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Abstract

Recently, a titanium alloy has been as biomaterials that have stable mechanical property and superior biocompatibility. But
the titanium alloy generally has higher young’s modulus in comparison with cortical bone, then bone resorption was occurred
by stress shielding. For this reason B-type titanium alloy exhibiting super-elasticity and super-plasticity was developed. This
alloy has high tensile stress and low young’s modulus too. However, the characteristics of this alloy is lost by severe heat
environment and external force. Therefore, there is possibility that the advantageous characteristics may be lost during
cutting. In this study, the effect of cutting temperature and cutting force on the affected layer was investigated by milling with
small ball end mill tool in order to decrease the affected layer by cutting process. At the cutting speed of 16.0m/s, the
thickness of the affected layer exceeded 2.5um because of increasing of cutting temperature that approached to the
neighborhood of transition temperature of this alloy. On the other hand, the affected layer was observed for the cutting
condition of high cutting force by increasing feed rate of a tooth, depth of cut and pick feed, the thickness of the affected layer
was 0.7um .So, the affected layer was dominant by the influence of cutting temperature. To decreasing affected layer, the
cutting temperature is able to decrease to decreasing feed rate of a tooth or depth of cut.

Keywords : Super elasto-plastic B type titanium alloy, Coated carbide tool, Small ball end mill tool,
Tool life, Surface roughness, Cutting temperature, Affected layer
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FH =0 AEEITERBEA VA TEICEN, BETHIBENEWZDARA 7T MAMEE LTIRIE<
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X = AEEDOBRRFEBTOI, HEHEREOKN B 152 B BT ¥ =0 AEGEORENED b TE T
(Niinomi et al., 2002 ). —J7, FBEDIC X > TR &7z BAID Ti-Nb-Ta-Zr-O 52 &4 (LA T, IR T 2 =7
LERNE, TERBBMBHTIZZR O ENG [BRIREE & ARV HERIEARE A ol 2 T2 FE A B 92 2 L 3 ST
% (Saito et al., 2003). Mz T, WERKITTHEITHRAFNEIHGRD TO2RN 20, (L2EH) - T RE A I EN - &4
ThO, A7 72 FEIFTD ET D EFEHEHS~Om AR ST 2 (Gordon et al., 2014).  Z OFAGHEPE
F X =7 L GEIE, DV-Xa 7 7 A X —IEIC LD H@ik s HEIC DSV TR A T3 U721, IR 90%LL
LR DM LA RS Z LI X S S, AR O @SOS RIRE & AROHEEMERIE A S TS, 2072, fiHaHE
MRS EORIKEZIT NS RBbDD, AT F72 hTHOIMETHIERIA 7T M B~DjiE
DHIFRFCTE H(/NH 2014).

LL, B AT & =0 MIEERA OEWEE TRV EBVYRER AR T 57, YHNTIZE W T TF
WEENN TR 2784 2 & 23 ST Y (FIXH, 1995)(Arrazola et al., 2009), AA4IZBWTCH THAFMAE L 72
L2 ENTRIND. AT, IREREN IR L 255G RE RN I 555 Zm BN LIZ L > TE S
FUTARGEPESR 70 ORI D Z LR SN TW A (B 21F Zijinetal,, 2015). T bHDZ L Z2BEx 5 L,
D TV < FREREIND KO BRFIMCED/IMEI -V VI REHTHH LB HNDHH, IR
LNERSTWRWERTH D, T, EFREHME U THERT 2BRICIIE S LB S5, Z ORI
THAZHHLNIR > TWARWIRILTH 5.

KX T, a—7 v M@l &4 TEZ AW CBEBEHRT 2 =0 AEE&0/MEI — Y U 7 INLE4T), LA
FMOMERE % B & LT LA FEDE DI TR RIE T B OWCTRET L, DL SR D72, b
HIIN A 30 2 OUHREE,  SIEIHRPTAS IR AR I E T RBIC OV THRGE L, & ORER 2 F 2 I L s %
BIE LT BB bIHI S OFE IOV TRFTT 5.

2. =EFHE

BEABEIRA Y, R VISR T X9 bR E2 AT % B R OBEMMHRIF 7 = 7 A 4545(Ti-36Nb-2Ta-3Zr-0.30)
ThHbh, 120X30X25mm OHFLIRTHEM L1z, £z, R 2 X2 OEMARHEEZRL, @5 BEIRE &K e
MARE A A L TWD Z EDNHLNTH S, il T EITAR—/L 488 0.5mm O Bk i SR —Lo s R
IATETHY, TiSIN (LT TSN &589.) #T H, AICISIN (LLF ACSN &7d.) #RET H, DLC #fT
B =ffa vz, 7035, TSN B T RIS J OV ACSN #10B TEOIREILZ 240 lum, DLC #FE T E (X 0.5um
ThbH. #£21FUHIEMEZRT. FATHIZE CIEEREH S SN TREROBLE HYIHLERE 2.5m/fs 23 ki Ch D = &
ZH S E LTEHY (Kitamura et al., 2014), T HAEOEEIZIBO TITEIEEEE(V) : 2.5mis & L, LLTFHL@o 5t

Table1 Chemical composition of workpiece material. Table 2 Mechanical properties of workpiece material.
Chemical composition (mass%) Tensile | Young’s Vickers :
Nb 7r Ta 0 Ti strength | modulus | hardness EIO?(%“M
(MPa) (GPa) HV
36.3 29 2.0 0.31 Bal.
980 62 255 12
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Fig.2 Composition which measures cutting temperature.

Fig.1 Schematic illustration of cutting method.
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Fig.3 Schematic illustration of preparation of specimen and observation of TEM.

ELT, —HNYUYDOED E(S2) : 6um/tooth, BIVIALIEEZ(R) : 50um, B v 27 7 ¢ — K(Pf) : 30um, BIHIHHIZ
TrEEAOHITEY vy 7 70— R kmx & L2(X 1 28). TSR ORGSOV TIEEIEERE D2 b2 3
NAH7-0, GHEEEN)Z 05, 1.0, 15, 2.5, 4.0, 16.0m/s & Z LS. HIHIMANE, 20 (577 Lo Kiat: 7 —
Ty MEwYa v Z 4N, TES O EE O HERI O 2 5F7 0 S YIHIERAL~ 0.5MPa D/ 1) THME
e Uz, THFE, KT HEEFEE(VB)2Y 20um 2B 2 72FE, & LIIKBICE =R EFR LZ. T ER
LT, #RAA 772 MZBWT08umRz 2.5 &7 7 U 7 WEGE LT WERBE & 70 % 2 & A S
TW5(Bolle et al, 1997) = & 75 0.8umRz ZFME & L7z, THAYBEO®EE DRIENL, #FEL) : 3~5N, FlRgxHE
(F) : 0.2mm/s DSAET, JedidFE(SR) : 25um DX A Y& REFE AW To72. X2 1%, YIETEE R EEE D
MR Cd 5. BEHIRNIE 15x10x2.5mm O b 0% “ T HE L, —HIZ VIEN LA L 72 % IZE R 0.1mm Otz ks
Zliti L7z 7 v A AR ERAGA AT, ZHUZ LY, BIHIERZZ v AU E T4 =0 AEEOUEIHE 25 S5 2
& CHERGE S, B A EIRER E T 57 0 AN—F X =0 AEESEERDIER S LD FIEE AV JERIE
Bt L EETH S, BASNIZEEMEIL AD R—RENL, XY 3 ATy 7 b CUIUE R O 24T
ofc. Fio, FRNZT v AN—F % =0 hEGEEXF OBIERA KD, YIHIRFOEELE /) (E) A YIHIR I CHE L,
THRTFEOFERE@G) & L. X 31 TEM BIZEHEREUER OERR T iEZ2 7. O LEHOHEIR 2/~ & <
DIk LakklE LCTHERY H L, OINTRERED - DI —R e RO 7 AT ik, QFIB ZH\WTH v
T AT A > T2 < L, OFEREESSOAEE 0 3. 20k, ® FIB ZHWT S LIc#RLE1T, ©
'y 7 40— RARXVBIEEITo 7.

3. IEBEMEOEVHIMIFHEICRIETEE

ARETIE, LTEYEMFEOEO DN TREICRIETTRELH LML, TEHEMEOREZITH. X 4134
BT B oK i EEFENR & BIHIREBEOBIfR 273, TSN #EiE T 2IC R\ T, i BRI XU &L 0 K& 7e
iz~ L, YIHIEEEE 0.5km CLAEFMICE o7z, —J5, WIMEFEOMEA )/ NS < #1x Hiv/z DLC #Ei T A
B L OVACSN #IE T By =2 W HI Rk 2.0km 38 L OV 5.0km F CLEHFMMPERE &7z, X513 TSN #E T
HAZHBIT 2N F DEEFERAE I OV THIEIEERE A 1B > TR L= b O Th 5. HIHIEEEE 25m 1230 TRk & 72
PRBEHBEASTR B, BIHIEEEE 100m (238 Tk i BEAESR ol g irlitds L OEE Y (X ARy 238
HHND. 6T, GIHIEERES00m ICBW TR ARE SEH LTS Z ERn0n5s. AT, RoARNZIEY)

35
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Fig.4 Relation between cutting length and flank wear width for each tools.
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Fig.5 The cutting edge of TSN coated too SO

with increasing of cutting length. Fig.6 Comparison of the cutting edge of ACSN coated tool
and DLC coated tool with increasing of cutting length.

HIFTR K OWIEIEEEE 25m (23651F 28I A OFEMZ 7~ 3. BIHIATNZRS W CTEINARBMEIZ Re vy 7Ly R3O 5
L5773, 25m BIEI#&IZ W CIERIEFTIC MR & JE PRI R 580 s, L7ens> T, TSN #iE T H) itJJ
HIFHANS Fa v 7Ly SO SICPEORBENAE T, BHOUIEIERECRM OBHENAREL 2D 2 Lnb,
HIERIZEEE ) DAERR & DIE D3 0 I SV CTEEFENHET T35 L HEZ &S, X6 13 ACSN #i T A & DLC %BZH%I
Bz 5 THEFRRIRREIC DWW CHIHIEREZ B> Tl L7 b O Tdh H. ACSN BB T2 1%, SIHIFIHIN & piE
HE e E 2 DR WVEREIEREZ R L TND Z EITNZ, BEMITENRO ONLGBETHS. -, YIHIRE
1.0km ICBWTRD BNDF v Vo 7 IEIEERE 2.0km IZBWTIRIZE A LROLNRL 2o TRV, MWitkroEE
FEIC X0 AEDPHDRINTND Z EMNBH LN THD. —J5, DLC HEE T E X UIEI-HAZ 3\ CEERESER Ml 2/ e
PRBERIEEZ A2 U Ch 0, BIHIEEEE 1.0km (23U TITEEFER TURCEEE DR L, IMBEEL TWD Z &2
BINTHD.

.y Z

Fig.7 Comparison of critical load for each coating.
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X 7 (3SR FE L 351 B R & CORE A E O R 2759, TSN #0503 3.6N, ACSN ##i% 4.7N, DLC
BB L 1IN & 720, ACSN #RBEE T E 23 & B8 S DRV R AR LT D, Lo, TSN #lE & DLC #efiEEic
BOWTIIHFMRBRICK T 2 TEHEMONEN & BEREONEMIT R/ DERER LIZ. T2 T, A7 7 v FHOK
fFi 22 A 3 7. (X 8 134 B 3.6N 12 351F B TSN #fis & ACSN#i D 2 7 F » FIE I L OB 4.7N (2331F % ACSN
WNED A 7 Z v FIRZ R . fafd 36N (21T 2D TSN #ellE, 7 7 » FIR Ml o RIEE D U, W >
LRAMMEEL TWD. —JF, F—EIZBIT S ACSN I CIIBEHIEH LD S, £/, fE 47N (2
kw<ix77/%r®#4%_¢é&%%¢ﬁ%éanN%ﬁiﬁ%ﬁ6mx77/?ﬁ IRICRAA D3R H
LTW5. —J, [X91XDLC #EZIs 1T D MEDOEMIES A7 T v FIEOEERT. i 0.8N £ TIIgk
DOEEITHERTE RV, MEABNESET- 13N TIEA 7 T v FEmMCHIEREE S MR TE 5. LovL, B
OFMITMERTET, BB chHL LB HNS. BRMETH S LIN Tk ACSN #IEFRIEEA 7 T v FIEA
TR OBHPET TS, LLEOREREL Y, TSN #EE T EIIEAREIME S, BIEHIEE K & < A4 U Dk
JEREL 725 Z L CTEEZEMP R bEMERo7o LB X BN, DLCHIE T EIL, HEERE IR H 003 MR8k
RO IR U7 OB L T Z & THBEC X 25/ NS <, TSN ##lE T HIZHAR T AEMPIER Sh- &5
26N %. UL, BEHEESED RSN Z LM TREENTEO - OIEOTEEEN LS 220, G181
k mfHE LEREOSHEAZ B2 EE X HD. —J, ACSN #REIIAOREIZ b THRERIEE A& UF, i
ERNTIEDTEFE L2 DIRRE Lo TEFmMARBIER SN EE 2 b5, I ELY, TEHFMICITEAR
FE LD SR OBSETZRECHIL SR CTH v, MEREMEOBLA CTIX ACSN I LENEHTH L Z L2 5
L7
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Fig.8 Comparison of scratch mark when the critical load

: Fig.9 Comparison of scratch mark at each load
for TSN coated tool and ACSN coating.

in DLC coating.

[ 10 1T TR 31T 2 UIEIFERE OB LE 5 N TR OR K E SHES 02 ka2 ~d. TSN #iE T i3]
BRI D B RIEE 2 £ O BRI RE A R 2 & h, EREIED DX HRE V. F£7z, ACSN @l T H T3]
HIFTENZ BV T E < IXH DN TV A, BIEIFEBEOHINC A E > TIEMEL 72> TW 5. —J7, DLC #iE T B
TTUIHIRIEI A S 2 E U CREHL & 28 0.8um 2 FlEl>TWA Z ERH LN THH. X 111X ACSN #i= T H L DLC
T H oY) HIEERE 25m (1 76%1%ﬁ@r¢m1%ﬁiA@NWﬁiﬁ ZBWTH L7225 L72E 3R
N5, DLC T EOSGAITZ N D OHEITRRD ST BAF M TER & 722> T\ D, X112 (% ACSN #fE
T.H & DLC #¢E T Hiz s 5 Ul AWK @%@%rﬁA%Nwﬁlﬁi%m/7v/%%%%ﬁ@@#ﬁ
AADFED HIVDDIZHKT L, DLC #E T RIX BAF 2R EIRIETH 2 D L [FRHCHA 2N AN E AL TWDH Z &N
o THD. LibX, GIEIFIEIO ACSN #E T B 1% DLC g5 T B bR T BN IR EEDN S - T2,
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Fig.10 Relation between cutting length and surface roughness with each tool.

ACSN coated tool DLC coated tool ACSN coated tool DLC coated tool
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Pick feed direction

Fig.11 Comparison of machined surface with ACSN Fig.12 Comparison of machined surface with ACSN coated

coated tool and DLC coated tool on cutting tool and DLC coated tool on cutting length 25m.
length 25m.

K EIPHL oot &2 N5, LL, AR L72X 91T, ACSN R T EyUIEI a7~ ¢

FPEMBFRND KO ICEBRENEITT D Z LIk, IMEREPLESNDIERE -T2 DEEZHND.

PLEX Y, TEYHMREOUENVETH D SO, THEFENEIZIN A TN LR S OBLAIZIB W TH ACSN
IR T ERNGHTHD EHLMNT L.

4. YHIBERUVYHERSINIZERICRETER

R DRI WD TAREEDRMEZ REFT 5720120, GIEII TR O UIHEECUIE ST EIR PSR M E

LA NNCT AVENH D, 2D, TEM W TN TEEE FOMEMSOLE 282 L, INTAEREE
S EFHE L7z, X 13 1R 3 TR L7 A THIME L7 MIEGUE OB S E & TEM OIS 2/~ L, X 14
IEREM 22 BIHEEE 1.5m/s (281F 5 TEM B & BRI 32 — v 2R3, TEM G0 BITIN TR Hil# E T
OFPICEB D TERHEEOB L 22> TWA Z LR TE S, £, BAREFT A — 22 b @FE TN A
FEOBEFAEHT/SF — L ZR L THNDDICR L, ©~OFEIZB W IO LR OE PRS2 — 2 2R LT
LT ENHALNTHD. ZO@~-OFEEIZIT 2ETRRENT/ X — 0%, INTRTOPEHIM & 8 F-HrEHT L72BRIC
BFHN D/ — 2 LEERO b O(Kitamura et al., 2014) Th 5 Z &2 D, @FEHIRIZIHB W THESMBN AL L TnD 2

Film sample
Fig.13 Schematic illustration of TEM images of the thin film sample.
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TEM image Electron diffraction pattern

Fig.14 TEM observation of cross section of machined surface at V = 1.0m/s.

0.6 30
Sz:6um/tooth, Rd:50pum, Pf:30pm, Wet
g 05} - 25
3
- 04 ot 120 %
= w
(<5}
2 03} OF, 415 o
= oF, o
£ AF 2
S 021 z - 1.0 =
£ £
@ £
S 01fF —105 3
a
e ol | 1 1 L1 1t raalg
S 05 1.0 .20 40 10.0
£ Cuttingspeed V  m/s
! ! !
500 600 700

Cutting temperature 6 K

Fig.15 Relationship between cutting speed and thickness of affected layer,
cutting force and cutting temperature.

EDRHLNTHS. LLEORERLY, TEM B LB FHRIET 2 — 2 OZ b HEIEEE 1.5m/s (231 51 T4
BREESF02uMm THD EEZHND. X 15 ZEKED HET, SUHEHERIZ K T 2N TS BE X 25
L, ZOBROUENRE R OYEEIONEEREZMHL L0 TH S, KLY, YIHEREOEMIE, T
BEE S EIMEMEZ R L TWAZ ERHALNTH S, Fio, UIHRREIINTAERE S & RREC _ EFEm 2R
LTWBDIZH L, YIHIRPUIBAEMZ R L TEBY, TORESHL/NASVWIEBHLNTHD. TDH, N
TAEREITUHNRE DR B EZ LT W EXRR SN D, RIROMSRERE 2, UHREE, UHIKF2ZhE
NELIKRELL, ZOBONMTAEREE I #7252 & C, TSR OARMIZSE 72 K ORGEE]T -
7=, BIHREEDEEIZSWT] ,@M@rlmwabt WA (ASEE+2) T UZZBE 0wk b %
BT HZ L TREELT.. AR 2UIENREARIE Lz & ZAK 900K & 720, W FLoBIFIEE & b
THELLFERERZH->TND D kﬁ%%#f%é X116 1% A SIS T D HHIB W O TEM BIEfE R4 <7,

TEM image Electron diffraction pattern

Fig.16 TEM observation of cross section of machined surface under A condition.
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Thickness of affected layer t um
o
N

Fig.17 Comparison of thickness of affected layer and cutting force
between B condition and V = 1.0m/s..

TEM 40 5 I 3R B AN BRAE OB EZ R L TWD Z E MR TE 5. £, BHREITRE RO, 3To
FEIRIZRBWT, NAEOEREY X — 2R L TEY, MLANIEONDE e 2 — 2 LR T
5. LLEDORERNS, @RS O CE 25um DL EOMTAE N RS T b EE X LND. HINEGE
BRICIUT DAHLHIAT O ZERE AT 1000K TH 5 (Geethaetal., 2004) Z & 705, A SRV TITEHGIHRERE 2 ZE
RAMHEECERITDZ LIk, MIAEEESBHERLEEBZOND. RICUHHEIROEEIZ OV T,
BIEREE DB A KR )13 2.5 72 DI YIHIREEE DRV BIEEEE 0.5m/s S % vy, —H %7 D6V & :50um/tooth,
UBAZGRS 1 200um, B> 7 7 ¢ — K :100um & K& < LizmAanEREE B &ML 35) (280 28Ik Wi %
BT HZETREELT.. 171X B &L, b UHIREIO K & 2o 72 BIEIEE 1.0m/s [2381) 2N TAE =
E R OYIHHRPT Ok 2 73, B S0 31T 2 UIHIHSHUE, GIHGERE 1.0m/s & Hfe L C 105U EE 22> T,
£z, ZOBEOINTEEREE S % [FERICEIZE #ét B S&:MHICH T H M TAEEE XX 0.7um Th 7=, B EiF
IR HMIEERE SIE, YHIRHLOEKIZEVEL Lo TnDH b0, YIHREENE L < &y A SRR
DINLAEEREE S 133 L < t%'jw“é. L/LLODn‘EST%i) 5, INTZEREIIZOIHHET X UIEEEE O BEN KR ©
HDHZEDNHOMNE o7 Fe, MIEEEZFTHMEL7-FTH, UHEEE 40m/s £ TIINMIAEBE X 2/ &
HIHITETVWD Z & HERTE 5.

5. BoEUIAISFHDRE

Y EofERERE 2, MTEERES 2/ & <A RN HEEERILO XN D i UIHI S >V TR L7z,
FEMEL U7-UIHI S TAE R S A3 e/ & < 72 - 7= GIHINREE 530K & 72 5 5D (M 4 T L= 450 -
BIHEEE (V) 2.5m/s, —HX47-0 D%D (Sz)  6um/tooth, BIiAZ&E(Rd) 50um, &> 7 7 ¢ — K (Pf) 30um) Th 5.
EHERILZ XN D G2 RIET 5720, YIHEEE(V) 1.5, 25mls, — R4 72 0 D%V (S2) 4.2, 6.0, 9.0, 12um/tooth,
BAZ B (Rd) 25, 50pm O TA LS, AR IST 2 UIHNRE 23 ~72. [} 18 13- BIHISIHC I T 2 YIH|
REORIERRZ /T, UHNREL, —HNHE720 0D &, YIAREI VNI L 251 EWDT Hm %R LT
WAHZENHGINTH D, £z, MEIHEEEIZIBWT, UHAARRS 2 S 7RO UIHNE I3 60 K FREE L
LTEY, FEOBDEEZRT. ZAO6OUWHRREDOZEE, —RY72h 0k BERUARRE LT 52 &
R0 B ERY BEANRD LicizdThh EEZBND. UL, — AN O%Y &, UBALES TR S/
&< L7z, (S2):4.2pumftooth, (Rd) : 25 pm ORIV T, RO & B2V UEREEN EH- L s, =
AUTED Y B0 B A5 sl 2 L7omi R, Ul R el A7 TINLAMT O 5HREB L 720, AW A O
PN AWTEFES N L7270 Th D B2 bivh. UIHNRED & IR CE 2 54O (V):1.5mis,  (S2) :
6.0 um/tooth, YHAZIEZ(R) : 25 um THHZ EVRHALNTHSD. LL, ZORETIIXRY HE F 20 31
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Fig.18 Comparison of cutting temperature for each cutting condition.
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