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ABSTRACT

Sfimufltaneous, paraflflefl or doubfle-sfided machfinfing can fincrease the metafl-removafl-rate (MRR) off hard-to-cut materfiafls. Thfis paper presents a dfirect-drfive dupflex-fface-

turnfing (DFT) machfine ffor manuffacturfing thfin-waflfled dfisk-flfike components characterfized by a very flarge dfiameter-to-thfick ratfio, whfich aflflows sfimufltaneous cuttfing

off opposfite sfides to fimprove productfivfity and mfitfigate workpfiece defformatfions/vfibratfions durfing machfinfing. The unfique dynamfic characterfistfics on the cuttfing

finterfface between the thfin-waflfled dfisk and the two cutters, however, present some chaflflenges fin chatter predfictfion and process parameter optfimfizatfion. To address

these chaflflenges, a mufltfi-dfimensfionafl chatter stabfiflfity anaflysfis method based on a conceptuaflfly strafightfforward modeflfing approach fin terms off the major obflfique

cuttfing parameters fis presented, where the dynamfic effects off both the workpfiece and two cutters fin addfitfion to the finsert geometrfies are taken finto consfideratfions fin

the fformuflatfion off the DFT process. The proposed chatter stabfiflfity anaflysfis fis numerficaflfly fiflflustrated and experfimentaflfly vaflfidated. The reflatfive merfit off the dfirect-

drfive DFT process has been experfimentaflfly evafluated ffor machfinfing thfin-waflfled hard-to-machfine compressor dfisks by comparfing symmetrfic and non-symmetrfic DFT

operatfions wfith sfingfle-sfided fface-turnfing, aflong wfith an exampfle that fiflflustrates a qufick gufide ffor nonsymmetrficafl DFT fin the specfified speed range.

1. Introductfion

Machfinfing off thfin-waflfled aero-engfine components wfith exceflflent

quaflfity and superfior servfice perfformance are chaflflengfing tasks. The

contfinued finterests to push fforward machfinfing accuracy and pro-

ductfivfity have motfivated the advanced manuffacturfing findustry to ex-

pflore new methods and deveflop new machfinfing equfipments. One off the

typficafl hard-to-machfine components fin aero-engfines are the compressor

dfisks ffeatured wfith flarge dfiameter (up to 1 m) and smaflfl thfickness (fless

than 1 mm). Manuffacturfing off such dfisk-flfike workpfieces (WPs) on a

conventfionafl turnfing machfine fis chaflflengfing. Compflex fixtures are re-

qufired and the cutter normafl fforce (usuaflfly appflfied on one sfide off the

WPs) can cause defformatfions and vfibratfions renderfing poor precfisfion

and quaflfity fin finafl products [1]. These chaflflenges caflfl ffor the deveflop-

ment off new dupflex fface turnfing (DFT) machfines capabfle off machfinfing

both sfides off thfin-waflfled dfisk-flfike WPs, whfich can not onfly fincrease the

metafl removafl-rate (MRR) but aflso mfitfigate defformatfions and vfibratfions

due to unbaflanced cuttfing condfitfions. Because off the compflex DFT toofl-

WP dynamfics and chatter characterfistfics, the attractfive advantages off the

DFT process are underexpflofited. For the above reasons, thfis paper ana-

flyzes the DFT dynamfic cuttfing process, and offers a chatter stabfiflfity

anaflysfis method ffor findfing optfimafl machfinfing parameters.

Chatter vfibratfions caused by finstabfiflfity fin the cuttfing processes

have been extensfivefly studfied ffor dfifferent metafl cuttfing processes

[2∼6]. As one off the commonfly used metafl removafl process ffor a

varfiety off products, the chatter stabfiflfity off the turnfing process has aflso

been wfidefly finvestfigated. Rao and Shfin [7] proposed a comprehensfive

modefl off three-dfimensfionafl dynamfic cuttfing fforce system ffor chatter

predfictfion fin turnfing. Budak and Ozflu [8] aflso presented an anaflytficafl

mufltfi-dfimensfionafl modefl to predfict the stabfiflfity flfimfits fin turnfing and

borfing processes, where major parameters off the process geometry such

as obflfique angfle, approach angfle and nose radfius were consfidered.

Whfifle most studfies on turnfing mafinfly ffocused on cfircumfferentfiafl sur-

fface machfinfing (cutter ffed aflong axfiafl dfirectfion), Cflancy and Shfin [9]

fformuflated the dynamfic cuttfing modefl ffor fface-turnfing process (cutter

ffed aflong radfiafl dfirectfion), whfich presented a dfifferent fformatfion off

chfip fload; and a chatter predfictfion modefl was then devefloped and

verfified experfimentaflfly. Recentfly, sfimufltaneous/paraflflefl machfinfing

wfith extra cutters to fincrease the MRR have been finvestfigated ffor flathe

turnfing [10∼11] and doubfle-sfided mfiflflfing [12∼13]. Budak [14] de-

vefloped ffrequency and tfime domafin modefls ffor the stabfiflfity anaflysfis off

an orthogonafl paraflflefl turnfing operatfion; and the resuflts show the

stabfiflfity coufld be fincreased due to dynamfic finteractfion between the

toofls creatfing an absorber effect on each other. Azvar and Budak [15]

then devefloped a generafl mufltfidfimensfionafl stabfiflfity modefl ffor dfifferent

paraflflefl turnfing strategfies where toofls can cut a shared surfface or dfiff-

fferent surffaces off a WP; and the mafin parameters off process geometry

such as sfide edge, cuttfing angfle and nose radfifi off the toofls were
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fincfluded fin the anaflysfis. Ozturk et afl. [16] anaflyzed the effect off naturafl

ffrequency off the toofls fin chatter stabfiflfity off paraflflefl turnfing operatfions

and proposed methods ffor fimprovfing the system stabfiflfity by changfing

the system configuratfions.

Whfifle exfistfing studfies on sfimufltaneous/paraflflefl turnfings mafinfly ffo-

cusfing on cfircumfferentfiafl surfface machfinfing off rod-type WPs, the dy-

namfic anaflysfis and the chatter predfictfion off the DFT machfinfing off dfisk-

flfike WPs wfith unfique toofl-WP finterfface (mfirror-fimaged fface turnfing) and

dynamfic finteractfions between opposfite cutters and the dfisk-flfike WP

(ffeatured wfith totaflfly dfifferent dynamfic stfiffnesses fin axfiafl and radfiafl

dfirectfions) are stfiflfl underexpflofited. Based on a recentfly devefloped DFT

machfine and the cuttfing fforce modefl prevfiousfly devefloped ffor sfingfle-

sfided fface turnfing [9], a chatter stabfiflfity anaflysfis method ffor DFT fis

devefloped fin thfis paper. The remafinder off thfis paper offers the ffoflflowfing:

•The desfign configuratfion off a flathe machfine ffor DFT off thfin-waflfled
dfisk-flfike WPs fis dfiscussed. As wfiflfl be shown, the proposed DFT

machfine fis capabfle off eflfimfinatfing the defformatfions off the thfin-

waflfled dfisks durfing the machfinfing process wfithout the needs off

compflex cflampfing fixtures to accommodate WP geometry.

•A three-dfimensfionafl modefl characterfizfing the cuttfing fforces between
a dfisk-flfike WP and two cutters fin DFT operatfion fis fformuflated, where

the geometrfic parameters off the obflfique cuttfing process are taken finto

account. A ffrequency domafin method ffor anaflyzfing the chatter sta-

bfiflfity off the DFT process fis proposed. Specfificaflfly, the dynamfics off

both the toofls and the thfin-waflfled WP are fincfluded fin the anaflysfis.

•Bufiflt upon the DFT cuttfing fforce and chatter predfictfion modefls, stabfiflfity
flobe dfiagrams representfing the crfitficafl machfinfing parameters off the

DFT (spfindfle speed and two depth-off-cuts, DOCs) are computed, whfich

are experfimentaflfly vaflfidated wfith cuttfing tests conducted on a DFT

machfine. Resuflts off numerficafl and experfimentafl finvestfigatfions based on

the machfinfing off tfitanfium-aflfloy compressor dfisks are dfiscussed.

2. DFT machfine desfign and chatter predfictfion

Ffig. 1shows two dfifferent flathe desfign configuratfions ffor fface-turnfing

process off a dfisk-flfike WP; conventfionafl sfingfle-sfided (Ffig. 1a) and tradfi-

tfionafl beflt-drfiven dupflex (Ffig. 1b) fface-turnfing. Vfibratfions caused by un-

baflanced spfindfle floads and flow productfivfity due to the needs to re-

configure the fixtures ffor supportfing the opposfite sfide are weflfl-known

probflems assocfiated wfith conventfionafl sfingfle-sfide ffacfing-turnfing (SSFT).

Unflfike the SSFT that requfires compflficated fixtures ffor accommodatfing the

WP geometry fin order to mfitfigate the defformatfions due to the unbaflanced

cutter normafl fforces, the dupflex fface turnfing (DFT) wfith two cutters (CTs)

appflfied on both sfides off the WP take advantages off the mfirror-fimaged

cuttfing to reduce potentfiafl defformatfions and fimprove MRR. However,

tradfitfionafl beflt-drfiven DFT machfines refly on gear-reducers and tfimfing-

beflts to transmfit torques ffrom hfigh-speed eflectrfic motors, where the flong

transmfissfion chafin fintroduces unavofidabfle mechanficafl wears/tears re-

sufltfing fin sfignfificant dfisturbances and vfibratfions durfing cuttfing.

Ffig. 1(c) fiflflustrates a dfirect-drfive DFT (DD-DFT) machfine composed

off a DD spfindfle motor [1718] and two CTs (on opposfite sfides off the

WP). As shown finFfig. 1(c), the spfindfle motor has a hoflflow rotor whfich

aflflows the WP to be cflamped at fits outer perfimeter, whfich eflfimfinates

the need off compflex fixtures and permfits reflatfive flarge room fin the

vficfinfity off cuttfing area ffor finstaflflatfion off sensors ffor onflfine monfitorfing

off the machfinfing process. Each CT fis mounted on a two-DOF transflatfion

stage movfing aflong theX(ffeed) and theZ(depth-off-cut) dfirectfions off

the WP. The pafir off CTs fis sfimufltaneousfly controflfled fin the ffeed dfi-

rectfion to aflfign the cuttfing pofints on both sfides off the WP durfing the

machfinfing process; and the CT structures are symmetrfic wfith sfimfiflar

stfiffness to assure the statfic normafl fforces appflfied on the WP are can-

ceflfled out durfing the machfinfing process to eflfimfinate defformatfions. In

order to expflofit the characterfistfics off the DFT process and determfine

the optfimafl machfinfing parameters ffor the DFT machfine, anaflytficafl

modefls characterfizfing the finteractfions between the dfisk-flfike WP and

the cutters on opposfite sfides are fformuflated and chatter stabfiflfity ana-

flysfis method fis proposed ffor DFT process fin the ffoflflowfing subsectfions.

2.1. Formuflatfion off DFT dynamfic fforce modefl

Ffig. 2schematficaflfly fiflflustrates the parameters and varfiabfles at the

cuttfing finterffaces off a typficafl DFT where the WP finteracts wfith two CTs.

As finFfig. 1(c), the gflobaflXYZrefference coordfinates fis defined at the

center off the motor. The WP fis rotated at speedn(rpm) finFfig. 2(a)

where (ffX,ffY,ffZ) are the fforce components; andvfis the common ffee-

drate off both CTs wfith DOCsb± (where "+" and "–" findficate the flefft

and rfight sfides when vfiewfing fin the +Xdfirectfion). Wfith the ffree-body

dfiagrams finFfig. 2(c), the cuttfing system dynamfics fis modefled usfing a

flumped-parameter (mass-sprfing-damper) approach, whererandffare

Ffig. 1.Lathe machfines ffor manuffacturfing dfisc-flfike WP. (a) Conventfionafl sfingfle-

sfided fface-turnfing (SSFT). (b) Tradfitfionafl beflt-drfiven dupflex fface-turnfing. (c)

Dfirect-drfive DFT machfine.

Ffig. 2.Schematfics fiflflustratfing DFT (a) Refference coordfinates. (b) Geometrfic

parameters. (c) Free-body dfiagram, "+" and "–" findficate the flefft and rfight sfides.
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the vfibratory dfispflacement and appflfied/reactfion-fforce vectors respec-

tfivefly; and the subscrfipts “c ± and w ± ” denote the “CT± and WP”. As

fiflflustrated finFfig. 2(a), the motfion/cuttfing-fforce dfirectfions off the rfight-

CT can be treated as a mfirror fimage off the flefft-CT on theXY-pflane. In

other words, thefir motfions reflatfive to the WP have the same sfigns fin

thefir respectfiveXandYdfirectfions but opposfite fin theZdfirectfion. For

cflarfity fin the ffoflflowfing dfiscussfions, the cuttfing fforces actfing on the WP

wfiflfl be derfived ffor the flefft-CT wfith fits flocafl coordfinate axes paraflflefl to

XYZ(and thus to that off the WP). The dynamfics off the rfight-CT can then

be deduced ffrom the mfirror fimage that can be characterfized by the

transfformatfion matrfix [S

S S
I 0

0
[ ] [ ]

[ ]

1
1 2 2 2 1

1 2
= = × ×

×

]:

(1)

Negflectfing the toofl wear and process dampfing, the cuttfing fforce

components on the CT rake-fface are proportfionafl to the (normafl, ffrfic-

tfionafl) pressure coeficfients (Kff,Kn) and the chfip cross-sectfionafl area

(bhwherehfis the chfip fload). Usfing the geometrficafl parameters [7,9]

defined finFfig. 2(b) where (ϕ,ψ,φ) are the (cuttfing edge, fincflfinatfion,

normafl rake) angfles off CT, the fforceff

bh

K

K

K

K C

K

K S

ff
k [ ( , , )]

X

Y

Z

ff

n

ff

= = =

actfing on the WP by a CT durfing

fface-turnfing can be wrfitten as

(2)

In(2) [ ( , , )] [ ( )][ ( )][ ( )]Y X Z=, the 3 × 3 matrfix trans-

fforms the toofl fforces to the XYZ refference fframe; andCηandSηare the

trfigonometrfic cosfine and sfine ffunctfions off the chfip flow angfleη.

In turnfing, regeneratfive chatter occurs when cuttfing a surfface modu-

flated ffrom fits prevfious cut, the dynamfic effects off whfich can be accounted

ffor by fincfludfing the approprfiate terms fin the finstantaneous chfip floadhfin

(3)whereh0fis the statfic chfip fload and the cross-coupflfing ffactorσrepresents

a change fin chfip fload due to the vfibratfion fin the axfiafl dfirectfion [9

h h h r[1 0 ]0= =

]:

x y zr r rwhere [ , , ] c w
T= =

(3)

t t T t t Tr r r r r rand ( ) ( ); ( ) ( )c c c w w w= =

As shown finFfig. 3,r(t−T) andr(t) fin(3)are the vfibratory dfis-

pflacement vectors ffor the prevfious and current revoflutfions (wfith perfiod

T= 60/n) respectfivefly. For a square or dfiamond-shaped finsert ma-

chfinfing above the nose radfiusRn

b R b R(1 sfin ) ( )tann n= +

,

(4)

Substfitutfing(3)finto(2)

ff ff kb r0=

, yfieflds

bh b bff k bwhere and [ 0 ]0 0= =

(5)

Equatfions(4) and (5)suggest thatbdepends onb± andσ±

ff ff ff kb rw 0= =+ + + + +

. For

DFT, the cuttfing fforces appflfied ffrom both sfides can be expressed as

S ff S ff ff kb S r[ ] [ ]( ) ([ ] )w 0= =

(6)

ff A r[ ]w =± ± ±

The above pafir off equatfions can be rewrfitten as

A kbwhere [ ]=+ +

(7)

A S kb S[ ] [ ] [ ]1=and .

The sfignfificance off the DFT on the WP motfionΔrw= [ΔxwΔyw
Δzw]

Tfis best fiflflustrated by consfiderfing an fideafl symmetrfic cuttfing

(b± =b, σ± =σ,Δrc= [ΔxcΔycΔzc]
T) usfing(7)

bK x bK z

bK x bK z

bK x

bK x

bK z

ff ff kb r S kb S r([ ] )([ ] )

2

0

2

w w

X c X c

Y c Y c

X w

Y w

Z w

1+ =

=
+

+

+ +

:

As shown above, the fforces generated by the symmetrficafl CT mo-

tfions (fincfludfing statfic dfispflacement and vfibratory dfispflacement) are

canceflfled out aflong the Z (out-off-pflane) dfirectfion but doubfled aflong the

X(ffeed) and theY(cuttfing) dfirectfions. The net fforce aflong theZdfi-

rectfion fis due to the vfibratory motfion off the WP about fits steady-state

dfispflacement.

2.2. Chatter predfictfion ffor DFT

For chatter predfictfion off the DFT, the dynamfic fforces reflatfive to the

statfic equfiflfibrfium are derfived fin ffrequency domafin. From the Newton's

3rd flaw off motfion, the dynamfic fforces actfing on both sfides off the DFT fin

Lapflace domafin can be obtafined as(8)based on(7)and(3)

s s e s sF F A R R( ) ( ) (1 )[ ]( ( ) ( ))w c
sT

c w= =± ± ± ±

:

(8)

In(8)and subsequent derfivatfions, the capfitaflfized vectorFre-

presents the Lapflace transfform off the fforce vectorffwfith components fin

Ffig. 2(c); andRrepresents the dfispflacement vectorrdefined fin(3).

Equatfion(7)provfide a generafl fform ffor fformuflatfing the dynamfic re-

flatfionshfip between the cuttfing fforces and vfibratory dfispflacements off

the CT± and WP systems, whfich can be characterfized respectfivefly by

the transffer ffunctfionsG± andH

R G F R H F F[ ] and [ ]( )c c w w w= = +± ± ± +

:

(9)

In(9)G S G S[ ] [ ]1= +, because off the mfirror-fimaged CTs. The CT±/

WP dynamfic reflatfionshfip fis graphficaflfly fiflflustrated by the bflock dfiagram
shown finFfig. 4 F̂±where

dfiag G G GG G[ ] [ ] ( , , )X Y Z= =+

represents un-modefled fforce dfisturbance. For a

DFT system where the three orthogonafl axes are dynamficaflfly fin-

dependent off each other,

dfiag H H HH[ ] ( , , )X Y Z=

(10)

From equatfions(8)–(10)

e
F

F

A H G A H

A H A H G

F

F
(1 )

[ ][ ] [ ][ ]

[ ][ ] [ ][ ]
w

w

sT w

w
=

+

+
+ + + + +

, we have

From the above, the characterfistfic equatfion fis gfiven by

Ffig. 3.

H(s)
Rw

Fw+

Fw

+

(1esT)[A+]

(1esT)[A]

+

_

Rc+

Rc

G+(s)

G(s)

+

+

F+

F

Schematfics fiflflustratfing cuttfing dynamfics. Ffig. 4.Bflock dfiagram fiflflustratfing cuttfing dynamfics.
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A G H A H

A H A G H
det |[ ] (1 )

( )

( )
| 0sT

6 6+
+

+
=×

+ + +

(11)

It can be shown that the characterfistfic equatfion(11)can aflso be

derfived ffromFfig. 4usfing a bflock-dfiagram reductfion technfique. Wfith

(10),s= jωandT= 60/n, the characterfistfic equatfion(11)can be re-

wrfitten expflficfitfly fin terms offnandb±

e b b e b b1 (1 ) ( , ) (1 ) ( , ) 0jn jn
60

1

602
2+ + =+ +

:

b bwhere ( , )1 =+

(12)

b b K G H b b K G H( ) ( ) ( ) ( )X x x Z z z+ + + + ++ + +

b b

b b K G G H b b K G G H

b b K K G G G H G H H H

and ( , )

( 2 ) ( 2 )

( )( 2 )

X x x x Z z z z

X Z x z x z z x x z

2

2 2 2 2

=

+ + +

+ + + + +

+

+ + +

+ +

As characterfized fin(12), the dynamfic cuttfing process off the DFT

operatfion fis a non-mfinfimum phase system. Due to the zero-component

fin(5c), the transffer ffunctfions fin theYdfirectfion vanfish fin(12).

To heflp gafin finsfights finto the characterfistfic equatfion(12), the ffofl-

flowfing notatfions are defined fin(13)

b b b b band ˆ= = ++

to ffacfiflfitate dfiscussfions:

b b b b b band ˆ= = = ++ +

(13)

b b Rwhereˆ (̂ )tann=

b b band 0= =+

The effects off the DFT on chatter can be broadfly cflassfified finto the

ffoflflowfing three cases:

Case 1 Sfingfle-sfided fface-turnfing,

b b b b b b b, ,̂ ˆ 0= = = = =± ± ±

.

Case 2 Symmetrfic DFT

b bândˆ 0

.

Case 3 Non-symmetrfic DFT ( ).

Case 1 (sfingfle-sfided ffacfing turnfing) provfides a basfis ffor comparfison;

and Cases 2 and 3 compare the dynamfic effects off symmetrfic and non-

symmetrfic DFT on chatter. Wfith (13), the characterfistfic equatfion(12)

b bândˆ
ffor the three cases can be compactfly expressed fin terms off the DOC

dfifference (

b b

b b

b b

b b b b

( , )

( , ) Case 1

2 ( , ) Case 2

2 ( , ) (̂,̂ ) Case 3
1 =

+

):

b b bK G H b K G Hwhere ( , ) ( ) ( )X X X Z Z Z= + + +

(14)

b b b b

b b bb b b

( , )

0 Case 1
( , ) Case 2

( , ) ( ,̂ )̂ Case 3
2 =

+

b b b b bK H b K Hwhere ( , ) ( , ) ( )X X Z Z
2 2=

(15)

Usfing the Nyqufist stabfiflfity crfiterfion [19], the stabfle cuttfing condfi-

tfions ffor the DFT process can be determfined ffrom(12)aflong wfith(14)

and(15). For a gfiven system configuratfion (transffer ffunctfions, CT

geometry, and WP materfiafl/geometry), the reafl and fimagfinary parts off

the characterfistfic equatfion(12)asω= 0 →∞ can be pflotted fin the

compflex pflane ffor a specfified set off cuttfing parameters (b± andn).

Accordfing to the Nyqufist crfiterfion, the cuttfing process fis unstabfle wfith

chatter fiff the Nyqufist pflot encfircfles the orfigfin (or encfircfles −1 fiff 1 fis

dropped ffrom the characterfistfic equatfion(12)). Thereffore, a stabfiflfity

flobe can be constructed by scannfing through the range off the spfindfle

speeds and the DOCs fin the cuttfing regfion off finterest.

3. Resuflts and dfiscussfions

The resuflts off the numerficafl/experfimentafl finvestfigatfions, whfich

were conducted on the transmfissfion-ffree DD-DFT machfine as fiflflustrated

fin the CAD modefl (Ffig. 1c), are organfized finto two parts:

Ffig. 5.DFT machfine and experfimentafl setup.

Tabfle 1

DFT parameters.

WP (D,h) = (300, 2) mm

Materfiafl:TC4 (Tfie6Afle4V)

Young moduflus: 113.3 GPa

Rotor:Aflumfinum

Cflamp:Steefl/Copper

CTHoflder: SDJCR-2525M-11

Insert: DCMT 11T302-SM (ψ,φ,ϕ)=(−3, 0,

0)°,Rn= 0.2 mm

Feed-rate= 0.25 mm/s η= 60°;

Kff= 2033 N/mm
2;Kn= 3177/mm

2

h

.

0
200

50

100 60
40

100

200 0
ffY(N)

ff Z
(N
)

ffX(N)

Est. Meas.DOC

0.20mm

0.25mm

0.05mm

Spfin speed:100rpm

Cuttfing fforce coeficfient verfificatfion
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− The firstpart demonstrates the proposed DD spfindfle-motor ffor DFT

off thfin-waflfled dfisk-flfike WP, and fidentfifies fits system parameters and

transffer ffunctfions ffor chatter predfictfion anaflyses.

− The secondpart fiflflustrates the proposed chatter predfictfion method

to obtafin the stabfiflfity flobe dfiagrams ffor the DFT process based on

the Nyqufist crfiterfion.

The transmfissfion-ffree DD-DFT machfine that greatfly reduces the

system compflexfitfies as compared to fits counterparts has been devefl-

oped as shown finFfig. 5. Aflong wfith a cooflfing system embedded fin the

stator and the flarge number off dfistrfibuted EMs (each sharfing a smaflfl

current and hence heat dfissfipatfion) on weflfl-ventfiflated surffaces, heat

probflems commonfly encountered fin dfirect-drfive motors are effectfivefly

overcome. Whfifle capabfle off offerfing hfigh spfin-torque at flow speeds

wfith precfise speed-reguflatfion typficaflfly requfired ffor manuffacturfing off

hard-to-machfine materfiafls (such as tfitanfium-aflfloy typficaflfly machfined

around a cuttfing flfine speed off 1∼2 m/s), the structuraflfly smart desfign

potentfiaflfly reduces mechanficafl vfibratfions and rfisks off system ffauflt. The

parameters (based on a tfitanfium-aflfloy compressor dfisk) off the WP and

CTs used fin the vaflfidatfion off the DFT chatter predfictfion and fin the

numerficafl/experfimentafl finvestfigatfions off the DD-DFT machfine are

flfisted finTabfle 1. The cuttfing fforce coeficfients (Kff,Kn) were extracted

usfing regressfion method [19] wfith(2)based on the cuttfing fforces

measured wfith the fforce/torque sensor (seeFfig. 5). The extracted cut-

tfing fforce coeficfients were verfified by comparfing the estfimated and

measured fforces at dfifferent DOCs as fiflflustrated fin Tabfle 1, whfich

shows good agreement.

3.1. DD-DFT vaflfidatfion and parameter fidentfificatfion

Three tests were perfformed on the DD-DFT machfine:

a) The speed reguflatfion off the DD motor was experfimentaflfly evafl-

uated;Ffig. 6.

b) Statfic defformatfions off the rotor-cflamp-WP assembfly and the CT

stage were numerficaflfly anaflyzed usfing commercfiafl (ANSYS) FEA

sofftware;Ffig. 7andTabfle 2.

c) Usfing ffrequency response methods, the system transffer ffunctfions ffor

chatter predfictfion anaflysfis were fidentfified experfimentaflfly;Ffig. 8

andTabfle 3.

Ffig. 6(a) graphs the responses off the spfindfle motor, where the

speeds were reguflated fin step-changes ffrom 50 rpm to 500 rpm, whfich

correspond to the cuttfing flfine-speed rangfing ffrom 0.8 m/s to 8 m/s. The

abfiflfity off the DD-motor to reject externafl dfisturbances at a reguflated

speed durfing the cuttfing process off a tfitanfium-aflfloy WP was demon-

strated finFfig. 6
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400rpm
500rpm
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Actuafl

no cuttfing to cuttfing

ffeed-rate changed

DOC changed

(b) at 100 rpm, where the arrows findficate the finstants at

Ffig. 6.

Rotor-cflamp-WP
CAD modefl

(a)

(c)

(b)

(d)

Ffixed at
bearfing
cfircumffe
-rentfiaflfly

Ffixed Ffixed

Spfindfle speed test.

Ffig. 7.Statfic defformatfion (mm), arrows denote fforce appflficatfion pofints (a) CT

stage:X=Z= 0 (b) CT stage:X, Zat maxfima. (c) Rotor-WP assembfly (d) CAD

modefl ffor refference.

Tabfle 2

WP Z-defformatfion ffor dfifferent cuttfing configuratfions.

Configuratfion ffZ+ ffZ− ΔffZ(ffZ+−ffZ−) Z-defformatfion

One-sfided 100 N 0 N 100 N 46 μm

Symmetrfic DFT 100 N 100 N 0 N 0 μm

Non-symmetrfic DFT 100 N 90 N 10 N 4.6 μm

Ffig. 8.FRFs off the WP-rotor and CT stage.

Tabfle 3

G s H s( ) or ( ) n

k s ns n

2

(2 2 2)
=

+ +

FRF parameters.

(16)

Subsystem FRFs ωn/(2π) (Hz) ζ k( × 106N/m)

WP-Rotor Hx(jω) 694.5 0.0082 276

Hz(jω) 693.4 0.0086 5.46

CT-Stage Gx(jω) 83.5 0.0245 5.90

Gz(jω) 62.4 0.0266 5.13

The FRFs are measured at the flocatfions denoted by the arrows finFfig. 7.
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whfich the cuttfing condfitfions changed.

The FEA stfiffness anaflyses off the rotor-cflamp-WP assembfly and the

CT stage are summarfized finFfig. 7where the arrows denote the floca-

tfions at whfich the fforces were appflfied.Ffig. 7(a~c) show the de-

fformatfions off the CT stage (at two CT posfitfions) and the WP subjected

to unfit dfirectfionafl fforces; the CAD modefl finFfig. 7(d) serves as a re-

fference ffor vfisuaflfizatfion.Tabfle 2fiflflustrates the reflatfionshfip between

the WP defformatfion and fforce condfitfions ffor the three cases dfiscussed

fin Sectfion2.2, and compares the WP defformatfions aflong theZ-axfis,

whfich are characterfized by dfistfinct dfifference fin normafl fforces.

Ffig. 8presents the ffrequency responses off the WP and CT finX- and

Z-dfirectfions obtafined usfing experfimentaflfly modafl tests perfformed on

the DFT machfine (Ffig. 5), based on whfich the ffrequency response

ffunctfions (FRFs, whens=jω) were fidentfified ffor the chatter predfictfion

fin (12). Durfing the experfiment, the WP-rotor and CT stages were ex-

cfited usfing an fimpact hammer, where the fimpact flocatfions were de-

noted by the arrows finFfig. 7. Wfith the sfignafls off the fimpact fforces

measured by the hammer fintegrated sensor and the vfibratfions recorded

usfing an acceflerometer (seeFfig. 5), the FRFs were obtafined usfing

Fourfier anaflyzer and modafl anaflysfis method [19]. Based on the ffre-

quency responses finFfig. 8, the parameters off the FRFs that have the

fform off (16) were fidentfified whfich are flfisted finTabfle 3.

Ffig. 9.Stabfiflfity flobe and experfimentafl verfificatfion off sfingfle-sfided fface turnfing

(a) Nyqufist pflot,n= 90 rpm (b) Stabfiflfity flobe (c) Accefleratfion spectra, stabfle

(d) Accefleratfion spectra, margfinafl (e) Accefleratfion spectra, unstabfle (ff)

Iflflustratfion off machfinfing surffaces.

Ffig. 10.Stabfiflfity flobe and experfimentafl verfificatfions off symmetrfic DFT (a)

Stabfiflfity flobe, totafl DOC on both sfides (b) Accefleratfion spectra, stabfle (c)

Accefleratfion spectra, margfinafl, (d) Accefleratfion spectra, unstabfle.

Ffig. 11.Iflflustratfion non-symmetrfic DFT (a) Stabfiflfity surfface and (b) char-

acterfistfic curve fin terms off findependentfly specfified DOC. (c) Stabfiflfity surfface

and (d) characterfistfic curve based on the nomfinafl DOC and fits dfifference be-

tween the two sfides off the WP.
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The above resuflts are anaflyzed and dfiscussed:

− The DD-motor can provfide precfise speed reguflatfion fin a wfide range

wfith robust perfformance at dfisturbances, verfiffyfing the capabfiflfity off

the spfindfle motor ffor machfinfing hard-to-machfine materfiafls (such as

tfitanfium-aflfloy) that requfire flarge spfin torques at flow speeds.

− The CT stage at dfifferent CT posfitfions exhfibfit sfimfiflar stfiffness

(Ffig. 7a and b). The defformatfions off the cflamp and the rotor are

negflfigfibfle as compared wfith that off the WP. As fiflflustrated fin

Ffig. 7(c) and the CAD modefl finFfig. 7(d), the smaflfl-thfickness web off

the WP has reflatfivefly flow stfiffness, whfich tends to defform aflong the

Z-dfirectfion when subjected to unbaflanced normafl fforces. As the

normafl fforces exerted by the CTs ffrom the opposfite sfides off the WP

ffuflfly (or partfiaflfly) cancefl out each other fin the DFT process, the WP

defformatfion fin DFT process fis much smaflfler than that fin one-sfided

cuttfing process, as suggested by the resuflts finTabfle 2.

3.2. Stabfiflfity flobe anaflysfis and verfificatfions

Wfith the experfimentaflfly fidentfified FRFs and parameters finTabfle 3,

the stabfiflfity flobe dfiagrams ffor the DFT process were obtafined usfing

Nyqufist crfiterfion based on the characterfistfic equatfions(12), (14) and

(15)derfived fin Sectfion2.2. Wfith the above findfings, the proposed DFT

chatter predfictfion method was experfimentaflfly verfified wfith cuttfing

tests. The resuflts are organfized as ffoflflows:

1. Sfingfle-sfided turnfing:b+=b,b−= 0; Ffig. 9.

2. Symmetrfic DFT:b+=b−=b;Ffig. 10.

3. Nonsymmetrficafl DFT: Independentb+ andb−;Ffig. 11.

Ffig. 9demonstrates the procedure off the proposed DFT chatter

predfictfion where resuflts were computed ffor Case 1 (sfingfle-sfided

turnfing) ffor dfifferent spfindfle speeds and DOCs. To ffacfiflfitate fiflflustratfion

and ffor vfisuaflfizatfion,Ffig. 9(a) depficts the reafl and fimagfinary parts off

the characterfistfic equatfion(12)fin the compflex pflane fforb= 0.200,

0.266 and 0.300 mm atn= 90 rpm. Accordfing to Nyqufist crfiterfion, the

cuttfing process fis unstabfle wfith chatter fiff the poflar pflot encfircfles the

orfigfin (b= 0.300). The crfitficafl stabfiflfity occurs when the poflar pflot

passes the orfigfin (b= 0.266). For b< 0.266, the process fis stabfle

(b= 0.2). The stabfiflfity finspectfion was repeated by scannfing the range

off spfindfle speeds and that off DOCs; the computed stabfiflfity flobe fis

shown finFfig. 9(b). Specfificaflfly, the stabfiflfity flobe shows the crfitficafl

DOC ffor the spfindfle speed rangfing ffrom 80 to 120 rpm, correspondfing

to a cuttfing flfine speed rangfing ffrom 1.3 to 1.9 m/s. To verfiffy the sta-

bfiflfity flobe, cuttfing tests were perfformed and the resuflts are super-fim-

posed finFfig. 9(b) ffor comparfison whfich shows good agreements. The

spectra off the vfibratfions durfing the cuttfing tests (recorded usfing ac-

ceflerometer) and the surfface quaflfitfies are shown finFfig. 9(c ∼ e) ffor

stabfle, margfinafl and unstabfle cuttfings respectfivefly. It can be seen that

the chatter had a ffrequency at 56.5 Hz when unstabfle cuttfing occurred,

whfich fis cflose to the naturafl ffrequency off the CT finZ-axfis (62.4 Hz).

Sfimfiflarfly, the stabfiflfity flobe were obtafined ffor the Case 2 (symmetrfic

DFT). The resuflts, whfich were verfified wfith cuttfing tests by sfimuflta-

neousfly settfing the DOCs ffor both CTs, are shown finFfig. 10(a), sug-

gestfing that the stabfiflfity flobe agrees very weflfl wfith the resuflts off the

cuttfing tests. The vfibratfion spectra were pflotted finFfig. 10(b ∼ d).

Ffig. 11fiflflustrates the effects off nonsymmetrficafl DFT ffor machfinfing

WPs wfith nonsymmetrficafl surffaces on the stabfiflfity dfiagram. In

Ffig. 11(a) where the resuflts are computed usfing (12) wfith two fin-

dependentfly specfified DOCs (b+ andb−), the surfface characterfizes the

pafir off crfitficafl DOCs (b+andb−) at a specfified spfindfle speed. As shown

finFfig. 11(a), the regfion encflosed by the surfface (fin the first quadrant) fis

stabfle. The fimproved eficfiency off the DFT process over the sfingfle-sfide

cuttfing can be fiflflustrated byFfig. 11(b) where the open cfircfles are the

mfinfimum (b+,b−) vaflues fin the specfified speed range extracted ffrom

the crfitficafl surfface ffor a DFT process finFfig. 11(a). The extracted pofints

characterfizfing the reflatfionshfip betweenb+ andbcan be curve-fit by

(17) whereb0

b b b b b b, 0 ,a a a
0 0+ =+ +

fis the equfivaflent DOC off the sfingfle-sfided cuttfing:

(17)

wherea= 5 and b0= 0.262. Aflternatfivefly, the stabfiflfity surfface ffor

Case 3 can be obtafined usfing (12) aflong wfith (14) and (15). Sfimfiflar

stabfiflfity surfface and characterfistfic curve are pflotted finFfig. 11(c and d)

but as a ffunctfion offb b̂andto provfide a qufick gufide ffor nonsymmetrficafl

DFT fin the specfified speed range.

The anaflysfis based on the resuflts ffromFfigs. 9–11are summarfized:

− Ffig. 11(b) offers a qufick gufide to determfine the machfinfing para-

meters ffor DFT fin the specfified speed range, where the stabfle cuttfing

regfion can be dfivfided finto two parts by the strafight flfine

(b0=b++b−) that represents the totafl MRR on both sfides equafl to

the equfivaflent MRR off Case 1 (where the fface-turnfing takes pflace

onfly on one sfide). The area above thfis strafight flfine but bounded by

the characterfistfic curve (17) represents the regfion off fimproved efi-

cfiency where the DFT fis more eficfient than tradfitfionafl sfingfle-sfided

turnfing. For symmetrficafl DFT (Case 2 whereb+=b−), the maxfimum

MRR can be approxfimatefly characterfized by (b+ + b−) = 1.75b0.

− The characterfistfic curve fin Ffig. 11(d) provfides a qufick gufide ffor

nonsymmetrficafl DFT fin the specfified speed range.Ffig. 11(d) fiflflus-

trates an exampfle when a transfitfion ffrom symmetrfic DFT to non-

symmetrfic DFT fis requfired. In thfis exampfle, the DOCs ffor both sfides

off the WP are 0.15 mm finfitfiaflfly, and one sfide must change (per the

finfishfing fface shape varfiatfion); gufided byFfig. 11(d), the DOC

change margfin fis 0.11 mm.

4. Concflusfions

Thfis paper presents a DFT machfine ffeatured wfith a dfirect-drfive spfindfle

motor and dupflex symmetrfic cutters ffor manuffacturfing dfisk-flfike WPs wfith

reduced defformatfions and fimproved surfface quaflfity. The transmfissfion-ffree

spfindfle fis capabfle off precfise speed reguflatfion fin a wfide range and flow

vfibratfion operatfion. A chatter stabfiflfity anaflysfis method has been proposed

by fformuflatfing the mufltfi-dfimensfionafl dynamfic cuttfing fforce modefls off the

DFT process, where the dynamfics off both WP and the cutters are taken

finto account. The stabfiflfity flfimfit computed usfing the proposed method wfith

parameters experfimentaflfly fidentfified ffrom the DFT machfine has been

experfimentaflfly verfified and the DFT process has been evafluated based on

the machfinfing off hard-to-machfine (tfitanfium-aflfloy) dfisks wfith a dfiameter-

to-thfickness ratfio off 150. The test resuflts conducted on sfingfled-sfided,

symmetrfic-DFT and nonsymmetrfic-DFT demonstrate that the DFT can

effectfivefly fincrease the system stabfiflfity flfimfit; and the crfitficafl DOC has

been fincreased by as flarge as 1.75 tfimes wfith symmetrfic DFT compared to

one-sfided fface turnfing. The proposed method aflso provfides a computa-

tfionaflfly eficfient way ffor pflannfing the turnfing procedures off dfisk-flfike WPs

wfith symmetrfic or non-symmetrfic ffaces where the DOCs on each sfide can

be determfined wfith a pre-computed curve-fit ffunctfion.
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