrink-fit solution is considered as 

valuating the investment for very fast HSM processes and very committed HSM users, it 

offers superior concentricity, balance and ease of use. Its main default is the low 

capacity of vibration damping. The behaviour of the shrink-fit assembly in machining at 

high speed still remains to be studied and we are convinced that there are potentials to 

arise at end to better control this method. 

Shrink-fit is an important process in machine manufacture however the design of these 

connections is not sufficiently precise due to lack of knowledge regarding the effects of 

many parameters. Control of the friction coefficient is a determining criterion which 

directly affects the reliability and operational safety of these assemblies. This is why the 

work presented here was undertaken. 

Designing an optimum structural joint giving rise to desired damping, which is involved 

in our case of study, is possible if all surface topography factors are understood. 

Damping in structural joints is associated with frictional losses caused by slip or small 

relative interfacial movement of component parts on one another. When unlubricated 

joint surface are involved, this damping mechanism is called frictional damping. 

Damping in unlubricated joints might be due to three of interactions: macro- and micro-

slip and cyclic deformation of the asperities. For our research which is a case of machine 
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tool joints, cyclic plastic deformation of asperities would appear to be the most 

significant when the magnitude of the interface pressures involved is high. 

A better understanding of the effects of roughness and interference on friction, torque 

capacity and damping of shrink fits is achieved. A statistical design of experiments is 

used. Results show the existence of correlation between dependent parameters and 

roughness and interference. The interaction between roughnesses of mating surfaces has 

a main effect on friction coefficient. The application of the results for tool and holder 

interface confirm for us that one can optimise the surface roughness and interference in 

order to obtain desired torque without losing any damping or repeatability capacity. 

Results can be useful for similar shrink fit applications such as machines joints. 

Lame formula for interference fits, largely used, does not consider the roughness of 

contact surface. We show that roughness has main effect on friction and torque capacity. 

The relation between maximum torque and surface roughness is parabolic and show a 

minimum for average asperities sizes. Indeed, for smooth surfaces the bearing area is 

larger and so the contact pressure. This pressure decreases when asperities sizes increase 

until a certain minimum where a second phenomenon starts to dominate which is the 

overlapping of the asperities. This phenomenon makes possible to obtain higher 

maximum torque with lower contact pressures. 

A new method for computing effective interference taking into account micro- and 

macro-structure is proposed using the surface bearing ratio parameters which can give a 

good estimation of the radial deflection of the contact interface and the contact area. 
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INTRODUCTION 

Position du probleme 

Avec les progres significatifs realises dans le developpement de nouveaux materiaux de 

coupe et dans la conception de machine-outil, le lien le plus faible dans le systeme 

d'usinage est, dans beaucoup de cas, la structure d'outillage servant comme interface 

entre les inserts de coupe et la machine-outil, d'une part, et les montages d'usinage et la 

piece d'autre part. Une structure d'outillage non adequate resulte en des deflections 

statiques excessives qui limitent la precision realisable et des vibrations libres, forcees et 

de broutage qui alterent les regimes d'usinage et le fini de surface de la surface usinee 

[1]. La structure d'outillage comprend les dispositifs d'attache pour les plaquettes 

d'usinage, les outils appropries qui peuvent etre une structure solide ou un systeme 

modulaire constitue d'un assemblage de plusieurs elements, porte-outils avec un systeme 

de serrage pour les outils et 1'interface ou porte-outil/mandrin qui peut etre conique, 

cylindrique, HSK (Hohl Shaft Kegel en allemand), etc. [2]. 

L'usinage a grande vitesse (UGV) est une technique qui permet d'obtenir un meilleur etat 

de surface grace a une vitesse de coupe elevee (5 a 10 fois superieure aux vitesses 

d'usinage usuelles). L'UGV implique plusieurs caracteristiques de bases au niveau de la 

machine. Les machines modernes utilisees en UGV sont caracterisees par plusieurs 

caracteristiques telles que la rigidite elevee, la puissance installee elevee et le mandrin 

ou la broche a grande vitesse. Ces caracteristiques couteuses sont implantees dans le but 

d'exploiter pleinement l'etat de 1'art des materiaux de coupe, tel que carbure revetu ou 

acier rapide superieur (HSS), nitrure de bore cubique (CBN) et diamants poly-cristallins 

(PCD). Cette tendance d'augmenter la vitesse de rotation dans le but d'exploiter 

pleinement les capacites des materiaux de coupe complique la conception des outils; un 

equilibrage plus precis est necessaire pour maintenir la precision et le fini de surface, et 

pour reduire les charges dynamiques sur les roulements des broches. 
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Pour l'UGV, les fabricants de porte-outils recommandent pour la liaison porte-outil/outil 

le type hydraulique ou frette. Le frettage a ete introduit il y a quelques annees pour le 

maintien des outils a queue cylindrique notamment pour l'UGV. La solution pour une 

manipulation efficace, passe par des temps de frettage et de desserrage courts, produits 

par un echauffement inductif et une densite d'energie elevee. La technique est en pleine 

expansion et les efforts se multiplient pour permettre la rapidite et la fiabilite dans le 

changement d'outil [3]. 

Motivation 

Les caracteristiques de performance les plus importantes des dispositifs de serrages 

d'outils pour les machines-outils avancees sont: la precision, la rigidite, la resistance en 

torsion, l'insensibilite aux forces centrifuges, la repetitivite (ou consistance: capacite de 

maintenir les caracteristiques listees), l'amortissement des vibrations, la facilite 

d'utilisation et le cout. 

L'importance de la structure de l'outillage pour l'UGV a augmentee, mais les efforts de 

recherche qui lui sont dedies sont peu nombreux comme l'indique le nombre de 

publications dans le domaine. La proportion de l'investissement en structure d'outillage 

et en outils de coupe est de 10% ou parfois plus du cout total des machines-outils [1]. 

Ainsi il est important d'utiliser les outils a leur maximum d'efficacite puisqu'ils 

represented une grande proportion du cout de l'investissement total. 

Rivin [1] affirme que les structures d'outillages ne sont pas "seduisantes", comme les 

materiaux de coupe ou les nouvelles cinematiques de structures des machines-outils. 

Aussi les compagnies majeures de fabrication des outils ne supportent pas de grands 

projets de recherche et de developpement puisque ce domaine represente une petite 

partie de leurs budgets comparativement a la fabrication des plaquettes d'usinage. Ces 

raisons et d'autres, indiquent le besoin de developper une conception d'outillage qui ne 

degrade pas les performances des machines-outils avancees et des materiaux de coupe. 
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Ce domaine demande une attention particuliere et fait appel a de nouveaux concepts de 

conception. 

L'application du frettage en assemblage des outils aux porte-outils cree de nouvelles 

opportunites de recherche dans ce domaine. Les outils assembles par frettage sont 

inevitables en UGV. lis sont presque les seuls a remplir les exigences des vitesses 

superieures. Toutefois, ils presentent quelques aspects qui requierent des ameliorations 

au moyen de la recherche scientifique. La tendance en pratique est d'utiliser une surface 

tres lisse pour l'interface outil/porte-outil combinee a un serrage important. Cette 

pratique n'est pas justifiee, elle peut engendrer des problemes de contraintes residuelles, 

de manque d'amortissement et de couts supplementaires. II est alors benefique de mieux 

cerner l'effet de l'etat de surface et du serrage sur les caracteristiques de l'assemblage 

afin d'optimiser l'utilisation des outils assembles par frettage. 

Objectifs 

L'objectif de notre travail est d'optimiser l'assemblage frette en augmentant son 

amortissement tout en conservant sa resistance. Notre these de depart etait qu'on peut 

avoir des outils assembles par frettage qui remplissent toutes les exigences de precision, 

de comportement statique et dynamique que l'UGV exige, tout en utilisant une surface 

de contact moins contraignante du point de vue fabrication. 

Objectifs specifiques 

Les objectifs specifiques sont les suivants : 

• Determiner l'effet de l'etat de surface et de la pression de contact sur le coefficient 

de friction statique des assemblages frettes. 

• Investiguer le comportement du couple supporte par l'assemblage frette 

dependamment des parametres geometriques et de surface mises en jeu. 

• Mieux definir les parametres de calcul des assemblages frettes. 

• Ameliorer la methode de calcul des assemblages frettes en tenant compte des 

parametres de rugosites influents 
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• Etudier l'effet du changement de l'etat de surface et du serrage sur le taux 

ramortissement. 

Organisation de la these 

La these a ete redigee sur la base d'articles de revues qui en forment le corps. Le present 

chapitre donne une vue generale de la problematique et du besoin d'avoir des porte-

outils frettes precis qui presentent une bonne rigidite et un meilleur amortissement des 

vibrations. Les chapitres 1 et 2 presentent respectivement la revue de litterature et la 

synthese du sujet de la these. 

Le chapitre 3 presente la methodologie de determination et 1'etude du coefficient de 

friction statique dans le cas des assemblages frettes. Le travail realise est presente dans 

ce chapitre par 1'article intitule "Effect of surface texture and contact pressure on the 

static friction coefficient of shrink fit assembly''. Cet article a ete soumis a la revue 

' 'European Journal of Mechanics- A/solids''. 

Le chapitre 4 presente l'etude de l'effet de la rugosite et de l'interference sur le couple 

maximum supporte par les assemblages frettes. Ce chapitre presente aussi une nouvelle 

approche de calcul des assemblages frettes qui tient compte des differentes variables 

mises en jeu. Ce travail est presente dans un article intitule "Effect of roughness and 

interference on torque capacity of shrink fitted assembly". L'article a £te soumis a la 

revue ' 'International Journal of Machine tools and Manufacture''. 

Le chapitre 5 presente une investigation experimentale de l'effet de la rugosite et de 

l'interference sur ramortissement des assemblages frettes. Le contenu du travail est 

presente dans Particle intitule " Effect of roughness and interference on damping of 

shrink fitted assemblies". Cet article a ete soumis a la revue "International Journal of 

Mechanical sciences''. 

Pour terminer, une discussion et une conclusion generale sont presentees sur 1'ensemble 

des resultats. Des recommandations et les travaux futurs sont egalement esquisses. 
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CHAPITRE 1: REVUE DE LA LITTERATURE 

1.1 Interface outil/porte-outil 

Le choix de Pinterface entre l'outil et le porte-outil doit se faire avec une attention 

particuliere. De nombreuses possibilites existent, chacune comportant naturellement des 

avantages et des inconvenients. La figure 1.1 montre le champ d'application particulier 

de chaque methode de serrage. 
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Fig. 1.1. Domaines d'utilisation des differents porte-outils [4]. 

Jusqu'a recemment, les elements les plus communement utilises pour le serrage des 

outils etaient les outils monobloc, pinces de precision serrees mecaniquement avec 

controle du couple, Weldon et les mandrins pour les applications non critiques tel que le 

percage. Ces techniques sont maintenant en voie d'etre substituees par le besoin des 

systemes d'usinage moderne a vitesse elevee, puissance elevee et precision elevee. Leurs 
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principaux inconv&iients resident dans le fait qu'ils sont asymetriques (Weldon) et/ou 

contiennent de nombreux composants qui determinent leur precision, leur rigidite et la 

capacite de charge. La connexion Weldon est en soi sensible a l'excentricite et au 

balourd, son niveau de rigidite est compromis par la presence de plusieurs joints et par 

l'utilisation de petits boulons. Son anisotropic de rigidite peut reduire la resistance aux 

vibrations dues au broutage. Les pinces et mandrins conventionnels sont composes de 

plusieurs composants, reduisant ainsi la rigidite de la structure et les rendant plus 

sensible aux deformations et aux decalages induits par les defauts d'assemblage et par 

les forces de coupe centrifuges. D'autre part et a cause de la non protection des surfaces 

de serrage de ces composants des huiles de lubrifications, le coefficient de friction de la 

surface de serrage est tres bas et par consequent les forces de serrage doivent etre tres 

grandes. Les efforts pour ameliorer les caracteristiques de performance des composants 

de serrage sont, dependamment, orientes vers 1'amelioration des systemes existants et 

dans le developpement d'une nouvelle generation de composants de serrage libres des 

defauts cites [1]. 

Les caracteristiques de performance les plus importantes des dispositifs de serrages 

d'outils pour les machines-outils avancees sont: la precision, la rigidite, la resistance en 

torsion, l'insensibilite aux forces centrifuges, la repetitivite (ou consistance: capacite de 

maintenir les caracteristiques listees), la facilite d'utilisation et le cout. Le tableau 1.1 

presente une comparaison entre trois types d'interface outil/porte-outil [5]. 

Le couple transmis est suffisant dans le cas du mandrin hydraulique et superpuissant 

dans le cas du frettage (300 Nm a 20 000 tr/min pour un outil de 25 mm de diametre et 

un serrage de 30\im, ce qui correspond a une puissance de 600 kW). En general, on peut 

dire que les connections Weldon ne peuvent etre utilisees au dela de 10,000 tpm ; les 

porte-outils pinces d'usage general ne peuvent etre utilises au dela de 15,000 tpm ; les 

porte-outils pince de conception speciale et les assemblages frettes doivent etre utilises 

entre 15,000 et 25,000 tpm et pour le moment seuls les assemblages frettes peuvent 

depasser 25,000 tpm [1]. 
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Table l.l.Comparaison entre trois types de porte-outil. 

Caracteris 
-tiques 
Generates 

Excentri-
cite 

Rigidite 

Balourd 

Vibration 

Facilite 
d'utilisa-
tion 

Cout 

Pince (Collet) 

St** 
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... rA 

;i-S 

f 
Le choix le plus 
judicieux pour les 
magasins en 
croissance en UGV 

Moins de 10 
microns pour des 
tenants et des pinces 
de qualite 
Bon 

Bon ; les porte-
outils a pince de 
qualite peuvent etre 
fabriques pour 
convenir a la 
necessite du balourd 

Non avantageux 

Faible ; la precision 
depend de 
l'operateur 

Normal 

Hydraulique 

s 

Hi 

! 

s 

1 
1 

1 

Un bon choix quand 
l'UGV est applique 
periodiquement pour un 
nombre limite 
d'applications 
Autour de 5 microns 

Assez bon. 

Bon ; la conception 
asymetrique cree un 
balourd, mais les porte-
outils peuvent etre 
fabriques en enlevant la 
matiere de l'endroit 
approprie pour compenser 
ce balourd 
Avantageux ; le fluide 
dans le reservoir peut 
offrir une capacite 
d' amortissement. 
bon ; la precision est 
consistante mais le 
mecanisme de serrage est 
facile a endommager 
Plus cher 

Frettage (shrink fit) 
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s 

11 vaut 1'investissement. 
La concentricite, le 
balourd et la facilite 
d'utilisation sont 
superieurs. 
Autour de 4 microns 

Excellent ; la force de 
maintien peut depasser 
celle du mandrin a 
serrage par bride. 
Meilleur ; sans ecrous 
ou autre piece 
asymetrique, le porte-
outil est 
automatiquement 
equilibre 

Non avantageux 

Eleve ; un operateur 
peu competent peut le 
faire 

Moins cher ; les porte-
outils sont a bas prix 
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Les Weldon, les mandrins, les pinces de conception speciale sont tous caracterises par 

une conception qui comprend plusieurs composants en contact avec la queue de l'outil a 

serrer. Seuls les porte-outils par frettage thermique et les porte-outils par frettage par 

puissance (appele encore Tribos) n'utilisent pas de composant intermediaire [6]. 

1.2 Les porte-outils frettes 

Les porte-outils assembles par frettage thermique: la methode de frettage est utilisee 

depuis des temps immemoriaux pour les assemblages serres, recemment, deux brevets 

americains ont ete accordes pour l'utilisation du serrage frette pour l'assemblage des 

outils avec les porte-outils [7]. Dans cette methode un trou lisse cylindrique est fait dans 

le porte-outil, avec un diametre 12-75 urn plus petit que le diametre de la queue de 

l'outil. Pour assembler la queue avec le porte-outil, ce dernier est chauffe a une 

temperature a laquelle l'expansion thermique permet l'assemblage sans force. Apres 

refroidissement, l'outil est structurellement connecte au porte-outil [8]. Pour le 

desassemblage, le porte-outil est chauffe de nouveau a une temperature qui permet le 

desassemblage sans force, la queue de l'outil est situee plus loin de la source de chaleur 

ce qui permet au porte-outil de chauffer plus rapidement. Sur le marche, il existe 

differents types de systemes de chauffage: rechauffeur par induction specialement 

concu, rechauffeur a air chaud, rechauffeur a chalumeau. La figure 1.2 montre le 

principe du frettage. 

Cette connexion permet une excellente concentricite avec le porte-outil; elle est non 

affectee par les forces centrifuges aux vitesses de rotation utilisees dans les machines 

modernes ; elle a une rigidite sensiblement equivalente a un outil solide (fabrique 

comme une seule piece avec le porte-outil) [9]. 

Bien que les assemblages frettes possedent plusieurs caracteristiques positives, telles 

qu'une bonne precision, une rigidite et une resistance elevees, une basse sensibilite aux 

forces centrifuges, quelques aspects de cette technique requierent encore plus de 
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recherche et de developpement. Un point faible de cette technique est le faible 

amortissement de la connexion frettee. Les rechauffeurs a induction produisent la 

chaleur necessaire en un temps court (10-15 s), mais ils requierent un investissement 

plus grand que les autres types de systemes de chauffage et de refroidissement. 

Expansion "•** 

SJM 

jtr 

Jf 

l-# 
\ 

Porte-outil: 4> ext. 

Queue de l'outil 

* 

Jeu 

Porte-outil: <t> int. 

Chaleur 

Chaleur 

/ / ' 
- • s . t 

Fig. 1.2. Methode et principe du frettage thermique [10]. 

II reste encore un point faible, le temps total du processus, incluant le temps de montage 

du porte-outil avec l'outil, le chauffage et le refroidissement, est entre 3 a 10 min. Dans 

plusieurs cas, l'intensite thermique et la temperature elevee associees au chauffage par 

induction entrainent Pannulation du traitement thermique de quelques segments du 

porte-outil et par consequent endommagent le porte-outil (rayure, bosses,...). Le frettage 

du carbure de tungstene solide ne cree pas de probleme majeur d'assemblage. Par contre 

il y a des cas de grippage (soudage par diffusion) quand les outils en acier ou en acier 
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rapide superieur sont serres. Ceci peut etre le resultat d'informations non adequates sur 

la grandeur du serrage recommande et les temperatures pour les differents outils ou 

encore des defauts de conception de la connexion. 

La pratique industrielle est de produire des queues d'outils en acier avec une tolerance 

h7 et des outils en carbure avec une tolerance h6, mais ils ne sont pas tenus en compte 

pour les tolerances des trous des porte-outils concus pour le serrage par frettage. Un 

revetement a friction elevee approprie a la surface du trou ou de la queue de l'outil 

permet une pression de contact plus petite et reduit par consequent la sensitivite pour la 

tolerance diametrale et les temperatures requises [1]. Reduire la temperature requise 

permet a cette technique d'etre plus abordable pour les petites compagnies de 

fabrication. La technique de frettage, comme le montre la figure 1.3, peut etre utilisee 

avec plusieurs types d'interfaces porte-outil\mandrin. 

Fig. 1.3. Porte-outils frettes utilises avec differents types d'interfaces porte-

outil\mandrin [11]. 

1.3 Le coefficient de friction statique 

Le coefficient de friction statique influence significativement la capacite de resister au 

couple de Passemblage frette. Le couple maximum supporte par 1'assemblage augmente 

avec F augmentation de la valeur de friction. Ce coefficient depend des materiaux des 
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pieces connectees, de la rugosite, l'existence d'impuretes sur les surfaces, de la pression 

de contact et de la methode d'assemblage. Les tableaux dans les aides memoires ou sur 

internet dormant le coefficient de friction statique en fonction des materiaux en contact 

ne sont pas fiables. Le coefficient de friction est un parametre qui depend de 

l'application et doit etre determine experimentalement. Le diagramme suivant (Figure 

1.4) montre l'influence de la rugosite et de la pression de contact sur le coefficient de 

friction [12]. 
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Fig. 1.4. Influence de la pression de contact et de la rugosite sur le coefficient de 

friction statique [12]. 

1.4 Le frettage 

La technique d'assemblage par frettage trouve de plus en plus d'applications, ses 

multiples avantages de simplicite, facilite d'execution, precision et surtout du cout 

moindre la favorisent par rapport aux autres solutions. 
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En effet, la technique d'assemblage frette est utilisee pour: 

• ajouter une piece d'interface ayant de bonnes proprietes tribologiques a une 

structure (installer un palier dans une boite a vitesse) ou augmenter la resistance 

d'un emmanchement force 

• assembler un arbre et une bague en general (transmission, ensemble de frein de 

chassis de train) ou pour de petites dimensions precises (tambour de 

magnetoscope). 

Trois principales methodes d'assemblage peuvent etre utilisees: 

• rentrer en force l'axe dans la bague au moyen d'une presse. 

• dilater la bague par chauffage au four ou dans un bain d'huile chaude. 

• retracter l'axe par refroidissement a Fair liquide ou a l'azote liquide. 

Le frettage par la methode thermique assure un chargement statique 1.8 a 2.6 fois plus 

eleve que le frettage a la presse [13]. Le frettage a la presse cause generalement une 

perte de serrage due a l'ecrasement des asperites, ce phenomene n'existe pas pour le 

frettage par la methode thermique. D'autres methodes moins courantes telles que 

l'insertion par vibration axiale et avec lubrification par un liquide volatile sont utilisees. 

Le frettage est applique pour le bandage des roues, de roulements ou de chemises, de 

tambours de video, un ensemble de frein de chassis de train, etc. [14]. 

L'assemblage frette se distingue des autres assemblages par l'absence d'element de 

liaison entre les deux pieces tels que boulons, clavettes, soudures ou autres. II permet des 

realisations faciles, sans balourd ni excentricite d'ensemble. Grace a ses nombreux 

avantages (la facilite, la fiabilite, la duree de vie, la securite et un cout faible,...), le 

frettage est aussi utilise pour elever la resistance des parois epaisses sous tres haute 

pression afin d'obtenir des precontraintes opposees aux pressions de travail. Les 

assemblages avec ajustement serre sont tres interessants pour les applications 
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dynamiques. Une capacite de charge maximale raisonnable et un comportement 

dynamique excellent rendent ces assemblages ideals en equipement et en machinerie. 

Les points faibles des assemblages frettes sont generalement, la difficulte de demontage, 

le risque d'endommagement des surfaces de contact et la precision demandee pour 

l'usinage des surfaces fonctionnelles. 

1.4.1 Parametres de l'assemblage 

Les principaux parametres qui determinent le comportement de l'assemblage sont 

representee a la figure 1.5 [15]: 

• Le serrage (pression de contact). 

• Dimensions de l'arbre et de la bague (diametre nominal de l'assemblage, 

diametre interieur de l'axe et diametre exterieur de la bague). 

• Longueur du joint. 

• Proprietes des materiaux utilises (coefficient de friction...). 

• Fini des surfaces en contact (surface reelle de contact...). 

g. 1.5. Les principaux parametres qui determinent le comportement de l'assemblage. 
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L'effet des quatre premiers facteurs peut etre mathematiquement determine, pour le 

cinquieme, le seul moyen est 1'experimentation. L'ensemble determine les parametres 

suivants: les vitesses critiques, les efforts de calage, les couples transmissibles. 

Les couple et force maximaux que l'assemblage frette peut transmettre sont donnes par 

la force maximale transmissible: 

Fn= = 2m'M) (1) 

avec 1: longueur de l'assemblage et f: coefficient de frottement (fonction de 1'etat de 

surface et de la lubrification [16]) et 

p = ^r?(rl) = ^r?(rl) (2) 

Les indices A et B sont pour l'axe et pour la bague. 

Le couple maximal transmissible s'ecrit: 

1.5 Modelisation des assemblages frettes 

1.5.1 Modelisation de 1'interface de l'assemblage frette 

Un assemblage frette met en jeu des forces ou des couples de frottement dependant du 

serrage qui lui-meme est fonction des defauts de forme et de la tolerance sur les 

dimensions. Cependant, on utilise generalement la theorie des parois epaisses 

cylindriques en negligeant les contacts surfaciques pour le calcul du serrage. En realite, 

pour tous les assemblages frettes, les deux resistances de structures (la resistance des 

pieces qui forment le systeme mecanique: assemblage frette) et de liaisons (la resistance 

de contacts ou surfacique du systeme mecanique), toutes les deux, influencent les 

caracteristiques d'un frettage [14]. 
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1.5.2 Modelisation dynamique de Passemblage frette 

La surface en contact entre un arbre et une bague assembles a la presse forme une 

couche dont la rigidite est determinee par la rugosite originale, les proprietes physico-

chimiques des materiaux et de la methode d'assemblage. La couche d'interface exerce 

une influence considerable sur les vibrations et les charges dynamiques dans le systeme 

des composants assembles, la resonance des amplitudes et des frequences depend de ces 

proprietes elastiques et dissipatives [18]. L'inconvenient de ce modele (Figure 1.6) est 

qu'il considere un amortissement nul de l'interface, ce qui n'est pas le cas. 
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Fig. 1.6. Modele dynamique de l'assemblage frette sans amortissement [18]. 

1.6 Vibrations et amortissement 

1.6.1 Vibrations 

Les vibrations libres sont produites generalement par une excitation instantanee et 

correspondent a une perturbation momentanee du systeme. La vibration libre d'un 

systeme peut egalement etre provoquee par un deplacement statique de sa position 

d'equilibre suivie d'un relachement de ce dernier. Le systeme oscille ainsi a sa frequence 

naturelle. D'autre part, le fait que le systeme a une constante d'amortissement attenue la 

vibration libre avec le temps. 
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Les vibrations forcees sont engendrees par un effet periodique pulsatif. Pour les 

machines outils, dies sont produites pendant un usinage periodique et discontinu tel que 

le fraisage ou le passage des dents de l'outil periodique peut causer des vibrations 

forcees. Le systeme est excite ainsi periodiquement et sans interruption. II existe 

egalement d'autres sources de vibrations forcees pendant l'usinage comme 

l'heterogeneite de la matiere usinee, les irregularites de la surface usinee, etc [19]. 

Les vibrations regeneratives ou autoentretenues a l'origine de vibrations de broutement 

pendant l'usinage sont importantes. Le mouvement vibratoire du mecanisme est excite 

par certaines perturbations. En consequence, ce mouvement vibratoire maintient les 

perturbations initiales et les vibrations s'amplifient exponentiellement. En fraisage, ce 

type de vibrations indique que le systeme vibre a une frequence differente de celle 

imposee par la frequence de passage des dents. La vibration de broutement resulte d'une 

auto-excitation du mecanisme venant de la regeneration de l'epaisseur du copeau due a 

l'usinage ou du couplage des modes. Le couplage des modes est un couplage de deux 

modes orthogonaux qui produit des vibrations dans les deux directions du plan de la 

coupe. Les vibrations de broutement sont indesirables pendant l'usinage parce qu'elles 

peuvent produire une rupture prematuree de l'outil, de mauvais finis de la surface et, a la 

longue, peuvent endommager le mandrin de la MOCN. Si le processus vibratoire 

presente des vibrations auto-excitees, ces vibrations peuvent etre attenuees par un 

amortissement adequat du systeme. Dependamment des parametres de vibration 

(amplitudes, frequences et particulierement directivite), les vibrations peuvent 

augmenter ou reduire le frottement [19]. 

1.6.2 Amortissement 

L'amortissement est la capacite des systemes mecaniques a reduire l'intensite du 

processus vibratoire. La capacite d'amortissement peut etre due aux interactions avec le 

milieu exterieur ou due aux performances relatives aux interactions internes. L'effet 

d'amortissement pour le processus vibratoire est acheve par la transformation 
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(dissipation) de l'energie mecanique du mouvement vibratoire en une autre forme 

d'energie, generalement la chaleur, qui peut etre evacuee du systeme. Si le processus 

vibratoire presente des vibrations auto-excitees (ex: broutage), les vibrations peuvent 

etre prevenues par une capacite d'amortissement adequate du systeme. 

Les effets de l'amortissement sur les performances des systemes mecaniques sont dues a 

la reduction de l'intensite des resonances indesirables ; acceleration de la decadence 

(diminution) des vibrations transitoires excitees par des changements abrupts dans les 

parametres de mouvement des composants mecaniques (conditions de debut et de fin 

dans les tables qui se deplacent dans les machines-outils et les liaisons des robots, 

engagement et degagement entre l'outil coupant et la piece usinee...) [20]. 

L'amortissement influence directement ou indirectement les parametres suivants des 

systemes mecaniques [20] : 

• resistance a la fatigue: augmenter l'amortissement conduit a la reduction de 

1'amplitude des deformations et des contraintes si le regime de chargement est 

proche de la resonance. II est souvent plus important pour les composants a 

frequences elevees des processus de deformations/contraintes, qui sont 

frequemment intensifies par les resonances des inevitables composants de la force 

d'excitation a haute frequence ou les reponses non-lineaires du systeme avec des 

frequences naturelles elevees du systeme. 

• resistance a l'usure: les vitesses vibratoires elevees, specialement associees avec 

les micro-vibrations parasitaires a frequences elevees, peuvent significativement 

accelerer le processus d'usure. 

• efficacite (perte de friction): dependamment des parametres de vibration 

(amplitudes, frequences et specialement directivite), les vibrations peuvent 

augmenter ou reduire la friction. Dans le cas des gabarits, l'amortissement peut 

ameliorer 1'efficacite 

• precision et fini de surface des pieces usinees 
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• stabilite dynamique/vibration des systemes mecaniques peut etre radicalement 

potentialisee par l'introduction de 1'amortissement dans le systeme. 

• usinabilite, specialement pour les pieces a faible rigidite, peut etre limitee par 

l'instabilite dynamique, les vibrations de broutage et de resonance durant le 

processus. L'augmentation de ramortissement de la piece ou du serrage utilise 

dans son travail peut significativement ameliorer l'usinabilite. 

L'importance du critere d'amortissement augmente avec 1'augmentation de la rigidite et 

ce due : 

• aux besoins de precision en augmentation 

• a l'augmentation de l'usage des materiaux a hautes resistances et par consequent 

plus grande probabilite d'excitation des vibrations. 

• a l'importance en croissance des caracteristiques dynamiques. 

• a l'augmentation de la prise de conscience de la pollution vibratoire et du bruit 

L'amortissement des vibrations se fait selon plusieurs mecanismes, soient les 

amortissements internes (ou du materiau), structurel et fluide. 

L'amortissement interne se fait selon deux mecanismes, ramortissement viscoelastique 

pour les materiaux viscoelastiques lineaires et qui depend de la frequence de variation de 

la charge. Pour certains materiaux, il a ete observe que la force d'amortissement ne 

depend pas significativement de la frequence d'oscillation de la charge, ce type 

d'amortissement interne s'appelle amortissement hysterique. 

L'amortissement structurel est le resultat de la dissipation mecanique d'energie 

engendree par la friction qui resulte du mouvement entre les composants. 

L'amortissement structurel est difficile a modeliser et la methode commune de sa 

determination est 1'experimentation. Generalement, ramortissement interne est 

negligeable devant ramortissement structurel. 
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L'amortissement fluide; dans un milieu fluide, une partie de la force de deplacement est 

utilisee pour vaincre les forces de volume resistantes, cette resistance engendre une 

dissipation mecanique d'energie dans le fluide. 

Devant de telles structures ayant des joints, la courbe de charge-deformation a une 

boucle d'hysteresis caracteristique dans le chargement statique ou dynamique et 

1'evaluation de l'energie dissipee peut etre donnee sous forme de surface entouree par 

une boucle d'hysteresis [21]. 

La relation entre la force externe et le deplacement de cisaillement pour les structures 

avec interface est montree sur la figure 1.7. Sur cette figure, le deplacement 

correspondant a la force excitante est pris comme abscisse. II y a une premiere phase 

lineaire OP, ou le comportement est parfaitement elastique. Apres cette etape, il y a une 

phase transitoire non lineaire PB, ou le micro-glissement se produit a travers la surface 

de contact. Dans la phase PB, la rigidite de la structure decroit, quand le glissement 

progresse. Quand une reduction de la force excitante se produit, la courbe procede a 

partir de B dans une direction parallele a la phase elastique OP. Pendant le 

dechargement, le micro-glissement est initie une nouvelle fois. Le sens de glissement est 

oppose a celui dans la phase de chargement. Quand la force excitante s'inverse, la courbe 

devient lineaire et parallele a OP. La boucle d'hysteresis est fermee a B'. Dans la phase 

de rechargement la courbe procede a partir de B' a B, passant par C. La boucle 

d'hysteresis est symetrique par rapport a l'origine 0. La surface cloturee par cette boucle 

d'hysteresis est le travail effectue par la force excitante et l'energie dissipee par le joint 

structural [21]. 
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Fex 

Fig. 1.7. Boucle d'hysteresis du micro-glissement a l'interface [21]. 

Merrit [22] a montre que la valeur minimum de la limite de stabilite ou du niveau 

asymptotique de la stabilite est directement proportionnelle a la constante 

d'amortissement structurale pour des operations de rotation (voir Figure 1.8). 
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Fig. 1.8. Un diagramme typique de lobe de stabilite [22]. 
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Une consequence directe de 1'augmentation de Pamortissement est une augmentation de 

la productivity de l'operation d'usinage, puisque des largeurs axiales plus elevees de 

coupe impliquent des taux augmentes d'enlevement de matiere. 

Un moyen plus rationnel d'augmenter la stabilite de la machine est de commencer a la 

source d'instabilite : augmentation de ramortissement tres bas du systeme. Cependant, il 

est extremement difficile de pre voir ou commander ramortissement de la structure de la 

machine parce qu'il depend fortement des conditions microscopiques de contact des 

interfaces mecaniques dans le systeme. Ici, nous envisageons de concevoir 

intentionnellement une surface structuree qui cree les etats de contact qui favorisent 

ramortissement et augmentent la repetabilite dynamique des interfaces mecaniques, 

sans compromettre la repetabilite ou l'exactitude cinematique, ayant pour resultat la 

stabilite, la productivite et l'utilisation de machine accrues. 

1.7 Les parametres de l'etat de surface 

Les imperfections de surface sont classees en trois principaux ordres suivants (figure 

1.9): 

• les defauts de forme et de position telle que la coaxialite, la cylindricite, la 

rectitude, etc.... 

• les ondulations, dues aux oscillations de basses frequences provenant des 

imperfections des machines. 

• les rugosites, dues a des vibrations de hautes frequences correspondant au passage 

des outils coupants et a l'enlevement de matiere. 
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Defaut de forme 
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Ondulation 
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Defaut de forme 

Fig. 1.9. Les trois niveaux de defauts de surface. 

Dans ce qui suit nous presentons quelques parametres de rugosite influents 

Ligne 
moyenne 

Fig. 1.10. Definition de certains parametres de rugosite relies a la ligne moyenne [23]. 

La figure 1.10 montre quelques parametres de rugosite relies a la ligne moyenne. La 

rugosite moyenne arithmetique Ra est la moyenne des valeurs absolues des ordonnees de 

profil de rugosite. La rugosite moyenne quadratique Rq est la moyenne des moyennes de 

racine carree des ordonnees de profil de rugosite. La hauteur des cretes du profil Rp est 

la hauteur le plus elevee du profil de rugosite d'une longueur de base. La profondeur 

maximale de vallee du profil Rv est la valeur du plus profond creux de rugosite d'une 

longueur de base. La somme de Rp et Rv est le Rz qui est la hauteur maximale du profil 

[23]. 
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Fig. 1.11. Definition des parametres de rugosite relies a la courbe de portance [23]. 

Rk (figure 1.11) represente la profondeur de la partie centrale du profil de rugosite. Rk 

est relie a la profondeur de la partie travaillante de la surface, c'est la partie plate de la 

courbe de portance. Apres que les cretes representees par Rpk soient aplaties, la partie 

de la surface representee par Rk supporte la charge. Rpk est une evaluation des petites 

cretes au-dessus du plateau principal de la surface. Ces cretes sont typiquement aplaties 

au cours de l'assemblage. Generalement, on desire avoir un Rpk assez petit. Rvk est une 

evaluation de la profondeur des vallees qui maintiendront le lubrifiant lors du 

fonctionnement. Mrl est la fraction de la surface qui se compose de petites cretes au-

dessus du plateau principal. Mr2 est la fraction de la surface qui supportera la charge 

pendant la vie pratique de la piece. 100%-Mr2 est la fraction de la surface qui se 

compose des vallees plus profondes qui maintiendront le lubrifiant [23]. 
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Fig. 1.12. Definitions des parametres d'aplatissement et d'asymetrie du profil [23]. 
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La figure 1.12 montre deux parametres importants de rugosite relies a la courbe de 

densite d'amplitude. Le facteur d'asymetrie Rsk est une mesure de l'obliquite de la 

courbe de densite d'amplitude. Une valeur negative de Rsk indique une surface avec de 

bonnes proprietes de portance. Le facteur Rku est une mesure d'aplatissement de la 

courbe de densite d'amplitude. Pour un profil avec une courbe gaussienne de densite 

d'amplitude le facteur d'aplatissement Rku est de 3. Les facteurs d'asymetrie et 

d'aplatissement sont fortement influences par les cretes et les vallees isolees, un fait qui 

en reduit leur importance pratique [23]. 

1.8 Effet du fini de surface sur les assemblages frettes 

El Hadidy [13] a mene une etude sur 1'influence de l'etat de surface, entre autre, sur la 

resistance des assemblages frettes. II a conclu que la rugosite de surface et les 

parametres geometriques des assemblages frettes ont un effet significatif sur la capacite 

de transmission de l'effort axial et le moment de torsion. II affirme aussi que l'effort 

axial et le moment de torsion diminuent quand la rugosite de surface equivalente 

augmente, il explique ceci par le fait que la surface de contact reelle est plus grande que 

celle des surfaces lisses et par consequent la friction plus haute. Cependant, il n'a 

considere qu'une plage reduite de rugosite Ra de 1 a 3 f*m. Aussi tous les echantillons 

avaient le meme diametre et il n'a pas etudie le comportement dynamique. 

Ramamoorthy et al. [24] sont d'accord avec El Hadidy pour les petites rugosites 

seulement. Avec une petite rugosite la resistance a la charge est grande car la surface 

reelle de contact est plus grande. En observant revolution de la charge transmissible en 

fonction de la rugosite sur la figure 1.13, nous observons qu'au debut il y a une 

diminution de capacite maximale de charge, mais ensuite il y a une augmentation 

graduelle avec 1'augmentation de rugosite. Cette augmentation avec les rugosites elevees 

peut etre due a l'interpenetration des irregularites de surface. Aussi, due au contact 

intime des surfaces, le phenomene de diffusion est relativement eleve pour les 

assemblages frettes. La figure 1.13 montre que pour les rugosites 0,35 um et 2,6 um on a 
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la meme resistance d'assemblage [15]. Ceci n'existe pas dans les assemblages a la 

presse. En assemblage a la presse, une perte de serrage se produit pendant l'assemblage 

a cause de la deformation des irregularites de la surface, ce phenomene n'a pas lieu en 

assemblage thermique. L'abrasion entre les surfaces en contact qui est inevitable durant 

les assemblages a la presse est absente dans le cas de la methode thermique. 

Ramamoorthy et al. [25] ont eu une l'idee d'etudier les changements de profil de surface 

subit par les elements en contact. La difficulte reside dans le fait qu'il est impossible 

d'avoir acces au profil apres assemblage sauf si on le deteriore. La solution etait de 

couper les pieces par electroerosion apres quelques heures de repos de l'assemblage. La 

mesure doit etre faite exactement sur la meme region avant et apres assemblage. 

—WM* 

Fig. 1.13. Relation entre la resistance de l'assemblage au glissement et la rugosite pour 

l'assemblage frette [15]. 

Pour augmenter la resistance au glissement de l'assemblage, Ramamoorthy et al. 

proposent plusieurs methodes [26]. La premiere est d'appliquer un revetement aux 

surfaces en contact. La deuxieme est de traiter thermiquement pendant une longue 

periode l'assemblage a haute temperature, 1'amelioration de rigidite peut atteindre alors 

3 fois. Une autre methode est de grenailler la surface apres durcissement par induction 



26 

ce qui ameliore le fini de surface et donne une surface plus rigide en ameliorant la durete 

et en introduisant des contraintes residuelles de compression. Des combinaisons de ces 

methodes peuvent etre utilisees. Cette equipe a mentionne 1'existence du phenomene de 

diffusion relativement elevee pour les assemblages frettes du au contact intime des 

surfaces, mais ne l'a pas etudie en profondeur. Aussi le role des contraintes residuelles 

dues a l'assemblage sur la capacite de charge n'a pas ete clarifie. D'autre part, les 

mesures experimentales n'etaient pas assez precises. Une cause possible est que les 

parametres de rugosite considere, Ra et Rp, sont definis dans un plan a deux dimensions 

perpendiculaires a la surface et non dans les trois dimensions, done la surface a trois 

dimensions qui est reellement responsable de l'ajustement n'est pas completement 

representee. D'autres facteurs tels que l'oxydation de la surface, les caracteristiques de 

la couche d'interface, etc., sont aussi a prendre en consideration. 

Yang et al. [27] ont demontre aussi que la rugosite contribue a la resistance de 

l'assemblage, et qu'il est envisageable d'utiliser des techniques d'usinage economique 

comme le tournage ou le percage pour produire la surface de l'assemblage au lieu du 

polissage ou de la rectification qui sont plus cheres. II est aussi possible d'optimiser la 

specification de l'ajustement selon la capacite de la machine-outil en tenant compte des 

defauts de forme. lis ont etudie l'effet de la rugosite et des defauts de forme sur les 

assemblages frettes et discute des specifications et des parametres de surface utilises par 

la norme pour conclure qu'il n'est pas obligatoire de specifier des etats de surface 

extremement soignes dans le cas des assemblages frettes et qu'on peut tolerer des etats 

de surface rugueux tout en assurant 1'efficacite du frettage et en augmentant la 

competitivite des produits. Aussi, les parametres moyens paraissent ne pas etre les 

parametres les plus satisfaisants pour evaluer la resistance du frettage. Le parametre de 

serrage en crete est propose. Les essais et les simulations confirment que le serrage en 

crete est un parametre plus important pour evaluer la resistance d'un emmanchement 

que le serrage moyen. Toutefois il faut noter que ces resultats ne sont valables que pour 

l'assemblage a la presse. 
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Yang et al. [27] a fait de son cote une etude sur les assemblages a la presse et a conclu 

que les asperites favorisent la resistance d'un assemblage frette: plus la surface est 

rugueuse, plus la force d'extraction est importante. D'autre part, les asperites ne 

provoquent pas de tres grands ecarts de forme geometrique pour un montage frette, ce 

qui n'empeche pas une specification de battement radial precis. 

1.9 Etude de 1'interface porte-outil\outil 

Les recherches qui ont ete publiees sur ce sujet se comptent sur les doigts des deux 

mains. Ceci n'est pas a cause du manque interet pour le domaine, mais parce qu'il est 

encore recent, il vient d'emerger avec rapparition de la nouvelle interface porte-

outil\broche communement appele HSK [28]. Depuis 1993, date de la publication de la 

premiere norme DIN sur ce type de porte-outils, qui a la particularite d'assurer le contact 

avec la broche sur deux surfaces, un grand interet a ete accorde pour la methode de 

maintien de l'outil. 

Rotberg et al. [29] ont etudie le percage a haute performance, ils le definissent comme 

une situation dans laquelle certains facteurs du systeme d'usinage, qui sont 

conventionnellement negliges, doivent etre pris en compte et evalues quantitativement. 

Cette situation est creee par la combinaison, d'un cote, des parametres d'entree du 

processus, et des besoins des parametres de sortie du processus et leurs resultats de 

l'autre cote. Les parametres d'entree sont: les caracteristiques structurelles de l'outil, la 

performance de Punite de serrage, la geometrie de la piece, les proprietes du materiau et 

les conditions de coupe (vitesse d'avance et vitesse de coupe). Les parametres de sortie 

sont: la deflexion et les vibrations de l'outil en rotation libre (pour les outils tournants), 

les efforts de coupe et les deflexions de l'outil pendant l'usinage et finalement les 

parametres de la forme usinee (forme et position). 

Pour caracteriser l'unite de serrage, l'auteur a essaye" quelques unites de serrage 

industrielles typiques: 
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• pince de serrage normalisee. 

• mandrin standard "Weldon" avec un ecrou de serrage. 

• mandrin modifie ' 'Weldon'' avec deux ecrous de serrage. 

• mandrin hydraulique 

• mandrin a frettage thermique (ayant 0,1mm de serrage, assemble a 600°C), teste 

comme le systeme le plus proche du serrage ideal. 

L'interface entre le porte-outil et la broche est le meme pour tous les systemes testes et 

est concu pour etre le plus rigide possible. Les reponses de l'unite de serrage sont 

decrites en termes de "Essai normalise de fonction de transfert" mesure par un essai 

d'impulsion sur 1'unite de serrage quand elle maintient une barre de carbure normalisee 

ayant les memes dimensions que l'outil teste (diametre, porte-a-faux, section). 

Les essais de Rotberg et al. [29] sur l'assemblage par frettage d'un moyeu en acier et 

une queue en carbure avec un degre de serrage eleve de 0,1 mm pour un diametre de 

12,7 mm n'a montre aucune difference de rigidite compare a une barre solide de meme 

dimension, mais il amortit 50% moins les vibrations que des systemes de serrage comme 

les pinces, Weldon ou les mandrins hydraulique [29]. L'interference tres grande utilisee 

dans cette 6tude n'est pas justifiee, le serrage recommande par la norme francaise NF E 

22-620 indique un serrage de 48 urn a 80 um pour un diametre nominal de 50 mm. Un 

serrage excessif peut engendrer des deformations plastiques de l'interface et par 

consequent des problemes de contraintes residuelles et de repetabilite du montage. 

Thornley et Elewa [30], ont etudie l'effet des dimensions, de la rugosite de surface et du 

serrage sur la rigidite statique et dynamique des assemblages frettes. lis ont conclu que, 

d'une part les cycles d'hysteresis observes pour les assemblages frettes sont rep^tables a 

tous les niveaux de chargement, cependant leur largeur depend du serrage, d'autre part, 

la rigidite tangentielle des assemblages frettes diminue avec 1'augmentation du serrage et 

la rugosite de la surface. Elle represente approximativement 75-93% de la rigidite du 

solide equivalent pour les grands serrages. Enfin, ils affirment que sous des charges 
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dynamiques, la proportion des fluctuations dans le deplacement tangentiel est 

considerablement plus prononcee que les fluctuations sous des charges statiques [30]. 

Cependant les auteurs n'ont etudie pour le comportement dynamique que l'effet d'une 

force tangentielle dans le direction de l'axe, les forces tangentielles circonferentielles 

seraient aussi interessantes dans le cas de fraisage. 

1.10 Effet de l'etat de surface sur l'amortissement 

La plupart des travaux sur ramortissement des joints ont ignore l'effet de l'etat de 

surface et ils ont suppose que les surfaces des joints sont lisses. La topographie de 

surface joue un r61e important dans ramortissement des joints et, dans le but d'avoir une 

valeur realiste de ramortissement de l'interface, il est important d'inclure la rugosite de 

surface aussi. Le comportement d'une surface rugueuse sous un chargement peut etre 

etudie par l'analyse de la deformation des asperites. Pour evaluer la deformation des 

asperites sous differents chargements, la position relative et la forme des asperites, 

doivent etre connues. Telles variations de dispositions et de formes d'asperites sont des 

facteurs importants dans l'etude des surfaces rugueuses. 

Hashimoto [31] trouve que la capacite d'amortissement est due principalement au 

macro-glissement dans le cas de serrage faible, et au micro-glissement dans le cas de fort 

serrage. Padmanabhan et Murty [32,33] affirment que les surfaces de contact entre les 

composants dans les machines offrent une excellente source de dissipation d'energie. 

L'effet de l'etat de surface sur ramortissement montre que la perte d'energie augmente 

quand l'etat de surface augmente jusqu'a une certaine valeur de rugosite. Ainsi en 

general, la perte d'energie par cycle est influenced par la force tangentielle, la force 

normale, les materiaux du joint et les conditions de surface. 

Une revue des effets de ramortissement dans les joints indique que dans les joints non 

lubrifies la dissipation d'energie peut etre due a trois types d'interactions: macro- et 

micro-glissement et la deformation plastique des asperites. Dans le cas des joints des 
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machine-outils, la deformation plastique cyclique des asperites apparait comme la plus 

significative, quand l'amplitude de la pression de surface mise en jeu est considerable. 

1.11 Conclusion de 1'etude bibliographique et identification des besoins 

Le frettage est nouvellement introduit dans le domaine de l'UGV, la plupart des 

industriels preferent les porte-outils frettes pour 1'ensemble des avantages qu'il presente. 

Un point faible de cette technique est le faible amortissement de la connexion frettee. 

Dans le but d'optimiser la liaison entre l'outil et le porte outil, une investigation de 

l'effet de deux parametres importants de 1'assemblage que sont l'etat de surface et le 

serrage est realisee dans ce travail. Pour completer cette tache, il est necessaire aussi de 

mieux comprendre le comportement du coefficient de friction dans le cas des 

assemblages frettes. 
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CHAPITRE 2: SYNTHESE 

Ce chapitre presente la methodologie suivie dans cette these, qui vise a optimiser pour 

l'UGV 1'assemblage frette en augmentant son amortissement tout en conservant au 

maximum le couple transmis. A cette fin, l'effet de la rugosite et du serrage sur 

l'assemblage frette est caracterise selon une demarche en trois etapes : (1) investigation 

du comportement du coefficient de friction statique de l'assemblage sous l'effet des 

variations de l'etat de surface et de la pression de contact; (2) Etude de l'effet de l'etat 

de surface et du serrage sur le couple transmis de l'assemblage frette. Aussi une nouvelle 

approche est developpee pour predire le serrage des assemblages dont les surfaces en 

contact sont rugueuses; et enfin, (3) les variations du taux d'amortissement en fonction 

du serrage et de la rugosite sont etudiees. 

Cette these est presentee sous la forme de trois articles : 

Article 1: « Effect of surface texture and contact pressure on the static friction 

coefficient of shrink fit assembly » 

Article 2: « Effect of roughness and interference on torque capacity of shrink fitted 

assembly » 

Article 3: « Effect of roughness and interference on damping of shrink fitted 

assemblies ». 

L'objectif principal de notre etude est d'optimiser l'assemblage frette en maximisant son 

amortissement tout en conservant le couple transmis le plus eleve dans les limites 

indiquees par 1'application. L'optimisation du taux d'amortissement et de la resistance 

des assemblages frettes passe imperativement par la comprehension de l'effet de tous les 

parametres de l'application. L'etat de surface et le serrage sont deux parametres cle dont 

la connaissance de l'effet sur 1'amortissement et la resistance permet de converger vers 

le resultat voulu. La resistance en torsion de l'assemblage frette ou encore le couple 
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maximum supporte est fonction, entre autre du parametre du coefficient de friction 

statique. La connaissance de ce coefficient est primordiale pour tout calcul precis de la 

resistance de l'assemblage. Nous nous sommes fixes des lors comme premier objectif de 

determiner l'effet de l'etat de surface et de 1'interference sur le coefficient de friction 

statique des assemblages frettes. Ceci a fait l'objet du premier article presente dans cette 

these. Une fois la question du coefficient de friction resolu, il est facile d'investiguer le 

comportement du couple supporte par l'assemblage frette dependamment des parametres 

de rugosite de surface et de la pression de contact mis en jeu. Cela nous a mene a mieux 

definir les parametres de calcul des assemblages frettes et a ameliorer la methode de 

calcul du serrage. Ces deux derniers objectifs ont fait l'objet du deuxieme article. Pour 

accomplir notre objectif principal, nous avons etudie l'effet du changement de l'etat de 

surface et du serrage sur ramortissement. Ce travail fait l'objet de notre troisieme et 

dernier article pour cette these. 

Le frettage peut etre considere comme partie integrante des systemes de transmission de 

puissance. II est habituellement employe pour transmettre un couple, une charge axiale 

ou pour resister au mouvement relatif entre deux composants. La technique de frettage 

consiste generalement a assembler un axe et une bague ou a ajouter une piece d'interface 

ayant de bonnes proprietes tribologiques a une structure. Le frettage est caracterise par 

l'absence d'un element d'assemblage tel que des boulons, des cannelures ou de la 

soudure entre les deux pieces. Le frettage est facile a realiser a bas prix, sans 

concentration de contrainte, ni desequilibre ou excentricite globale. Ses nombreux 

avantages (simplicity fiabilite, duree de vie, surete, cout bas) font qu'il est employe 

couramment dans l'industrie des chemins de fer, les raccordements entre les elements 

des vilebrequins, les boites a vitesses, les disques de turbine, les rotors, les roulements a 

rouleaux. Plus recemment, le frettage est egalement utilise pour le maintien d'outil dans 

les applications d'usinage a grande vitesse. 

Le frettage peut etre effectue selon differents processus mais le plus commun est la 

methode de dilatation thermique. A la temperature normale, l'alesage de la bague est 
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legerement plus petit que l'axe. La methode consiste a chauffer la bague a l'aide d'un 

rechauffeur specialise, qui augmente l'alesage de la bague, permettant a l'axe d'etre 

insere. Pendant que la bague se refroidit, l'alesage se retrecit autour de l'axe pour creer 

un serrage concentrique et rigide. Le frettage a la presse est une alternative au frettage 

thermique, qui peut causer le dechirement du materiel sur la surface, si les contraintes 

depassent la limite elastique. D'autres processus tels que l'insertion sous vibrations 

axiales ou avec lubrification par un liquide volatil permettent rinsertion a froid de l'axe 

dans la bague avec une haute precision. Les principaux facteurs qui affectent 

1'assemblage frette sont les dimensions des composants, les materiaux de l'axe et de la 

bague, l'etat de surface, la pression de contact, le coefficient de friction, la temperature 

et la presence d'un troisieme corps entre les surfaces de contact. 

2.1 Article 1 

Les coefficients de friction statique rapportes en litterature different considerablement; 

jusqu'a six fois d'une reference a l'autre pour les memes materiaux. La dependance au 

systeme du comportement du coefficient de friction statique devrait etre tenue compte 

pour eviter la mauvaise application des donnees. L'objectif principal de ce premier 

article est de determiner l'effet de la rugosite et de la pression de contact sur le 

coefficient de friction statique d'un assemblage frette. Les materiaux utilises dans cette 

etude sont deux aciers a outils, AISI HI3 (ISO X40 CrMoV5-l) et AISI 01 (ISO 

95MnWCr5). Un dispositif experimental special a ete concu et fabrique pour repondre a 

nos exigences d'application. Une conception factorielle complete 33 a ete adoptee pour 

l'experimentation. Les resultats prouvent que la rugosite des surfaces et la pression de 

contact ont des effets principaux sur le coefficient de friction statique et la relation entre 

eux inclut un minimum pour les asperites moyennes. En effet, les surfaces lisses 

presentent une portance plus grande ce qui entrame un frottement statique plus 

important. La pression de contact diminue quand la taille des asperites augmente jusqu'a 

ce qu'un certain minimum soit atteint, a ce point-la un deuxieme phenomene commence 

a dominer cause par le chevauchement ou inter-location d'asperites. Ce phenomene peut 
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mener a un coefficient de frottement statique plus eleve pendant que la pression de 

contact continue a diminuer ce qui est tres commode pour quelques applications 

specifiques d'assemblage frette. 

La friction statique est facile a definir mais excessivement difficile a prevoir a priori. Le 

probleme de l'etablissement exact des conditions de contact et des proprietes de la 

matiere ont un effet principal sur la force de friction. Cela mene au developpement 

d'essais et a des modeles analytiques de friction. Les modeles de friction utilisent des 

arguments geometriques (rugosite et inter-location d'asperites), des arguments bases sur 

les proprietes mecaniques (proprietes de cisaillement des solides et des substances entre 

les surfaces), des considerations des forces electrostatiques entre les atomes exterieurs et 

les arguments chimiques de compatibilite. Si toutes ces approches sont considerees 

simultanement le nombre de variables possibles, a integrer dans un modele predictif de 

frottement, devient assez grand. Si les essais de friction sont orientes pour 1'application, 

alors le systeme tribologique d'interet doit etre analyse et ses variables reliees a la 

friction doivent etre identifiees pour deduire un modele plus approprie. Un tel modele 

fournira de meilleures predictions pour la reduction de cout et de poids, aussi bien que 

des previsions plus precises de defaillance 

En tous cas, les defauts de surface des corps solides sont toujours presents. Ces defauts 

sont classifies dans trois principaux ordres ; le premier ordre inclut des defauts de 

position et de forme, tels que la coaxialite, la cylindricite et la rectitude, le deuxieme 

ordre inclut le caractere onduleux du aux oscillations de basse frequence produites par 

des imperfections de la machine-outil utilisee pour la fabrication, et le troisieme ordre 

inclut la rugosite due aux vibrations a haute frequence correspondant aux deplacements 

des outils de coupe et de la matiere. Les proprietes de surface sont nombreuses et 

compliquees ; la caracterisation de ces proprietes en utilisant des parametres simples ne 

fournit pas une description complete. En fait, il faut admettre qu'il n'est pas possible de 

caracteriser la geometrie d'une surface en utilisant seulement un parametre. 



35 

2.2 Article 2 

Le couple maximum transmis par 1'assemblage frette, entre autres facteurs, depend 

sensiblement de la rugosite et de 1'interference entre les pieces d'assemblage. 

L'investigation experimentale a montre le role de la rugosite et de l'interference pour les 

performances de tels assemblages. Nous proposons une nouvelle methode pour calculer 

interference effective en tenant compte de la micro- et macrostructure. Le dispositif 

experimental est concu pour etre le plus similaire possible aux outils assembles par 

frettage. Le but de cet article est de faire avancer la connaissance au sujet des 

assemblages frettes et en particulier les portes outils frettes. II presente une recherche 

experimentale sur l'effet de la rugosite et l'interference sur le couple maximal supporte 

par ce type d'assemblage. 

A partir des etudes anterieures, on peut maintenir trois points essentiels : le premier est 

que les asperites persistent meme lorsque l'interference est tres significative. Le 

deuxieme point est que quand l'interference augmente, les asperites deviennent 

partiellement plastiques au niveau des cretes et la surface reelle de contact se developpe. 

Le troisieme point est que quand des surfaces rugueuse et lisse en metal sont pressees 

ensemble par une charge F, la surface reelle de contact Ar est toujours inferieure au 

domaine du contact nominal. La vraie pression au-dessus de Ar est par consequent 

toujours plus grande que la pression nominale. Pour un cas reel de contact, les deux 

pieces ont des rugosites et par consequent toutes les definitions ne considerant pas ce fait 

sont simplistes et ne peuvent pas etre appliquees pour un calcul de precision. La taille et 

la forme des cretes, la rugosite dans les deux directions axiales et circulaires, les erreurs 

geometriques, les caracteristiques des materiaux des surfaces de contact et les 

distributions des contraintes sont toutes impliquees pour la determination de la capacite 

maximale de couple. Le cas de deux surfaces rugueuses en contact n'etait pas encore 

traite; un modele considerant les effets des asperites et de l'interference n'avait pas ete 

realise. 
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Un autre objectif pour cet article est d'etablir un modele capable de prevoir la capacite 

maximum de couple pour le cas d'un contact entre deux surfaces rugueuses. Ce modele 

doit Her le comportement microscopique avec le comportement macroscopique. Les 

parametres de la courbe de portance peuvent donner une bonne evaluation de la 

deformation radiale de l'interface et de l'aire reelle de contact. En effet, la forme de la 

courbe de portance encapsule une quantite significative d'informations sur le contact. 

L'information sur la forme est recapitulee dans quelques parametres. Les parametres Rk, 

Rpk, Rvk, Mrl, et Mr2 sont une approche simple ou la courbe de portance est 

approximee par un ensemble de lignes droites 

2.3 Article 3 

Dans beaucoup d'applications dans lesquelles les assemblages frettes sont impliquees, 

comme des moteurs et des machines-outils, les caracteristiques dynamiques jouent un 

role important dans la determination du comportement global de la machine. La 

performance dynamique des structures de machine sont significativement influencees 

par l'interaction des surfaces en contact des elements de la machine. Les surfaces 

metalliques en contact dans les assemblages frettes offrent une bonne source de 

dissipation d'energie, ayant pour resultat une reponse structurelle dynamique amortie. 

Dans l'usinage a grande vitesse (UGV), les outils assembles par frettage ont de 

meilleures performances que les outils classiques. Cependant leur taux d'amortissement 

doit etre ameliore. Concevoir un assemblage frette optimum qui donne l'amortissement 

desire est possible si tous les parametres influents de l'assemblage sont compris. Ce 

troisieme article decrit les resultats d'une serie d'experiences statistiquement planifiees 

ou 1'amortissement des assemblages frettes est mesure. Les effets de la rugosite des 

surfaces de contact et de l'interference sont etudies. Les resultats devraient etre utiles aux 

concepteurs de machines-outils et en particulier aux concepteurs des porte-outils. 
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CHAPITRE 3: ARTICLE 1 : EFFECT OF SURFACE TEXTURE AND 

CONTACT PRESSURE ON THE STATIC FRICTION COEFFICIENT OF 

SHRINK FIT ASSEMBLY 

Abdelkarim Ben Mhenni, Christian Mascle, Marek Balazinski 

Ecole polytechnique de Montreal, Mechanical Engineering Department, C.P. 6079 -

Succ. Centre-Ville, Montreal (Quebec), CANADA, H3C 3A7. 

3.1 Abstract 

Static friction coefficients reported in literature differ greatly; up to six times from one 

reference to another for the same materials. The system-dependence of static friction 

behaviour should be taken into account to avoid misapplication of the data. The main 

objective of this work is to determine the effect of surface roughness and contact 

pressure on the static friction of a shrink-fitted shaft and hub. The materials employed in 

this study are both tool steels, AISI H13 (ISO X40 CrMoV5-l) and AISI Ol (ISO 

95MnWCr5). A special experimental setup is designed and built to meet our application 

requirements. A full factorial design 33 was adopted for experimentation and the results 

are analyzed statistically. These results show that roughness of mating surfaces and 

contact pressure have major effects on static friction and the relationship between them 

includes a minimum for the average size of asperities. Indeed, for smooth surfaces the 

bearing area is large and so is the static friction. The contact pressure decreases when the 

asperity size increases until a certain minimum is reached, at which point a second 

phenomenon starts to dominate caused by overlapping of the asperities. This 

phenomenon can lead to higher static friction as contact pressure continues to decrease, 

which is very beneficial for some specific applications of shrink-fit assembly. 

Keywords: static friction, shrink-fit assembly, surface roughness, contact pressure. 
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3.2 Introduction 

Capabilities to achieve higher precision in the design, manufacture and control of 

machines continue to improve due to research and development of advanced data 

processing techniques. Machines must meet new, more demanding requirements 

including very significant loads and very high speeds (linear velocity higher than 

104m/min) while at the same time meeting more stringent precision targets. It is 

therefore necessary to be able to calculate and design the parts of these machines and 

their assemblies to obtain better reliability at a competitive price. The use of shrink-fit 

assemblies in rotating machine parts which require good precision is widespread in 

industry because it is an easy and effective method to establish a connection. Shrink-fit 

usually ensures a solid connection of a shaft with a hub on a cylindrical part and this 

connection is used to transmit a torque or an axial force. The strength and resistance of 

these shrink-fit assemblies however, need to be understood more fully. As the designer 

attempts to dimension a shrink-fit assembly he is confronted with the problem that the 

relationship between static friction coefficient behaviour and surface roughness remains 

unknown. 

The strength and resistance of a shrink-fit connection is created due to the pressure 

caused by tightening and friction between the mating parts. Static friction is an 

application-dependent parameter; the values given by different bibliographic references 

are not reliable because they don't consider the distinctive features of the application. 

However, static friction is an important parameter to be precisely determined. It is 

logical that surface irregularities have a significant effect on friction and therefore on the 

strength of a shrink-fit connection, but this intuitive knowledge is not sufficient to 

precisely predict the resistance of the assembly. Improvement of the operational 

characteristics of shrink-fit connections is one of the most important issues in increasing 

the reliability and service life of machine components. For this reason, knowledge of the 

surface roughness and geometrical characteristics of the mating parts combined with a 

new capability to accurately calculate their effects on connection performance under 

certain loading conditions is of great importance. 



39 

The behaviour of shrink-fit assemblies for specific applications requires study to better 

control the performance of this assembling method. Determination of the effect of 

surface roughness and contact pressure on static friction in shrink fit applications is the 

main objective of the present work. It contributes to design optimization and the 

development of new applications for shrink-fit assemblies. The remainder of this paper 

is organized as follows: the next four sections include a theoretical and bibliographic 

review of shrink-fit assembly, static friction coefficient, surface roughness and contact 

pressure, Section 5 presents our experimental set-up and procedures and Section 6 is a 

discussion of results. Concluding remarks are covered in the final section of the paper. 

3.3 Shrink fit assembly 

A shrink-fit connection can be considered as an integral part of a power transmission 

system. It is usually used to transmit a torque, an axial load or to resist the relative 

movement between two components. The shrink-fit technique consists generally in 

assembling a shaft and a hub or in adding an interface part with good tribological 

properties to a structure. The shrink-fit assembly is characterized by the absence of a 

connection element such as bolts, keys, or welding between the two parts. The 

connection is easy to achieve at low cost, without stress concentration, unbalance or 

overall eccentricity. Its many advantages (facility, reliability, lifespan, safety, low cost) 

make it widely used in industry for wheels and bands for railway stock, connections 

between elements of crankshafts, gears, turbine discs, rotors for electric motors and for 

locating ball, roller bearings, etc. More recently, shrink-fitting is also used for tool-

holder connections in high speed machining applications [1]. 

Shrink-fit assemblies are simply obtained by interference fit of two cylindrical or trunk-

conical parts, one internal (shaft) and the other external (hub). Shrink-fitting can be 

carried out according to different processes but the most common is the thermal 

expansion method. At normal temperature, the hub bore is slightly smaller compared to 

the shaft. The method consists in heating the hub by means of a specialized heater, 
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which expands the hub bore, allowing the shaft to be inserted. As the hub cools, the bore 

shrinks around the shaft to create a concentric and rigid clamp. Press-fitting is an 

alternative to interference fit assembly which can cause tearing of material on the 

surface if the constraints exceed the limit. Some other processes such as insertion under 

axial vibration or with lubrication by a volatile liquid allow cold insertion of a shaft into 

a hub with a relatively high precision. The shrink-fit assembly is classified as semi­

permanent which means there is a limit on the number of times they can be dismantled 

before damage is caused to the surfaces of the components. Disassembly also requires a 

further process such as heating, cooling or the application of pressure [2]. The main 

factors that affect the performance of a shrink-fit system are component dimensions, 

shaft and hub materials, smoothness of the interacting surfaces, contact pressure, 

friction, temperature and the presence of a third body that may exist between mating 

surfaces. 

If there is no axial force acting on the joint, the torque must be transmitted by factional 

force only. The torque capacity of the assembly, using the assumption that the contact 

pressure p is uniformly distributed at the interface, can be estimated using the following 

Lame's relation: 

T = Ms^pA (1) 

Where jus is the friction coefficient between mating surfaces, A is the contact surface 

area, dSh is the shaft diameter and p is the contact pressure [3]. In this relation, 

assumptions are that the two assembled parts are ideal solids: small elastic strain, 

isotropic materials, uniformly applied forces, perfectly polished surfaces, etc. All 

standards on interference fits use Lame's theory of thick walled cylinders with the above 

assumptions. 

Several authors deal with the subject of interference fit from different points of view, 

each according to its own specific application and research problems. Various scientific 

approaches were used to analyze parameters related to interference fit design, elasticity, 
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stress concentration and resistance. A number of these analyses do not define a 

difference between press-fit and shrink-fit [4, 5, 6]. They are generally interested in the 

transmissible force rather than the torque [1,7] and the effect of surface roughness is not 

often considered. There has been a limited amount of work in determining the static 

friction for various contact pressures and surface roughness that may exist in shrink-fit 

assemblies [8]. 

Shrink-fit is an important process in machine manufacture however the design of these 

connections is not sufficiently precise due to lack of knowledge regarding the effects of 

many parameters. Control of the friction coefficient is a determining criterion which 

directly affects the reliability and operational safety of these assemblies. This is why the 

work presented here was undertaken. 

3.4 Static friction 

The static friction coefficient is a dimensionless quantity. It is defined as the ratio of two 

forces acting perpendicular and tangent to the mating surface between two bodies under 

impending relative motion. It is a convenient number that represents the ease with which 

relative motion is started [9]. In the case of unlubricated solid-on-solid friction the static 

coefficient is expressed as follows: 

Fs 

Ms=f (2) 

where tangential Fs is the force just sufficient to onset a relative motion between two 

bodies and N is the force normal to the interface between the mating bodies [9]. The 

understanding of mechanisms involved in friction is still at the stage of chaotic 

consolidation. Basic mechanisms of friction are the specific physical, chemical, or 

materials-related microscopic events that cause friction. A number of different models 

have been proposed to describe these mechanisms and each has its proponents among 

engineers and scientists. It appears that there are many mechanisms involved in the 
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generation of friction but the dominant mechanism in each case depends on the 

particular situation [10]. The microscopic mechanisms that are involved in generating 

friction are (1) adhesion, (2) mechanical interactions of surface asperities, (3) ploughing 

of one surface by asperities on the other, (4) deformation and/or fracture of surface 

layers such as oxides, and (5) interference and local plastic deformation [11]. Thus 

friction depends on the nature of the two involved surfaces, the contact pressure, the 

materials, the environment, the application conditions, and certain characteristics of the 

apparatus such as vibrations and specimen clamping. Since the number of potential 

factors influencing friction is large (Table 3.1), it is necessary to select the set of 

variables which are more appropriate for each particular application. The static friction 

coefficient is not a materials intrinsic property since it depends on all the variables of the 

tribological system which influence these phenomena. Moreover, the friction coefficient 

is generally a random function of the majority of the contact parameters [12]. 

Table 3.1 
Factors affecting frictional behavior for unlubricated static joints [11]. 
Category 

Contact 

geometry 

Applied forces 

Stiffness and 

vibrations 

Third-bodies 

Temperature 

Factor 

Conformity of the components (macro-scale mating of shapes) 

Surface waviness, Surface lay (directionality) with respect to motion 

Surface roughness (micro-scale features, asperity shapes, size 

distribution) 

Magnitude of the normal force, constancy of applied forces 

Contact compliance (stick slip), damping of frictional or external 

vibrations, Feedback between frictional stimulus and structural response. 

Characteristics of particle contained within the interface (e.g., wear 

particles, external contaminants, grease) 

Thermal effects on material properties (thermo elastic instabilities) 

Friction induced and surrounding temperatures 
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In spite of the complex nature of static friction and its application dependency, many 

investigators have compiled static friction coefficient tables and published them for 

general use. However, problems often arise when engineers attempt to use tabulated 

friction coefficients to design a mechanical device or to analyze failures. Incorrect 

friction data either lead to early failure of machine components or over-design, adding 

unnecessary material cost, dynamic weight and volume to assemblies and products. The 

application dependency of a friction coefficient is sometimes ignored, leading to 

misapplication of published data [12]. In fact, considering friction as a "coefficient" is a 

misleading practice because it suggests that the "coefficient" is an intrinsic property of 

materials [13]. In light of the differences in friction coefficients reported in the literature 

(up to six times as shown in Table 3.2) and the common lack of experimental details 

accompanying most compilations, the values of such compilations are dubious at best. 

Tables of friction coefficients should not be trusted to provide applicable numerical 

values unless the conditions used to develop the data are closely similar to those of the 

application for which the data are intended. Therefore, additional friction testing under 

known conditions is often required to solve specific applied problems. 
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Table 3.2 
Static friction coefficient given by different authors for steel on steel 
References 

Mark's handbook [14] 

Boca Raton, CRC Handbook of Physical Quantities [15] 

Sullivan, James F. Technical Physics [16] 

Web: Determining the Coefficient of Friction [17] 

R. Weber, K.V. Manning, M.W. White, College Physics [18] 

Metal fits, tolerances and surface texture [19] 

Results 

0.78 

0.74 

0.7 

0.6 

0.15 

0.125 

The static friction coefficient is easy to define but is exceedingly difficult to predict a 

priori from first principles. The problem of establishing exactly which of the contact 

conditions and material properties have a major effect on the friction force leads to the 

development of friction tests and analytical friction models. Models for friction have 

used geometric arguments (surface roughness and asperity interlocking), mechanical 

properties-based arguments (shear properties of the solids and of the substances between 

the surfaces), considerations of electrostatic forces between surface atoms and chemical 

compatibility arguments. If all these approaches are considered simultaneously the 

number of possible variables to integrate into a predictive friction model becomes quite 

large. If friction tests are application oriented, then the tribological system of interest 

must be analyzed and its friction-related variables identified to make a more appropriate 

model. Such a model will provide opportunities in cost and weight reduction as well as 

more precise failure predictions [9]. 

The use of established standards for friction measurement can be helpful only if they are 

applicable to the problem of current concern. In the absence of widespread, commonly 

used test methods it is necessary to analyze the applied conditions and associate them 

carefully with each set of results to determine the extent to which they can be compared 

to another analysis. Static friction coefficients can be measured with little difficulty 

under laboratory conditions. Literally hundreds of friction testing devices have been 
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developed. Some of these are commercially manufactured but most of them have been 

custom-designed for specific purposes. This situation makes it difficult to compare the 

results of different studies. There is no simple answer to the problems arising from the 

proliferation of different testing machines for friction. To develop simulative tests, the 

factors that affect frictional behaviour must be recognized and placed in proper priority 

within the tribological system [9]. In friction testing the four most important 

requirements are [10]: 

1. understanding the characteristics of the test method being applied, 

2. anticipating differing degrees of repeatability from different material types, 

3. selecting the right testing tool for the job, 

4. coupling measurements with physical observations of contact surfaces to 

ascertain the causes for the measured behaviour. 

Once the characteristics of the actual application are determined, it is important to re­

create the same conditions in the specimens used to measure the coefficient of friction. 

The same material, temperature and surface roughness that exist in the shrink-fit 

assembly should be used the experimental apparatus and method devised. Even for a 

perfectly defined situation (materials, surface...) the coefficient of friction is likely to 

evolve over time under the effects of the various transformations of surfaces and the 

interface. Special attention must be given to minimize these variations. In short, it can be 

concluded that the static coefficient of friction is not a material constant but is a function 

depending on the system. For our shrink-fit application, we found that surface texture 

and contact pressure have major effects. The following two sections study these two 

parameters in more detail. 

3.5 Surface parameters 

The surface characteristics (smoothness) of machine elements play a significant role in 

the performance of shrink-fit connections. Very good surface texture is often necessary 
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to meet performance specifications. In any case, defects in the surface conditions of 

solid bodies are always present. These surface defects are classified in three principal 

orders; the first order includes position and form defects such as coaxiality, cylindricity 

and straightness, the second order includes waviness due to low frequency oscillations 

generated by imperfections of the machine-tool used for manufacture, and the third order 

includes roughness due to high frequency vibrations corresponding to the passing of 

cutting tools and the removal of matter. By convention, surface texture comprises two 

components; roughness and waviness. Usually however, the terms "surface texture" and 

"roughness" are used interchangeably because roughness is specified and measured 

much more often than waviness. The surface topography includes these surface texture 

components as well as any other irregularities, such as form errors [20]. 

There are a great number of technologies and instruments for the measurement of 

surface texture. These contact scanning include: palpation along a cross-section line, 

optical processes, pneumatic processes, etc. The stylus instrument measurement process 

is the most current, especially in the field of metrology of machine elements [1]. To 

ensure a uniform basis for measurements, the standard ISO 4288 (1996) provides 

specifications for precision reference specimens and roughness comparison specimens, 

and establishes requirements for stylus-type instruments. The profile measurement is 

representative of a surface only if it is homogeneous (same surface texture at all points) 

and isotropic (same surface roughness in all directions). When this is not the case it is 

necessary to make several measurements which are characterized by their average and 

standard deviation. In practice these profiles are taken perpendicular to the lay of the 

surface in the zone having the maximum roughness from visual examination [21]. In any 

case, the principal profile is always significant; it is measured along the cross section 

perpendicular to the surface in the direction where the greatest vertical profile variation 

is expected. 

Surfaces generally have a very complex character. To describe surface texture ISO 

standards define and propose various parameters and the corresponding methods of 
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measurement. This standard deals only with the width, height, direction and distribution 

of surface irregularities because these characteristics are of practical importance in 

specific applications. The standard does not define the degrees of surface roughness and 

waviness suitable for specific purposes, nor does it specify by which means any degree 

of such irregularities may be obtained or produced. For many years International 

standardization was limited to a calculation of roughness parameters relative to an 

average line. During this period the parameter usually used in industry was the 

arithmetic average roughness Ra. A much more functional approach is now permitted 

and involves use of an apparatus equipped with an external collecting reference and 

microprocessor [21]. One major drawback of the Ra measurement is that we can have 

very different surface profiles with same Ra value. Surface properties are numerous and 

complicated; characterization of these properties using simple parameters does not 

provide a complete description. In fact, it should be recognized that it is not possible to 

characterize the geometry of a surface using only one parameter. The current 

International standard ISO 4287 (1997) is now used in most cases to characterize surface 

texture. It defines and proposes a great number of parameters for surface roughness 

characterization which can be used for various purposes. However, the surface texture 

designations as delineated in this standard are not sufficient to estimate performance. 

Other characteristics such as dimensional, geometrical, material, metallurgy, and stress 

must also be controlled [22]. 

The arithmetic roughness Ra is defined as the mean height of the roughness profile. 

Another averaging parameter, Rq, represents the root mean square of the profile and is 

more sensitive to surface variations. Rz is the maximum height of profile, Rz (ISO) is 

calculated as the average heights of the five highest peaks and of the five deepest valleys 

over a basic length. Rt is the total height of the profile; it is the sum of the height of the 

highest point from the mean line and the depth of the lowest point from the mean line. 

Table 3.3 classifies the most frequently used parameters according to their relation to 

spacing, the mean line or the amplitude probability distribution. The profile motif is a 

portion of the profile ranging between two peaks. It is characterized by its width and the 
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depth of each side. The mean line is the least squares line calculated over a basic length. 

The amplitude distribution is related to the probability density of points on the profile. 

The shape of this distribution can be characterized by the parameters Rq, R^ and Rku 

which correspond to the centred moments of order 2, 3 and 4 [21]. 

Table 3.3 
Definition of the most frequently used surface texture parameters [21]. 

Characteristics 

Relative to profile 

motifs 

Relative to the mean 

line 

Relative to the 

amplitude distribution 

Profile spacing mean depth 

Profile spacing maximum depth 

Total height of profile 

Profile spacing mean width 

Maximum roughness height 

Maximum peak height 

Maximal valley depth 

Arithmetic average deviation 

Quadratic average deviation 

Skewness of distribution function 

Kurtosis of distribution function 

Bearing length ratio 

Rough­

ness 

R 

-K-max 

AR 

Ry 

Rp 

Rv 

Ra 

Rq 

Wavi-

ness 

W 

Wmax 

wt 

AW 

Wt 

Wp 

Wv 

Wa 

Wq 

Total 

profile 

Pt 

Rku 

Tp(C) 

To characterize surface texture it is necessary to choose parameters that are adapted to 

the specific problem to be studied. However to facilitate comparison between our results 

and those from the bibliography, we chose a set of parameters among the most 

frequently used: Ra, Ry, Rq, Rmax, Sm, AW, Wt, Pt, RSK, and Tp (C). A complete 

definition of each roughness parameter can be found in the ISO 4287 (1997) standard or 

specialized handbooks. Each parameter provides limited information on surface profile, 

however a carefully selected set of parameters can yield a good description of surface 
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properties. There is little reference information describing how to identify the most 

appropriate parameters. 

Many studies on contact and friction have been carried out. An experimental study by 

Ghabrial and Zaghlool [23] found that surface roughness greatly affects static friction. 

The results showed that the most significant parameters were the asperity angle and a 

specific process parameter defined as the product of the standard deviation of peaks 

distribution and a smoothness index which is the ratio of the depth of smoothness to the 

Ra value. An empirical relation was developed between static friction us and Ra value 

for ground and polished surfaces only. Unfortunately, the use of non-standard 

parameters in Ghabrial's paper prevents us from comparing these results to those of 

other papers. However this study gives us an indication of how roughness influences 

friction. The effect of surface roughness height distribution represented by skewness and 

kurtosis on the static friction coefficient of rough surfaces has been studied by Tayebi 

[24]. He used the Pearson system of frequency curves in conjunction with a static 

friction model to calculate the friction force and the friction coefficient. According to his 

findings, surfaces with high kurtosis and positive skewness exhibit a lower static friction 

coefficient compared to the Gaussian case. In addition, for high kurtosis values the static 

friction coefficient decreases with decreasing external force rather than increasing as 

seen with increasing skewness. He found this result very useful for applications 

involving smooth lightly-loaded contacts such as micro-electro-mechanical systems 

(MEMS). Yu [25] used the normalized Weibull distribution to calculate the 

dimensionless interfacial forces. His general result was that positive skewness predicts 

higher interfacial forces than the Gaussian case, while negative skewness predicts lower 

values. Also he found that positive skewness results in lower friction coefficient values, 

while negative skewness results in higher values than the Gaussian case. The use of 

statistical parameters such as kurtosis and skewness for the study of the effect of surface 

properties on friction is interesting. However it is necessary to take into account that 

skewness and kurtosis are strongly influenced by isolated peaks and valleys, which 

reduces their practical importance. 
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3.6 Effect of contact pressure on static friction 

Many authors [8, 26, 27] affirm that load is one of the controlling factors of friction. 

However there has been a limited amount of work in determining the static friction 

coefficient for various contact pressures and surface conditions that may exist in shrink-

fit assemblies. Friction had long been assumed to be invariant under all conditions (i.e., 

independent of load, contact area, and all other operational variables). This is expressed 

by two well-known empirical Coulomb laws of metallic friction: 

(1) Friction force is directly proportional to applied normal load. 

(2) For a given load the friction force is independent of contact area. 

Thus the coefficient of static friction us is independent of contact pressure p. The above 

laws have been explained by the adhesion theory of friction. These two classic laws are 

not sufficient to completely describe the friction properties of real metal surfaces since 

they do not account for effects such as surface contamination and material plastic 

deformation. Later, a correlation between the friction coefficient jus and contact pressure 

p is found (Fig. 3.1) [27]. The shape of this relationship can be described by several 

zones: 

A. The contact pressure p is too low to achieve any true metallic contact between 

the surfaces because of a surface layer of impurities. 

B. The peaks on the surfaces break through the surface layer. 

C. True metallic contact has been built up between the surfaces. 

D. The contact pressure is so high that there will be plastic deformation over a large 

part of the contact surface and the material flows when under load. 

According to this theory, the shrink-fit joint should be designed so that the contact 

pressure is within the area C (between/?! and/>2)- Ifp2 is exceeded at any area along the 

contact length L the surface of the shaft (or the hub) will be plastically deformed in this 

location [27]. 
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Fig. 3.1. Effect of contact pressure p on static friction (xs [27]. 

Contact pressure as used above is the apparent contact pressure, defined as the ratio of 

normal force to nominal contact area. This pressure is quite different from the true 

contact pressure existing at real areas of contact. When two rough metal surfaces are 

pressed together by the pressure/?, the area of real contact is always less than the area of 

nominal contact. Figure 3.2 shows a magnified look at two surfaces in contact. Real 

metallic contact exists only along a minor part of the surfaces (ai + a2 +...). The true 

contact area depends on the surface finish, the surface pressure and the yield points of 

the materials [20]. 

Fig. 3.2. Magnified look at the contact between two rough surfaces. 
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The real pressure (pr) over the real area (Ar) is consequently always greater than the 

nominal pressure (pn). The contact surface between rough solids in reality consists of 

multi-contact interfaces associated with the asperities of the surfaces. When two surfaces 

are pressed only gently against each other, a few asperities touch and the real area of 

contact Ar is much less than the nominal macroscopic surface area An, Ar « An. Under 

these conditions there is only contact on a relatively small scale. As the surfaces are 

pressed harder against each other, the contacting asperities are increasingly deformed; 

they grow in size, while new contacts are formed [28]. These phenomena have a direct 

affect on the static friction. 

At a microscopic level, contact pressure is not uniform, neither on an apparent surface 

nor on a real surface. The contact between the asperities between two rough surfaces, as 

shown in Table 3.4 can be presented according to four microscopic contact mechanisms. 

Generally, all these contact mechanisms coexist in different proportions and together 

they generate friction. The contact pressure along with the tribological system 

parameters determine which type is dominating. The interlocking asperities generally 

favour displacement resistance and peak deformation or even rupture. Elastic 

deformations modify the real area of contact. Plastic deformation increases the 

displacement resistance, generating ploughing and diffusion welding. Finally, adhesion 

is a principal cause of displacement resistance. 
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Table 3.4 
Contact schematisation for different load conditions [12]. 
mechanism 

Asperity interlocking 

Elastic deformation 

Plastic deformation 

Adhesion 

3.7 Experimental setup and procedures 

Contact schematization 

tfdflUI^ 

To check the veracity and the limits of the presented theories and results for a shrink-fit 

application, a series of experiments was carried out. The intent of these experiments was 

to investigate the effect of roughness and contact pressure on the friction coefficient. 

The experimentation included two stages; the first focused on surface characterization 

and the second involved friction testing. 

The total number of experiments was selected based on the number of parameters that 

influence the static friction of shrink fitted joints and also on the level of variation for 

each of these factors. Three parameters were retained and a three-level variation was 

taken. A total of 33 experiments were therefore required for this case. A full factorial 

plan 33 was adopted in order to study the effects of principal variables and all 

interactions. The shaft and the pin characteristics such as the material, contact length and 

diameter, were designed to be close to real shrink-fit tool applications found in most 
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common industrial practices. The pin and shaft materials were respectively; AISI HI3 

(ISO X40 CrMoV5-l) and AISI 01 (ISO 95MnWCr5) tool-steels. 

The pins, presented in Figure 3.5-b, have a round cross-section and a concave surface 

that matches the shape of the shaft as closely as possible. It was very important to get 

conformal contact between the pin and the shaft because pin-on-cylinder configurations 

(Fig. 3.3) are frequently used in friction testing [29]. The concave surface on the pin was 

machined on a lathe using a special device designed and manufactured for this purpose 

as shown in Figure 3.4. The device is composed of two hollow, cylindrical blocks. The 

hole has a slightly larger radius than that of the concave surface on the pin. The largest 

block, which will be held in the lathe spindle, was formed with a semicircular groove at 

the end where the pins are fixed. Four clamping screws and a second block press the 

pins against the first block. The shafts are simple rods chamfered both sides with a 

drilled hole that allows effort to be applied during the tests (Fig. 3.5-a). 

Shaft 

Fig. 3.3. Conformal contact between pin and shaft. 
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Internal 
turning 
hole 

Pin 
holding 
groove 

Fig. 3.4. Special device used to machine pin on lathe. 

The shafts and pins were machined on a MAZAK QT-NEXUS-200 CNC lathe. 

Different feeds and speeds were used to obtain the desirable roughness. External and 

internal turning processes were used to generate the shaft and pin end surfaces. The 

same tools with same cutting angle and tip radius were employed to obtain similar 

roughness profiles. Special care was taken during internal turning to minimize vibration 

and increase tool stiffness. 

Loading hole 

l) ' Strain gauge 

Fig. 3.5. a) Shaft and b) Pin. 

Dimensional measurements with a precision of 0,5 urn were achieved under a controlled 

temperature of 20°C using a Mitutoyo Coordinate Measuring Machine (CMM). 

Roughness was measured in the longitudinal direction perpendicular to the lay of the 

Holding 
screws 
Second 
block 

First 
block 
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surface. This measured profile is the principal one since the greatest vertical variation is 

expected in this direction. All standardized roughness parameters were obtained using 

the profilometer MITUTOYO SV4000, with a 60° Cone diamond stylus and a 2 urn tip 

radius. The measuring force was 0.75 mN. Measurements made using this apparatus 

allow a very thorough treatment of the measured surface texture. 

Before the experiments were performed, the shaft and the pin were cleaned thoroughly 

with acetone to eliminate contaminants. We chose to design and manufacture our testing 

device in our laboratories since existing standards and apparatuses cannot meet our 

application specifications. The friction testing device is shown in Figure 3.6. It consists 

of a steel block with a center hole where the shaft can be inserted. To place the pins in 

contact with the shaft, bolts are removed and the pins are positioned at right angles in 

relation to the shaft axis. Strain gauge wires are routed carefully through holes drilled for 

this purpose, then the bolts are reinserted. The bolts are accurately calibrated with strain 

gauges on each pin to provide the required pre-load and the ability to control the 

interface pressure with the shaft. Strain gauges are mounted in the longitudinal direction 

on the pins and their signals are amplified with a P3500 amplifier in order to obtain the 

strain in um/m. The levels of contact pressure were selected to cover the normal range of 

pressure that exists in shrink-fit assemblies. Figure 3.6 presents a drawing of the block 

without shaft and pins along with a photo showing the block with shaft and pins in their 

locations. 

Fig. 3.6. Friction testing device. 
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The block is held in a vice and a twisting torque is applied on the shaft through the 

loading hole. The tangential force was increased gradually until slip occurred along the 

shaft-pin interface. Slip was detected by the loss of coincidence between two marks on 

the shaft and the block as the specimen moved. Friction tests were carried out while 

considering their randomization. 

3.8 Results and discussions 

Experiments were conducted to investigate the influence of various parameters that are 

likely to affect the static friction. The collected results of surface roughness and static 

friction were analyzed in two stages, the first concerning the measured roughness profile 

and the second consisting of a statistical analysis of the friction measurements. 

The turned surfaces present regular and periodic roughness profiles. The parameters and 

conditions of machining were identical for each machining type in order to obtain 

reproducible surfaces. Table 3.5 shows a selection of representative roughness 

parameters of the shaft and pins. 

Table 3.5 
Some roughness parameters of machined shafts and pins 

Shaft 1 Shaft 2 Shaft 3 PIN 1 PIN 2 PIN 3 

Ra(um) 

Rq (urn) 

Rz (urn) 

Rt (urn) 

Rsk 

0,437 

0,520 

2,563 

3,558 

0,160 

1,831 

2,179 

8,102 

8,798 

0,751 

3,766 

4,340 

14,363 

14,738 

0,713 

0,826 

1,058 

5,570 

8,937 

-0,614 

1,568 

1,986 

10,252 

14,087 

-0,509 

3,962 

4,764 

20,469 

25,818 

-0,113 

Rku 2,379 2,390 2,122 3,609 3,273 2,295 
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Turned surfaces usually have positive skewness and fairly high spikes that protrude 

above a flatter average. Surfaces with negative skewness such as porous surfaces have 

fairly deep valleys in a smoother plateau, which means there is a concentration of matter 

in the higher part of the profile. Ground surfaces and other random surfaces have near 

zero skewness. Kurtosis relates to the uniformity of the profile density function or, 

equivalently, to the spikiness or flatness of the profile. Skewness and kurtosis are non-

dimensional. We can see (Table 3.5) that for interior turned pins the skewness is 

negative. This will not disturb our calculations since the goal is not to obtain a single 

specific surface but rather three different surfaces; smooth, medium and rough. There 

are two well-known theoretical relationships to describe turned surfaces. The first is 

reported by Whitehouse [30] and is given by: 

„ 1000 f2 

Ra=-^~— (4) 

32 r 

where f is the cutting feed rate (mm/rev) and r is the tip radius (mm). 

The second is reported by Passeron [31] and given by: 

tfz=1000^ (5) 

As shown in Table 3.6, the parameters measured on the shafts obtained by external 

turning have values which are close to those predicted by this theory. However, for pins 

obtained by interior turning the deviation is rather large. To facilitate comparison with 

the literature, we decided to use the Rz parameter to represent surface roughness in later 

calculations. 
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Table 3.6 
Comparison of measured and ca 

Calculated Ra (urn) 

Measured Ra (um) 

Calculated Rz (um) 

Measured Rz (um) 

Shaft 1 

0,40 

0,43 

1,61 

2,56 

culated Ra and Rz parameters 
Shaft 2 

1,61 

1,83 

6,45 

8,10 

Shaft 3 

3,62 

3,76 

14,51 

14,36 

PIN1 

0,40 

0,82 

1,61 

5,57 

PIN 2 

1,61 

1,56 

6,45 

10,25 

PIN 3 

10,08 

3,96 

40,32 

20,46 

Measured profiles of the three shaft surfaces are represented together in Figure 3.7 to 

show the difference in height. While the three profiles are periodic and do not exhibit 

random vibration effects, the difference between their periods is clear. These are due to 

differences in feed rate. The depth of cut was the same for all shafts. 

Fig. 3.7. A sample of measured profiles of the three shafts. 

A sample of measured profiles for three sets of pins are represented on Figure 3.8. In 

spite of precautions taken during interior turning, the effect of vibrations is obvious for 

this case. 
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Fig. 3.8. A sample of measured profiles for the three pins. 

While external turning is easier and more precise than internal turning, the roughness 

profile obtained for shafts (Fig 3.7) is more regular than that for the pins as shown in 

Figure 3.8. Machining conditions, tool geometry and vibrations are the main causes of 

this difference. 

The statistical analysis of the results of friction was accomplished according to two 

approaches. Initially surface texture was considered as a qualitative variable and 

classified into three categories; rough, medium and smooth. Analysis of Covariance 

(ANCOVA) was selected to calculate the variances and to analyze the effects of the 

principal factors and their interactions. The models in ANCOVA are particular cases of 

the models of regression analysis with a mixture of quantitative and qualitative variables 

represented by codified variables [32]. In the second approach, surface texture was 

considered as a continuous predictor and represented by the Rz parameter. Considering 

that surface textures for our application were obtained by turning and there is a relation 

between machining conditions and the Rz roughness, we selected this parameter to 

represent the measured surface profile. An analysis of regression was selected to model 

the relation between the friction and the independent parameters. 
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We began by examining collected data to detect any anomaly or violation of our 

assumptions. Results were found to be randomly sampled, without outliers, and 

normally distributed with constant variance. The ANCOVA dependent variable is the 

static friction and the independent variables are shaft roughness and pin roughness as 

categorical variables. Contact pressure was covariate. The levels of the independent 

variables are shown in Table 3.7. These levels were selected in order to cover the normal 

ranges of surface roughness and pressure. 

Table 3.7 
Levels of independent variables 
Factors 

Shaft roughness 

Pin roughness 

Contact pressure 

Units 

Mpa 

Symbol 

P 

Levels of factors 

1 

Smooth 

Smooth 

23,8 

2 

Medium 

Medium 

47,7 

3 

Rough 

Rough 

71,5 

A 5% level of significance was selected for main and all interactions. The best subset 

method using Mallow's Cp criterion was retained. Mallow's Cp indicates the fitting 

quality of the model. It takes into account the number of regressors and the sample size. 

It tends to be less dependent on the number of effects compared to R-square. It allows us 

to find the best subset including only the independent predicators of the dependent 

variable. Calculations were executed with General Regression Models (GRM). The 

analysis type was ANCOVA and all interaction was considered. 

The Statistica ANCOVA output and the calculated F ratios are shown in Table 3.8 for 

each significant effect. All F-ratios are based on the residual mean square error. The 

ANCOVA Table decomposes the variability of static friction into contributions due to 

independent factors and interactions. The P-value tests the statistical significance of each 

factor. Since four P-values are less than 0.05, these factors have a statistically significant 

effect on torque capacity at a 95% confidence level. In this experiment, the global test of 

the whole model and individual tests of each factor were found significant. Furthermore, 
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ANCOVA revealed that the interaction between pin and shaft roughness were also 

significant, but at a lower level. There was no co-linearity between independent factors. 

Table 3.8 
ANCOVA Table. 
Effect 

Intercept 

Pressure 

Shaft roughness 

Pin roughness 

Pin roughness * Shaft roughness 

Error 

Univariate Tests of Significance for Friction 

Best subset solution, 

Effective hypothesis decomposition 

SS 

0,2429 

0,0854 

0,0880 

0,0796 

0,0733 

0,0082 

Dof 

1 

1 

2 

2 

4 

17 

MS 

0,2429 

0,0854 

0,0440 

0,0398 

0,0183 

0,0004 

F 

500,905 

176,092 

90,804 

82,123 

37,778 

P 

0,000 

0,000 

0,000 

0,000 

0,000 

Where SS is the sum of squares, 

Dof is the degree of freedom 

MS is the mean of squares, 

F is the observed value of Fisher test 

P is the probability to get F value > F observed. 

The Degrees of freedom provide a measure of the quality of a standard deviation 

estimate. The larger the degrees of freedom, the better the quality of the estimate. 

The effect of surface roughness of pin and shaft are shown in Figures 3.9 and 3.10. The 

friction is high for smooth level (about 0.43), it decreases for medium level (about 0.31) 

and then increases back to a high reading of about 0.43 for rough level. 
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shaft roughness; LS Means 

Vertical bars denote 0,95 confidence intervals 

Shaft smooth Shaft medium 

shaft roughness 

Shaft rough 

Fig. 3.9. Effects of shaft roughness on static friction. 

pin roughness; LS Means 

Vertical bars denote 0,95 confidence intervals 

Pin smooth Pin medium 

pin roughness 

Pin rough 

Fig. 3.10. Effects of pin roughness on static friction. 
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Assumptions for residuals are satisfied. Errors are random and follow approximately a 

normal distribution, showing a constant standard deviation with means close to zero. 

In the second approach, a response surface regression was developed using the GRM 

module of Statistica. As was done for the ANCOVA analysis, a 5% level of significance 

was selected for main and all interactions. The best subset method using Mallow's Cp 

criterion was retained. Regression analysis is often employed to build models based on 

experimental data. The goal of surface response regression analysis is to develop 

prediction equations and to optimize the response surface that is influenced by various 

process parameters [32]. Table 3.9 shows the levels of the independent variables. 

Table 3.9 
Levels of independent variables 
Factors 

Shaft roughness 

Pin roughness 

Contact pressure 

Units 

urn 

um 

Mpa 

Symbol 

Rz 

Rz 

P 

Levels of factors 

1 

Smooth 

2,563 

5,570 

23,8 

2 

Medium 

8,102 

10,252 

47,7 

3 

Rough 

14,363 

20,469 

71,5 

The analysis of variance (ANOVA) performed on the data pointed out that surface 

roughness and contact pressure significantly influence static friction, while all the 

interactions except pin and shaft roughness interaction do not seem to affect their level 

(with an overall error rate of 5%). The ANOVA Table (Table 3.10) shows the results for 

the best subset solutions. Rz roughness parameter values for both shaft and pins (linear 

and quadratic components) are significant, however only the linear component of the 

pressure is significant. 
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ANOVA Table. 
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Effect 

Intercept 

RzPin 

Rz PinA2 

Rz Shaft 

Rz ShaftA2 

Pressure 

Rz Pin * Rz Shaft 

Error 

Univariate Tests of Significance for Friction 

Best subset solution, Effective hypothesis decomposition 

SS 

0,281155 

0,105612 

0,085290 

0,107382 

0,077875 

0,085420 

0,050128 

0,031422 

Dof 

20 

MS 

0,281155 

0,105612 

0,085290 

0,107382 

0,077875 

0,085420 

0,050128 

0,001571 

F 

178,9513 

67,2206 

54,2857 

68,3474 

49,5665 

54,3688 

31,9057 

P 

0,000000 

0,000000 

0,000000 

0,000000 

0,000001 

0,000000 

0,000016 

The coefficient of determination R can range from 0 to 1. It represents the percentage of 

the variation observed explained by the correlation. The multiple R (Table 3.11) is 

equal to 0.906 which means that 90.6% of the variance of the static friction can be 

explained by the factors in the regression equation. The error of the model is equal to 

9.4%. 

Table 3.11 
Test of sum o: 
Dependent 

Variable 

Friction 

"square of the whole model vs. sum of square of residual. 
Test of SS whole Model vs. SS Residual 

Multiple R 

0.951 

Multiple 

R2 

0.906 

Adjuste 

d R 2 

0.877 

SS 

Model 

0.3033 

Dof 

6 

MS 

Model 

0.0505 

F 

32.176 

P 

0.000 

The fitted surface of response between the friction coefficient (z axis), the pin roughness 

parameter Rz (x axis) and the shaft roughness parameter Rz (y axis) is presented in 

Figure 3.11. Static friction is high for smooth roughness and decreases as Rz roughness 
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increases until a certain value is reached (around Rz = Hum). As Rz continues to 

increase beyond this point, static friction begins to take higher values again. Also, results 

show that the contact pressure affects static friction less than the texture of the surface. 

The static friction tends to decrease when the contact pressure increase. 

0,8 

0,6 

~^ \ \J<\ X \ A A y \ / v ' X / A / / 

n- »- • 0,5 
• 0,4 
a 0,3 

Fig. 3.11. Surface response curve of friction vs. Rz pin and Rz Shaft. 

The hypotheses of ANOVA (normality and homogeneity of variance of residuals) where 

tested and verified (5% error rate). Errors were random, follow approximately a normal 

distribution, have a constant standard deviation and their means is close to zero. 
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3.9 Conclusion 

The friction coefficient is an established but somewhat misunderstood quantity in the 

fields of science and engineering. It is a convenient and useful parameter for 

engineering, but care should be exercised when ascribing it a fundamental significance. 

Tables of friction coefficients can be useful as long as the conditions used to obtain them 

are clearly stated and qualified. Static friction coefficient data listed in tables should not 

be applied to situations greatly different from those used to obtain them. The 

characteristics of frictional behaviour, such as stability of the friction force, can be more 

important for the design and optimization of machines than the average value of the 

friction coefficient alone. 

In this paper, information is presented to achieve a better understanding of the effects of 

roughness and contact pressure on static friction. The work contains the results of 

experiments conducted during 27 static friction tests which investigated the effects of 

controlled parameters on the dependent variable. The results show that static friction 

depends mainly on the surface roughness and contact pressure between mating surfaces. 

Furthermore, ANOVA revealed that the interaction between pin and shaft roughness has 

a significant effect on static friction. 

The relationship between static friction and surface roughness is parabolic and shows a 

minimum for medium asperity sizes. Indeed, for smooth surfaces the bearing area is 

larger and so is the adhesion. This real contact area decreases when asperity sizes 

increase until a certain minimum where a second phenomenon starts to dominate which 

is caused by overlapping of the asperities. This phenomenon makes it possible to obtain 

higher static friction at lower contact pressures. Such a result is economically 

interesting, and indeed rougher surfaces need less precise machining methods which 

reduces cost. 
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4.1 Abstract 

The torque capacity of shrink fit assemblies depends appreciably on the roughness of the 

mating parts and the interference between them. Experimental investigations have 

demonstrated the role of roughness and interference in the performance of such 

assemblies. A new method for computing effective interference is proposed here that 

takes into account micro- and macro-structure. The setup and apparatus are designed to 

meet shrink-fit tool-holder requirements. Details and discussions of the results obtained 

are also presented in this paper. 

Keywords: Shrink-fit assembly, interference, roughness, torque capacity 

4.2 Introduction 

Recent progress in both machine tool design and in new cutting materials has 

strengthened their resistance to the point that the tooling structure (the interface between 

the cutting insert and the machine tool) is now the weakest link in the machining system. 

The tool clamping device provides an interface between the tool and the tool-holder 

which in turn is connected to the spindle. Traditional techniques are now challenged by 

high speed/high power/high accuracy requirements for modern machining systems [1]. 

The weaknesses of the clamping device in High Speed Machining (HSM) applications 

have serious consequences. Shrink fitting was introduced a few years ago, particularly 

for clamping cylindrical shank tools in HSM. Good quality clamping is essential and 
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until now only two systems were capable of meeting requirements of cutting and feed 

speeds; shrink fit or hydraulic tool holders [2]. The technique of shrinking allows 

clamping tools with a excentricity lower than 3 urn (particularly adapted for HSM) as 

well as greater power for chip removal, and all other advantages technically recognized 

for shrink-fitting. In the case of shrink-fitting the transmitted torque could reach 300 

Nm. Shrink-fitting ensures an excellent precision and requires no connection element 

between the two parts as is the case for bolts, keys or other standard attachment devices. 

Shrink-fitting can be easily achieved almost without unbalance or overall eccentricity. 

The most important performance characteristics of tool clamping devices for advanced 

machine tools are accuracy, stiffness, grip (torque capacity), insensitivity to centrifugal 

forces, repeatability (consistency) of the listed characteristics, convenience of use and 

cost. The shrink-fit technique results in excellent precision and a good transmission of 

torque. Its disadvantages are low flexibility and low damping of the connection. The 

material of the tool holder becomes worn as the number of shrink-fit assemblies and 

disassemblies increase. In addition, the procedure of shrink-fitting requires time, 

attention and equipment. While shrink-fit connections have several positive features, 

some aspects of this technique still need further research and development. 

A shrink-fit connection is made by non-forcible inserting of a shaft after previous 

heating (dilatation) of a hub, or after previous cooling (constriction) of the shaft. The 

importance of the shrink-fit technique for advanced machining systems is increasing but 

related research efforts as indicated by the number of research publications is decreasing 

[1]. Research efforts must increase to enhance the precision and performance of this 

connection as applied to tool clamping devices. Most known design methods for 

interference fits are based on solution of the Lame problem. The shaft and hub are 

treated as components with absolutely smooth surfaces loaded by a continuous radial 

pressure that is uniformly distributed over the entire length of the fit. One obvious factor 

is that the smoother the surface, the higher the manufacturing cost. Moreover, having 

smooth surfaces does not result in higher torque capacity. The irregular nature of the 
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contacting surfaces cannot be considered in theoretical calculations and hence can only 

be studied experimentally. 

The goal of this paper is to enhance knowledge about shrink-fit assemblies, particularly 

for tool holder applications. This paper provides an experimental investigation of the 

effect of surface roughness and interference on the torque carrying capacity of a shrink-

fit connection. The remainder of this paper is divided into six sections. The second 

section presents related previous works and contributions to our subject. The third 

section describes applicable theory and presents a new method of computing shrink-fit 

holding torque. The fourth section presents experimental setup and procedures. The fifth 

section presents results and discussions and the last section is the conclusion. 

4.3 Related works 

Interference fits are rigid fits based on the principle of constant elastic pre-stressing of 

connected parts using interference in their contact area. Outer loading is transferred by 

friction between the shaft and hub created in the fit during assembly. The friction is 

caused by inner normal forces resulting from elastic deformations of connected parts. 

Interference fits are suitable for transfer of both large torques and axial forces in rarely 

disassembled couplings of shafts and hubs. These fits enable highly reliable transfers of 

even large loads, including alternating loads or loads with impacts. 

Lame's theory for thick-walled cylinders is the model currently used to design 

interference-fit assemblies. In this theory, assumptions are that the two assembled parts 

are ideal solids: small elastic strain, isotropic materials, uniform applied forces, perfectly 

polished surfaces, etc. The holding torque of the assembly is calculated using the 

assumption that the contact pressure p in the interface joint is uniformly distributed. All 

standards use this theory to design interference. According to these standards many 

limits are set: the surfaces must be very polished (Ra= 0,2-0,8 um for diameters dSh <180 

mm), the limit of relative interference: 5mean /dSh <1,6 10"3, the friction coefficient 
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^=0,15. The standards also indicate that the interference loss (Z<$) due to roughness can 

be estimated according to the arithmetic roughness (Rau and i?flSh) of the two contacting 

surfaces (sh and H suffixes represent respectively the shaft and the hub). 

The following semi-empirical relationship to determine effective interference deff 

between shaft and hub has been proposed and represents the effects of surface roughness 

smoothing at the interface of the shaft and hub: 

^=#mean-0.&x[RZ5h+RZH] ( 1 ) 

where RZH and Rzsh are the surface peak-to-valley average roughness in the axial 

direction of the shaft and hub respectively, Smean is the mean interference and Se/f is the 

effective interference [3]. 

Ramachandran [4] was one of the early investigators to study the influence of surface 

finish on interference fits. The materials used for shrink fits were mild steel for both the 

hub and the shaft. The bore in the hub was reamed in all cases with a suitable reamer. 

The shaft finish was varied using different processes such as coarse/fine turning and 

grinding. The nominal diameter of the assembly was 16 mm, the external diameter of the 

hub; 78 mm, and the contact length; 25 mm. Only parts which gave an actual 

interference of 15 urn were selected for assembly. 

Ramachandran found that the load carrying capacity of press and shrink fitted 

assemblies, among other factors, depends appreciably on the roughness of the mating 

parts. The results show that, in general, surfaces with fine finishes can carry higher 

loads. However in case of shrink fits, above a certain roughness the load carrying 

capacity increases with roughness. Where interference fits are to be dismantled and 

reassembled, finer surfaces are capable of maintaining their load carrying capacity. None 

of the commonly established geometrical roughness parameters are very useful in 

describing the effect of roughness on interference fits. Ra and Rp; average value 
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roughness parameters may be preferred. The results of Ramachandran are very 

interesting but he uses roughness parameters Ra av, Rt av and Rpsh+RpH that he defines 

respectively as the average Ra value, the average of Rt value and the sum of Rp values of 

the shaft and hub. These parameters are non-standard and have no precision 

significance. Also Ramachandran used constant interference although this parameter has 

a significant effect on friction and contact. 

Thornley et al. [5] also investigated the characteristics of shrink-fitted joints in the 

tangential direction. The specimens used were manufactured from mild steel bar. Three 

nominal diameters were used: 10, 15 and 20 mm. The external diameter of the hub was 

40 mm. Parts twinning was made randomly and no specific interference was observed. 

To obtain various levels and types of finish on the specimens, turning and grinding 

processes were used. Thornley investigated the effect of size surface roughness and the 

interference value on the static and dynamic stiffness of shrink-fitted joints. The results 

show that the tangential stiffness of shrink-fitted joints decreases with increasing 

interference value and surface roughness. 

Results obtained by El Hadidy [6] show that geometrical parameters, surface roughness 

and interference have a major effect on the performance of shrink-fitted joints. In their 

study, the shafts are made of low-carbon steel and the hubs are made of low-carbon 

steel, aluminium and bronze. The nominal diameter was 25 mm, the hub outer diameter 

was 50 mm and the contact length was 25 mm. Six ranges of interference were selected 

from 10 to 40 um. He reports that torque capacity increases when interference range is 

increased or the equivalent out-of-roundness is increased. Also however, torque capacity 

decreases as equivalent surface roughness Raeq is increased. An increase in out-of-

concentricity has no effect. El Hadidy used non-standard parameters which were; 

equivalent arithmetic roughness parameter Raeq, equivalent out-of-roundness Oeq and 

equivalent out-of-concentricity eeq. He concludes that the load carrying capacity can be 

improved if one or more of these parameters are modified. 
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Yang [7] studied the effect of surface roughness and contact pressure on shrink-fit 

characteristics. The tightening 5mean was fixed at 25 urn for a fitting diameter equal to 16 

mm. The shafts used were in fact treated steel control elements. Their cylindrical 

surfaces were considered perfect. The hubs were manufactured in duralumin in 

accordance with simple disk geometry. All holes of the hubs were machined on a CNC 

lathe, varying the turn step to give different roughness values (0.2 um< Ra < 6.8 um). 

Yang concluded that asperities enhance the resistance of a shrink-fit assembly; they do 

not cause very wide variations of geometrical form. Also, asperities are not easily 

levelled and thus the influence of the peaks affects the tightness of the fit. Plastic 

deformations of the asperities usually appear only on the peaks, however the value of 

these plastic deformations is low; it can be neglected in the case of average and 

standardized tightening. Therefore it is not obligatory to specify an extremely fine 

surface, one can tolerate a rough surface while ensuring the effectiveness of shrink-fit. 

Yang et al [8] proposed a model to calculate the real pressure. This model consists of 

substituting the complex real area for an equivalent area. This can be found from the 

surface bearing area ratio and the plastic part of the radial displacement of the interface. 

They found that the major factor is the mean height of the asperities and Yang integrated 

this factor into the tightening definition. Indeed, they propose the peak-to-peak 

tightening definition as the appropriate parameter permitting calculation of the pressure 

using Lame's equation. The peak-to-peak interference, according to the maximum 

material principle, is the sum of the mean interference and the highest of the peaks. This 

definition is corrected by considering the loss of interference due to wear of the highest 

peaks and eventual loss of interference due to plasticity if the relative interference is 

greater than 1.6%. The tests and simulations confirm that this tightening is a more 

appropriate parameter to evaluate the load-carrying capacity of a shrink-fit than average 

tightening. 

Sackfield et al. [9] introduce the micro-mechanical approach; it involves formulating the 

problem in terms of local stresses along the shaft/ hub interface. These residual stresses 
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which develop along the interface under low cyclic loading can enhance the 

performance of the assembly. It is postulated that a zone of slip develops at the surface 

of the shaft/hub interface and advances monotonically with increasing torque. Also, 

under cyclic loading conditions, frictional shakedown could occur in some materials. 

This means the assembly can support more torque before slip takes place at the surface 

than originally thought as a result of generation of beneficial residual stresses. 

Later, Booker [10] carried out a comparison of shrink-fit holding torques using 

probabilistic, micro-mechanical and experimental approaches. The test specimens were 

made of cold-drawn medium-carbon steel 080M40 with the nominal shaft diameter dsh = 

22 mm, Hub outside diameter DH = 60, Contact length =15 mm and interference 8mean = 

0.018 mm. The probabilistic results of a micro-mechanical approach show good 

comparison with experimental results. In this approach statistical and computational 

methods are combined to investigate the interaction of independent and dependent 

parameters, each with their own characterized distributions, to determine the probability 

of failure or distribution of loading stress through the objective functions or relationships 

that model the problem. In addition, the phenomenon of increased holding torque with 

loading cycle number is observed experimentally. 

From the earlier studies referenced, three essential points can be retained: the first is that 

the influence of asperities persist even when the interference is very significant. The 

second point is that increasing the interference eventually causes the asperities to 

become partially plastic at their peaks and the real contact area grows. For describing 

and quantifying the plastic deformation of an asperity, some roughness parameters can 

be used. The third point is that when rough and smooth metal surfaces are pressed 

together by a load F, the real area of contact Ar is always less than the area of nominal 

contact. The real pressure over AT is consequently always greater than the nominal 

pressure [7], In the real case of contact, the two mating parts have roughness. Any 

definitions not taking this fact into consideration are simplistic and cannot be applied for 

precise calculations. The height and shape of the peaks, roughness in both directions 
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axial and circumferential, geometric errors, materials characteristics of mating surfaces 

and the constraints distribution are all involved in the assembly holding capacity. 

The case of two rough contacting surfaces has not yet been treated; a model considering 

surface roughness and interference effects has not been successfully developed. The 

objective of this study is therefore to investigate the effect of surface roughness and 

interference on torque capacity of shrink-fit assembly and to find a simple method for 

calculating this torque which takes into account surface roughness. 

4.4 A new method for computing the torque capacity 

The objective of this work is to build a model capable of predicting the maximum torque 

capacity for the case of friction contact between two rough surfaces. The model must 

link the microscopic behaviour of the assembly with its macroscopic behaviour. The 

surface bearing ratio parameters can provide a good estimation of the radial deflection of 

the contact interface and the contact area. Indeed, the shape of the bearing ratio curve 

represents a significant amount of information about the contact (see Figure 4.3). Shape 

information is summarized using a few parameters. The Rk, Rpk, Rvk, Mrl, and Mr2 

parameters can be used in a simple approach if the bearing area curve is approximated 

by a set of straight lines. 

The factors affecting the performance of an interference fit are: (1) component 

dimensions (diameter of the shaft; external diameter of the hub, length of the joint); (2) 

amount of interference; (3) material properties of the shaft and hub; (4) surface finish of 

the mating surfaces. The effect of the first three factors on the load-carrying capacity of 

an interference fit can be ascertained mathematically using the theory of elasticity. 

Lame's theory predicts failure of a shrink-fit connection when the applied torque 

exceeds the holding torque of the assembly. The holding torque is determined from 

knowledge of the static friction coefficient, the interference pressure, the geometry of 

the shrink-fit assembly and the surface texture. In following paragraphs, we will 
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introduce the theory of the torque calculation of shrink-fit assemblies and the 

contribution of each one of these factors. 

The classic relation describing the holding torque of a shrink-fit assembly, using the 

assumption that the surfaces have no irregularities and the contact pressure at the 

interface is uniformly distributed, is as follows: 

T=0.5 iidshpA (2) 

where [is is the friction coefficient between mating surfaces, dsh is the common diameter, 

p is the contact pressure and A is the surface of contact [11]. 

4.4.1 Static friction coefficient 

The static friction coefficient significantly influences the loading capacity of the 

coupling. The loading capacity increases as its value increases. The value of the friction 

coefficient depends on the material of connected parts, the roughness and purity of 

surfaces, contact pressure value and method of press. Tables of friction coefficients can 

be useful as long as the conditions used to obtain them are clearly stated and qualified. 

Static friction coefficient data listed in tables should not be applied to situations greatly 

different from those used to obtain them. The characteristics of frictional behaviour, 

such as stability of the friction force, can be more important for the design and 

optimization of machines than the average value of the friction coefficient alone [12]. In 

a previous work, the authors have studied the effect of contact pressure p on static 

friction /is. The obtained results demonstrate that the relationship between static friction 

and surface roughness is parabolic and shows a minimum for medium asperity sizes. 

Indeed, for smooth surfaces the bearing area is larger and so is the adhesion. This real 

contact area decreases when asperity sizes increase until a certain point is reached above 

which a second phenomenon starts to dominate caused by overlapping of the asperities. 

This phenomenon makes it possible to obtain higher static friction at lower contact 
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pressures. Such a result is economically interesting because rougher surfaces need less 

precise machining methods which reduces cost. 

4.4.2 Dimensional measurement 

Dimensional measuring instruments usually make contact only with the highest peaks of 

surface roughness because of their size. However, the intervening irregularities may be 

appreciable high and it may affect the size of the part. Subsequent removal of the peaks 

may differ from that indicated by the measuring instrument by an appreciable amount 

[13]. Surface roughness is closely related to tolerance. There is a direct relationship 

between the dimensional tolerance on a part and the allowed surface roughness because 

the measurement of surface roughness involves determination of the average linear 

deviation of the measured surface from the nominal surface. To ensure an accurate 

dimensional measurement, the variations introduced by surface roughness should not 

exceed the dimensional tolerances. Figure 4.1 shows the uncertainty in measurement of 

dimension produced by roughness. 
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Fig. 4.1. Relation of dimensional measurement to roughness. 
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4.4.3 Contact pressure 

The contact pressure is an important parameter influencing shrink-fit characteristics. Its 

value depends on the amount of interference, geometry of assembled parts, materials 

properties and the surface texture of mating surfaces [7]. Although all machined surfaces 

are rough, standard calculations don't take roughness parameters into account. The 

contact pressure between a solid shaft and hub made of different materials according to 

Lame's theory is given by: 

mean 

2d. 
sh J 

(Dl+d* 
2 J 2 +VH 

\DH -dsh 

(3) 

where: 

• Smean is the diametrical mean interference, 

• dsh is the common diameter, 

• DH is the outer diameter of the hub, 

• Esh is the elasticity module of the shaft, 

• EH is the elasticity module of the hub, 

• vSh is the expansion coefficient of the shaft, 

• VH is the expansion coefficient of the hub. 

The contact pressure can be rewritten: 

P =dmean*K (4) 

where 

K = 
2d. sh . "sh D 

2 sh + " (5) 
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The relation between surface roughness, interference, and contact pressure is quite 

complex because many factors and physical phenomenon are related to the individual 

case. The distribution of asperities, the evolution of pressure and the elastic-plastic 

deformation of asperities all have an influence in this relation. The stress distribution is 

not uniform in the radial direction for a cylindrical shrink-fit. In some cases, particularly 

when the interferences involved are high, the surfaces of shrink fitted assemblies may be 

damaged during dismantling. This is possibly due to welding of some of the asperities as 

a result of high pressure and intimate contact. There is a need to define a more 

appropriate interference that takes into account the presence of roughness. 

4.4.4 Interference and contact area 

The interference Smean (Figure 4.2) is given by the difference between shaft diameter and 

hub inner diameter. It is a characteristic feature and a basic quantity of interference fit. 

The value of contact pressure, as well as loading capacity, depends on the size of the 

interference. 
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Fig. 4.2. Interference fit definitions. 

Note that it is not possible to manufacture contact area diameters of connected parts with 

absolute accuracy and therefore the value of the interference is vague and accidental. Its 

size is defined by two tabular values of marginal interference which are given by the 
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selected fit (by allowed manufacturing tolerances of connected parts). Interference fits 

are then designed and checked on the basis of these marginal assembly interferences. 

Minimum assembly interference 5min (Figure 4.2) is a basic value for solving the loading 

capacity of a coupling; maximum interference 8max is decisive for its torque capacity. 

Figure 4.3 shows some roughness parameters as related to material ratios. These 

parameters help provide an appreciation for the real contact between mating surfaces. 

Material ratio Rmr (ASME: bearing length ratio tp) is the ratio expressed in percent of 

the material-filled length to the evaluation length In at the profile section level c. The 

profile section level C is the distance between the evaluated intersection line and the 

specified reference line Cref. The material ratio curve (Abbott-Firestone curve) shows 

the material ratio Rmr as a function of the profile section level C. The material ratio can 

also be evaluated on the Primary or the Waviness profile (Pmr or Wmr). Core roughness 

depth Rk is the depth of the roughness core profile. Reduced peak height Rpk is the 

mean height of the peaks protruding from the roughness core profile. Reduced valley 

depth Rvk is the mean depth of the valleys protruding from the roughness core profile. 

Mrl and Mr2 are the smallest and the highest material ratios of the roughness core 

profile. 

Fig. 4.3. Definition of roughness parameters related to material ratio [12]. 
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Rk indicates the depth of the working part of the surface, the flat part of the bearing area 

curve. After the peaks represented by Rpk are worn down this part of the surface carries 

the load and most closely contacts the mating surface. Rpk is an estimate of the small 

peaks above the main plateau of the surface. These peaks will typically be worn off (or 

down) during the run-in period for a part. Generally, it would be desired to have a fairly 

small Rpk. Rvk is an estimate of the depth of valleys which will retain lubricant in a 

functioning part. Mrl is the fraction of the surface which consists of small peaks above 

the main plateau. Mr2 is the fraction of the surface which will carry load during the 

practical lifetime of the part. Alternatively, 100%-Mr2 is the fraction of the surface that 

consists of deeper valleys that will retain lubricant. 

For the model the radial roughness is negligible compared to the axial roughness. The 

approach is only bi-dimensional. Waviness and form error are not considered. 

4.4.5 Interference calculation 

The measured dimension is the dimension between high peaks: 

8m
=^shmax—<^Hmin= §mean + 2 ( R p H + Rpsh) ( 6 ) 

where 

5m=measured value of diametrical interference, 

8mean=mean value of diametrical interference, 

Rp is peak high parameters, 

ŝhmax= maximum shaft diameter, 

<̂ Hmin= minimum inner hub diameter. 

The interference should be corrected for the effect of surface roughness. Flattening of 

roughness peaks by mounting under high pressure is estimated as the sum of Rpksh and 

RpkH of the mating surfaces. 
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We define the loss of interference due to wearing down of small isolated peaks as: 

Z5p=2(i?pksh + i?pkH) (7) 

The maximum loss of interference due to asperity overlapping which can take place 

when two cylindrical surfaces are in contact is equal to twice the smaller of both Rk of 

two surfaces. The values of Rsm and Re roughness parameters provide some indication 

about the way in which overlapping of asperities occurs. So we define LSe, the loss of 

interference due to asperity overlapping as: 

Maximum LSe = 2x minimum (RkSh ; RkH) (8) 

The effective interference is calculated then by: 

8eff=5m-LSp - L5e (9) 

where 

5eff=effective value of diametrical interference, 

d5p=correction for interference loss owing to isolated peaks plastification, 

d8e=correction for interference loss owing to asperities overlapping. 

If the relative interference 6mean/dSh > 1.6%o, an additional loss of interference (LSpi) due 

to plasticity must be included. This loss depends on geometry, materials and the surface 

bearing area ratio. 

4.4.6 Real contact area calculation 

For the contact between rough and smooth surfaces, the effective area of contact Aeff can 

be estimated using Rmr (C) 

Aeff = AxRmr(C) (10) 

where A is the apparent area of contact and Rmr (C) is the material ratio roughness 

parameter for the level C. 

Plastic contact: Aeff p = A x Mrl (11) 
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Elastic contact: Aeff e = A x (Rmr (C)-Mrl) (12) 

Aeff=Aeffp + Aeffe (13) 

For contact between two rough surfaces calculation of the real area of contact is more 

complex than the previous case. However we can estimate the maximum and the 

minimum of the effective area of contact. Rsm and Re roughness parameters can be 

helpful to determine the amount of contact. 

The maximum of the effective surface of contact is equal to the smaller of the two 

highest material ratios of roughness core profiles Mr2Sh and Mr2H-

Maximum (Aeff) = A x minimum (Mr2Sh; Mr2H) (14) 

The area of plastic contact is estimated by: : AeffP ~ A x (MrlSh + MrlH) (15) 

The area of elastic contact is estimated by: 

Maximum (Aeff e) = A x 

minimum [(Mr2sh-(Mrlsh + MrlH); (Mr2H-(Mrlsh + MrlH))] (16) 

For shrink fit, the mating surfaces are closely pressed against each other; equations 14, 

15 and 16 become: 

Aeff ~ A x minimum (Mr2sh; Mr2H) (17) 

AeffP~Ax(Mrlsh + MrlH) (18) 

Aeffe ~ A x minimum [(Mr2sh - (Mrlsh + MrlH)); (Mr2H - (Mrlsh + MrlH))] (19) 

Example of calculation: 

While referring to the values shown in Table 4.1 and using the new method of 

calculating the effective interference and surface of contact of Shaft 1 and Hub 1, the 

following results are obtained: 
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Effective interference calculation: 

5m=<4hmax-̂ Hmin =12,505 mm -11,491 mm=14 urn. 

5mean= 5m - 2(RpH + Rpsh) = 14-2(2,4+1,9)=5,4 urn. 

Z5p=2(i?pksh + Rpm) =2(1,1+1,2)= 4,6 um. 

Lde = 2x minimum (Rksh ; RkH) =2x1,2=2,4 urn. 

5eff=6m-L8p - L5e ==14-4,6-2,4=7,0 um. 

Effective surface calculation: 

A =12.5x7ix25,4=997 mm2 

Aeff ~ A x minimum (Mr2sh; Mr2H) = 997x91,3%=910,3 mm2. 

Aeffp ~ A x (Mrlsh + MTIH) = 997x(32,4+l 1,7)%=439,7 mm2. 

Aeff e ~ A x minimum [(Mr2sh - (Mrlsh + MrlH)); (Mr2H - (Mrlsh + MrlH))] 

=997x(91,3-(32,4+l 1,7)%)= 470,6 mm2. 

4.5 Experimental procedures 

The intent of these experiments was to investigate the effect of roughness and contact 

pressure on the torque transmitting capacity of a shrink-fit assembly. The 

experimentation included two stages; the first focused on surface characterization and 

the second involved torque capacity testing. The total number of experiments was 

selected based on the number of parameters that influence the torque capacity of shrink 

fitted joints and also on the level of variation for each of these factors. Three parameters 

were retained and a three-level variation was taken. A 3 3 experimental plan was 

therefore adopted to study the effects of principal variables and all interactions. The 
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shaft and hub characteristics such as the material, contact length and diameter, were 

designed to be close to real shrink-fit tool applications found in most common industrial 

practices. The hub and shaft materials were respectively: AISI H13 (ISO X40 CrMoV5-

1) and AISI 01 (ISO 95MnWCr5) tool-steels. 

The shafts and hubs were machined on a Mazak-QT-Nexus-200 CNC lathe. Different 

feeds and speeds were used to obtain the desirable roughness. External and internal 

turning processes were used to generate the shaft and hub end surfaces. The same tools 

with same cutting angle and tip radius were employed to obtain similar roughness 

profiles. Special care was taken during internal turning to minimize vibration and 

increase tool stiffness. 

4.5.1 Specimen preparation 

The hubs and shafts used in our experiments were designed to closely represent a shrink-

fit tool holder application. Since the condition of the mating surfaces greatly influences 

the strength of shrink fitted assemblies, utmost care was taken in preparing the 

specimens. Figure 4.4 shows the shaft and hub specimens used for the experiments. The 

nominal diameter of the assembly was 12.5 mm, the hub outer diameter was 18 mm and 

the contact length, 25.4 mm. 

Loading hole 

i^^f'""" H u b \ 
" . IPJ^^^ Machined surface ^ s . ^^ft**' 

Shaft ̂  ' ' ^ 7 ^ | | ^ J v x m A ^ ^ ^ ^ 
x-~ gi surface ^ 

Fig. 4.4. Shaft and hub specimens used for experimentation. 



89 

4.5.2 Dimensional measurement 

The outer diameter of the shaft and the inner diameter of the hub were measured under a 

controlled temperature of 20°C with a precision of 0.5 urn using a high precision 

Coordinate Measurement Machine (CMM). Six readings were made axially for each 

shaft and hub with the average value taken as the effective diameter. A spherical probe 

tip of 3 mm diameter was used for diameter measurement to avoid including the 

specimen roughness in the measurement. 

4.5.3 Surface roughness measurement 

The roughness profile of the specimens was measured using Mitutoyo SV4000. The 

stylus was positioned to move along the specimens which were held in a vee-block to 

obtain the roughness profile across the lay. A special stylus was used to measure 

roughness profile inside the hub. The roughness was assessed in the axial direction, 

across the lay for every specimen; it was considered the worst-case situation as surface 

roughness in this direction is generally higher than in any other because of the radial 

turning process used to generate the shaft and hub surfaces. All roughness parameters 

such us Ra, Rz, Rt were measured using a profilometer with a 60° cone diamond stylus 

and a 2 um tip radius. The measuring force was 0.75 mN. 

4.5.4 Joint assembly 

Before the experiments were performed the shaft and hub were degreased and cleaned 

thoroughly with acetone to eliminate contaminants. The components used for 

investigation were made by dilating the hub using a Shrinkmaster machine, then pushing 

the shaft freely into it under gravity. The shrinking temperature was about 200 °C; this 

temperature was chosen to ensure that the material composition and properties were not 

affected. 
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Fig. 4.5. Special system to apply torque. 

4.5.5 Torque capacity measurement 

Torque tests were carried out taking care to ensure their randomization. The torque 

capacity was measured using a special purpose rig designed and manufactured in our 

labs. We chose to design and manufacture our own testing device because existing 

standards and apparatuses do not meet our application specifications. The torque testing 

device shown in Figure 4.5 consists of two steel blocks with a center hole where the 

shaft and hub can be inserted. The Figure presents a drawing of the blocks with shaft and 

hub. Block 1 is held in a vice and a twisting torque is applied on the shaft through block 

2. The torque was increased gradually until slip occurred along the shaft-hub interface. 

4.6 Results and discussion 

Experiments were conducted to investigate the influence of various parameters that are 

likely to affect the torque capacity in shrink-fit assembly. The collected results of 

surface roughness and torque capacity were thoroughly analyzed. The turned surfaces 
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present regular and periodic roughness profiles. The parameters and conditions of 

machining were identical for each machining type in order to obtain reproducible 

surfaces. Table 4.1 shows a selection of representative roughness parameters of the shaft 

and hub. 

Since external turning is more easy and precise than internal turning, the roughness 

profile obtained for shafts is more regular than hubs as shown in Figures 6 and 7. 

Machining conditions, tool geometry and vibrations are the main causes of this 

difference. 

Table 4.1 
Some roughness parameters of machined shafts and hubs. 

Shaft 1 Shaft 2 Shaft 3 Hubl Hub 2 Hub 3 

Ra(um) 

Rq (urn) 

Rp (urn) 

Rz (urn) 

Rt(um) 

Rsm ( mm) 

Re (um) 

Rk(um) 

Rpk (um) 

Mrl (%) 

0,8 

0,9 

1,9 

3,0 

3,2 

0,051 

2,6 

1.2 

1,1 

32,4 

1,6 

1,9 

3,7 

7,1 

7,4 

0,094 

5,1 

5,3 

1,0 

10,3 

2,4 

2,9 

6,6 

11,4 

12,2 

0,203 

10,4 

7,5 

2,9 

12,6 

1,3 

1,6 

2,4 

8,3 

11,7 

0.218 

4,6 

2.8 

1,2 

11,7 

2,9 

3,5 

7,7 

15,5 

17,3 

0.300 

10,6 

9.9 

2,3 

14,8 

5,7 

6,7 

14,0 

25,2 

27,4 

0,508 

23,4 

17,8 

2,1 

10,1 

Mr2(%) 97,5 89,9 98,4 91,3 95,2 88,4 

Measured profiles of the three shaft surfaces are presented together in Figure 4.6 to show 

the difference in height. While the three profiles are periodic and do not exhibit vibration 

effects, the difference between their periods is clear. 
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Fig. 4.6. Magnified roughness profile for shafts. 

A sample of measured profiles for three sets of hubs is represented in Figure 4.7. In spite 

of precautions taken during interior turning, the effect of vibrations is very evident for 

this case. 

16 urn 

Hub 3 2 mm 

Fig. 4.7. Magnified roughness profile for hubs. 

Statistical analysis of the results of torque capacity was accomplished according to 

ANCOVA models which are particular cases of the models of regression analysis with a 

mixture of quantitative and qualitative variables represented by codified variables. The 

surface texture was considered as a qualitative variable and classified into three 
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categories; rough, medium and smooth. The selected ANCOVA calculated the variances 

and analyzed the effects of the principal factors and their interactions. 

To begin, the collected data were examined to detect any anomaly or violation of 

assumptions. Results were found to be randomly sampled, without outliers, and 

normally distributed with constant variance. The ANCOVA dependent variable is the 

torque capacity and the independent variables are shaft roughness and hub roughness as 

categorical variables. Interference was covariate. The levels of the independent variables 

are shown in Table 4.2. These levels were selected in order to cover the normal ranges 

of surface roughness and pressure. 

Table 4.2 
Levels of independent variables 
Factors 

Shaft roughness 

Hub roughness 

Interference 

Units 

um 

Symbol 

"mean 

Levels of factors 

1 

Smooth 

Smooth 

5 

2 

Medium 

Medium 

10 

3 

Rough 

Rough 

15 

A 5% level of significance was selected for main and all interactions. The best subset 

method using Mallow's Cp criterion was retained. Mallow's Cp indicates the fitting 

quality of the model. It takes into account the number of regressors and the sample size. 

It tends to be less dependent on the number of effects compared to R-square. It allows 

finding the best subset including only the independent predicators of the dependent 

variable. Calculations were executed with General Regression Models (GRM). The 

analysis type was ANCOVA and all interaction was considered. The ANCOVA output 

and the calculated F ratios are shown in Table 4.3 for each significant effect. All F-ratios 

are based on the residual mean square error. The ANCOVA Table decomposes the 

variability of torque capacity into contributions due to independent factors and 

interactions. The Prob-value tests the statistical significance of each factor. Since four 

Prob-values are less than 0.05, these factors have a statistically significant effect on 
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torque capacity at a 95% confidence level. In this experiment, the global test of the 

whole model and individual tests of each factor were found significant. Furthermore, 

ANCOVA revealed that the interaction between hub and shaft roughness were also 

significant, but at a lower level. There was no co-linearity between independent factors. 

Table 4.3 
ANCOVA Table 
Effect 

Intercept 

Interference 

Shaft roughness 

Hub roughness 

Hub roughness * Shaft roughness 

Error 

Univariate Tests of Significance for Torque 

Best subset solution, 

Effective hypothesis decomposition 

SS 

1,48 

98204,26 

22294,61 

20050,51 

19955,46 

18383,46 

Dof 

1 

1 

2 

2 

4 

17 

MS 

1,48 

98204,26 

11147,31 

10025,26 

4988,87 

1081,38 

F 

0,00137 

90,81385 

10,30841 

9,27080 

4,61343 

Prob 

0,970894 

0,000000 

0,001170 

0,001895 

0,010496 

Where SS is the sum of squares, 

Dof is the degree of freedom, 

MS is the mean of squares, 

F is the observed value of Fisher test, 

Prob is the probability to get F value > F observed. 

The degree of freedom provides a measure of the quality of a standard deviation 

estimate. The larger the degrees of freedom, the better the quality of the estimate. The 

multiple R2 (Table 4.4) is equal to 0.897 which means that 89.7% of the variance of the 

torque capacity can be explained by the factors in the regression equation. The multiple 

R represents the percentage of the observed variation that is explained by the 

correlation. The error of the model is equal to 10.3%. 
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Table 4.4 
Test of sum 
Dependent 

variable 

Torque 

of square oi 
R1 

0,897235 

•the whole model vs sum of square of residual. 
Model 

SS 

160504,8 

Model 

dof 

9 

Residual 

SS 

18383,46 

Residual 

dof 

17 

F 

16,49178 

Prob 

0,000001 

The hypotheses of ANCOVA (normality and homogeneity of variance of residuals) 

where tested and verified (5% error rate). Errors were random, follow approximately a 

normal distribution, have a constant standard deviation and their means is close to zero. 

Fig. 4.8. 3D surface plots of torque capacity vs shaft roughness vs hub roughness. 

The effect of surface roughness of hub and shaft are shown in Figures 4.8. The torque 

capacity is high for smooth level, it decreases for medium and then increases back to a 

high reading for rough level. Assumptions for residuals are satisfied. Errors are random 
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and approximate a normal distribution showing a constant standard deviation with 

means close to zero. 

The fitted surface of response between torque capacity, hub roughness and shaft 

roughness is presented in Figure 4.8. A response surface is a surface that represents 

predicted responses to variations in factors. Torque capacity is high for smooth 

roughness and decreases as roughness increases until a medium value is reached. As 

roughness continues to increase beyond this point, the torque capacity begins to take 

higher values again. As shown in Figures 4.9 and 4.10 the torque capacity increases 

linearly with the interference. However the roughnesses of mating parts have a clear 

effect. Indeed for the same interference the torque is high for smooth surfaces, when 

roughness increases the torque decrease until a medium value and then increases again 

for rough surfaces. This is due to asperity overlapping. 

Fig. 4.9. 3D surface plots of torque capacity vs interference vs shaft roughness. 
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Fig. 4.11. Theoretically determined curves of torque capacity compared with 

experimental measurements. 
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An analysis of the difference between the theoretical and experimental curves of torque 

capacity will aid evaluation of the current computing method. Figure 4.11 shows the 

theoretical torque capacity for Lame's model and the author's method compared with 

experimental results. A high degree of shift is evident between Lame's method and 

experimental results. Conversely, the author's method shows only a slight mean shift, 

(legend: S-S is smooth-smooth contact; M-M medium-medium contact; R-R rough-

rough contact and Lame indicates the Lame method) 

4.7 Conclusion 

Lame's formula for interference fits is widely used although it does not consider the 

roughness of contact surfaces. A better understanding of the effects of roughness and 

interference on torque capacity of shrink-fit connections is presented in this work. A 

statistical design of experiments was used. Results show the existence of a correlation 

between torque capacity, roughness and interference. The interaction between 

roughnesses of mating surfaces has a major effect on the torque capacity coefficient. A 

new method is proposed for computing the interference between mating parts of shrink-

fit connections that considers surface roughness. It shows good agreement with 

experimental results. Application of the results for tool and tool holder interface 

confirms that it is possible to optimize surface roughness and interference in order to 

obtain sufficient torque without using severe conditions. 
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CHAPITRE 5: ARTICLE 3: EFFECT OF ROUGHNESS AND 

INTERFERENCE ON DAMPING OF SHRINK FITTED ASSEMBLIES 

Abdelkarim Ben Mhenni, Christian Mascle, Marek Balazinski 

Ecole polytechnique de Montreal, Manufacturing Section, C.P. 6079 - Succ. Centre-

Ville, Montreal(Quebec), CANADA, H3C 3A7. 

5.1 Abstract 

The dynamic characteristics of shrink-fit assemblies play an important role in many 

applications such as engines and machine tools. The performance of machine structures 

are significantly affected by the interaction at the mating surfaces of machine elements. 

Metallic mating surfaces in shrink-fits offer a good source of energy dissipation, 

resulting in damped dynamic structural response. In high speed machining (HSM) 

shrink-fit tool holders perform better than classic tool holders however their damping 

ratio must be improved. Designing an optimum shrink-fit that provides the desired 

damping is possible if all assembly parameters are understood. This paper describes the 

results of a series of statistically-designed experiments where damping occurring in 

shrink-fit assemblies is measured. The effects of mating surface roughness and assembly 

interference are investigated. The results should be useful for machine tool designers and 

particularly tool holder designers. 

Keywords: Shrink fit, roughness, damping ratio, interference. 

5.2 Introduction 

High speed machining (HSM) in mechanical fabrication is an expanding field of 

application. Technological progress has made it possible for spindle speeds to reach 

100,000 rpm with cutting speeds up to 10,000 m/min. Currently, the weak link which 

prevents us from fully benefiting from HSM is the interface between the spindle and the 

cutting tool. The ideal characteristics sought at the tool holder interface are minimum 
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run-out, rigidity, balance, vibration damping, ease of use and low cost. The shrink-fit 

solution is considered a valuable investment for very fast HSM processes. It offers 

superior concentricity, balance and ease of use. Its main drawback is its low capacity of 

vibration damping. The behaviour of shrink-fit assemblies in high speed applications 

remains to be studied as there is significant potential to improve their performance in 

vibration damping. 

One alternative to shrink-fit for tool holder applications is hydraulic and mechanical 

deformation holders. A hydraulic holder equalizes clamping force around the tool using 

pressurized oil. As the pressure of the oil is increased by turning a screw, an expanding 

sleeve grips the tool shank. The fluid reservoir may offer some capacity to damp 

vibration, but the clamping mechanism is easily damaged. 

In the design step of a tooling structure, sufficient damping must be built in to ensure 

required functioning under all expected operating conditions. Using laminated beams or 

high damping alloys is frequency and temperature sensitive, and is often expensive. 

About 90% of the total damping in a structure happens in the joints, which is why 

optimizing damping at these points is very beneficial [1]. Realistic interfaces are 

normally dependent on several complex parameters and unknowns. Analytical studies 

are therefore a difficult task. The structural damping ratio must be obtained through full-

scale tests. Optimizing the tooling structure between spindle and cutting inserts is the 

subject of many current research studies however a thorough consideration of factors 

influencing the performance of the tool-tool holder interface has not yet been presented. 

The focus of this paper is to evaluate the effect of surface texture and interference on the 

damping response of shrink-fit connections. 

5.3 Related works 

Very few investigations have been undertaken on structural damping under micro-

displacement conditions. Research results show that joint damping is influenced, albeit 
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in a complex manner, by the normal load, surface roughness, material and machined lay 

orientation. Most of the works in joint damping have ignored surface roughness effects 

and assumed all joint surfaces as smooth. However, surface topography plays an 

important role in the damping capacity of structural joints. To get a realistic value of 

joint damping it is important to include surface roughness effects. 

Chen and Deng [2] studied structural damping caused by micro-slip along frictional 

interfaces. Two classic joint configurations; the press-fit joint and the lap-shear joint, 

were used as model problems. The objectives of the paper were; to evaluate the effect of 

dry friction on the damping response of frictional joint interfaces, to understand the 

evolution of the slip and stick regions along a joint interface during loading and to 

quantify the energy dissipation during cyclic loading and its dependence on structural 

and loading parameters. Through study and comparison of the two model joint problems 

it was concluded that the dependence of micro-slip induced energy loss on joint and 

loading parameters is problem dependent and thus universal relationships between 

energy loss and joint and loading parameters may not exist. 

Murty and Padmanabhan [1] investigated the effect of surface topography on damping in 

machine joints. Their intent was to design an optimum structural joint that provides the 

desired damping and considers the effect of surface topography. Their general 

observation was that the energy loss per cycle is influenced by tangential force, normal 

force, joint material and surface conditions. An expression which leads to an evaluation 

of energy dissipation in the form of hysteresis loop area was given in which the 

influence of material and surface topography parameters are shown directly. 

Padmanabhan and Murty [3] analyzed the damping in structural joints subjected to 

tangential loads. They measured the energy loss per cycle occurring at preloaded flat 

metallic interfaces subjected to cyclic tangential forces. This energy loss was found to be 

affected by normal and peak cyclic tangential forces as well as the material and surface 

conditions at the interface. For maximum energy loss without gross sliding in a given 
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application, the normal preload should be adjusted to the smallest value that will prevent 

gross sliding at the interface. 

Thornley and Elewa [4] investigated the effect of size, surface roughness and 

interference value on the static and dynamic stiffness of shrink-fitted joints. They 

focused on dynamic behaviour and concluded that tangential displacement and micro-

slip increase with increasing roughness and decrease with increasing interference. 

Hashimoto [5] affirmed that contact damping depends on the asperity distribution 

pattern in the depth direction, the shape, and elastic and/or plastic material properties. 

He found that the contact situation between two mating surfaces is determined by their 

asperity distribution pattern and plastic material properties. When a shear force is 

applied to the mating surfaces, damping and contact stiffness in the tangential direction 

vary according to the elastic characteristics of the asperities in the shear direction. In this 

sense, it is important that contact damping is estimated from surface topography and 

elastic and plastic material properties. 

Marui et al. [6] investigated the mechanism of damping ratio generation of the cutting 

tool system induced by micro slip and the effect of clamping conditions. It was 

experimentally observed that a remarkable improvement in the damping ratio of a 

circular plate system can be expected by surface topography optimization of the 

clamping jig and the insertion of adhesive tape into the clamping interface. 

Marui et al. [7] measured slip at the interface and energy dissipation through structural 

damping for several kinds of mating surfaces composed of various materials and with 

different surface roughness. Results show that slip and energy dissipation at the interface 

are influenced by the type of materials, surface finish and clamping conditions. 

Agapiou [8] introduced a methodology for evaluating and comparing tool-tool holder 

connections based on experimental and analytical/finite element analysis results. He 

provides a comparison of various tool-tool holder connections based on results generated 
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from bench tests. Dynamic impact modal tests were performed to measure the frequency 

response function (FRF) of the tool connection system. 

Rivin [9] affirmed that structural damping can be enhanced by optimization of an 

existing system. In mechanical systems, the most important high damping components 

which can be optimized are structural joints. Damping of joints depends on surface, fit 

and lubrication conditions, but also on contact pressure. Damping can be enhanced by 

reducing the preload force although this can be accompanied by an undesirable stiffness 

reduction. Experimental findings reported by Rivin led to the conclusion that although 

better surface finish results in higher contact stiffness, damping decreases with improved 

surface finish. 

From the above literature it is evident that structural damping in mechanical joints is 

greatly affected by surface roughness and contact pressure. It is therefore important to 

study and quantify the evolution of damping depending on roughness and interference 

for the specific application of shrink-fit assembly. The objective of this paper is to 

identify and explore alternative approaches to obtain maximum damping without 

lowering the torque transmitting capcity of the assembly. 

5.4 Vibrations and damping 

5.4.1 Vibrations 

Free vibrations are typically generated by an instantaneous excitation and correspond to 

a momentary disturbance of the system. Free vibration of a system can also be caused by 

static displacement of its position of balance followed by relaxation of this position. The 

system thus oscillates at its natural frequency. Because the system has a damping ratio, 

free vibration reduces after a period of time. 

Forced vibrations result from a pulsating periodic effect. For CNC machines they are 

generated during discontinuous and periodic machining such as milling, during which 

the passage of the teeth of the periodic tool can cause forced vibrations. The system is 
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thus continuously and periodically excited. Other sources of forced vibrations exist 

during machining, such as heterogeneity of the machined matter, irregularities of the 

machined surface, etc. 

Regenerative vibrations are the principal cause of chattering during machining. Certain 

disturbances excite a vibratory movement of the mechanism. This vibratory movement 

maintains the initial disturbances [10] and the vibrations increase exponentially. They 

continue until the tool damages the part or until catastrophic rupture of the tool occurs. 

In milling, this type of vibration means that the system vibrates at a different frequency 

from that imposed by the process of machining (i.e. the frequency of passage of the 

teeth). Chattering results from auto-energization of the mechanism due to regeneration 

thickness from the chip during machining or from coupling of the modes. Coupling of 

the modes is a coupling of two orthogonal modes generating vibration in the two 

directions of the plan of cut. 

Chattering, either from self-excited vibrations or coupling of the modes, is undesirable 

during machining because it can generate bad surface finish, premature rupture of the 

tool and, in the long run, damage to the pin of CNC machines. Effective chatter 

prevention during cutting operations may be achieved by increasing the damping ratio of 

a cutting tool system [6]. 

If the vibratory process presents self-excited vibrations, these can be reduced by an 

adequate damping ratio of the system. Depending on the vibration parameters 

(amplitudes, frequencies and especially directivity), these vibrations can increase or 

reduce friction. 

5.4.2 Damping 

Damping is defined as the capacity of a mechanical system to reduce intensity of a 

vibratory process. The effect of damping for the vibratory process is achieved by 

dissipation of the mechanical energy of the vibratory movement into another form of 
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energy, generally heat, which can be evacuated by the system. The principal sources of 

damping in mechanical systems are the dissipation of energy in the structure of the 

material (slip at the grain boundary within the vibrating part: inner friction), in special 

damping components and at the interface of components (structural damping). Generally 

the first of these, internal damping, is negligible when compared to structural damping. 

Structural damping is the result of mechanical transformation of energy generated by 

friction. Damping at structural joints is associated with friction loss caused by micro slip 

of component parts over one another [9]. Frictional damping (when unlubricated joint 

surfaces are involved) is inevitably present whenever there is relative movement 

between interacting surfaces of a structure. Even under micro-slip conditions (the case 

considered in this study), the frictional damping caused by interface shear offers an 

excellent potential for large energy dissipation at structural joints. Such energy loss at 

various clamped joints throughout the machine tool structure can have a significant 

effect in limiting the magnitude of vibrations [3]. Frictional damping is associated with 

interface shear at a structural joint. When the external shear force is increased or 

decreased within a threshold range, local slip along the frictional joint interface will 

occur. This situation is called micro-slip, in which slip along the interface is localized in 

the slip region while the rest of the interface is in the stick region. 

Structural joints play a paramount role in damping processes and compound structures 

tend to show considerably higher damping properties than similar monolithic structures. 

Friction damping is still viewed with considerable scepticism due to fears of stiffness 

non-linearity and loss, and fretting corrosion at the joint surfaces [9]. 

5.4.3 Modal analysis 

Experimental modal analysis is the characterization of a mechanical structure such as a 

tool-tool holder assembly. The significant parameters that make it possible to represent 

the dynamic behavior of a linear structure whatever its complexity are summarized in a 

number of reduced modal parameters: eigen frequencies, damping and rigidity 
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associated. Each mode has a frequency at which it can be excited, a quantifiable rigidity 

and a damping value. Starting with this characterization it is possible to simulate 

vibration of a tool, its damping, etc. 

To carry out modal analysis of a mechanism its transfer function must be measured. The 

tap test or hammer test involves excitation of the tool-tool holder system using a 

hammer with a piezoelectric force sensor. An impact of short duration is applied to 

excite an interval of frequencies containing a certain number of the modes of the 

mechanism. There is also a sensor which measures the reaction of the structure, which 

can be either acceleration, or displacement or speed. An accelerometer is the sensor most 

commonly used. Using these two signals it is possible to obtain the transfer function of 

the mechanism. For example, if the input signal is the force exerted by the hammer and 

the output signal is the acceleration caused by this input, the transfer function is the 

division of the measured acceleration by the force exerted by the hammer. Starting with 

the transfer function modal analysis can be carried out. The modes can be identified, 

thus determining the specific frequencies, damping and rigidity for each mode [11]. 

5.5 Experimental procedures 

The intent of these experiments was to investigate the effect of roughness and contact 

pressure on the damping ratio of a shrink-fit assembly. The experimentation was 

completed in two stages; the first focused on surface characterization and the second 

involved modal testing. 

The total number of experiments was selected based on the number of parameters that 

influence the damping ratio of shrink fitted joints and also on the level of variation for 

each of these factors. Three parameters were retained and a three-level variation was 

taken. A 33 experiments plan was therefore adopted to study the effects of principal 

variables and all interactions. The shaft and the hub characteristics such as the material, 

contact length and diameter were designed to be close to real shrink-fit tool applications 
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found in most common industrial practices. The hub and shaft materials were 

respectively: AISI H13 (ISO X40 CrMoV5-l) and AISI 01 (ISO 95MnWCr5) tool 

steels. 

The shafts and hubs were machined on a Mazak-QT-Nexus-200 CNC lathe. Different 

feeds and speeds were used to obtain the desired roughness. External and internal 

turning processes were used to generate the shaft and hub end surfaces. The same tools 

with same cutting angle and tip radius were employed to obtain similar roughness 

profiles. Special care was taken during internal turning to minimize vibration and 

increase tool stiffness. 

5.5.1 Specimen preparation 

The hubs and shafts used in our experiments were designed to closely represent a shrink-

fit tool holder application. Since the condition of the mating surfaces greatly influences 

the strength of shrink fitted assemblies, utmost care was taken in preparing the 

specimens. Figure 5.1 shows the shaft and hub specimens used for the experiments. The 

nominal diameter of the assembly is 12.5 mm, the hub outer diameter is 18 mm and the 

contact length is 25.4 mm. 

Loadinu hole 

Fig. 5.1. Shaft and hub specimens used for experimentation. 
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5.5.2 Dimensional measurement 

The outer diameter of the shaft and the inner diameter of the hub were measured under 

controlled temperature (20°C) with a precision of 0.5 um using a high precision 

Coordinate Measurement Machine (CMM). Six readings were taken axially for each 

shaft and hub with the average value taken as the effective diameter. A spherical-ended 

feeler of 3 mm diameter was used for diameter measurement to avoid including the 

specimen roughness in the measurement. 

5.5.3 Surface roughness measurement 

The roughness profile of the specimens was measured using a Mitutoyo SV4000. Its 

stylus was positioned to move along the specimens which were held in a vee-block to 

obtain the roughness profile across the lay. A special stylus was used to measure 

roughness profile inside the hub. The roughness was assessed in the axial direction, 

across the lay for every specimen. This was considered the worst-case situation since 

surface roughness is generally higher in this direction than in any other because of the 

radial turning process used to generate the shaft and hub surfaces. All roughness 

parameters such us Ra, Rz, Rt were measured using the profilo-roughometer with a 60° 

cone diamond stylus and a 2 um tip radius. The measuring force was 0.75 mN. 

5.5.4 Joint assembly 

Before the experiments were performed, the shaft and hub were degreased and cleaned 

thoroughly with acetone to eliminate contaminants. The components used for 

investigation were made by dilating the hub using a Shrinkmaster machine, then pushing 

the shaft freely into it under gravity. The shrinking temperature was about 200 °C. Using 

this temperature ensured that the material composition and properties were not affected 

during assembly. 
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5.5.5 Modal analysis 

Once the shrink-fit is assembled it is possible to measure the transfer function of this 

system. The input signal of the transfer function is the force exerted by the hammer and 

output signal is the acceleration of the assembly in the excited direction. In the tap test, 

the assembly structure is excited by hitting it with an impulse force hammer. This impact 

will excite the structure over a certain frequency range depending on the size of the 

hammer, the type of tool tip used and the structure itself. It is necessary to strike the 

assembly in the direction perpendicular to the mating surface and then measure the 

resulting force in this direction. Data acquisition is carried out with the assistance of 

software CUTPRO (module MALTF). 

The experimental modal analysis can be divided into three principal stages; a study of 

the problem, measurement of the transfer function of the system and determination of 

the modes as well as their characteristics such as damping ratio. 

Selection of a proper hammer covering the targeted frequency range is important. In 

general, a large hammer will have a low natural frequency and will only be able to excite 

low frequencies. A small hammer will have a high natural frequency and will be able to 

excite high frequencies properly. It will however not be able to excite low frequencies 

properly. The frequency range that can be excited by a hammer is inversely proportional 

to the contact time of the impact. The actual excited bandwidth does not depend on the 

hammer only, but also on the structure which is being excited. 

Use of accelerometers is common in vibration measurement and is very practical for 

transfer function measurement. The mass and frequency range of the accelerometer must 

be selected properly because the accelerometer mounted on the structure acts as an extra 

mass and may alter the frequency characteristics of the system. The accelerometer is 

mounted on the tool using special wax. The measurement setup is shown in Figure 5.2. 
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Bonding and interface materials between the structure and accelerometer were also 

selected in order to obtain accurate measurements. 

Acquisition of the signals and evaluation of the transfer function were carried out with 

software CUTPRO (module MALTF). Module MALTF suggests making repeated 

acquisitions of the transfer function to finally obtain the "average" transfer function and 

thus minimize the errors. In order to minimize errors during tap testing, several 

measurements were taken and an average value was calculated. After each hit, one 

should examine the signals to identify whether it was a good hit. A hit is considered bad 

if a multiple hit occurred. When enough good hits are collected they can be averaged 

and the result examined. Analysis of the function of coherence during data acquisition is 

strongly recommended because it is possible to evaluate both the quality and 

deterioration of the measured signal if this approach is used. 

The measured transfer functions were subsequently analyzed with the software 

CUTPRO (MODAL module) independently for each mode. It is important to select the 

totality of the modes of the structure. CUTPRO determines the frequency, damping and 

rigidity as well as the mass associated with each mode. Starting from measurements 

taken at various points of impact, CUTPRO compares the transfer functions of each 

point. 

Fig. 5.2. Shrink fitted shaft and hub with waxed accelerometer. 
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5.6 Results and discussion 

The turned surfaces presented both regular and periodic roughness profiles. Parameters 

and conditions of machining were identical for each machining type in order to obtain 

reproducible surfaces. Table 5.1 shows a selection of representative roughness 

parameters of the shaft and hub. 

External turning is easier and more precise than internal turning and therefore the 

roughness profile obtained for shafts is more regular than for hubs as shown in Figures 3 

and 4. Machining conditions, tool geometry and vibrations are the main causes of this 

difference. 

Table 5.1 
Some roughness parameters of machined shafts and hubs. 

Shaft 1 Shaft 2 Shaft 3 Hubl Hub 2 Hub 3 

Ra(um) 

Rq (urn) 

Rp (urn) 

Rz(um) 

Rt(um) 

0,8 

0,9 

1,9 

3,0 

3,2 

1,6 

1,9 

3,7 

7,1 

7,4 

2,4 

2,9 

6,6 

11,4 

12,2 

1,3 

1,6 

2,4 

8,3 

11,7 

2,9 

3,5 

7,7 

15,5 

17,3 

5,7 

6,7 

14,0 

25,2 

27,4 

To show the difference in height, measured profiles of the three shaft surfaces are 

represented together in Figure 5.3. While the three profiles are periodic and do not 

exhibit vibration effects, the difference between their periods is clear. These are due to 

differences in machining conditions. 



7 urn 

113 

0 

5 

** .» **. 

\'- A :' '"• A P k\t\ /I.^VH < A (* '"• 

V- 4 r !W n\r % :^k r - \ -k-W K'^'k r !H •%*•• 
•' \"4\A. '"?\' 1 in '"'"-Vf V :- ;\\JIVF *•" \"*M\FV-P\ m 

\ / • J »•" \ / ** " * ^ / " * *» \ l ! / " * i / * " » "" \ # 
\ / \ J "** Vr ** £ ** \ r » ^ V \f \ H •»* \ ^ 

**** V 

1 
B 

A r 
•, 

A 

' :A $ 
"Av/ J 
* * * " \y 
"» * $» 
*» 

Shaft 1 Shaft 2 Shaft 3 1 mm 

Fig. 5.3. Magnified roughness profile for shafts. 

A sample of measured profiles for three sets of hubs is represented in Figure 5.4. In spite 

of precautions taken during interior turning, the effect of vibration is very evident for 

this case. 

16 urn 

2 mm 

Fig. 5.4. Magnified roughness profile for hubs. 

Statistical analysis of the results of damping ratio was accomplished according to 

ANCOVA models which are particular cases of the models of regression analysis with a 

mixture of quantitative and qualitative variables represented by codified parameters. The 

surface texture was considered as a qualitative variable and classified into three 
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categories; rough, medium and smooth. The selected ANCOVA calculates the variances 

and analyzes the effects of the principal factors and their interactions. 

The collected data were examined to detect, any anomaly or violation of assumptions. 

Results were found to be randomly sampled, without outliers, and normally distributed 

with constant variance. The ANCOVA dependent variable is the damping ratio and the 

independent variables are shaft roughness and hub roughness as categorical variables. 

Interference was covariate. The levels of the independent variables are shown in Table 

5.2. These levels were selected in order to cover the normal ranges of surface roughness 

and pressure. 

Table 5.2 
Levels of independent variables 
Factors 

Shaft roughness 

Hub roughness 

Interference 

Units 

urn 

Symbol 

Vmean 

Levels of factors 

1 

Smooth 

Smooth 

5 

2 

Medium 

Medium 

10 

3 

Rough 

Rough 

15 

A 5% level of significance was selected for main and all interactions. The best subset 

method using Mallow's Cp criterion was retained. Mallow's Cp indicates the fitting 

quality of the model. It takes into account the number of regressors and the sample size. 

It tends to be less dependent on the number of effects as compared to the R-square 

method. It allows finding the best subset including only the independent predicators of 

the dependent variable. Calculations were executed with General Regression Models 

(GRM). The analysis type was ANCOVA and all interaction was considered. For each 

significant effect the Statistica ANCOVA output and the calculated F ratios are shown in 

Table 5.3. All F-ratios are based on the residual mean square error. The ANCOVA Table 

decomposes the variability of damping ratio into contributions due to independent 

factors and interactions. Prob-value tests the statistical significance of each factor. Since 

four Prob-values are less than 0.05, these factors have a statistically significant effect on 
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damping ratio at a 95% confidence level. In this experiment the global test of the whole 

model and individual tests of each factor were found significant. Furthermore, 

ANCOVA revealed that the interaction between hub and shaft roughness were also 

significant, but at a lower level. There was no co-linearity between independent factors. 

Table 5.3 
ANCOVA Table. 
Effect 

Intercept 

Interference 

Shaft roughness 

Hub roughness 

Hub roughness * Shaft roughness 

Error 

Univariate Tests of Significance for damping ratio 

Best subset solution, 

Effective hypothesis decomposition 

SS 

52,698 

8,405 

17,436 

37,574 

4,992 

6,015 

Dof 

1 

1 

2 

2 

4 

17 

MS 

52,698 

8,405 

8,718 

18,787 

1,248 

0,353 

F 

148,940 

23,754 

24,639 

53,097 

3,527 

Prob 

0,000000 

0,000143 

0,000009 

0,000000 

0,028532 

Where SS is the sum of squares, 

Dof is the degree of freedom 

MS is the mean of squares, 

F is the observed value of Fisher test 

Prob is the probability to get F value > F observed. 

The Degrees of freedom (Dof) provide a measure of the quality of a standard deviation 

estimate. The larger the number of degrees of freedom, the better the quality of the 

estimate. The multiple R2 (Table 5.4) is equal to 0.919 which means that 91.9% of the 

variance of the damping ratio can be explained by the factors in the regression equation. 
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The multiple R2 represents the percentage of the observed variation that can be 

explained by the correlation. The error of the model is equal to 8.1%. 

Table 5.4 
Test of sum 
Dependent 

variable 

Damping 

ratio 

of square oi 
R^ 

0,9191 

"the whole model vs 
Model 

SS 

68,40 

Model 

Dof 

9 

. sum of square of residual. 
Residual 

SS 

6,015 

Residual 

Dof 

17 

F 

21,48213 

Prob 

0,0000 

The hypotheses of ANCOVA (normality and homogeneity of variance of residuals) 

where tested and verified (5% error rate). Errors were random, follow approximately a 

normal distribution, and have a constant standard deviation. Their means were close to 

zero. 

Tests were conducted with a very small hammer, PCB 086D80 and a PCB 352C22 

accelerometer. This hammer has no detachable tip. The steel tip and force sensor are 

integrated in one part. For this case we used the hammer without an extender and 

without a nylon tip. Figures 5 to 8 present samples of the results obtained. Figure 5.5 

shows the signals in the time domain. The impulse lasts for about 0.0001 s and the 

vibration at the tool tip is almost zero after 0.02 s. The signal of the hammer shows no 

second hit and therefore no bouncing has occurred. 
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Fig. 5.5. Time responses of tap test. 

Figure 5.6 shows the frequency content of the same signals. The hammer signal has 

already dropped to 50% of its initial value at 6000 Hz. The power spectrum of the 

accelerometer shows two significant peaks, or modes, at 3800 Hz and 8000 Hz along 

with a small peak at 3200 Hz. 
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Fig. 5.6. Power spectra of tap test. 
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The Transfer Function is shown in Figures 7 (magnitude-phase) and 8 (real-imaginary 

part). One should take into account that this accelerometer can only measure up to 

10,000 Hz (within ±5%). Thus we can only use the FRF up to 10,000 Hz. For 

frequencies beyond 10,000 Hz the accelerometer will give amplified values, which are 

not correct. 

1, It 

I 
I 
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Fig. 5.7. Transfer function; Magnitude-Phase. 
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Fig. 5.8. Transfer function; Real-Imaginary parts. 



119 

Figure 5.9 shows the effect of hub and shaft roughness on damping ratio. Rougher 

surfaces show a higher damping ratio. This is due to asperity overlapping which allows 

more micro-slip between surfaces in contact. 

Fig. 5.9. Surface response curve of damping ratio vs. shaft roughness vs. hub 

roughness. 

The effect of interference between tool and tool holder on the damping ratio is shown in 

Figures 10 and 11. The damping ratio becomes large for rougher surfaces. Small 

interference is desirable for maximum damping. Thus the difference in damping ratio in 

terms of the amount of interference may be explained by a combined effect of lower 

slippage and greater friction between the wall of the hub and the shaft due to greater 

interference. Structured surfaces are defined as those where the surface structure is a 

design feature intended to give a specific functional performance [12]. Using this 

definition, designing a surface with structure intended to enhance the damping effect is 
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in fact designing a structured surface. It is believed that specifying a structured surface at 

the contact interface of a shrink-fit assembly leads to an increase in fine scale micro-

slipping and therefore significantly increases interface damping. 

Fig. 5.10. Surface response curve of damping ratio vs. shaft roughness vs. interference. 

Fig. 5.11. Surface response curve of damping ratio vs. hub roughness vs. interference. 
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5.7 Conclusion 

Damping caused by micro-slip along shrink-fit interfaces has been investigated in this 

paper. The damping ratio of a shaft-hub interface is measured for several mating surfaces 

with different roughness levels. The damping capacity of structures with internal 

interfaces is discussed on the basis of experimental modal analysis results. The damping 

ratio at the shrink-fit interface is influenced by surface finish and shrink-fit interference. 

The damping ratio is higher for smaller interference and rougher surfaces. The results of 

this investigation affirm that effective use of inner friction within a shaft-hub system is 

important for improvement of the damping capacity of shrink-fit assemblies. 
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CHAPITRE 6: DISCUSSION GENERALE ET CONCLUSION 

Les outils assembles par frettage sont les mieux adaptes pour l'usinage a grande vitesse, 

toutefois leur taux d'amortissement doit etre ameliore. L'objectif de cette these est 

d'optimiser rassemblage frette en augmentant son amortissement tout en conservant sa 

haute resistance en torsion. Pour accomplir cet objectif, une etude approfondie de 

1'assemblage frette a ete menee. Nous nous sommes interesses en premier lieu a 1'etude 

de la friction statique qui est un parametre essentiel pour le calcul de la resistance de 

l'assemblage. Ensuite le couple supporte par l'assemblage est explore en fonction de la 

surface et du serrage, aussi une nouvelle methode de calcul pour le serrage qui tient 

compte des parametres de surface relies a la courbe de portance est proposee. Pour 

cone lure le taux d'amortissement est determine pour differents etats de surface et 

serrages. 

6.1 Observations et discussion 

Le frettage est un processus important dans la fabrication mecanique, cependant la 

conception des assemblages frettes n'est pas suffisamment precise et ce du au manque de 

connaissance concernant les effets de plusieurs parametres influents. La comprehension 

du comportement de friction est un critere determinant qui affecte directement la 

fiabilite et la surete operationnelle de ces assemblages. C'est l'une des raisons pour 

lesquelles le travail du premier article a ete entrepris. La friction statique est un 

parametre dependant de l'application ; les valeurs indiquees par differentes references 

bibliographiques ne sont pas fiables parce qu'elles ne considerent pas les caracteristiques 

specifiques de l'application. 

Malgre la nature complexe du frottement statique et de sa dependance d'application, 

beaucoup d'investigateurs ont compile des tables de ces coefficients et les ont editees 

pour l'usage general. Cependant, les problemes surgissent souvent quand les ingenieurs 

essayent d'employer les valeurs tabulees des coefficients de friction pour concevoir un 

assemblage mecanique ou pour analyser la defaillance. Les donnees incorrectes de 
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friction menent a la rupture precoce des composants de machine ou un 

surdimensionnement ajoutant, des couts de matiere inutile, le poids dynamique et le 

volume aux assemblages et aux produits. La dependance d'application de la friction est 

parfois ignoree, menant a la mauvaise application des donnees editees 

En fait, considerer la friction comme «coefficient» est une pratique fallacieuse, cela 

suggere que le «coefficient» soit une propriete intrinseque des materiaux. A la lumiere 

des differences entre les coefficients de friction rapportes dans la litterature (jusqu'a six 

fois) et 1'absence de details experimentaux accompagnant la plupart des compilations, 

les valeurs de telles compilations sont douteux au mieux. Des tableaux des coefficients 

de friction ne devraient pas etre considered pour fournir des valeurs numeriques 

applicables a moins que les conditions employees pour elaborer ces valeurs soient 

etroitement semblables a ceux de l'application pour laquelle les donnees sont prevues. 

Par consequent, l'essai additionnel de friction dans des conditions connues est souvent 

exige pour resoudre des problemes appliques specifiques. 

La determination de l'effet de la pression de contact et de la rugosite sur le coefficient de 

friction statique des assemblages frettes est l'un des objectifs cette these. Ceci contribue 

a l'optimisation de conception et le developpement de nouvelles applications pour ce 

type d'assemblage. 

Pour caracteriser la texture de surface, il est necessaire de choisir les parametres qui sont 

adaptes au probleme specifique a etudier. Chaque parametre fournit une information 

limitee sur le profil de rugosite, toutefois un ensemble de parametres soigneusement 

choisi peut rapporter une bonne description des proprietes exterieures. II y a peu de 

reference decrivant comment identifier les parametres les plus appropries. 

A un niveau microscopique, la pression de contact n'est pas uniforme, ni sur la surface 

apparente ni sur la surface reelle. Le contact entre les asperites des deux surfaces 

rugueuses peut etre presente selon quatre mecanismes microscopiques soient: 
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l'adherence, la deformation plastique, la deformation elastique et 1'inter-location 

d'asperites. Generalement, tous ces mecanismes coexistent dans differentes proportions 

et ensemble ils produisent la friction. La pression de contact avec les parametres de 

systeme tribologiques determinent quel type domine. L'inter-location d'asperites 

favorise generalement la resistance au deplacement et la deformation ou meme la 

rupture de crete. Les deformations elastiques modifient la superficie de contact reel. Les 

deformations plastiques augmentent la resistance au deplacement, produisant du 

labourage et de la soudure de diffusion. En conclusion, l'adherence est une cause 

principale de resistance au deplacement. 

Les surfaces tournees presentent des profils reguliers et periodiques de rugosite. Les 

parametres et les conditions de l'usinage etaient identiques pour chaque type d'usinage 

afin d'obtenir des surfaces reproductibles. Puisque que le tournage externe est plus facile 

et plus precis que le tournage interne, le profil de rugosite a obtenu pour des axes est 

plus regulier que celui pour les pins ou les bagues la geometrie de l'outil et les vibrations 

sont les principales causes de cette difference. 

L'analyse statistique des resultats de la friction a ete faite suivant deux approches. Au 

debut, la rugosite de surface a ete consideree en tant que variable qualitative et classified 

en trois categories ; rugueux, moyen et lisse. L'ANCOVA a ete choisi pour calculer les 

variances et analyser les effets des principaux facteurs et de leurs interactions. Les 

modeles dans ANCOVA sont des cas particuliers des modeles de l'analyse de regression 

avec un melange des variables quantitatives et qualitatives representees par des variables 

codifiees. Dans la deuxieme approche, la rugosite de surface a ete consideree en tant que 

facteur predictif continu et representee par le parametre de Rz. Considerant que des 

textures exterieures pour notre application ont ete obtenues par tournage et il y a une 

relation entre les etats d'usinage et la rugosite de Rz, nous avons choisi ce parametre 

pour representer le profil exterieur mesure. Une analyse de regression a ete choisie pour 

modeliser la relation entre la friction et les parametres independants. 
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Un autre objectif de cette these est d'etablir un modele capable de prevoir la capacite 

maximum de couple pour le cas d'un contact entre deux surfaces rugueuses. Ce modele 

doit Her le comportement microscopique avec le comportement macroscopique. Les 

parametres de la courbe de portance peuvent donner une bonne evaluation de la 

deformation radiale de l'interface de contact et de la surface de contact. En effet, la 

forme de la courbe portance encapsule une quantite significative d'informations sur le 

contact. Cette information est recapitulee dans quelques parametres. Les parametres Rk, 

Rpk, Rvk, Mrl, et Mr2 sont une approche simple ou la courbe de portance est 

approximee par un ensemble de lignes droites. 

La capacite de couple est elevee pour les surfaces lisses, elle diminue pour les surfaces 

de rugosite moyenne puis augmente de nouveau pour les surfaces rugueuses. La courbe 

3D qui represente la capacite de couple en fonction de la rugosite de la bague et la 

rugosite de l'axe montre que la capacite de couple est haute pour les petites rugosites et 

diminue a mesure que la rugosite augmente jusqu'a ce qu'une valeur moyenne soit 

atteinte. Pendant que la rugosite continue a augmenter au dela de ce point, la capacite de 

couple commence a reprendre des valeurs elevees de nouveau. La capacite du couple 

augmente lineairement avec l'interference. Cependant les rugosites de pieces frettees ont 

un effet clair. Pour la meme interference le couple est plus eleve pour les surfaces lisses, 

il diminue pour les rugosites moyennes et augmente de nouveau pour les rugosites 

eleves. Ceci est du au phenomene d'inter-location d'asperites. 

Dans l'etape de conception d'une structure d'outillage, un taux d'amortissement suffisant 

est exige pour assurer le bon fonctionnement dans toutes les conditions de 

fonctionnement prevues. L'utilisation d'alliages speciaux a taux d'amortissement eleve 

ou d'autres mecanismes est souvent couteuse. Environ 90% de l'attenuation de vibration 

se produit dans les joints de la structure, c'est pourquoi 1'optimisation d'une telle 

attenuation est si benefique. L'interface reel depend normalement de plusieurs 

parametres et inconnus complexes, de sorte que les etudes analytiques soient une tache 

difficile. Le taux d'amortissement structural doit etre obtenu par les essais 
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experimentaux. L'optimisation de la structure d'outillage entre le mandrin et les inserts 

de coupe est l'objet de beaucoup de recherches courantes; cependant, la consideration 

appropriee pour l'interface d'outil/porte-outil n'est pas encore realisee. La problematique 

du troisieme article est d'evaluer l'effet de la rugosite et de l'interference sur le taux 

d'amortissement des interfaces communes de l'assemblage force. 

Les surfaces plus rugueuses amortissent plus les vibrations. Ceci est du au contact entre 

les asperites qui laissent plus de micro-glissent entre les surfaces en contact. Le taux 

d'amortissement est plus eleve pour les surfaces plus rugueuses, et pour les petites 

interferences. Ainsi la difference de taux d'amortissement en fonction de l'interference 

peut etre expliquee par un effet combine du glissement inferieur et de la friction plus 

elevee resultant entre la surface interieure de la bague et l'axe. 

Les surfaces structurees sont definies comme etant celles ou la structure de surface est 

une caracteristique de conception prevue pour dormer une performance fonctionnelle 

specifique. En utilisant cette definition, concevoir une surface avec la structure prevue 

pour dormer un amortissement ameliore est en fait concevoir la surface structuree. On 

croit que les surfaces structurees utilisees pour les assemblages frettes menent a une 

augmentation de micro-glissement et peuvent significativement ameliorer 

1'amortissement d'interface. 

6.2 Conclusions 

La presente these concerne 1'influence des etats de surface et du serrage sur les 

caracteristiques des assemblages frettes telles que la resistance de l'assemblage et 

1' amortissement. Elle contribue au developpement d'applications et a 1'optimisation de 

la conception des assemblages frettes. Une etude systematique de la bibliographie, nous 

a permis de collecter des informations sur plusieurs travaux dans le meme domaine ou 

des domaines proches. Nous avons egalement souligne le role important des surfaces en 
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contact pour la dissipation d'energie dans la structure ainsi que pour 1'amelioration de la 

resistance de l'assemblage. 

Nous avons effectue trois types d'essais experimentaux, le premier (presente dans le 

chapitre 3), pour etudier l'influence des differents etats de surface et de la pression de 

contact sur le coefficient de friction des assemblages frettes, le second (presente dans le 

chapitre 4) pour determiner l'effet du serrage et de la rugosite sur la couple maximum 

supporte, le troisieme (presente dans le chapitre 5) traitant l'amortissement de ces 

assemblages en fonction de l'etat de surface et su serrage. 

Les conclusions du travail sont les suivantes : 

• La friction est une quantite importante pour le calcul de la resistance des 

assemblages frettes est souvent prise dans des tableaux publies pour usage general 

et dont les conditions d'obtentions sont ignorees. Cette pratique est nefaste et 

1'alternative est de proceder aux essais de frictions en respectant les conditions et les 

specificites de l'application visee. 

• La friction statique depend principalement de la rugosite et de la pression de contact 

entre les surfaces. En outre, Panalyse de variance a indique que l'interaction entre 

les rugosites de l'axe et des goupilles a un effet significatif sur la friction statique. 

• La relation entre la friction statique et les rugosites des surfaces en contact est 

parabolique et montre un minimum pour des tailles moyennes d'asperite. En effet, 

pour les surfaces lisses la portance est plus grande et ainsi est l'adherence. Cette 

portance diminue quand les tailles d'asperite augmentent jusqu'a un certain 

minimum ou un deuxieme phenomene commence a dominer qui est provoque par le 

chevauchement des asperites. Ce phenomene permet d'obtenir un frottement 

statique plus eleve aux pressions inferieures de contact. Un tel resultat est 

economiquement interessant, puisque les surfaces plus rugueuses sont plus faciles a 

usiner et ont un cout moindre. 
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• La formule de Lame pour les assemblages frettes, largement utilisee, ne considere 

pas la rugosite de la surface de contact. Une meilleure comprehension de l'effet de 

la rugosite et de l'interference sur la resistance en torsion de 1'assemblage frette est 

realisee. 

• Les surfaces rugueuses favorisent la resistance d'un assemblage frette, en effet le 

couple supporte par l'assemblage depend des rugosites des surfaces en contact et de 

l'interference. II depend aussi de l'interaction entre ces trois variables. 

• La resistance en torsion est elevee pour les surfaces lisses et rugueuses en contact, la 

relation possede un minimum pour les rugosites moyennes. L'augmentation de 

l'interference tend a augmenter le couple support, toutefois pour la meme 

interference le couple diminue pour les rugosites moyennes. 

• II n'est pas obligatoire de specifier des etats de surface extremement lisse dans le 

cas des assemblages frettes : on peut tolerer des etats de surface rugueux tout en 

assurant l'efficacite du frettage et en augmentant la competitivite des produits. 

• Les parametres les plus satisfaisants pour evaluer la resistance du frettage ne sont 

pas les parametres moyens. La nouvelle methode de calcul du serrage pour le cas de 

deux surfaces rugueuses en contact utilise les parametres de surfaces lies a la courbe 

de portance et donne de meilleurs resultats. 

• Les surfaces rugueuses favorisent ramortissement des vibrations de meme que les 

petites interferences 

Le nouveau modele se distingue par les caracteristiques suivantes : 

• Le coefficient de friction est obtenu a partir d'experimentation qui tient compte 

des specificites de 1'application. 

• Le serrage calcule par une equation que nous avons proposee qui tient compte du 

contact entre les surfaces rugueuses et utilise les parametres de rugosite lies a la 

courbe de portance. 
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• L'estimation de l'aire reelle en contact permet de calculer la pression de contact 

plus proche de la realite. II faut alors verifier que sa valeur ainsi determinee ne 

depasse pas un seuil critique. 

L'optimisation des assemblages frettes pour un maximum d'amortissement passe par la 

determination de la resistance minimale toleree, puis la determination du niveau de 

rugosite de la surface et de serrage qui assureront cette resistance tout en offrant le 

maximum d'amortissement. 

6.3 Contributions de la recherche 

II doit etre souligne que les resultats quantitatifs de cette recherche fournissent 

seulement une indication de la facon dont les assemblages frettes se comportent 

relativement changement de surface et de serrage. Les resultats, en d'autres termes, 

peuvent varier selon la machine, l'outil, le materiel particulier etc., bien que le 

comportement general de l'assemblage frette ne variera pas beaucoup. 

Relativement peu de travaux ont ete realises sur l'effet de l'etat de surface et du serrage 

sur les assemblages frettes. La recherche presentee dans cette these fait les contributions 

suivantes dans les domaines d'assemblage, d'etat de surface et dynamique des 

structures : 

Une originalite de ce travail est d'utiliser un plan d'experience avec les rugosites des 

surfaces en contact ainsi que 1'interference comme variable independante. Les etudes 

precedentes ont utilises des parametres moyens des deux surfaces. Aussi contrairement 

aux etudes precedentes qui ont utilise les parametres les plus couramment utilise comme 

le Ra, nous avons utilise des parametres plus appropries avec justification ou attribuer un 

critere qualitatif a la surface. Une attention particuliere a ete accordee a la friction. Et les 

courbes 3D qui represented revolution de la friction et du couple en fonction de l'etat 

de surface sont uniques. 
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Le cas deux surfaces rugueuses en contact n'a pas ete encore traite ; une methode 

considerant les effets d'asperites en contact n'a pas ete pas realisee. Une nouvelle 

definition du serrage entre les pieces frettees est introduite. Elle implique les parametres 

de surface lies a la courbe de portance. 

6.4 Travail futur 

Des travaux futurs de recherche peuvent etre imagines a partir de la presente recherche, 

nous citons entre autres : 

• Etude de l'effet du serrage et de l'etat de surface sur la concentricite, 

l'equilibrage, la precision et la repetabilite d'assemblage, 

• Etude de des rigidites statique et dynamique. 

• Etude du cas lorsqu'il y a assemblage d'autres materiaux ou que les pieces sont 

obtenues par d'autres procedes de fabrication. 

• Modelisation par elements finis qui considere la rugosite de surface et la nouvelle 

definition de serrage 

• Appliquer les resultats obtenus sur un cas concret d'un assemblage outil/porte-

outil. 
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ANNEXE : RESULTATS EXPERIMENTAUX 

L'annexe A donne la liste les resultats des essais de mesure de friction, du couple 

maximum transmis et de l'amortissement. Chaque tableau presente les donnes utilisees 

dans l'un des tests statistiques. Le tableau A.l presente les donnees utilisees dans 

l'analyse de covariance presentee dans le premier article. Le tableau A.2 presente les 

donnees utilisees dans l'analyse de regression presentee dans le premier article. Le 

tableau A.3 presente les donnees utilisees dans l'analyse de covariance presentee dans le 

deuxieme article. Le tableau A.4 presente les donnees utilisees dans l'analyse de 

covariance presentee dans le troisieme article. 

Les figures et les tableaux presentes a la suite du tableau A.4 montrent respectivement 

des exemples de profiles de rugosite et des valeurs des parametres de rugosite. Les 

figures A.l jusqu'a A.6 avec les tableaux A.5 jusqu'a A. 10 montrent les resultats de 

mesure de rugosite des echantillons utilises pour les essais de friction. Les figures A.7, 

jusqu'a A. 12 avec les tableaux A. 11 jusqu'a A. 16 montrent les resultats de mesure de 

rugosite des echantillons utilises pour les essais d'amortissement et du couple maximum. 
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Tableau A. 1 
Resultats des essais de friction utilisees pour l'analyse de covariance. 

Ordre 
standard 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

Ordre 
d'execution 

8 

14 

2 

25 

4 

3 

9 

18 

26 

23 

10 

13 

20 

15 

22 

27 

7 

21 

1 

12 

5 

6 

11 

16 

19 

17 

24 

Rugosite de 
l'axe 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugosite des 
goupilles 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Pression de 
contact (MPa) 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

Friction 

0,51 

0,54 

0,63 

0,21 

0,32 

0,41 

0,33 

0,41 

0,52 

0,24 

0,34 

0,37 

0,18 

0,26 

0,29 

0,3 

0,36 

0,43 

0,3 

0,38 

0,46 

0,34 

0,36 

0,44 

0,47 

0,52 

0,57 
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Tableau A.2 
Resultats des essais de friction utilisees pour 1'analyse de regression. 
Ordre 
standard 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

Ordre 
d'execution 

8 

14 

2 

25 

4 

3 

9 

18 

26 

23 

10 

13 

20 

15 

22 

27 

7 

21 

1 

12 

5 

6 

11 

16 

19 

17 

24 

Rugosite Rz 
de l'axe (um) 

5,57 

5,57 

5,57 

5,57 

5,57 

5,57 

5,57 

5,57 

5,57 

10,25 

10,25 

10,25 

10,25 

10,25 

10,25 

10,25 

10,25 

10,25 

20,46 

20,46 

20,46 

20,46 

20,46 

20,46 

20,46 

20,46 

20,46 

Rugosite Rz des 
goupilles (um) 

2,53 

2,53 

2,53 

8,1 

8,1 

8,1 

14,36 

14,36 

14,36 

2,53 

2,53 

2,53 

8,1 

8,1 

8,1 

14,36 

14,36 

14,36 

2,53 

2,53 

2,53 

8,1 

8,1 

8,1 

14,36 

14,36 

14,36 

Pression de 
contact (MPa) 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

23,8 

47,7 

71,5 

Frictio 

0,51 

0,54 

0,63 

0,21 

0,32 

0,41 

0,33 

0,41 

0,52 

0,24 

0,34 

0,37 

0,18 

0,26 

0,29 

0,3 

0,36 

0,43 

0,3 

0,38 

0,46 

0,34 

0,36 

0,44 

0,47 

0,52 

0,57 
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Tableau A. 3 
Resultats c 
Ordre 
standard 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

es essais de Couple maximum supporte utilisees pour 

Ordre 
d'execution 

8 

14 

2 

25 

4 

3 

9 

18 

26 

23 

10 

13 

20 

15 

22 

27 

7 

21 

1 

12 

5 

6 

11 

16 

19 

17 

24 

Rugosite de 
l'axe 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugosite des 
goupilles 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

1'analyse c 
Serrage 
(urn) 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

e covariance 
Couple 
(N.m) 

122,9 

192,2 

240,4 

45 

106,5 

152,9 

84,1 

170,1 

250,3 

30,9 

140,6 

154,8 

72,6 

91,2 

105,4 

52,16 

134,8 

218,5 

62,7 

148,9 

218,5 

55,7 

134,8 

160,9 

72,5 

138,2 

208,9 
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Tableau A.4 
Resultats des essais d'amortissement utilisees pour l'ana 
Ordre 
standard 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

Ordre 
d'execution 

8 

14 

2 

25 

4 

3 

9 

18 

26 

23 

10 

13 

20 

15 

22 

27 

7 

21 

1 

12 

5 

6 

11 

16 

19 

17 

24 

Rugosite de 
l'axe 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugueuse 

Rugosite des 
goupilles 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

Lisse 

Lisse 

Lisse 

Moyenne 

Moyenne 

Moyenne 

Rugueuse 

Rugueuse 

Rugueuse 

yse de co variance. 
Serrage 
(urn) 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

5 

10 

15 

Amortissement 
(%) 

5,4 

5,3 

4,9 

6,5 

6,2 

5,3 

4,1 

3,5 

3,3 

6,7 

6,2 

5,7 

7,1 

6,6 

6,1 

5,4 

5,2 

4,5 

4,3 

3,9 

3,1 

5,5 

5,4 

4,4 

2,6 

1,9 

1,5 
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Fig. A.l. Profile de rugosite d'une goupille lisse utilisee en essais de friction. 

Tableau A. 5 
Parametres de rugosil 
Parameter 

Ra (urn) 

Rq (urn) 

Rsk 

Rku 

Rp (um) 

Rv (um) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

e d'une goupille lisse utilisee en essais de friction. 
Results 

0.750 

0.974 

-0.450 

3.924 

2.259 

3.128 

5.387 

9.917 

4.623 

0.219 

0.102 

Parameter 

Ram ax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk (um) 

Results 

0.991 

1.361 

0.917 

5.561 

4.29 

5.627 

7.672 

3.286 

0.178 

0.087 

2.157 

http://0J2Sttm-cra.x78.i25
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Fig. A.2. Profile de rugosite d'une goupille de rugosite moyenne utilisee en essais de 

friction. 

Tableau A.6 
Parametres de rugosil 
Parameter 

Ra (um) 

Rq (urn) 

Rsk 

Rku 

Rp (um) 

Rv (um) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

e d'une goupille de rugosite moyenne utilisee 
Results 

1.512 

1.913 

-0.534 

3.184 

4.035 

5.755 

9.79 

14.392 

9.389 

0.252 

0.159 

Parameter 

Ramax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk (um) 

; en essais de friction. 
Results 

1.92 

2.427 

0.563 

3.443 

5.957 

8.435 

13.414 

5.966 

0.211 

0.133 

4.162 



142 

5 

I 

I 

r 
r<. 
— 

Profi le= 

1 « 

- / -

- i -

1.250 

R._ISO -

' 

t ^ 

—*--

Section1 

* 
^ i 5 

--H 
( _ _ 

=[2] 
1 

- \ " 

1 1 

"1 1 

' \ f 

A 
1! \ z 1 

1 1 

L 
t 

t 

] 

V r -

1 

! 
1 

1 
1 

JT\ 1; 
- i i — 

V 1 

- - j — 

1 
1 
1 

1 
1 

i V 

1 

1 

1 

! 
2,2 5 

| 
i 

4 Ji;_ _ 

A 
i ! N 

1 1 X-A 

1 , 

-tWt-
1 

1 

; 

0 

V ' 

Wv i 

I! i 

'if t 

! *, 

i'< 
i i 

r.. • ; 

i 

; 

j 
i 

l 

l 
l 
i 

; t 

i 
i 
i 

M 
i: \ 

I"!" j ! 
•\r-J-r-
\f 

i 

i 

i 
i 

i 

i 

fmraj. 

1 

i 
i 

— + 
i 
"... 

1 
i 
i 

i 

U M ) 

0.12Smu'cmx78.I25 

Fig. A.3. Profile de rugosite d'une goupille rugueuse utilisee en essais de friction. 

Tableau A.7 
Parametres de rugosil 
Parameter 

Ra (um) 

Rq (um) 

Rsk 

Rku 

Rp (urn) 

Rv (um) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

e d'une goupille rugueuse utilisee en essais de friction. 
Results 

3.848 

4.715 

-0.066 

2.448 

9.8 

10.539 

20.339 

26.683 

20.91 

0.536 

0.215 

Parameter 

Ram ax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (jam) 

Re (um) 

RSm (mm) 

Rdq 

Rk (um) 

Results 

5.158 

6.191 

0.2 

2.742 

12.131 

14.552 

26.683 

16.363 

0.314 

0.184 

12.126 
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Fig. A.4. Profile de rugosite d'un axe lisse utilise en essais de friction. 

Tableau A. 8 
Parametres de rugosil 
Parameter 

Ra (um) 

Rq (um) 

Rsk 

Rku 

Rp (um) 

Rv (um) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

e d'un axe lisse utilise 
Results 

0.427 

0.510 

0.02 

2.419 

1.293 

1.246 

2.538 

3.437 

2.167 

0.115 

0.076 

en friction. 
Parameter 

Ramax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk (um) 

Results 

0.574 

0.694 

0.384 

2.279 

1.83 

1.607 

3.437 

1.55 

0.104 

0.068 

1.489 
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Fig. A.5. Profile de rugosite d'un axe de rugosite moyenne utilise en essais de friction. 

Tableau A. 9 
Parametres de rugosil 
Parameter 

Ra (um) 

Rq (um) 

Rsk 

Rku 

Rp (um) 

Rv (um) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

e d'un axe de rugosite 
Results 

1.875 

2.209 

0.703 

2.248 

4.987 

3.043 

8.03 

8.737 

7.817 

0.154 

0.132 

moyenne utilise en essais de friction. 
Parameter 

Ramax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk(um) 

Results 

1.933 

2.309 

0.963 

2.532 

5.501 

3.236 

8.627 

7.035 

0.153 

0.119 

3.778 
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Fig. A.6. Profile de rugosite d'un axe ragueux utilise en essais de friction. 

Tableau A. 10 
Parametres de rugosil 
Parameter 

Ra (um) 

Rq (um) 

Rsk 

Rku 

Rp (um) 

Rv (|iim) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

e d'un axe rugueux utilise en essais de friction. 
Results 

3.808 

4.379 

0.710 

2.114 

9.380 

5.015 

14.394 

14.670 

13.809 

0.204 

0.179 

Parameter 

Ramax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk(um) 

Results 

3.840 

4.419 

0.753 

2.145 

9.473 

5.197 

14.597 

13.776 

0.203 

0.176 

4.907 



146 

P»£le-R_BO - Sectiou«[i] 

t ' ' i ' i 
4.000 4.500 [am] 5.000 

O.OSOnnri'cm xl d5.931 

Fig. A.7. Profile de rugosite d'un axe lisse utilise en essais d'amortissement et de 

couple maximum. 

Tableau A. 11 
Parametres de rugosite d'un axe lisse utilise en essais d'amortissement et de couple 
maximum. 
Parameter 

Ra (um) 

Rq (um) 

Rsk 

Rku 

Rp (um) 

Rv (um) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

Results 

0.752 

0.877 

0.827 

2.190 

1.944 

1.145 

3.090 

3.194 

2.707 

0.051 

0.151 

Parameter 

Ramax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk(um) 

Results 

0.812 

0.935 

0.850 

2.254 

2.002 

1.191 

3.164 

2.575 

0.051 

0.141 

1.192 
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Fig. A.8. Profile de rugosite d'un axe de rugosite moyenne utilise en essais 

d'amortissement et de couple maximum. 

Tableau A. 12 
Parametres de rugosite d'un axe de rugosite moyenne utilise en essais d'amortissement 
et de couple maximum. 
Parameter 

Ra (um) 

Rq (um) 

Rsk 

Rku 

Rp (um) 

Rv (um) 

Rz(um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

Results 

1.576 

1.872 

0.034 

2.032 

3.684 

3.450 

7.134 

7.361 

5.376 

0.106 

0.181 

Parameter 

Ramax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk(um) 

Results 

1.589 

1.888 

0.075 

2.060 

3.825 

3.536 

7.361 

5.074 

0.094 

0.179 

5.292 
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Fig. A.9. Profile de rugosite d'un axe rugueux utilise en essais d'amortissement et de 

couple maximum. 

Tableau A. 13 
Parametres de rugosite d'un axe rugueux utilise en essais d'amortissement et de couple 
maximum. 
Parameter 

Ra (urn) 

Rq (urn) 

Rsk 

Rku 

Rp (urn) 

Rv (urn) 

Rz (um) 

Rt (urn) 

Rcmax (urn) 

RSmmax (mm) 

Rdqmax 

Results 

2.395 

2.845 

0.387 

2.243 

6.690 

4.659 

11.349 

11.588 

10.849 

0.204 

0.184 

Parameter 

Ramax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk(um) 

Results 

2.432 

2.894 

0.468 

2.282 

6.857 

4.731 

11.560 

10.629 

0.203 

0.183 

7.532 
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Fig. A. 10. Profile de rugosite d'une bague lisse utilisee en essais d'amortissement et de 

couple maximum. 

Tableau A. 14 
Parametres de rugosite d'une bague lisse utilisee en essais d'amortissement et de couple 
maximum. 
Parameter 

Ra (um) 

Rq (um) 

Rsk 

Rku 

Rp (um) 

Rv (um) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

Results 

1.268 

1.616 

-1.237 

4.490 

2.360 

5.908 

8.268 

11.730 

6.131 

0.307 

0.140 

Parameter 

Ramax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (jam) 

Re (um) 

RSm (mm) 

Rdq 

Rk(um) 

Results 

1.734 

2.062 

-0.588 

7.080 

3.477 

8.254 

10.369 

4.620 

0.218 

0.109 

2.776 
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Fig. A.l 1. Profile de rugosite d'une bague de rugosite moyenne utilisee en essais 

d'amortissement et de couple maximum. 

Tableau A. 15 
Parametres de rugosite d'une bague de rugosite moyenne utilisee en essais 
d'amortissement et de couple maximum. 
Parameter 

Ra (urn) 

Rq (urn) 

Rsk 

Rku 

Rp (urn) 

Rv (um) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

Results 

2.665 

3.070 

0.101 

1.913 

6.375 

6.214 

12.590 

13.820 

9.569 

0.254 

0.127 

Parameter 

Ramax (um) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk(um) 

Results 

2.729 

3.193 

0.272 

2.042 

6.935 

6.885 

13.820 

9.135 

0.243 

0.126 

9.515 
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Fig. A. 12. Profile de rugosite d'une bague rugueuse utilisee en essais d'amortissement 

et de couple maximum. 

Tableau A. 16 
Parametres de rugosite d'une bague rugueuse utilisee en essais d'amortissement et de 
couple maximum. 
Parameter 

Ra (um) 

Rq (urn) 

Rsk 

Rku 

Rp (um) 

Rv (um) 

Rz (um) 

Rt (um) 

Rcmax (um) 

RSmmax (mm) 

Rdqmax 

Results 

5.665 

6.768 

0.363 

2.024 

13.807 

10.788 

24.594 

25.317 

23.45 

0.509 

0.150 

Parameter 

Ramax (urn) 

Rqmax (um) 

Rskmax 

Rkumax 

Rpmax (um) 

Rvmax (um) 

Rzmax (um) 

Re (um) 

RSm (mm) 

Rdq 

Rk(um) 

Results 

5.745 

6.858 

0.398 

2.038 

14.254 

11.063 

25.317 

23.286 

0.508 

0.148 

18.415 


