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Résumé :

 

 Dans une production grande série de pièces automobiles, des vibrations d’usinage ont été observées. Les

modèles spécifiques au tournage intérieur de pièces cannelées étant rares, un modèle de broutement a été développé.

De plus, les défauts de concentricité ont été pris en compte. Suite à l’analyse du process actuel, il est développé ici

quelques modèles simples permettant d’estimer les efforts de coupe en jeu et les fréquences propres de vibration de

la pièce, avec ou sans effet gyroscopique. Le modèle dit de «semi-discrétisation» est utilisé afin d’estimer l’influence

de l’amplitude et de l’orientation angulaire de l’excentration par rapport aux cannelures. Les résultats obtenus par

les modifications réalisées sur le process actuel sont ensuite présentés. Enfin, des modélisations supplémentaires ont

été réalisées afin de prédire l’influence sur les vibrations d’une modification de la forme de la pièce et de l’utilisation

de conditions UGV.

 

Mots clés : broutement d’usinage, semi-discrétisation, effet gyroscopique, défauts d’excentricité.

Abstract :

 

 Machining vibrations on a mass produced automobile part were noted. Models specific to interior lathing

of ridged parts are rare and so a chatter model was developed.  In addition, concentricity faults were taken into

account. Following the analysis of the present process, some simple models are developed here, making it possible

to estimate the cutting efforts in operation  and the frequency particular to the vibration of the part, with or without

gyroscopic effect.  The « semi-discretization » model is used to estimate the influence of the amplitude and angle

direction of the excentration in relation to the ridges. The results obtained by modifying some aspects of the present

process are then shown.  Finally, additional modeling were carried out to predict the influence on the vibrations of

modifying the shape of the part as well as of using High Speed machining conditions.

 

Keywords: Chatter, semi-discretization, gyroscopical effect, runout defect.
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1 Introduction et état de l’art

!
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&'J',*!'*!6%,*!$%JF&1J',*)+3'6;
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W'!*%23,)0'!'6*!D+6*%3+P2'J',*!U!&)!6%23$'!-'6!-+:'36'6!J%-1&+6)*+%,6!F3%F%61'67!J)+6!5')2$%2F

F&26!-.1*2-'6!%,*!1*1!C+,)&'J',*!F25&+1'6!623!&'!C3)+6)0';!R+*%,6!,1),J%+,6!Y"`Z7!Y"9Z7!Y"MZ7!Y"AZ7!Y""Z7
YM`Z!'*!Y"@Z7!'*!F&26!6F1$+C+P2'J',*!623!&'!*%23,)0'!+,*13+'23!YM_Z7!Y"VZ7!Y8Z7!YVZ!'*!YM"Z;!a'&)*+:'J',*
F'2!-'!*3):)2>!%,*!1*1!F25&+16!6F1$+C+P2'J',*!623!&'6!:+53)*+%,6!',!*%23,)0'!):'$!$%2F'!C%3*'J',*
+,*'33%JF2'7!5+',!J%+,6!',!*%23,)0'!+,*13+'237!',$%3'!J%+,6!',!$%,6+-13),*!2,'!F+O$'!C&'>+5&'!bF&2*S*
P2'!&X%2*+&c7!'*!J%+,6!',$%3'!',!F3',),*!',!$%JF*'!-'6!-1C)2*6!01%J1*3+P2'6!+,+*+)2>;!R+*%,6!,1),L
J%+,6!P2'&P2'6!)3*+$&'6!0&%5)&'J',*!)66'=!F3%$D'6!-'!,%6!%5['$*+C6!d!Y?Z7!YM@Z7!Y"?Z!'*!YM?Z;!R%,$'3L
,),*!&X)FF3%$D'!2*+&+61'!+$+7!-+*'!-'!e!6'J+L-+6$31*+6)*+%,!f7!P2+!F'3J'*!)!F3+%3+!-X+,*3%-2+3'!*%2*'
:)3+)*+%,!6%2D)+*1'!-'!&X'CC%3*!-'!$%2F'!b+,*'332F*+%,!-'!$%2F'7!'>$',*3)*+%,7gc7!,%26!+,:+*%,6!&'
&'$*'23!+,*13'661!U!$%JJ',$'3!F)3!&'6!31C13',$'6!Y"_Z!'*!Y"8Z;

 

2 Contexte industriel
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J',*!-'6!1&1J',*6!62+:),*6!d!)353'!-X',*31'!b&+1!)2!J%*'23c7! &'!$%,:'3*+66'23! b[%2),*! &'! 3S&'
-X'J53)H)0'c7!-+CC13',*6!31-2$*'236!1F+$H$&%i-)2>!):'$!&'6!'J53)H)0'6!'*!&'6!C3'+,6!)66%$+16!bF%23
%5*',+3!&'6!-+CC13',*6!3)FF%3*6!-'!:+*'66'c7!&)!F%JF'!U!D2+&'!bP2+!C%23,+*!&)!F3'66+%,!F%23!$%JJ),-'3
&'6!'J53)H)0'6!'*!&'6!C3'+,6c7!&'!-+6*3+52*'23!DH-3)2&+P2'!'*!',C+,!&X)353'!-'!6%3*+'!P2+!*3),6J'*!&'
J%2:'J',*!:'36!&'6!3%2'6;
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6),*!&)!F%JF'!U!D2+&';!R'**'!5)02'!',!53%,='!C3+**1!6'3*!-'!02+-)0'7!J)+6!-%+*!F'3J'**3'!)266+!2,'!$+3$2L
&)*+%,!-XD2+&'!F)3!-'6!6'$*'236!),02&)+3'6;!G,'!5)02'!F316',*),*!-'6!:+53)*+%,6!-.26+,)0'!'6*!+&&26*31'
623!&)!C+023'!";
W'!F3%$'6626!-'!C)53+$)*+%,7!',*+O3'J',*!)2*%J)*+617!F)3*!-'!_!6*%$j6!-'!F+O$'6!532*'6!b62FF%3*7

)353'7!5)02'c7!31)&+6'!&'6!26+,)0'6!'*!&'6!)66'J5&)0'6!F%23!%5*',+3!&'!6%26L',6'J5&'!)FF'&1!62FF%3*!-'
F%JF'7!P2+!FO6'!U!&2+!6'2&!F3'6P2'!8!j0;!WX%F13)*+%,!$%,$'3,1'!$%,6+6*'!U!*',+3!&)!F+O$'!F)3!&X)FF2+!F&),
k!'*!&'!$',*3)0'!(7!'*!U!31)&+6'3!&'6!-+)JO*3'6!I7!<7!E7!l7!K!'*!&'!F&),!m!)C+,!-X%5*',+3!&'6!$%,$',*3+$+*16
'*!F'3F',-+$2&)3+*16!,1$'66)+3'6;!W'6!-+)JO*3'6!l!'*!K!,X1*),*!F)6!$%,$',*3+P2'67!2,!J),-3+,!6F1$+L
C+P2'!F'3J'*!-'!31)&+6'3!&X'>$',*3)*+%,!,1$'66)+3';!R'&)!)&%23-+*!,%*)5&'J',*!&X',6'J5&'!',!3%*)*+%,7
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+JF%66+5&'!U!F31-+3'7!P2'&P2'6!5)02'6!b-'!"T!U!VTc!F316',*),*!-'6!:+53)*+%,6;!W'6!F+O$'6!1*),*!6H6*1L
J)*+P2'J',*!$%,*3S&1'6!-+J',6+%,,'&&'J',*7!$'3*)+,'6!F+O$'6!6%,*!3'['*1'6!)2*%J)*+P2'J',*!6+!&'6
:+53)*+%,6!%,*!)J',1!2,'!$S*'!D%36!*%&13),$';!W'!FD1,%JO,'!1*),*!*'&&'J',*!3'$%,,)+66)5&'!P2),-!+&
)FF)3)o*7!P2X2,!$%,*3S&'!:+62'&!6H6*1J)*+P2'!)!1*1!+,*3%-2+*!)C+,!-'!-1*'$*'3!3)F+-'J',*!&'6!F+O$'6!)H),*
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!p!"!qJc7!',!$)6!-'!-%2*'!&X1*)*!-'!623C)$'!'6*!J'6231;
W'6!5)02'6!-1C'$*2'26'6!6%,*!'>*3)+*'6!U!&)!F3'66'7!3'JF&)$1'67!'*!31L26+,1'6!623!2,'!)2*3'!J)$D+,'

F+&%*1'!F)3!2,!%F13)*'23!-%,*!&'!6):%+3LC)+3'!F'3J'*!&'!F&26!6%2:',*!-X%5*',+3!2,'!F+O$'!5%,,'7!',
31-2+6),*!F)3!'>'JF&'!&'6!$%,-+*+%,6!-'!$%2F'!%2!',!$%33+0'),*!C+,'J',*!&.'>$',*3)*+%,!-2!J),-3+,;
(1),J%+,67!$'6!F+O$'6!6%,*!F)3C%+6!6+JF&'J',*!31+,*3%-2+*'6!623!&'6!J)$D+,'6!-'!F3%-2$*+%,7!%r!&.%,
%56'3:'!P2'!&'23!*)2>!-'!5)02'6!:+531'6!'6*!6+J+&)+3'!U!2,'!F3%-2$*+%,!,%3J)&';!R'&)!J%,*3'!)!F3+%3+
P2'!$.'6*!2,'!$%J5+,)+6%,!-'!F&26+'236!C)$*'236!P2+!C)+*!)FF)3)o*3'!&'!F3%5&OJ'!'*!,%,!F)6!6+JF&'J',*
&)!F+O$'!%2!&)!J)$D+,'!2*+&+61'!F)3!'>'JF&';

 

3 Premiers constats et sources possibles du problème

3.1 Recensement des sources potentielles du problème

!

\%23!&)!F+O$'!d!F316',$'!-'6!$),,'&23'67!-1C)2*!J)*+O3'!-'!&)!5)02'7!-1C)2*6!01%J1*3+P2'6!-'!&)
5)02'7!-1C)2*6!01%J1*3+P2'6!-'!&.)353'!$3'2>7!-1C)2*6!01%J1*3+P2'6!-2!F&)*')2!62FF%3*!F%JF'7
-1C)2*6!-.)66'J5&)0'6!5)02'!s!)353'!$3'2>7!-1C)2*6!-.)66'J5&)0'6!)353'!$3'2>!s!F&)*')2!62FF%3*;
\%23!&)!J)$D+,'!d!$%,$',*3+$+*1!'*!F)3)&&1&+6J'!53%$D'7!310&)0'!-'!&)!D)2*'23!-.%2*+&7!$%33'$*+%,

)2*%J)*+P2'!-2!-+)JO*3'!F3%03)JJ1!',!C%,$*+%,!-'!&.26+,)0'!F31$1-',*;
\%23!&.%2*+&!d!F3+6'!-'!F)66'7!:+*'66'!-'!$%2F'7!3)H%,!-.%2*+&7!),0&'6!-'!$%2F'7!,2),$';

 

3.2 Observation des stries sur la pièce

!

WX%56'3:)*+%,!U!&)!&%2F'7!+&&26*31'! C+023'!M7!-X2,!1$D),*+&&%,!-'!"?!5)02'6!:+531'6!)!F'3J+6
-X1:)&2'3!&'6!C31P2',$'6!)66%$+1'6!)2>!%,-2&)*+%,6!%56'3:1'6;!!

 

Fig. 1 : Coupe de la transmission, sous-ensemble support pompe et bague vibrée

Fig. 2 : Décompte des stries sur la pièce
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F+O$'!*%23,'!U!MMAA!*3sJ+,!$'&)!$%33'6F%,-!U!2,'!C31P2',$'!-'!"V__!K=;!WX),0&'!-XD1&+$'!)66%$+1'!U
$'6!6*3+'6!$%33'6F%,-!)2!C)+*!P2X+&!,XH!)!F)6!'>)$*'J',*!@A!%,-2&)*+%,6!623!2,!*%237!'*!$X'6*!$'!-1$)&)0'
P2+!C)+*!)FF)3)o*3'!$'**'!D1&+$';!u23!$'3*)+,'6!5)02'6!&X),0&'!-XD1&+$'!:)3+'!3)F+-'J',*!'*!F13+%-+P2'L
J',*7!$'!P2+!J%,*3'!P2'!&)!-H,)J+P2'!',!['2!F'2*!n*3'!$%JF&'>';

 

3.3 Signal de vibration mesuré pendant l'usinage

!

W.',3'0+6*3'J',*!6%,%3'!-'!&)!:+53)*+%,!C)+*!)FF)3)o*3'!2,!F+$!)2>!',:+3%,6!-'!"V@A!K=7!+&&26*31
C+023'!_;!W'!JnJ'!3162&*)*!'6*!%5*',2!U!&.)+-'!-.2,!C)+6$')2!&)6'3!F%+,*1!623!&'!F%3*'L%2*+&!%2!):'$!2,
)$$1&13%JO*3'!623!&'!,'=!-'!53%$D';

 

3.4 Sonnage outil, pièce, porte-pièce

!

N'6!6%,,)0'6!F)3!J)3*')2!-'!$D%$!'*!$)F*'23!F+1=%L1&'$*3+P2'!%2!C)+6$')2!&)6'3!%,*!1*1!'CC'$*216
623!&'6!1&1J',*6!62+:),*6!d!5)02'7!)353'!$3'2>7!62FF%3*7!F%3*'LF+O$'7!%2*+&7!,'=!-'!53%$D';!/&!'6*!)FF)32
$&)+3'J',*!P2'!&.)353'!$3'2>!'6*!-'!&%+,!&.1&1J',*!&'!F&26!-1C%3J)5&'7!$'!3162&*)*!)H),*!1*1!$%331&1!F)3
2,!$)&$2&!F)3!1&1J',*6!C+,+6;!v,!*3%2:'!',!F3)*+P2'!-'2>!C31P2',$'6!F3%F3'6!*3O6!:%+6+,'67!',:+3%,
"VAA!K=!!6'&%,!&.)>'!>!b623!&)!C+023'!"c!'*!"V@A!K=!6'&%,!&.)>'!H7!):'$!2,'!3)+-'23!)66%$+1'!-'!_!qJs
(!',:+3%,!'*!2,!*)2>!-.)J%3*+66'J',*!-'!A79!T;!W.',6'J5&'!,.1*),*!F)6!-'!31:%&2*+%,!+&!'6*!,%3J)&!-'
*3%2:'3!2,!1$)3*!',*3'!2,!J%-'!',!>!'*!2,!J%-'!',!H;!R'6!:)&'236!:)3+',*!*3O6!F'2!-.2,'!F+O$'!U!&.)2*3'
bJ%+,6!-'!"A!K=c!'*!2,!F'2!F&26!-.2,'!J)$D+,'!U!2,'!)2*3'!bP2'&P2'6!-+=)+,'6!-'!K'3*=c;

 

3.5 Mesure des défauts géométriques 

!

u23!&)!F13+%-'!1*2-+1'7!"MAA!6%26L',6'J5&'6!6%,*!F3%-2+*6!$D)P2'![%237!01,13),*!',:+3%,!"A
3'52*6;!W'!62FF%3*!F%JF'!F)66'!F)3!_!%F13)*+%,6!62$$'66+:'67!$D)$2,'!)66231'!F)3!_!%2!8!J)$D+,'67
$'!P2+!01,O3'!C+,)&'J',*!8V!F)3$%236!-+CC13',*6;!/&!',!'6*!6',6+5&'J',*!-'!JnJ'!F%23!&.)353'!$3'2>7
$'!P2+!01,O3'!1,%3J1J',*!-'!F)3$%236!F%66+5&'6!F%23!&.)66'J5&)0'!)33+:),*!U!&.%F13)*+%,!$%,6+-131';
N'!$'!C)+*7!&)!J+6'!F&)$'!-.2,!62+:+!6H6*1J)*+P2'!-'!$D)P2'!F+O$'!)2!$%236!-'6!%F13)*+%,6!1*)+*!+JF%6L
6+5&'7!$%JF*'!*',2!-2!$%^*!P2'!$'&)!3'F316',*';!WX+-',*+C+$)*+%,!F)3!-'6!J'623'6!&'6!,%J53'2>!C)$*'236
626$'F*+5&'6!-'!$%,*3+52'3!U!&.)FF)3+*+%,!-2!FD1,%JO,'!-'!:+53)*+%,7!)!1*1!-1:'&%FF1!-),6!&X)3*+$&'!Y@Z;
R'**'!1*2-'!)!J%,*31!P2X)2$2,'!$%331&)*+%,!$&)+3'!,X'>+6*'!',*3'!&'6!-1C)2*6!01%J1*3+P2'6!F316',*6

U!-+CC13',*6!6*)-'6!-2!F3%$'66!'*!&X)FF)3+*+%,!-'6!:+53)*+%,6;!(+!&)!$%,$',*3+$+*17!,+!&)!F'3F',-+$2&)3+*1
,X'>F&+P2',*!U!'2>!6'2&6!&X)FF)3+*+%,!-2!FD1,%JO,'!:+53)*%+3';!wnJ'!2,!6+JF&'!$2J2&!-'!$'6!-'2>
'CC'*67!,'!62CC+*!F)6!U!'>F&+P2'3!$%JF&O*'J',*!&'!-1$&',$D'J',*!-'!&)!:+53)*+%,;
N'!F&267!2,!62+:+!-1*)+&&1!-.2,'!F)3*+'!-'!&)!F3%-2$*+%,!)!J+6!',!1:+-',$'!&X'CC'*!-'6!+,*'3:',*+%,6

-'6!%F13)*'236!623!&)!P2)&+*1!-'6!623C)$'6!26+,1'6;!I,!'CC'*7!-O6!P2X2,!F3%5&OJ'!)FF)3)o*7!-'!625*+&6
310&)0'6!623!&)!J)$D+,'!6%,*!J%-+C+16!b&)!D)2*'23!-X%2*+&!'*!&)!$%,$',*3+$+*1!-'6!J),-3+,6!,%*)JJ',*7
P2+!6%,*!310&16!F)3!-'6!$)&)0'6!)66'=!03%66+'36!)!F3+%3+c!'*!F'3J'**',*!-'!3':',+3!3)F+-'J',*!U!2,!,+:')2
-'!3'52*6!F&26!C)+5&'!b-'!&.%3-3'!-'!"T7!J)+6!+,$%JF3'66+5&'c;
W)!$%JF)3)+6%,!):'$!2,!F3%$'66!6+J+&)+3'!,'!F316',*),*!F)6!-'!:+53)*+%,6!)!F'3J+6!-'!J'**3'!',

1:+-',$'!P2'!&)!3+0+-+*1!-'!&.',6'J5&'!F+O$'L%2*+&LJ)$D+,'!'6*!2,!C)$*'23!)003):),*7!J)+6!P2'!$.'6*
F3%5)5&'J',*!2,!$2J2&!625*+&!-'6!-+CC13',*6!-1C)2*6!P2+!-1$&',$D'!&)!:+53)*+%,;
R%JF*'!*',2!-'6!$%,*3)+,*'6!&+1'6!U!$'!F3%$'66!-'!F3%-2$*+%,!03),-'L613+'!+&!)!1*1!31)&+61!-'6!*'6*

-),6!&'!52*!-'!31-2+3'!&'6!:+53)*+%,6!6),6!,1$'66+*'3!-.+,:'6*+66'J',*6!&%23-6!623!&'!F3%$'66!,+!-'
3'J+6'!',!$)26'!J)['23'!-.2,!F3%$'66!6*)5+&+61!-'F2+6!F&26+'236!),,1'6;

 

Fig. 3 : Spectre sonore
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4 Modélisation du processus actuel

4.1 Efforts de coupe et déplacements en jeu

!

W.)FF&+$)*+%,!-'6!C%3J2&)+3'6!-'!$)&$2&!C%23,+6!F)3!&'6!C)53+$),*6!-.%2*+&6!b%2*+&6!-+)J),*7!J)*13+)2
53%,='!C3+**1c!-%,,'!2,!'CC%3*!*),0',*+'&!-'!&.%3-3'!-'!_A!(!'*!3)-+)&!-'!@!(;!/&!'6*!U!,%*'3!P2'!&%36!-'
&)!J+6'!)2!F%+,*!+,+*+)&'!-2!F3%$'667!&'6!'CC%3*6!1*)+',*!'6*+J16!3'6F'$*+:'J',*!U!"@A!(!'*!MA!(7!&)
F316',$'!*3%F!C31P2',*'!-'6!:+53)*+%,6!%,*!)&%36!$%,-2+*!U!26+,'3!',!-'2>!F)66'6!'*!U!31-2+3'!&'6!$%,-+L
*+%,6!-'!C+,+*+%,!)2!,+:')2!$+*16!F31$1-'JJ',*;
v,!F'2*!3'J)3P2'3!P2.2,!'CC%3*!-'!"A!(!$%33'6F%,-!U!2,'!C&'>+%,!6*)*+P2'!-.',:+3%,!A79!qJ7!$'

P2+!'6*!-2!JnJ'!%3-3'!P2'!&.)JF&+*2-'!-'6!6*3+'6!-.26+,)0'!b-'!&.%3-3'!-'!"!qJc;!R'&)!J%,*3'!P2'!&)
J+6'!',!:+53)*+%,!-2!6H6*OJ'!bF)3!316%,),$'!%2!53%2*'J',*c7!'6*!J%-131';
I,!$%,6+-13),*!F)3!'>'JF&'!P2'!&.'CC%3*!-'!$%2F'!'6*!$%,6*),*!623!2,!6'$*'23!'*!,2&!',*3'!-'2>

6'$*'2367!%,!'6*!)J',1!U!+,*3%-2+3'!2,'!C%3$'!h

!

b*c

!

!-'!*HF'!6+0,)&!3'$*),02&)+3'7!$%JJ'!+&&26*31!623!&)
C+023'!8;!!

<2$2,'!D)3J%,+P2'!,'!6.)FF3%$D'!:3)+J',*!-'6!"VAA!U!"V@A!K=!J'62316;!N'!F&267!&'6!$%'CC+L
$+',*6!6%,*!*3O6!C)+5&'6!F%23!&'6!-'2>!D)3J%,+P2'6!&'6!F&26!F3%$D'6;!/&!'6*!3)+6%,,)5&'!-'!$%,6+-13'3
P2'!$'!,.'6*!F)6!&'!$D%$!-'!&)!$%2F'!P2+!$31'!&'6!:+53)*+%,6!%56'3:1'67!J)+6!F&2*S*!2,!FD1,%JO,'!-'
$%2F&)0'!F)3!&)!$%2F'7!P2+!'>$+*'!&'!J%-'!F3%F3'!P2+!6+*21!)2>!',:+3%,6!-'!"V@A!K=;!W)!F316',$'!-'
*'&&'6!6*3+'6!'6*!-.)+&&'236!6%2:',*!%56'3:1'!',!*%23,)0'7!JnJ'!6),6!&)!F316',$'!-'!$),,'&23'6;

 

4.2 Modes propres de vibrations

!

G,'!J%-1&+6)*+%,!F)3!1&1J',*6!C+,+67!',!01%J1*3+'!6+JF&+C+1'7!-'!&.',6'J5&'!62FF%3*!F%JF'7!):'$
&.)353'!$3'2>!'*!&)!5)02'!)!-%,,1!2,'!C31P2',$'!*3O6!F3%$D'!-'!&)!C31P2',$'!%5*',2'!F)3!6%,,)0'7!U
J%+,6!-'!"A!K=!F3O6;!I,!C)+*7!2,!6+JF&'!J%-O&'!F%2*3'!',$)6*31'L&+53'!3'F316',*'!)66'=!5+',!&'
$%JF%3*'J',*!:+53)*%+3'7!U!J%+,6!-'!@A!K=!F3O6;!v,!F'2!',!$%,$&23'!P2'!&)!C&'>+5+&+*1!-'!&)!F+O$'!'6*
'66',*+'&&'J',*!-2'!U!&.)353'!$3'2>7!&.%2*+&!P2),*!U!&2+!1*),*!5')2$%2F!F&26!3+0+-'!b:13+C+1!F)3!J'623'
'*!F)3!$)&$2&c7!,%26!&.):%,6!,10&+01!F)3!&)!62+*';
<C+,!-'!:13+C+'3!&'!3S&'!-'!&)!3%*)*+%,!623!&'6!J%-'6!F3%F3'67!F)3!'CC'*!0H3%6$%F+P2'7!2,!-+)03)JJ'

-'!R)JF5'&&!)!1*1!31)&+617!),)&H*+P2'J',*!U!&.)+-'!-.2,!6+JF&'!J%-O&'!F%2*3'!',$)6*31'L&+53';!W.+&&26L
*3)*+%,!-'!&)!C+023'!@!J%,*3'!P2'!&)!61F)3)*+%,!-2!J%-'!-%25&'!-'!C&'>+%,!',!-'2>!J%-'67!F)3!'CC'*
0H3%6$%F+P2'7!'6*!,10&+0')5&'!bJ%+,6!-'!"!K=!U!"AAAA!*3sJ+,c;

 

Fig. 4 : Spectre de la coupe interrompue

Fig. 5 : Diagramme de Campbell

*
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4.3 Vibrations auto-entretenues

!

(%26!$%,6+-13%,6!P2'!&.26+,)0'!'6*!J%-1&+61!F)3!&'!6H6*OJ'!3'F316',*1!623!&)!C+023'!?;!W)!6*)5+&+*1

-'!&.26+,)0'!'6*!1*2-+1'!,2J13+P2'J',*!F)3!&)!J1*D%-'!-'!6'J+L-+6$31*+6)*+%,7!,%26!3',:%H%,6!&'
&'$*'23!)2>!)3*+$&'6!Y"_Z7!Y"8Z7!Y"@Z!'*!Y"?Z!F%23!F&26!-'!F31$+6+%,6;!\%23!3162J'37!+&!'6*!$%,6+-131!P2'
&.1P2)*+%,!-.1P2+&+53'!-2!6H6*OJ'!J)66'!3'66%3*!1P2+:)&',*!'6*!1*2-+1'!:+)!&.%F13)*'23! !-1C+,+!F)3!d

;!l3y$'!)2!*D1%3OJ'!-'!h&%P2'*!'*!U!&)!-+6$31*+6)*+%,!'CC'$*21'!F)3!&)!J1*D%-'7!&'
$)&$2&!$%,-2+*!U!&)!-1*'3J+,)*+%,!,2J13+P2'!-'6!:)&'236!F3%F3'6!-.2,'!J)*3+$'! ;!W%36P2'!&.2,'!-'
$'6!:)&'236!F3%F3'6!'6*!-'!J%-2&'!62F13+'23!U!&.2,+*17!&'!6H6*OJ'!'6*!+,6*)5&'7!6+,%,!+&!'6*!6*)5&';!W'
5)&)H)0'!-'6!$%,-+*+%,6!-'!$%2F'!b:+*'66'!-'!3%*)*+%,7!',0)0'J',*!3)-+)&c7!$%,-2+*!U!2,!*3)$1!)FF'&1
&%5'6!-'!6*)5+&+*1;!W.+,*13n*!-'!$'**'!J1*D%-'7!U!,%6!H'2>7!'6*!6)!3)F+-+*1!bF)3!$%JF)3)+6%,!U!2,'!6+J2L
&)*+%,!*'JF%3'&&'c7!'*!6)!$)F)$+*1!U!F3',-3'!,1),J%+,6!',!$%JF*'!*%2*'!:)3+)*+%,!)35+*3)+3'!-'!&.',0)L
0'J',*!%2*+&7!,%*)JJ',*!+$+!&.+,*'332F*+%,!C%3$1'!-'!&)!$%2F'!'*!&.'>$',*3)*+%,;
W.)FF&+$)*+%,!-'!$'**'!J1*D%-'!$%,-2+*!)2!*3)$1!-'6!&%5'6!3'F316',*1!C+023'!9;!/&!,.'6*!F)6!$%23),*

-),6!&)!&+**13)*23'!-'!3',$%,*3'3!-'6!&%5'6!-.%3-3'!@A7!J)+6!&'6!'>$+*)*+%,6!C%3$1'6!bC+023'!8c!,'!F'2:',*
[26*+C+'3!&'6!:+53)*+%,6!%56'3:1'6;

R'!-+)03)JJ'!,'!F'3J'*!-.'6F13'3!P2.2,!C)+5&'!0)+,!F)3!&'!$D%+>!%F*+J)&!-'!&)!:+*'66'!-'!3%*)*+%,;
/&!,.H!)!',!'CC'*!P2.',:+3%,!MA!*3sJ+,!-.1$)3*!',*3'!2,!J)>+J2J!'*!2,!J+,+J2J7!$'!P2+!$%33'6F%,-!U
"T!-.1$)3*;!W)!F%6+*+%,!-'6!&%5'6!6'!-1$)&'!',!:+*'66'!-'!3%*)*+%,!F3%F%3*+%,,'&&'J',*!&)!C31P2',$'
F3%F3'7!P2+!'6*!626$'F*+5&'!-'!:)3+'3!-'!&.%3-3'!-'!A7@T!-.2,'!F+O$'!U!&.)2*3';!I,!F3)*+P2'!+&!C)2-3)+*
-%,$!)-)F*'3!&)!:+*'66'!-'!3%*)*+%,!U!$D)P2'!F+O$'!U!26+,'3;
W'!$)&$2&!-'!*'&6!&%5'6!F%23!-+CC13',*'6!'>$',*3)*+%,6!b)JF&+*2-'!'*!F%6+*+%,!),02&)+3'c!J%,*3'!P2'

&.%3+',*)*+%,!),02&)+3'!)!2,!'CC'*!J)+6!623*%2*!P2'!&.'>$',*3)*+%,!'6*!2,!F)3)JO*3'!*3O6!$3+*+P2';!W)
C+023'!9!3'F316',*'!&'!J+,+J2J!-'!6*)5+&+*1!bM;@!JJ!623!&)!C+023'!9c!',!C%,$*+%,!-'!&.'>$',*3)*+%,;
R'!F)3)JO*3'!)FF)3)o*!-%,$!$%JJ'!*3O6!6',6+5&'!F%23!,%*3'!J%-O&';!u)$D),*!P2.+,-26*3+'&&'J',*

&)!F+O$'!)!6H6*1J)*+P2'J',*!-'6!-1C)2*6!-'!$%,$',*3+$+*1!-'!&.%3-3'!-'!P2'&P2'6!$',*+OJ'6!+&!C)2*!3'&)L
*+:+6'3!&.'>*3nJ'!6',6+5+&+*1!-2!J%-O&'!U!$'!F)3)JO*3'7!$)3!$'3*)+,6!FD1,%JO,'6!,'!6%,*!F)6!F3+6!',
$%JF*'!+$+!d!&%+!-'!$%2F'!,%,!&+,1)+3'7!'CC'*!-'!*)&%,,)0'7!'*$;

 

Fig. 6 : Modèle des vibrations régénératives

Fig. 7 : Lobes de stabilité
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5 Essais réalisés

!

G,'!613+'!-X'66)+6!)!1*1!'CC'$*21'!)C+,!-'!$%JF)3'3!-+CC13',*6!%2*+&6!$%2F),*6;!W'6!F)3)JO*3'6!*'6*16
6%,*!d!&X),0&'!-'!$%2F'7!&'!3)H%,!-'!5'$7!&)!,2),$'!-'!F&)P2'**';!4%26!&'6!'66)+6!%,*!1*1!31)&+616!U!MMAA
*3sJ+,;!W'!&'$*'23!'6*!3',:%H1!U!Y@Z!F%23!F&26!-'!-1*)+&6!623!&'!F3%*%$%&';!
I,!$'!P2+!$%,$'3,'!&'6!),0&'6!%2*+&7!&'6!'66)+6!%,*!J%,*31!P2'!&'!F)3)JO*3'!&'!F&26!+,C&2',*!'6*

&.),0&'!-'!$%2F'7!&'6!J'+&&'236!3162&*)*6!)H),*!1*1!%5*',26!F%23!Az;!/&!'6*!U!,%*'3!P2'!&)!$%JF)3)+6%,
-'6!,+:')2>!:+53)*%+3'6!%5*',26!):'$!-+CC13',*6!%2*+&6!)!F'3J+6!-'!$D%+6+3!3)F+-'J',*!2,!%2*+&!J'+&&'23
P2'!&'6!)2*3'67!&.),)&H6'!6*)*+6*+P2'!-'6!3'52*6!F%23!$D)P2'!%2*+&!*'6*1!)23)+*!,1$'66+*1!F)3!$%,*3'!2,
*'JF6!5')2$%2F!*3%F!&%,0;
I,!$'!P2+!$%,$'3,'!&)!:+*'66'!-'!3%*)*+%,7!+&!)!1*1!'>F&%31!-'6!:+*'66'6!',*3'!MA@A!*3sJ+,!'*!MMMA!*3s

J+,;!W'6!3162&*)*6!%,*!1*1!*3O6!:)3+)5&'6!b',*3'!MT!'*!8T!-'!3'52*c;!R%JF*'!*',2!-2!C)+*!P2'!&'6!0)+,6
F31-+*6!F)3!&'!*3)$1!-'6!&%5'6!-'!6*)5+&+*1!6'3)+',*!)66'=!&+J+*16!-),6!,%*3'!0)JJ'!-'!:+*'66'7!$'**'!F+6*'
,.)!F)6!1*1!F3+%3+*)+3';
I,!$'!P2+!$%,$'3,'!&'6!310&)0'6!01%J1*3+P2'6!623!&'6!J)$D+,'67!+&6!6%,*!J%-+C+16!3102&+O3'J',*

F)3!&'6!%F13)*'236!',!31)$*+%,!U!*%2*'!)20J',*)*+%,!-'6!3'52*6;!R%JF*'!*',2!-'6!&+J+*'6!J)*13+'&&'6!-'
$'3*)+,6!310&)0'6!b$%,$',*3+$+*1!-'!J),-3+,!'*!D)2*'23!-.%2*+&!-1&+$)*6!U!310&'3gc7!%,!,'!F'2*!P2'!$%,6L
*)*'3!2,'!$'3*)+,'!'CC+$)$+*1!-'6!%F13)*+%,6!'CC'$*21'6!P2+!F'3J'**',*!01,13)&'J',*!)66'=!3)F+-'J',*
-'!3':',+3!-),6!-'6!,+:')2>!-'!3'52*6!)$$'F*)5&'6;

 

6 Solutions mises en œuvre industriellement

!

(%26!'6*+J%,6!P2'!&X2*+&+6)*+%,!-'!&X%2*+&!-%,,),*!&'6!J'+&&'236!3162&*)*67!,%26!F'3J'**3)+*7!623
&.',6'J5&'!-'6!J)$D+,'6!-'!31-2+3'!&'6!3'52*6!-X2,!C)$*'23!8;!N'!F&267!&)!,2),$'!$)3523'!2*+&+61'!'6*
J%+,6!$DO3'!-X2,!C)$*'23!MA!F)3!3)FF%3*!U!&)!,2),$'!-+)J),*!+,+*+)&';!u+!$'!3162&*)*!-':)+*!6'!$%,C+3J'3
-),6!&'!*'JF6!$'&)!)JO,'3)+*!2,!0)+,!-.2,!F'2!J%+,6!-'!MA.AAA!{s),7!$'!P2+!$%JF3',-!&'!0)+,!623
&.%2*+&!$%2F),*7!&)!31-2$*+%,!-'6!3'52*6!'*!-'6!%F13)*+%,6!-'!3'*%2$D'7!'*!2,'!)20J',*)*+%,!-2!3',-'L
J',*!-'!&)!&+0,'!-'!F3%-2$*+%,;
W)!J'+&&'23'!$%JF31D',6+%,!-2!FD1,%JO,'!)!F'3J+6!-'!-1*'3J+,'3!&'6!J%H',6!-'!J'623'!)-)F*16

U!&)!-1*'$*+%,!)2*%J)*+P2'!-'6!F3%5&OJ'6!-'!:+53)*+%,6;!W.1$%,%J+'!P2+!3162&*'3)+*!-'!$'**'!)2*%J)*+L
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Fig. 8 : Influence de l’excentration sur la limite de stabilité
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8 Modélisation du passage à l’UGV
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Fig. 9 : Influence du décalage angulaire des secteurs
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Machining
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Analytical Modeling of Chatter Stability in Turning and Boring Operations
Part I-II
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Surface shape prediction in high speed milling
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A model for simulation of Vibrations During Boring Operations
of Complex Surfaces
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Surface roughness variation of thinwall milling, related to
modal interactions
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Lobes and Lenses in the Stability Chart of Interrupted Turning
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Runout effect in milling: Surface
finish, surface location error, and stability
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The stability of machine tool against self exited vibrations in machining
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