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Table 1.1 Inputs, outputs, and internal items in the machining system when metals are cut?.

Input ——m> Machine — >  Output

Internal items

Workpiece Forces Parts/costs
Tools motions Energy Parts/time
Control fluids Temperatures Required geometry

Wear Surface integrity

Stationary zones

Vibrations

1.12 T HAEE

GIHIN T, WEHIA & T BB OMxHENC X 2 AR L idEo -0, TEREORE
IXBET DTV ONFRTH 5. BIHINTIZEB T 2 THEEIE, R BERICHESND. HiE
%, THEMEROXRMaZ RS & L2887 R0, LML TERRSUIENCE S e
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WG, UIHIBREE T OB, BEMIARHIC X > T, THMBOWL, MHELEY, 75 v 7k
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W7 7 L7 EEFE (abrasive wear), a5 EEFE (adhesive wear), JEEEEFE (corrosive wear), JE57
FEFE (fatigue wear) @D 4 DITHFEHINTWD 2D, 77 LU T B, EOEICLD, o0
VIR E SN DBIR TH Y, BERET D2MNEEREN IR TN L > T, 27 7Ly
BEAEL — T T VU T BRI T B, Con T T VU T EEREO N E N E 0 & SD.
BEEEEREIY, Lo 2R ESREICE L, ZhEEARISICE > THEE L & &I,
THSLWINTH OO SN D B\ETH 5. 8RBT EHE <O G E IR L8 DK
%, T OKIHITI 2o MBI SN D BIG 2\ 5. S EREE, MEHTHEOE LIS
DN & BN OB BN NE U, B OHERTRICB W TRA RO, 77 v
JINANDLIRENFRRE 72> THET 28R TH S 2. ZNLIEWVWTNHEAMICAETLHZ &N
ZNEINTEY, BERERGE MRS ETCOEAMTHS.

BN TIZ W TIE, — 722 BB O L 2 BIBRIEIC AT, @il - BEE 25720,
S OICHEMERER N ND S, Fig. 1229038084 U2 BREEENEEMICREINTZHDOTH
5. GHBEE R @L< 72D LEARINKRE b7, IERERESCILERORENEIND =
Enbns. £, TEOT WiE ERTH TITBEREBEOF RN LD Z LRI TN
%, i e USRI, BEEEERE ORI/ NS K, IEBUERE & B LR OBEN K X < 72 D
ThdIEPRBEINTND. ok, FROBEMPEIHIEE S EEa X FORBRRICHHY, K
HOIHICIE, BEEMEWZDEEa X MG, @mEAICIX CERHEN R 2D, X
ML RBMEMCH D Z ERMESNTVD M. EEEEZED D20, TEOBEERRE
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THEFETRXDHIE S TN D 200, ZOREEIT 0 L1372, 2k, THEHBEHE



NEHET, BRI SN TWARWEZDTH Y, THRIKEE R EICIXEREERE OS2
MNEBELERD.

Two body abrasive wear Three body abrasive wear
T/ e
(a) Abrasive wear

—

(b) Adhesive wear

Oxidation etc. M

Crack Plastic deformation

(c¢) Corrosive wear (d) Fatigue wear

Fig. 1.1 Diagrams of four representatives wear modes?".
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Adhesive wear (Plastic deformation)

(Pressure welding) —
~ Oxidation wear

Cutting temperature
(Cutting speed, feed etc)

Fig. 1.2 Specific data for defining tool wear and kinds of tool wear®.
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I TR oBEREINL, FICTEBIK, TEEM, a—7 ¢ 7R T 5. TERRIZ
10 PR, EEFRAROIZD OBEBELREREL AT LS. LTEEMIIZREZEHRT 5 AT
HY, WXLV VT ROBNDBEAENEICHA I TS M8, £, THREHAES =
—7 4 7%, UIHIREO @R - RIERBEICE W THHIM & o EHEEMICH 2, RFFHEIZHZY
%H%ﬁ%lﬂkﬁ%ﬁ%?éﬁ ICHEATH D, THARBITERENOAELD Z LMD,

a—7 4 TN TROMANEC RETREIIRE S, ZAoMREm EARO b s,

I, TSN UHI TR 7 %Jur;c B GEEra—T 4V TCHE LT-a—7 v Nl
@IET%D”%%ﬁ&%@%ﬁﬁéﬂw74/7%H@ﬁﬁéhé;&fﬁ&@ﬁﬁibf
T2 B a—TF 4 TR OBIFITIIRBEEE O S RE BT 5. Table 1.2 IZHUES
B A £ LD TRT. FFITPVDIE (PhySICalVaporDeposnlon PVD) @ Arc lon Plating {513
EMEDORmWEEENGOND L L BT, HAEMKY —7 > hO#EAEAREIZ L2720, néﬂﬁiz
OHEBENPKEICRE /Y, a—TF 0 7 ORFITRMICHER L 3.

Table 1.3 |2 PVDIEIZ L D 2 —F o > 7 OISR L GERFE A R T, 1980 AL 170 6 1990 AR
T TIN FHARIC Al ZESII L72(TLADN 2—7 ¢ > 7B &4, i S & M b k23 Kgz )
FLEZET, UEITEOMEREITRE <k L7z 393, 2000 4%IC1E, ML & S Oz,
FAREDOWAMEZIA, Crik, TiROZEMMIC AlOKRTIERL, SiREDOMDTHELZRINLI-%
THRA—T 4 T BHIGESH, AR & BIHISRFICE DY CTa—T ¢ U T L S T
XA BIE, PVD 22— ¢ 7 OFBUE, KBIL TCrR, TiROEWZ L L7zt D
MERTHL. 2 OEECREEL, 2RI X > TR ERRA LN TND A, K
FENTRARTOIH] (REEEEAD) 1ZIE CrRk, mAMTEIHl (EREEAD) [IXTiR=a—7 1 & 7D
RS amicd 5 99,

Table 1.4 {Z CVD{% (Chemical Vapor Deposition: CVD) (255 2 —7 1 v 7 OER L REFFEA R
F. CVD %, RIRICBIT 2T AOKISEFA L, (L0 FEHRRIE RIS 5 2 & B3 FFHCH
5. LIERn>7T, PVDIED LI ICEBE —57 v & 73 S TIRRERRIE D YEZ EWE % R
THZEIXREETH D72, Mo BBV, CVD {ET, AR ATREZRFRIT SR T CRE
IMEFCH D, TiC, Ti(CN), ALOsBFEERTHS. CVD 2—T ¢ > 7 OHEAFFEIHEH AT 1990 45
RIZAY, a-ALOs DREENARIC /R 722 L ThDH. ZHICL > TL O MEWESE L, Eam
REE T COUHINAREIZ/ZR D Z & T, BEE AL O G mIEEIH ~D RIS Al RE & 7e o 72
24040 BILEIE, Ti(CN)R ALO; DA MM 5 2 & C, LR LEmMBELARF ST
D.

Ulnkoic, a—7 0 7HEMTEERSLOMEERICEY, 228 HETERE LI
LD, ZHbOBBIIRAMICE Lo T- b, TEMEOEARC & % Ak E
~OFERIT/NS o TETND . —RIZ, HElfoEMIZIT, :x%f)/hékkb
SHFRA~EATT D2 &b, T EROa—TF ¢ U 7 %3 2 128568120, #EI 2 & o
HIEER ZHHRE L, 77U 7 —3 a3 SI0G6 U CTHERERE 5 2 & T, ﬁ EXVw hEd &
DAL B X D, T70bb, 112 IR LEEEREEEAREL, 2—7 4 71RO LD HF
PEZEUNA 5T ENEEL 2D,



Table 1.2 Various coating methods and the coating characteristics.

Physical Vapor Deposition Chemical Vapor
Process (PVD) Deposition
Arc Ion Plating Hollow cathode Sputtering (CVD)
HT- or MT-CVD
Abbreviation Arc, CAEP HCD SP, MS, UBMS (High or Moderate
Temperature)
Raw Pure metal, : Metal, Carbide,
materials Composite material Pure metal(Ti, Cr) Boride Gas
Main composition | TiN, TiCN, CrN, : :
(X = element) Ti-X-N, Cr-X-N TiN, TiCN, CrN MoS,, DLC Ti-X-(C,N), Al,O3
Surface integrity Bad Good Good Good
Adhesion strength Good Good Not so good Not so good
o . . L . Utilizing the reaction
Characteristic Dissolving the target = Ionization Non dissolve target
at elevated temperature
Process
temperature (°C) ~ 500 ~ 500 ~ 500 850 ~ 1200
Table 1.3 Progress and characteristics of PVD coatings.
Age 1989- 1991- 1993- 2001- 2001-
Composition TiN TiCN TiAIN CrSiN based TiSiN based
~ Wear High Mild steel .
Application General resistance hardness Non-ferrous High harq ness
purpose : » materials
materials materials metal
Grain size (nm) 500 300 100 5 5
Hardness (Hv) 2200 3000 2800 2600 3600
Adhering strength (N) 90 40 75 100 ~ 100 ~
OX‘d"‘“"n((}f:‘;“perat“re 600 500 800 1000 1100
Friction coherent, p 0.7 0.5 0.8 0.4 0.9
Table 1.4 Progress and characteristics of CVD coatings.
First half Second half
Age of 19705 of 1970s The 1980s The 1990s The 2000s
TiN/x-Al,0O, TiN/a-Al,O,
Composition TiC, TiN "'/‘;lizco3 /‘;'ig?r?;] JTIC/TI(C,N) | /TiC/Ti(C,N)
/TiIN /TIN
General-
Applicati - ) purpose
cation eneral-purpose —
E R High hardness
materials
Grain size - More fine
Process temperature (°C) 900 ~ 1100 750 ~ 900
Process HT-CVD MT-CVD
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WZEflT o RO EN T A 2 — AR O S =L, COx HEHHIEIC & 2 HiEkiRE L)
1k, =R X —FFEOEHHKNCERET D B, Fig 1312, MY OBimX & NiEa4e s Ti
AEOHEAET AT L. A—ErR, F—R, ¥ 7 NMEOQEEREHM SRR L0 Ni &
BaEL Ti A& THBRINTND Z ERbnD. Mz U O 50 %2 Ni 54, £ 10~
%N TIAEENDITEY O, ZTOEBEWEN D PRZD. 728, MZHEERIT, FR4~5%
THRET S & PRIV, 2D OMEHEHEIZEIMERIZSH 5.

Lz o D, FICBGIROEESRD LN TR Y, X OIRMAERE S Ni G
ESOBFNED LTS, X — B AR 1950 4K 1% 1412 900 °C T o 7= b D BFHL)
910 °C DFEIGTER LELT TV D, ITHETIL 1600 °CIZE -S> TE Y, SR ITEREAMKHER
72372 1Z, 2000 °C £ T EA$5 EHERISALTWD. TS T D EiR, miREMEO
BAFEIZ DWW TIE, FESRRISEORIENIINZ, Ni[EEAETH Dy (foc 1#53E) (2 W, Ta, Re /e & D
SALTTRETNT 5 2 EBRRA LN TN D D,

Ti A4, BWHREEZAT 570, BEIC X DM Eom CEEREE 2R, i
2T Y UEREL D S B EICEERE AN IEE, £ 5 ThRWEAITHFEIC L G I Aen
b, FHCmBE(LSNREEE & L TOTENRL. £72, Ti 4T CFRP & O#A
IR W TEMABENE Z D #E<, BIRRED T WD, BIEME S L TofiER RS
FIAF TN D 5239,

AARENOEBERCB 2T 5 &, AARTT 17+ — VKRS E, ERTYOTERD
REJ1 5 T U OEFBIRAEE T L AZBALTND . ZHUC KD, SR%IIMZEHESRE
B2 R L LT KBNS OBEN FTRE & 72 0, Ni IS4 Ti A& 0 AEFE RN — BN
LT ETFREINS.

Low and high-pressure compressor section

: Tior Nialloy Combustion chamber

: Ni alloy

Low + high press sections

Turbine blades : Ni alloy
N AR 3 Exhaust case

il :Ni alloy

Fan: Ti alloy

" Exhaust

Combustion

L N o ~¥ Chamber Turbine
| Air inlet Compressor l
Cold section Hot section

Fig. 1.3 Application site of Ni-based alloys and Ti alloys for aircraft engine (turbofan engine). Cross-sectional cut
model of the aircraft engine: Japanese Aero Engines Corporation.
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115 Ni @G 43 KO T G-@ OHITE

ATE TR K 912, NiEBINEA SR IO T A4, TN B2 A9 5
TEOBEBHINTNDHD, —FH T, HHIMESE R ZREHIME E LTmohTng 5. g
HItEDOFRIE & LT, BIHI T A& 5 R R O 7288+ 20 (MR: Machinability Ratio)
DI AL TWD. ZHUTH L, AR S SN, #EIA oM BHREDS & #EHIFE %% (DTCR:
Difficult to Cut Rating) %% H T 5 HIEZER L TV 5. Table 1.5 &R0 BENIFERL & 48114
BEZ DWW THE SN B DO THD. WTHOEIEN S b, RFER NI LRSS L Ti G4
Th 5 Alloy 718 & Ti-6Al-4V BE&DOFEHIENENZ LD ND. 202 Lid, T EERIIHHI
MOMEHMSME L BN S D 2 L 2R LTS, LLFIC, Ni ABmEG 43 L O T A48En
TEEOYHEIME &, T HBEOR S EZ T E i+ 5.

Ni ZEABIMEVE 41T, MOPEHIR IZ e~ CTHIEIN TR T EEEREEI T 2N R <, miE T
EERERM TOW NN L SATWD 96D, =i, Ni EBIHEAG SITBYRERNMEN =D
YHREENEL 20, ORIBHRELE WD, TE~OB « s amnkickE< 25
e E I Tng 2, THHEEFREICE L CIZHomENH D0 0, HHIR 23 HEICAHE,
itk 3 5 2 & TH U HERSERE 090, SeTOMENMENN TAREEZF - Z Ltk
T T LY TEERE 0N SN TIHE SIS DONRL. MAT, TEEE #HIE R o drieR
RIT R DEEFESTONL, THOMLERER EHMESNTND ¥, a—7 v NTEOEFEMRME
IZBET 2 WE OO H 5N, ZTNHICHANLNTWS a—TF 1 v 7 HEOBREEOEIC
DWTEFFITHES N TND LTV R 70,

Ti A&UHIREORIY, BEVYRER L REE DD, AROBENEL 2T & B0,
0 < FARFOTEAMARKE W, THEHHIM OBEMEEN /NS <, HEIAET HE
[, BRSOV EIR TR 22 o 2 & 7D, WEBYEATIZIC LY, 810 < SRR O R
THEH S 2 T2 DITHRHIM — TE MO UHHRFTOEE 34 U3 < 798, Ky v 7R D=
MTHIZOMY IRENZER Z LT W & B @i SnTnsd. 2o OERICRH L, 24
AR AR T 2N LA 00, @mEVAERO THAM B Z @M L, RNEOMEWEZ s
5L, THEERMEETZ ™MDEHE ST ZEnD, Ti A&0UHIIcBW X T EEE
CRIETRAROEBRRE W AR INS. TRBEIZONTIE, BEICER LR
TDRBIZE TR Z D EHE PDINTZHONRZ. ZIUIER T TERANSEE 2 Ti &4
NTEMBI LIS LLT W2 L EZ 5 TWD 788, Ti 4L TEME (41 %, Bis
&) DEFEBRICOWTIL, BASCUHEBRIC TE LN S R 28122 L, KISH (Tic) 23
AU D EHE OINTND, — kI, BEGETRICa—T 7 &id 2 & CLAHM
NE BT 50, Ti G4a0REINTRHZIZ 2 —T ¢ 712 X ZEREMHIZDE AR/ S < 889,
TEMICYH /) va— N THOBHARRENL S TH 5.

WTIOBHIF DN T, BIEIIN TR ITEES RN A U D LS Sz b OB LA,
THOBEFRO ML, FEREBAMEE S ARG R OB BMEE 2 W 7o BRI R R
ESbONREL, BEEREORES, BEME FICBT 2 TEAEREBIE 2SR5 T
IEN R, BRCa—T 4 v 7 OREIFEEIZOWTIE, Fig 1.1 IZBPR Sz & 9 R R A4
T DICEDIBEMNI R, T2bD, a—T 4 VI E SDMEHRFEIC OV TH AR
RIRREL, TNOLOWENLI—T 4 T ORI EHD 2 EI3EE L.



TS OEEHIM A x5 & L7 BIHIIN TR OBFZEBR RS R DN T ST g 8. 4
HIMNT Y AT AOEBZONWTIE, 72& ZIEEEZ —TF v b SRR ERGH O 09,
REM T ZER Lict 7 X v 7 TRICK 2 @mdmuilinT o0&k Loodb 503, GIHIBRER
DFDBEN =2 DZNERH Y, SR RIZITEY #H. X T, ¥—Er T 0 A7 %385
TV A 7 S b R SHHERBS ) RO B X OWEIEY AR SN D 72, FHAALITIN T2
BHEORIMAMEZ GO THIET2LERH Y, GEROLERDINITIFENEH TE /20 Al HE
PERDHD. Lo T, FRTEWRE ST R SN 5 A0 EFOIENCOWTIE, fEkae
bEHINTWD a—7 vy NEELRIZX 2 ZEVHIOREN XL B2 b5, FRIT, &
ERERN TR T HAAEMEZ A SN L, MTHNEZRBESEINERNH D EEZDN, K
FPETIE, Frlca—7 v FLEOHEEEEZPAOMNICT 22 LIcENT 5.

Table 1.5 Difficult-to-cut rating of typical difficult to-cut materials®?.

Work material Hardness | T.S.(MPa) | Elongation(%) | (kpC)°3 DTCR AISIMR
B1112 110 400 20 0.00215 0.65 100
S45C 200 600 20 0.00215 1.00 60
AISI4340 230 750 20 0.00215 1.21 45
0.8C Hardened steel 500 1200 1 0.00237 1.98
SUS304 150 630 40 0.00419 2.06 35
Ti-6Al-4V 300 1000 12 0.00789 2.8 22
Alloy 718 450 1400 21 0.00505 3.86 13
13Mn-1C 400 950 50 0.00461 4.19
Al O, 1900 1000 0 0.00314 7.43

¢ T.S: Tensile strength, & : Thermal conductivity, o : Density, C : Specific heat

12 AFROEE

ATEICIk <72 K 512, TEM, W, BIHITE, 7—J 0 bl ZhEhnolthg
R L7 B A RET S TR Y, b E2BUICHAS DY TEEINT Y AT A %24
FL, LENETAEL MR ZEEICHET 5 2 L ARDENTWD. KT, Wiz, —
X —, FEEHEICBWTL, HHIMMTORSNZ L, Zhbaxmies, SEENLT5
BAfrid, HEERMESITIZHD.

ZOFERITIGEZ HToOIlE, WAEICENDUIEI TR, 8o —7 ¢ v 7 OmEREM M L3
kowohsd., —J, a—7 4 7 OREITHI 7 v ORUMEKIC B W TA L 2BIG07- 9,
ZOHRGIFEITHA G R > TW . TAEFEMICHE L, LTEBREMELZ M 2 L3,
THMEI ORISR 2 R4 2 LiCoen D, £z, HEMEORK T, UIEISMt:OREICk
LCORES#ERL, AEaA MEBICHFHFEGTH B2 65, SHIT, UIHIBEG, Bk
ERE, a—7 ¢ v VTRHEOH EOBRNE DIV, FEROEHIRITFM & x5 & L= gIHn
TYVAT AOBEIZH A /efGEt 2R L, EEXERBIIERTE2LEE525.



1.3 AWFEDOHRY

BREAMKIGR O B D20y, MZEs, —xuX—, FEEEICBON UL, " A RO
REM BiIc X D=L F—ax MIBZIRENSKE W, SEIEREMERAYFSh TS,
Ni BEMEASGEB L O T 681, o0 CHEREMICEH SN 523, —FT, #AK
REEHIM E LTaISNTRY, UM TEO T EOREREEITEEN G, @kEE, mieRinT
THZENEEL. T, TAEEMORIMER -, SIEEREORTE, 7 —T > FOMEfER ES®
i FEORIRE AR EICL Y, UHIINT Y AT AOERERE(L S ETe 220y, 45 % OMEREZ e KIRIZS]
L, REMITEHN L TW 72OI2iE, #HIM & TR AIZE T 5 TEREGHEEZ 50
2L, MAPEICENTZUIHI TEOBRERRD HiLd.

THHREICOWTE, ZNETIZEL OFHMER RSN TE D, ORI IIEMRBIEHS
RIZESLCLOTHY, BERREIZHAOLO Lo TR, FEIRXEI/7eroa—T7 4
V7 ERGUT, BB CTHE Lo E T e, TOBREBEENHLIC s TV &iX
WZ 720,

AWFZED HEE, Ni BEMEVG 43 L O Ti & UEIN TR O T B EREA MIHIICHRAE L,
THHEEGHEEZHONCT 52 L CLEMBEHZGELZ L THD. MEHCEL, TEMEHC
FELTTINa—7 vy RLEZHW-. TIN=2—7 ¢ 7 3UHI TRICHW G D8RS LT
AR EEEZBE LTS, £/, TIN a—7 4 U7 I3EIET 0 & 2OMGHT & 0 B4 ekt %
FSHEDLZENTED, HWHIMIZZNE ORI MBI TH D Alloy 718 & Ti-6A1-4V &4
E L, TS AEGTEOKHEEIN L & X O TEOBEEZ A, WiT 52 LT, &4
BEO I ZERIZ W T bR L7z,

1.4 AGwSCOHERL

ARSI T D THEMN B SE o> T D, BEOTELRNFITROEY TH 5.

1 ETIE, AROYERE LT, UEHINTEFOBZE S LT BEIC W TR L, =
NETOa—T 4 VT ORFEEAIZOWTE L. £/, Ni EABMEEEB L O Ti 440 H
WOPHIEIZ DWW TR L, TEBEHIEEZH O MNCT 5 2 & OMBEIEIZ OV TR 721,
TAWED B, ARGaSLORER DV TIRR TN S,

%2 TIE, Ni IS4 28 miblE] L7z & &0 PVD 2—7 v R T.EOBEMEIC VT
WD, YeHIE A Alloy 718 & L, SIHIIN TR ET) - BEMAY A AT OZ T A/ S\ Ee B HI R
BIT5H TIN a—7 v FLEONBEMEMEMICBIZE L, BEREBEZFTWD . GIHIEHE
I T EORECHIHE 2 DERET 28I L, R TREORMITAE LIS DO AmiorE it
HOREB L Na—T 4 V7 OREREICER L. a—T 4 708G, a—T 471
GEENDHXRM (Fay 7Ly b)) AL LIEBIES, BEDO L 2 BNTLE D WA &%
MR TH D Z L ZWALNICL TS, BISHERICESE, Alloy 718 #fiUIHIRF O =1 —7 ¢
THREETNVEMEL TS, £z, THoOXRKTmEE T WEIZHIT 2EREEEZDEL, £
NOPHEEHEIZE 2 2 BIZ OV TR TV 5.

% 3 B TIE, Ni MBS EEEi b TRHC BT 2 2 —T7 ¢ v 71RO B S FEIZ D0
That L7z, £7, DHIBIR A2 ER®IICHET 2 72 OICOIHNRE L UIHIRTZE L, 2—7
A VTPV LIRS A TN, £, 8 2 EOHELZBEGET VCESE, a—7



o 27 ORI T 1% 28 2 TR K A0 L7= PVD =2—7 v R T HOYIHIMREZ FHl4 5
LT, HEETALVOZYMERIEL TS, £o, a—T 4 v 7 OB L GIHIPERE DR
RERBRTT 572012, PVDIEE CVDIETHBE L TIN 2—7 v RTEOUHIRREZIT -7, =
—T 4 ¥ 7 OMEWEE T 2 72912, 800 °C LA E & HEE SN 7= UIHIEE 2 EE L, 600-
1200 °C CTEMLPE L 7= & = OFEAIREE, #Mik, B OEbZFH~/c. CVDa—7 4 7 OHT5
FARRZE EME & EIRAE X 23, BIHDIN TR OBMWEEE 2 I3 5 7o O O LB FETH H 2 L &k
NTND.

B AFETIL, Ti-6Al-4V A4&ZHEHYINI L7- & & D PVD 2—7 v RTEOBEMEIC OV TGR
N5, THIBEIREEIIN 2 & L FEOFIETRHE L7z, Ti-6Al-4V &4 & Alloy 718 BIHIINLKF D
a—7 ¢ U THEEREZ L, a—T ¢ v VBTSSRI AT RO A L
EEEY OWWER S O BEZIT D EEX T, TNENOMEIZOHI LD a—T7 « v 7
EOATEDETVEREL TS, Ti-6A14V S&UIEIREO 2 —F ¢ U 7HEIX, 910 <FR
BEY LEBENIT D L XICELZBEAMNCE > TEEVMNRIL, 2077 v RNa—T 4
VAT D Z EDFENTH D LR LTS, TEREIHIO-0IIE, T HMEHCEM
R EZ BT 282 AL, A2 HDICBHAT L ERNFGHTHL Z L 2R TNAD.

% SETIE, Alloy 718 Wit UIHIRED PVD 2 —7 ¢ > 7 OEEIRIEATHE L, T EEEGIIa—
T A T ORI & BACHK LT HENCA LD 7 7 v 7 BRI TH D Z L2 S/ L T
W5, ZOBEEFREL, YIHIFOBEOKBIZ L > Tl TE 5 LB %, BIHIPICIREET)
ETRDRBANALTIN ThHhDH Z L2 RHT & &b, 2o k- THREMH A FEETH D
ZEEFEBRMITRLTWD. GIHIFROZERIRIC X o THENBEI S L5 W BIENIZ DWW T,
PVD JEIZHT DRGSR O B A2 A2 L, WiRBis @ <, BIEIRICARERE ) & 4 U D fHk
OREN TEBEOMENENTH D Z & 2R L T\ 5. EiblEIREO T EBEHME (8 2
B, 3, H4E) 2EDOT, NiSEMEAGESNTHTAEORBRHEHZ OV TERTWS.

% 6 ETIL, Ti-6Al-4V A&WrtUlHIRFO PVD a—7 1 > 7 OEEIREEZFHE L T\ 5. Ti-
6A1-4V GaIHIRED THAREIE, HetlHl & Wit bIHNIC B &7, BEAE S i 7 BIER A3
Blgsh, BENIPRNEE 2 b, BEREEIMEEEDO A TH o7, Alloy 718 BIH|IKF
(5 5 %) LFERIZ, 2—7 4 ZWIZEMICRE LCATHBINC Y 7 v 7 3B LT 2 & s L
TWa. TEBEMHNCE, a—7 4 v Z7HNOXM (Fery 7Ly ) BRBASHENTHS
ZEAERLTWDS. EEbIEIRE O THAEEHHE 5 4 %) 259 T, Ti 8@ THTEOTA
BIFRIESHZ DV TIRR TNV A,

TR T, AFRERIEL GRS,
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2 Alloy 718 EFEEIHIM LRI 5 PVD =2 —7 v F TROEEHE

21 S5

AW T, Ni BRMEA S0 Mizeso DU COBEERMICHV SN, EREENT
VETHD OO0, MBI CTH D7, UIHINTRO TEEFEITHEENE L, @k
FEN T & EReRIM TOMSNLAZIRENR B D Z L Aak 7z,

Ni EHMEEUIHIIN TR O THAREE, BEERE, 77 LU 7ERENERTH D LA S
NI DAL D278, THAE L HIM T OIBEI ST K 2B, TROmRME {5 BERER
LA INTERY 2, BB OWTUIARARABZ V. £, bR EDLIZE
R RBERERICESWTERY, Floa—7 vy RLEOBEEEEICOWT, MEMEIEIC XS
X, AT TWZ2u.

W, 2—7 4 T OMRRHET a2 20K RICE Y, 2—7F v N TEOMREIIREENIZ
U7z, IR O S 572 RIS RIS T 2 72012, BIEINTRED 2 —7 ¢ > 7 OB G
IR L, GIHIBREEIC LB 2R R & Bl L7 TEMBIOBR RO Hivb.

ARECTHE, UHITRICHEA SN a—T 4V THRO S b, HbERNEVZ D TIN Z2RE
L, BEFEE L TREMICHN BTV S PVD 75O Arc lon Plating 75 (PVD-Arc %) (2X -
TR L7z 2 —7 > RTEAZ (R L7z, gHIMIEREN 72 Ni SEBIHEVG 4 Th 5 Alloy 718 %13
LTz, TEOICHA SN TOLYIHIEME 9 TUIRINT Uctk, SFEFmEEZ2HCCTAEH
SEOBEIRBEMEICBIZ L, TEEEGEBELH MM L. 23, AIFETEIR L TN
a—7 4 ZIRUEI TREICHO O DM EE U TR S, MMEbiEza L Tn5b8, £
OFFEZRE X7V ®, ITFEOBBMICIESBEREOBSRICET 527, AT, &
S U CHEEIHERZMINT2 2 LN TE 5720, EREFES B E Lz EKBRMREEN AT
RETHD.

THABEOFANX, UIHIERHEO AR EREL TRNEORI-CRm HBIEE L. i
THREAHE LIZEEE D O AMRER B R ORER L, 2 —7 ¢ 7 BIROHBREIERE
IZEB LTz, BonifRicESE, Alloy 718 U O a—F ¢ V THIEET LV EHE LT 9.
F7z, LEHORTHE T WEIZH T HE-EFEELSEL 7, HEHE L OBFREIC OV TE

2T,

22 FEBRGE

221 HEEAF

WEEIATIZ Alloy 718 (REghALERKE, 440Hv, A —ATFA b (y-Ni) Rif: 12.5-14.8 uym) % YEfis
L7, TEBEHZ, JISHIFE K05 Y DA< (WC (grain size 0.8 um) - 6 mass%Co - Cr) & L
7o, a—7 4 U7 OMBKIZTIN & L, PVD-Arc{EIZE Y, BUEN 3 umFREL 7225 L9 IEL
7o, IR, a2—7 4 > ZI3MlRk & BilE)7 i /76 o8 T TiN-Are L E#0T 5. Fig. 2.1 12 Alloy
718 DFFEEH A 7~9". F£7=, Fig. 2.212 TiN-Arc & BEIA SOk z =~ L7-.
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222 UIHIEER

EIHIEABRIZIT ONC g (BRSNS AR U ERTEL, SL-25) Z MV, SMEER e in T
ZAT>7-. Fig 2.3 ([ZUIHIEEBR OIS X 2 /<7

T EJERIEZ, CNMGI120408, < WA 13°D7 L— gl THA W=, A hARLZ DT
HEr@Em 2353 < Wi, 7 < WEANcEnZih—6 R L T\ ez, THFHEEHZOT W
IR LT 7L AL bz, IFAIT6°THD. BIHISRMEE, TEMICHOSND 7
S EBEL, YIHEE V=30 m/min, XY =02 mm/rev, YiAZd =05 mm, {RANIT &
L, =</ varZA47OUHI (Blaser. SWISLUBE #, Vasco 1000) %7 L CHW =, &4
HIFEEE (cutting length L =1, 10, 50, 200 m) F CUIHIMI T L7-%, THOEEEEZBE L.
YK 254 % Table 2.1 lZ/”7.

223 THMBAGREOBIZ R LU

BIHI#% O THEAFEBEIIZOWT, Kifi & Wi b5 L OO0 £1T>72. Fig. 2.4 2 A%
BB OB 2R d. £72, Table 22 IZ0i&tE4 £ L TORT.

FHREOBIEZL, EAME IS (Scanning Electron Microscope: SEM, #ER 41 H /A
T mY—RH, N3500) [CXVBE L. £, FROKFE RN L - T, Mg

(compositional image) Z 812 L7-. SEMBIIEICMMIER L7z M A MERL, Ty
HEH L2 VwaATRIND. MBGIFHMERICER L2 M A (Z ar T A ) &ZaRL,
PERTREEDREWVIIERLIVAHBTREIND.

BEEM O/ L OV IREILX, B+ 7 v —7~A 27 a7+ 7 A% — (Electron Probe Micro
Analyzer: EPMA, HAE THRREHE, JXA8500-F) O EOHTE X OME O HERE I L 0 3FAf L
2. ZENENOSHE, WESHAR X% (Wavelength Dispersive X-ray Spectrometer: WDS)
Lo TUTo T

BeEmE a—7 4 7 L ORI HEEFRKE LHE ORI OAEEZ 5 72O AR
A — =B BAMEL (Scanning Auger Microscope: SAM, PHI#1:#4, SMART200) (2L bV, Fimo
BRI FIDILFEs iz #i~7=. SAM Ti¥, C, N, O, Ti, Cr, Fe, Co, Ni, Nb, Mo, W %
BEL, BEmE Ar A 482K Smin, AN X I V—=0 0%, WEEZFEMLTZ. 4
Mréefhig, IEREE 10kV, REFER 10nA, E7 a2 —7801um LF, = v F 2 7
Si0, T 500 A/min & L 7z.

Wrim Bl a2 Bt O (ERUE, Mo RO E G COIlr%, Sl 2 sl L7z, £ 0,
WFEIE2MEEIZ 25 L9121 yum DE A Y AT Y —Z28 A5 U= [alfis @ CHFEE L7-. Yk
(i, BESRERERIC R CEREEI TR L E TH Y, BEBROMITICET 5 LE5 2 bh
DREHLE LIz, a—=7 4 » 7 OBRFBIREZ BT 5 12 DITHHE R 2 R A 4> & — L35 E

(Focused Ton Beam: FIB, #RAZ A SERAEFTEL, FB-2100) (28D, GaA A IV T %1T-
T-t%, AEEA A BEIKESE (Scanning Ion Microscopy: SIM) 2 L 58152417 ->7-. FIB INTKFZIT,
R C, WEEEL, GaA A UL DA A E—LINT 2% L7=. SIM 413 SEM &Ik
N, BN TOE—LERB Y AN EWT), BEFEOFRPFOND. Zhic kY, HERE
DFEERITNAERT D3 T AR (FrRV o 7ar b T2 23T VI ENR-TH
L. ABFETIE, SIM BIZEY a2 —F 4 » 7 OMIRR FOEZBIE L. IRWT, a3 —TF 4
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> 7 OFERRLT- O b AL IRHT % 8 - #4% 5 #GELIEIYT  (Electron Back Scatter Diffraction: EBSD,
OXFORD #H:#, HKL Channel5, HiZ/NA 772/ mP— X8, SU-T0 ITA15) ICX v To7.
EBSD /%, ZKJE72> 5 nm fEIk CHEMMERGEL L7 KN E 2T 25 2 & C, s AL OEHRN
Bons. EBSDORULELE LT, SHEiTE (il L7eFselmmslEie >\, HHEC X
HMLEZRET D72DICFIBMLEZFERL, S SIZFIBMLED GaAf AL D54 A —)F
ZRETDEOICKEEZ ArmyF T LT

a—7 4 7 OEEIRESEEM L a—T 4 7 L OB D EEY O A5 REE Z T
T 5 72D HE A E 7 B (Transmission Electron Microscope: TEM, H A 7S5,
JEM-2010F) <CEAALE I E - PAfSE (Scanning Transmission Electron Microscope: STEM, H AN
FHRASHA, JEM-2010F) (2K 2 mffRBI%E, MIN o 21772, S TEM &%, #f%
IRHE, FMTZREDOBIERIC -, BEHEF STEM BRIFBIENLE IS DA DE N Z R T 5
DIZH Wz, HIFRFLEF[EI#T (Selected-Area Diffraction: SAD) <CHE{K #E 1 #-[F1#T (Nano-Beam
Diffraction: NBD) (Z K VW EEEM L 2 —T 4 » 7 TNEN ORGSR & TR AM A~ 72, TEM
PEE AR O =R L X — 0 0 X #irt#s  (Energy Dispersive X-ray Spectrometer: EDS) (2L 0,
B & a—7 4 > 7 R OB T & 1T o 7.
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Fig. 2.1 Observed microstructure of Alloy 718.

B
= o
m.,m
)
o5
O o

(b) Cemented carbide

(a) TiN-Arc coating

Fig. 2.2 Cross-sectional images of the tool materials.
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Tool feed direction @

e — s — — — — —— —_ . ¢50_100mm
Alloy 718

Rotation

Fig. 2.3 Experimental setup of turning.

Cross-sectional TEM observation
A: 100 pm from the cutting edge
B: 250 pm from the cutting edge

C: Flank face side of the cutting edge
Adhered area

FAlzmk wear

Side flank face

Fig. 2.4 Analysis points of the cutting tool after turning of Alloy 718.

Cutting line

Table 2.1 Cutting conditions of turning.

Work material Alloy 718, aging, hardness: 440 Hv
Geometry CNMG120408
Substrate Cemented carbide (JIS K05 grade)
Turning tool Coating composition TiN
Coating method PVD-Arc
Coating thickness 3 um
Cutting speed V' 30 m/min
Cutting length L 1, 10, 50, 200 m
c&gﬂﬂ)gn s Feed rate f 0.2 mm/rev
Cutting depth d 0.5 mm
Coolant Wet (emulsion)
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Table 2.2 List of characterization methods used.

Method

Device name

Analytical conditions

SEM

Hitachi, N3500

Acceleration voltage: 15 kV

EPMA
/ WDS

JEOL,
JXA-8500F

Quantitative analysis
Acceleration voltage: 15 kV
Probe current: 0.05 pA
Beam diameter: 0.5 pym

Area analysis
Acceleration voltage: 15 kV
Probe current: 0.3 pA
Beam diameter

rake face: 5 um
flank face: 2 pm

cross section: Sum

SAM

PHI,
SMART200

Acceleration voltage: 10 kV
Probe current: 0.01 pA
Beam diameter: < 0.1 um
Scan area: 20x20 pm?
Etching rate: 500 A/min
(SiO; conversion)

FIB
/ SIM

Hitachi,
FB2100

Ion beam processing
Acceleration voltage: 40 kV
Probe current: 1.6, 40 nA

SIM observation
Acceleration voltage: 40 kV
Probe current: 0.02 nA

Beam diameter: < 5 nm

SEM
/EBSD

Hitachi, SU-70
OXFORD,
HKL Channel5

Acceleration voltage: 15 kV
Step: 0.02 pm, 150 x 300 points

TEM
/ STEM
/ EDS

JEOL,
JEM-2010F

Selected-area diffraction (SAD)
Nano beam diffraction (NBD)
Accelerating voltage: 200 kV
Diffraction area: SAD 140 nm
NDB <3 nm

Energy dispersive X-ray spectrometry (EDS)

Accelerating voltage: 200 kV

Beam diameter: 1 nm
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23 FERBLUES
231 LTHEHBEHMOKEBIL

Fig. 2.5 \ZUIHIBERE & DK T S REEFEMRE O BIR A 7737, Fig. 2.6 (Z 200 m GIHI# O RS HBE S
o> SEM BBl R 2”7, TiN-Arc 2 —7 v RLEE ) va— MNEEAS T EZ e U7
&, 200 m YIHIB ORI HEKER-ERIIFASE THY, THEEFELFEKE TCH-7. 10 m T
e S OYIHI I PS CIE, TiN-Arc 2—7 v RTHOGREBREENKE L, Thbb, a—7 4
VBB Z R ST, SGAEIC Lo TXLEBEGIC L, BREL RITT I LRI,

Fig. 2.7 \ZA-UIHIBRREES O T H A0 SEMBBIERE R 2~ T. | m GIHIRES D3 < WA §E
EWOEZ MR LTz, 10 m SIHILARRIXOIAIBEREDS & < 72 D224, FrICRnkT m OB o
BEFEMEMILR LT, 202 &inh, THFEMZIET T 72 DI Ik b S50 o 18 5 2K o R
EL, TORKNPRDHNDZ ENDND.

Fig. 2.8 (245 FEEEDIE % O Rk B R 0 SEM B8 EE R4 ~d. 1 m UIHIEE AL (Fig. 2.8(a))
IZBWTa—T 4 U ZICERENBZE S, 10 m UIHIFGS (Fig. 2.8(a) THMAEHT 5 &
Wiz, a—T 4V TITENEZ > 722 R D. ZOX ) R RMERICBIT a2 —T 1 v
T DML, 3 —7 4 v I K DMERENER EIRPE LRV —oDHERTH D LHEE S
%. PVD-Arc I E TSN a—T 4 U ZIFIEFICHAT D Fe vy 7Ly b EMETN D &R
BLFDERICSEAFIE L TV D, ThublE, SRR CARIR (¥ —7 v N R BEICHE
ML, ME LSBT THY, A A ML TN END X —47 Y hO&BMERIZIT VIR
ECTa—T A U BCER LR THD ¥, Z0n, Fuay 7Ly MEERTELOZELY
AR S, —FEDZERRO L 52> TND0, IGHEFNEL, BEOEAICR -T2
ATREMEDS VY. 7235, MBI DS NEF DA 6, RO M b O T/ o
leeEZ NS, Fig 2.5 Ta—7y FLEOYHHRER, / 2 — MNEEGa TRICH TR
ELROTZDIX, a—T 4 T OMEEIZLY, BEREESER LD EZE X HN5. 50 m HIH]
BICBNTE, 2—T 4 VI OFEIADLT, BEREOKRE I LHREFEICETR 0
7%, TIN=Z—T 1 7L WCRAMNFERIZEFREL TWeZ &b, BIHIBREE T CTILTIN =2 —7
S VT E B SO K E RENEN -T2 EEZ BD.

232 BEEM OISR DR

T WIS LT BEEY & M L7 /G R, Alloy 718 D& A3 (Ni, Cr, Fe, Mn,
Mo, Ti, Al, C), BHEAE&EDOEAFILHE (W, C, Co, Cr), I—T 47 DEHTHE (Ti, N)
[Nz, & Si, O3Sz,

Fig. 2.9(a)lZ 10 m BIHIE OMT mEEFER O Moo OfE R Z 779, Ni, Cr, Fe, Mn, Mo 237
BECTHRHESN, FETENGITICL MY 24020 2 L35 LT\, BEMOSF
2OV, ERDTHDNiKazFEE L TORLE. TINa—T ¢ > 7 LS &M IOV
TiE, NN TiKa, W-Ma O53AA%& I COR Lz, 2T, TEOBRCEBFICEEL 525
AREMED B D O-Ka bR L7z, Ni O3 G, AT AL BB LOBRMIc 35 L
ZEeWbnd. Fio, a—T7 4 v 7 OBREFIRIITEEW R Y O N A DI, BEEYR 2 —
T A 7 ORIEIBITE A AT K OIS LIk o3GRSz, BT EICB T 5a—7 47
DEFEHE N K E o 72D1%, Ni FBEMEVE SO TR LN K E W2 T L7 B
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fEa—7 4 I PEEETERL, 2—7 4 V7 OBENREL, M CTEEY O AIAR L
BED R SN Z EBRFKEEZBND.

Fig. 2.9(b)iZ 10 m BIHIZ DT < W OSSP OFERZ RS . Ni-Ka D305, EEEWIT TR
T SiER (Fig. 2.9(0b)-ANE) L0 &AL LEENZALE (Fig.2.9(b)-BALE) TELAFHE L
Tz, HPeD Sl s Clda 9 BICESRIE L H .

Table 2.3 12 10 m WIEI#% D3 < Wil (Fig. 2.9(b)- Q (L) (2R DEEEMOTEESNE L,
& LT Alloy 718 OMBHSEZ =T, EROVTEIIM BRI & %O A 7R L, 0-Ka 2
FEAEBREEINRWZ E0n, BEEDIT Alloy 718 #KZDO LD TH Y, BLHL AL TWH7ZRWN
ZERbhot.

Fig. 2.10 (27 < WHEIZBW TEEEY DO 3 ATIRIEDS e 70 o 72L& Fig. 2.9(b)-A, -B (10 m BIH|#%)
ZNEIUZDNT, SAM IZ XV LEOES HFMOSAIREZNE LI-EREZ RS, A, B i
ITENENHAIENS 100, 250 pm BREREN7ZHFTICH D, 20 um A OFIHZ 04T L. BAfE &
LEEM T R OEEEY, 2 —T ¢ v 7 REICRE LR OR(LIIHR TE ed ol A (EICE
WCHEE RS O T MC BB SN0, HEFSHEMNICRIT 2 REOM MO =912
AR 22 R E G D e hr o 7o 2 & ROMIHIC A S LIciEn o2 2Tl L Ex bnb.
W — I HBIENEIT L2 & B2 Hid B MLEICOWTIE, AW, 2—7 v 7 g
KOMHIT o7, ZoZ &b, TEBREICBERISTEE LTyl s, 7
B, AT (A fLE) %A B ALE) TR AEEDCI—T 4 7 DEIIZONT
I%, EPMA & SAM OFERMND, ANLEIL TIN 2—F ¢ 73 EL, BALE TIEH#. £ Do
2, AMCEITEEDNHES, BMETIIEIMEL TWDL I ERbND. 2 DIEZIC R B
TEM B OBIERER L b8 L7z, £V, TIN I—F 4 71X ANEL Y BALE CTREICHESE
MWEZY, 7 L—ZWRICEFRELIEZ EDRBENS. BAEIL A MCEICEEOERRE A & 10
EEZ LN, BWARNRKE LS otz 2 & TEBEFERENE L oz b HiZRENS.

VL EORITHE, 37 < WHEOSHFERIL, BEMIIE A3 LIoALE CEEMICERENE LT S
Hm AR Lz, ZhUd, #RER & T RO X0 UIEIES £ < Gk L7285 A CEEAEDNEE Z 0
RThoZ L ERET L. bbb, BEMOMENE CEREMIHRIENECILEBETE,
B AN I IEREEEICREREEL 52 B2 OND.
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0.3 -

o
o
I

—@— TiN-Arc coated
—A— Uncoated

e
=

Cutting speed 30 m/min
Feed rate 0.2 mm/rev A
Depth of cut 0.5 mm

(‘ 1 I 1 I 1 I 1
0 50 100 150 200

Cutting length, L [m]

Maximum flank wear width [mm]

Fig. 2.5 Wear progress curves of the TiN-Arc and uncoated cutting tools.

TiN-Arc coated

ANEE

JEOL SEI  15.8kY 180pm WD11mm

Fig. 2.6 Comparison of the tool wear morphologies of TiN-Arc coated and uncoated cutting tools. SEM images
show the maximum wear portions of the cutting tool after turning for 200 m.
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Cutting edge

Cutting length L: 1 m

Cutting length Z : 10 m

Cutting length L : 50 m

Cutting edge

Cutting length: 1 m

Cutting length: 10 m

Cutting length: 50 m

(b) Uncoated tool
Fig. 2.7 SEM images of the cutting edges of TiN-Arc coated and uncoated cutting tools after turning of Alloy 718
(cutting speed V' = 30 m/min, feed rate f= 0.2 mm/rev, cutting depth d = 0.5 mm, cutting length L= 1, 10,
50 m).
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Analysis area (shownin Fig.2.9)

0% Inltial Wéaf . >“, W ': '.:'l..r ' 3 / ¥ e S / 1..4
R Broken.afea " Cemanied. | feil o e N

Convex nottion: i ' o N Lo carpide F [ WEAT OF EQAUING TN
onvex portion; dro ¢ : TN

EOL SEI 15.0

lngth L

0 10pm WD1lom [ 2 EOL SEI 350 10pm WD11mm 1 JEOL SE 1

=1m Cutting length L = 10 m Cutting
(a) TiN-Arc coated tool

Cutting

M’»\—MI‘.‘-'\. .

a

Initial wear

Cutting length L =1 m Cutting length L =10 m Cuttg length 7. =50 m
(b) Uncoated tool

Fig. 2.8 SEM images of the flank face boundary portion of TiN-Arc coated and uncoated cutting tools after
turning of Alloy 718. The area inside the red box is the analysis area shown in Fig. 2.9(a).
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W-Ma O-Ka
(a) Flank face

SEM

200 pm

Low High

0O-Ka
(b) Rake face
Fig. 2.9 WDS mapping at flank and rake faces of the TiN-Arc coated cutting tool after turning of Alloy 718
(cutting length L = 10 m). The analyzed area corresponds to the area shown in Fig. 2.8(a).

Table 2.3 Results of quantitative analysis of adhered material and typical material. Analysis point: Point Q of Fig.

2.9(b).
(mass%)
Ni Cr Fe |[Nb|Mo | Ti | Al | Mn | Si C W | Co| O | Total
Point Q 504 | 185 | 187 51|32 |09|05| - |01| 1.5 {0904 0.1 100
Typical material| 52.5 | 19.0 | 18.5 | 5.1 3.0|09|05| 02 |02 | 0.04 | - - - 100
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Adhered material TiN coating

100

80

60

40

Atomic concentration [%]

20

Depth [um]
(a) SAM depth profile at Point A

Adhered material TiN coating Cemented carbide

T

. 100

80

60

40

Atomic concentration [%]

20

Depth [um]
(b) SAM depth profile at Point B

Fig. 2.10 SAM results at rake face after turning of Alloy 718 (cutting length L = 10 m, analysis positions: Points
A and B of Fig. 2.9(b)).
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233 LW HEBEGE O Wrim 8L

Fig. 2.11 |2 FERELIHI# O TiN-Arc =2 —7 v RTHRHE ) v a— N THO RN Wi OBl &R %
Y. RIGREOBIERIR & [FERIC, 1mUIHIRICSRTEHO 2 —7 ¢ » ZIBBEN B S N,
CIHIBHARIE e D 2 —T « T ORENRE -T2 2 LR STz, F70, RS
WINRHEREL T D Z EABIE SN2, 10 m UHIEICIE, AT ORTEPCa—T 1 7
PHEELTEY, BFEOFTHT < WE LY EREETHER SV L3005, 50 m GIHI%
i, T<WVEDO 3 —T ¢ U7 BIRK LTs. ASEEEICBIEE SN EEE I 50 m BIHIREZIX
FEACBEIR ol iU, TV, BTEIEICHEENEITL, WIEICTFEELREH
TDNHDNE L 720l l=DIT, RIS L 2o 2 ENHBLTWDL B2 615,
Jva— TR FREOBFEETHE A 2R Lz, 78, 50m UIEI%O ) »a— s THIX, K
BHERIFIZ AN KRB LT T2, FEROBRT.

FFE A A~DEEE Y OHERE & BT H O 2 —F ¢ o TP ED» > BB IZ OV TE, 234
HTHLIBET L. 72k, Ak o & 5 B IZ b X TR O BEFEEITIRE R |- 7o
DX, Alloy 718 O THLAFEIC LD D EE 2 By, MNLE{L L7284 & pidki B
DER, SHETICBWTER SN0 EHEET 5.

EiRo X5z, BETRFHEICERTT S WEO G BECNITETT 52 LD, < Wi
OIF N BEOEIPIREZRFICBIE LT VW EE 2 bz, £2C, 10 m YHIEO T <\
NEED TEMEOBIE 21T - 7=, BIEIE T Fig. 2.4 TR LIZ A, BO2f&EFT (HNEnrbzhe
NI I 100, 250 pm OALE) & L, TAENTIHE TEM 18 & 589 ZHK L2t EF STEM
& L7z, Fig 2.12 & Fig. 2.13 ORHFITR ST EDS Tz /R LCTER Y, #EFiT
Table 24 12F & HTRLTZ.

Fig. 2.12 1% A friE OWriai TEM BBIERE R CThH D, 2 —7 1 7 OREREREIY < FOiLd
FHIENCE L TR, WHEEENELTND Z ERbN5S. BICHIREORSEIR THES X O
WA LIk EE SN, £, a2—T 4 7O EFITEEWIZ X - TREE IS bIL T
7o, WEtHEF STEM A% (Fig. 2.12(b)) & EDS /3#r#s% (Table 2.4, Point1) 725, EEEMFDOIRA
MR TIN a—T 4 V7 THDHIEEMER L. bbb, a—7 0 7 O8EE, BIEERL
fea—7 4 v 7 OFRB IR IE L, BEEWICIRAT S Z L CTEET 2 Z ENbho
7o ZOX O MBS, BAEBRICOEIND EBXOND. B, a—T 1 v 7 OfifE
HAZIE 0.1 205 0.5 pm F2E & CAR/ME A Blgg s -

Fig. 2.13 |2 BAZiE OWrifi TEM G 8I4E R 2 "9, BALE Tl AMEICHSN, a—FT 4 7%
MWL RoTEY, BEYNELHERE L T2, ZOdRAEIE FE-EPMA X SAM DTG B & 44
L7z, BEEWDORIEEE (Point 4) & REFHT (Point 5) OFFIZWT Y Alloy 718 & [RIZEHAL
oL TEY, BEMITESLF I —RMERTHE LT\, ok, B LEICBWNT, a—
T4 T DEHRL 0.5 um LT &L 2o TV, B SE&EM S 13EE L TRBY, a—7 4
VT OEEERRIC L DHEEHIAE U ol B BND. 7o, BAETIE, AMEIZH~,
BAEMTIZIRA LI —T 4 T ORESIPN/NENZ ERBIE ST (Point 3). ZDZ LI,
=T o T OREERENE N BENRZ D 2 LA RE L.

UEbDZ &b, a—7 0 7O, BEVETICBWCa—T 7 REHERL,
a—T ¢ > T LA T DR AR D Z L ¥ oo, B MLEOBEHEEN A (LE
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IZHNTRNS 201, B ALEOIREN A MEICHNEL, I—T 1 7 NEWEIC L ik

L, MEMEREMET LZZ EBFREEZONRD.

Fig. 214 129 < WilHR S O Wik SEM IR R A~ Fig. 2.14()\lnd K 912, WA
BELTZa—T 4 Y 7 ONERICENT, BMICHLTREFMICY 7 v 7 BE T Z L3
ENTEY, a—7 1 > 7 OBREIFHHEO 2 TIERnWZ Lo~ 7=, F£72, Fig 2.14(b)i
ZOU Ty s NHEREL, BRI RRENE L L ERRT S, a—T 0 VT NERICAET
-7 771X, #REIM & T B oAl /) (Hertzian contact stress) (Z ALK 518 AWie 713 E K
EEZHND . BWERNECTEME, TRb MBI CIEMOBERECT-EEZDL
NDMBHZ RN T, R FOF U T DM ER L7 2 L TEREZAL, T
ISHEF L2 ETRADRAELZEEZDLND. 22T, TN OFEREMITIEREORIER
DAETTZ. Tk, REBIZEREREGWEIRET 2 LEETES. DF0, REORIRLH T
fbLica—7 4 U I8N THER (BALoBE) NAET, Mo UIREAME P
ERREEChoTea—T 0 7 L ORI OERENE LT rliettnd 5. YLED LD
TR A R CHEMI AT AN EASIND 7 F 7 1%, N.P. Suh 73422 L 7= delamination FR3& 12
FoTHB &5 (Fig 215 9. HaoVH ik, RE»r b BB L-HEEREREBICKSE,
delamination #iima 51 H L, BEFEEEZHH L TWDN, 2—T 4 7 OWMMEERIFEIER L Tn
RN RFETIE, a—T 4 T OBUERR IO a—T 4 v T OREICELTE Y Ty B
& L, delamination FEig AT A EELE L. LI - T, EBREEREL LT, HHEEOE
FHate LW Lz, a—T7 ¢ 7 OWMEERIE, GIHITF O @R T CHEM — etk E 3 AE U,
N DOBENNE G I o T2l EHEER S D, Fig. 2.140) X2 —7 1 > 7 ORBEHBEN A Uz &
EZHNDERCEEEW NNV IANTIREEZ R, D X 9 RIBEEA~DEEEY O AR,
BEMORRBERG L, BELREL-EEZI6N5.

Fig. 2.16 1% Fig. 2.12(a) & Fig. 2.13(a)Zrr LIRS (A-(G), B-(G) OEEEY, =2—7 4 v 7R}
TR & E 2 CRIZE L7 STEM % & TEM B 27~ 7. BIEEHTIEZ (100nm R E) 23 572
W, BEMEa—T 4V ICEROPNELTREY, a—7 7 EEEY R AR 7B R
EBETHZ LIRS TH o, ZOERVEBE LD 2T, & HEEINDSALED EDS
TG R % Table 2.5 127~ 9. BEAE SR ONEIZIRBWNT, a3—7 ¢ 71TV MiciE  (Point 7)
T Ti OENEL, BEN-ALE (Point 8) TIID 7 WFERTH 7. WIFNOOHAIZONT
b, Ti ZERWIZHHEIB R OMAREIZF U Th-> 2 LD, BEERmET Ca—T 4 7%
4y L EEE W D RS DV RIS TEAL L TR WWZ & Z2ord. A-() & B-() TlEFERR O
DR S e

Fig. 217 IZ TiN = —F ¢ > 7 LEEEMZTNZ U HOWT, HIBRELEF EHFr (o140 nm fEi) & 17 -
7o & EOBFHEFTIHEART. TIN 2—7 ¢ > 2 (Areas aand ¢ shown in Fig. 2.16) TiX[Rl[r 2
R IS, EEEY) (Areas b and d shown in Fig. 2.16) TiXEIHTY > 7 R S, &AWL TIN
=7 o 7 OFRRKLTF X VMR (AL TS TWD Z & bns.

Fig. 2.18 T Fig. 2.12 OFELOFRE A-(i) a5 2 IERIEEE DA A I U U 71 L > TR
L, 50 nm BL FICOERIHREE L=t OWE TEM B2 R~7. B2 752 LIk > TR
HOERY DL TELHET/ha< L.

Fig. 2.191Z Fig. 2.18 ® DAL (AR Lima—T7 1 v 7 L s ) & ENLE GEET
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WRA LTz a—T ¢ 7 LEEEYM OSH) OmfERBIEM R 2R~ . EEWIT 100 nm LT IZH
AL TR, GIHIENZ - pm Th o 7o fbidehift (Fig. 2.1) & R&E Bipo72. Fig 2171w

LIz BB OB REFT O R EZ G D, 0O X 2 ITEEVMDIES CHEEL-OX, BIEITo
IITOTHRIZEY, Alloy 718 OMFEIE S D & & BITHEMRRLO W DM 7o 7 &
Ezbhb.

Fig.2.20 & Fig.2.21 12 Fig.2.18 ® D\fi& & ENLEZNZAUTOWT, BEEW,/ a—T 4 TR
HUTEE DO E {55 TEM 48158 & WigeE TR OfE R 2 /~x9". F£72, Table 2.6 |Z Fig. 2.20 & Fig.
221 DD, ENEICR X35 S ST O EDS oM R 2~ 3. TiN=2—7 1 > 7 (Point 13)
LEEEY (Point15) & TiX, ZENMOEFHRE T/ Z— 2L, FEifs (Point14) T
IXWEOERSToRE— U BRI N, T7005, 10 nm F2E OHPHBIEL FIRE R iz
Th, FERWEPER L LICERT 2 fMEEIIHRTEd, a—T 1 7 LiEwE
O TNLER MR SR Do 7o, MR OFER DD b SIS I W TRE JLR DIk 0
SN0, THO DRI RND, BAEME 2—T 4 7 L OREITIB W TR Z {5
MBI PRI OSITAE T TV o To. BEMITIMEN S LAXNFRIIAE LD TH -
T, {LEWDREN LTIc b DTN EE X b,

U boz &b, THHAEGEERITUEIFOER TIZBT 2 1FNAR N 2 —T 4 > 7 OEiR
SRR 722 8T, WMERENELLZLEBEXLND. Ko T, a—F 1 v THEEZ I
THIE, =T 4 VT AERORIBEREORKNEECTH Y, MELMESCRIGM 7 & OE BB
FEIZBMRT DR F OB NS N E N R D.
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Cutting edge

TiN coating

Cutting length L = 10 m Cutting length L = 50 m

Cutting length L=1m
10 pm
(a) TiN-Arc coated tool —

Rake face Adhered

material- .~ &

g

Cutting edge

e

Cutting length L=1m Cutting length L = 10 m Cutting length L = 50 m
(b) Uncoated tool 10 pm

Flank face

Fig. 2.11 Cross-sectional SEM observational images of cutting edge (Point C in Fig. 2.4) of cutting tools after
turning of Alloy 718 (cutting speed V=30 m/min, feed rate /= 0.2 mm/rev, cutting depth d = 0.5 mm,
cutting length L= 1, 10, 50 m). (a): TiN-Arc coated tool; (b): uncoated tool.
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Direction of chip flow

B -

Plastics
deformation

.
Cemented carbide

0.5 pm
—

(b) Cross-sectional dark-field STEM image at rake face (shown in Fig. 2.12(a)).
Fig. 2.12 Results of cross-sectional TEM observations of TiN coating at rake face (Point A in Fig. 2.4) after

turning of Alloy 718 (cutting length L = 10 m).
(a): bright-field TEM image; (b): dark-field STEM image.
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Direction of chip flow

TiN coating

Cemented carbide

(a) Crosssectional bright-field TEM image at rake face

0.5 pm
—

i
& A B

(b) Crosssectional dark-field STEM image at rake face (shown in Fig. 13(a))

Fig. 2.13 Results of cross-sectional TEM observations of TiN coating at rake face (Point B in Fig. 2.4) after
turning of Alloy 718 (cutting length L = 10 m).
(a): bright-field TEM image; (b): dark-field STEM image.
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Table 2.4 TEM-EDS results in adhered material and TiN coating (Points in Fig. 2.12 and Fig. 2.13).

(at.%)
Analysis position Ni Cr Fe Nb Al Si Ti
Point 1 - - - - - - 98
Point 2 51 20 20 4 2 0 2
Point 3 42 15 16 2 1 1 22
Point 4 51 20 20 4 2 - 1
Point 5 51 20 20 4 1 1 1

ke T
= ety

Microfracture of TiN coating

Adhered material

TiN coating

Crack at the center of
the coating

Cemented carbide

(a) Crack at the center of the coating

dhering oithe des’ructi()‘nportion L &
“of the.q)ating—‘! W 2 $_2

- > ¥ 4\,
b . ”. < D Cemented cal;b‘lr:le
A ey TRy » - » -

(b) After bre;aking o‘f the coatiﬁg

Fig. 2.14 Damage morphology with a crack at the center of the coating. Cross-sectional compositional image of
the damaged portion of the rake face.
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Chip

Coating

Ny

Y ¥y
¥ X ¥
[ ) 0 a NS

¥ Y
o o
Hard particles W
wjth islocation ¢
pile-up Holes just formed

Fig. 2.15 The process of wear particle formation by the shear deformation of voids'?.

Adhered
material

TiN coating

(b) Observation point B-(1), indicated by arrow in Fig. 2.13(a)

Fig. 2.16 High-resolution STEM and TEM images at interface between adhered material and TiN coating. Left
image: STEM images; right image: TEM images.
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Area a (SAD) Areab (SAD)

SAD area: Fig. 2.16(a)

Area ¢ (SAD) Area d(SAD)

SAD area: Fig. 2.16(b)

Fig. 2.17 Results of selected-area diffraction pattern of regions shown in Fig. 2.16.

Table 2.5 TEM-EDS results at interface between adhesive material and TiN coating shown in Fig. 2.16.

(at.%)
Analysis position Ni Cr Fe Nb Al Si Ti
Point 6 - - - - - - 99
Point 7 16 6 6 2 0 0 70
Point 8 47 19 19 4 1 1 8
Point 9 1 - - - - 1 97
Point 10 0 0 0 0 0 0 98
Point 11 20 10 9 2 0 0 56
Point 12 50 20 20 4 1 1 2
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Adhered material

Broken coating \

Plastic deformation

Fig. 2.18 High-resolution TEM image of damage in the PVD-Arc sample near the surface (observation position:
Fig. 2.12, Point A-(ii), as indicated by arrow).

Grain

(a) Enlargement of area D (b) Enlargement of area E

Fig. 2.19 High-resolution TEM images of damage in the PVD-Arc sample near the surface (enlargement of areas
D and E in Fig. 2.18).
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Adhered material

TiN coating

(a) Bright-field TEM image (b) Dark-field STEM image

Point 15 (NBD)

Point 14 (NBD)

Point 13 (NBD)

(c) Nanobeam diffraction patterns

Fig. 2.20 High-resolution TEM, STEM images and nanobeam diffraction patterns at the interface of the TiN
coating and adhered material (Point D in Fig. 2.18).
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TiN coating

(a) Bright-field TEM image (b) Dark-field STEM image

Point 16 (NBD) Point 17 (NBD)

(c) Nanobeam diffraction patterns

Fig. 2.21 High-resolution TEM, STEM images and nanobeam diffraction patterns at the interface of the TiN
coating and adhered material (Point E in Fig. 2.18).

Table 2.6 TEM-EDS results at the interface between adhered materials and TiN coating (Points in Fig.2. 20
and Fig. 2.21).

(at.%)
Analysis position Ni Cr Fe Nb Al Si Mo Ti o
Point 13 2 1 1 0 0 1 0 93 0
Point 14 38 18 16 1 2 1 0 25 0
Point 15 51 20 20 0 2 1 0 4 0
Point 16 1 0 0 0 0 1 0 96 0
Point 17 52 19 19 3 2 1 1 2 0
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234 BT HEABGEOWHBIZ

234 THTIX, HAERAEOXT M (Fig. 2.4 CHLE) OBEREIC OV CTEIEHBREZRL,
BEEMZD.

Fig. 2.22 IZHIHBEFE N BIEL S 72 1 m GIHIZ O R SEWim o SIM 4 2 7~ 3. SIM AT O i
FACEWR T D ar b7 A aRT i, a—7 ¢ U7 ORI OBIZICHE L=, Fig 2.2(a)
IR LT & 918, TN a—7 ¢ & 7 OFPRARRRIT R U 72 W5 5 CILs s & 4ot L ClE
IR LTV B0, BIHIB IR W CIIgE IR ol 5 GRIFHE 5m) (2o TiEdh L7
RZ/RLZ. ZOBEE, T<VEHTEEIN-ZOLREFETHY, EBIFEREIEE LT
L. 2L, FEEERESRES 2—T 4 I BRIL LD ThDH EBEZ DD,

Fig.2.23 (Z EBSD{Z KV TiN 1 —7 o > 7 O 500 2 i~ T2t R 2 s d. 31348455
(Fig. 2.22 H1 EBSD &Gtk L72#N) & IEREE O 2 ETic W CHlE L, BEOHEIZ LD H
N AT D 7% il U7z, Inverse Pole Figure (IPF(Z)) (X2—7 ¢ > 7 OfEREFE N OBIZ L
Fhdb AL & XHET 5. HEHO IPRZ)NZBWT, Bl L 72RO N T ORISR S 1,
TiN ORRREEDPRN 2 E & fho THMEAIE Lz 2 EAVRI Sz, £72, FEEREIICHS, 8
FEEROARIR R T, RN OO TN TERWEENFELTRY, T7hbb, kit
R TERWVIZEOTAREBEINTARBERHS. b0 b, TIN 2—7 4 728
MERRAELTZ EZ2RET 5. TIN a—7 4 VI BER LIZOICK L, EMICEERR LN
Mo T, BIR T COMBAEDMEN TIN 2 —T 4 7 OEEREI D LEho7o720,
HL<IE, TN 2—7 4 U 7 OBVRERENBES S LV /NS a—TF 4 V7 OIREN LA L
lclewbtZEzohbd. L= =77 v a2 G THE SNBSS 0BRSS 120-140
kWm'S ThHvo, $—FU 717 ¥ AETHE S TIN OBVYEESRIT 12 Wm!'® LHE S
TW5. koT, BMREROE N\ a—T ¢ I RUIHIEE BEHEZIT 5 & L blg, EM~DBD
PEERASERT L, WAL 722 & Ca—T 4 v 7 ORIk, WIEEENAEL, B oMmERIiTE
CZeo Tz rlaetEnid % .

Fig.2.24 12 10m Y% D =2 —7 v R TEO R eWrim Ok (Fig. 2.11@)DIEKR) L EEEH D
HERRIRRE O 2~ AEORTRISEIHBE FTIZBWT, a—7 ¢ 7 BMERRITHER L,
EEEW N O EIBICHERE LB B ICBl SR STz, 2 OB W T, Bl EG S O
RIZTCD FEALIAITITVIRE R MERF L 722 05, TiIN —7 ¢ > 7 O FEFESRE DN ERE A 4 5
MIZHA_TEWZ ERBRENT. £, MgIZBNWT, a2 F IR MoEWND, HEFEL
TEEEDIL 2 BIZ N CRY, BEB I & a—T ¢ > 7O ym DEREA LT EEEE 1
DB ST, ZOX O REERBOMNK (BERE L 1) 13/ ra— b LEOHN% (1, 10m b)
HI#%) 2B\ T bR S/ (Fig.2.25).

Fig. 2.25 (2 N JeEEFES Wi O WS R 27~ 3. |, 1, 10, 50 mUlEItkOa—7 v R
TH, Jra—FTHRZOWTZENENEM Lz, moHE WDS SO TRl Sz oz
R L TITWY, Ni, Nb, Ti, C Ok Z R Lo, SAIREERI LR D LD, KoLy
ProfEROR CHANC R ZENTH LS. HOHTORER, O FEEEME a—T 47 L O HE
IR EN 2o T=72, RLUTWR. Alloy 718 D3I Ni & [FINE  (BE5EE ST 5
frE) CHEhz2, Ni 2fEE L ORLE. £/, Nb, Ti, C IZFRME THRIHESN, =
NHOITLHEIE NI SRR HMNEICHFEL TS Z E&2ER L. KXo T, Fig 2.24 TGRS
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ToEEEIE T EBEERE IIE, TREIUND, Ti, C & Ni (Alloy 718 DE%SY) I3 LTWD Z &
Dot 7B, BEERILEEREINLTIN 2 —7 4 U 7 OFERICEL LTRSS L2 &
M, EEREIC T TAEMBOREININEEZEZI LD,

Fig. 2.26 (2 Alloy 718 Z A LEE U 7= 4% O MR 70k 2797, Alloy 718 OfHkIE, MRflED
(Nb,TI)C fRAL#, %A — % — D3t (NisNb), HfiiiZzy” (NisNb) &y (Niz(TiL,Al), IV
MAHOF =27 F A b (-Ni) 226705 . KRETCTHWEMEHZ W TE, stHITIZE A E R
bNmoie. 22T, YIHIFORALEHCBT 2MEIOMNES 2 5 &, MigkT oy Ly i
ER CIXRICE S ICEET 20T, UIEIFICITRE S LREIT 2222 5. —J, SME
(Nb,TI)C AT pm DRKE EZ2HH->TNDHDOT, Y10 < LN A T ERNEITH LT &
MRS HIE 51 CRAR & TR E) (A7) 9, BB TREEA & < HJeleli oS E T
IZBWT O LB o 72728, HAEIZE o #02D X I U CTHERE L 7= alRBER |V, 3720
B, BEEEI CTHRHE SN Nb, Ti, CiX, Alloy718 HOND,TI)CRILMMNZEDEEMELZHD
ThrEEZOND. ZOXIIIEBELETLE, BERBINTIN 2—7 1 7 OFEICEL LT K
HaEnzZ &0, UIHIRRGIHN & R AAEBORT EMIAAE LI Z LR TE 5.

TiN coating

Plastic
deformation

Direction of work material abrasion

Fig. 2.22 Cross-sectional SIM observational images of the cutting edge after turning of Alloy 718 (observation
area: cutting edge of Fig. 2.11(a), cutting length L = 1 m).
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Cemented carbide

TiN coating

001

010

120

111
TiN

001 101

I pm
(b) TiN coating at unworn portion

Fig. 2.23 EBSD results of TiN coating and WC at cutting edge after turning of Alloy 718 (inverse pole figure (z),
analysis area: Fig. 2.22).

Piled -up
Layer II

adhered material

L I
Rake face i

3

Area of the left ima: e

2% STEM irﬁage

- High wear rate region / Flank
ARSI of the coating face
e e §<'h§)wninFJig.'2.27 ST
AN B R R AN Exposed
o, O Expoéftd cemented cfarbide ! cemented carbide
VI R T it s S N

> Coating

\
diagram.

|

. -1 . < . €3 1

Fig. 2.24 Cross-sectional image of cutting edge after turning of Alloy 718 (cutting length L =10 m). The
observed area corresponds to Fig. 2.11(a). Left image: compositional image; right image: schematic
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I m

10m

50 m

I m

10m

50 m

Ni Ti Nb C
Low Il High 10 um

(b) Uncoated tool
Fig. 2.25 WDS mapping results of cross-sectional cutting edges of TiN coated and uncoated cutting tools (cutting
speed V=30 m/min, feed rate f= 0.2 mm/rev, d = 0.5 mm, cutting length L =1, 10, 50 m).
% (b) cutting edge of uncoated (cutting length L = 50 m) was chipped during making the cross-sectional
sample.
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(a) Compositional image (b) SEM (c)TEM image

Fig. 2.26 Observed images of typical Alloy 718 after aging treatment. (a) Compositional image shows & phase. (b)
SEM image shows (Nb,Ti)C phase. (c) TEM image shows vy’ and y” phases.

235 RIFHEICIS T D EEFEEK OfFEAT

Fig.227 |2 TiN =—7 » R TH (YIHIEEAE 10m) OXKT BRSO TEM G812 (Fig.2.24
DEEHEN) 2T, BEEZN LIZBRETICOW TS, HRRKA 25 HIR oE5E 5 i flin
DI L, K& EMMER LIRSz, BB STEM {47 O 8 Bl 3AEk
BRI 9 I T2 D TH Y, M LTS AR - AME I ERE LS AR L
e, i, BREOI—T 0 L IWNEICIE, 77y I RBAEL TNV, Zhbd
L, TIN =7 4 U7 Tho THUHIBUC L v #kfb L, WHEESMMBENR = 5 2 &
0, BT LT 7y 7 BT 5 2 & T, MR E I ED Z L 2R, 2
D XD IR EFEEREY, < VE THMER L THY, delamination Hig (Fig. 2.15)D L L= b D
EB DI, ARFCEBIE SNTRIT OB RRIL, G BRI BRI AEIND LB X
biLd. 72k, WEHE STEM BIZRWT, §eEfE I OMMIIESEE 1 LT THY, H
OWREIR OEGE I N T TR BN A2 L Z L AR SO EREE R L. — 5T, BEE X
BOR ORIV ERE L L CBIZR SN, ThENOBERRB L Va—T7 1 v 713875
LTHEY, INOOEEEBREET Ca—T7 4 V7 REZRITEGANCBEIT 52 L1280,
BEBLE a—T 4 7 OREITEAWNDNIE, a3 —TF 4 U TITBRERS Y T v 7 B
ClmtEZ2 5.

Fig. 2.28 IZ Fig.2.27 F D F, GALEZNZNORE STEM 4 & SIS TEM 8% ~3. FALE
Xa—7 ¢ 7 AR T OFEIEE, GACEIEEERE L AR 1 ORIt & e hiik
BEL L4558 Td 5. Table 2.7 Point 18~23 @ EDS /s R4 ~4. #rED C, N, 013,
KRS MR N = 08 L=, £7-, Fig. 2.29 ([ZHHTHEIE e~h 7> 5155 7= B RAEIITE 2
R L, Table2.8 (Z[AIE S N7-fbdh Rz~ L=, Table2.7 DFAEK & Table 2.8 Ok DRI EREF
5, fEIk ¢ (m—F 4> 2) 1T TiN(cubic: fec), fHIE f (BEA5JE 1) L fEbE g (BESEE D 1%
(Nb,Ti)C(cubic: fcc), fElk h (&R 1D XRAHOA—ATF A b (y-Ni) (cubic: fec) TH D &5
R bz, 7ok, B 11X Alloy 718 #AFkIZ/FET 5D NisNb TILFEIE 417, NbC CTHEUS T
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AIRE7R 2 L &R L TRV, RKEBIZ, EDS Z3#r (Table 2.7) & iEis#r (Fig. 2.25) OFERICEH
WTC, Nb E[REET Ti & C AR S =Z E0nh, BEEE 113 NbC O—ER28 Ti CTE#L7-
(Nb,TIHC BT D Ll L=, $EEE 11X, EDS M7 & & T ofE S5 Alloy 718 H3HHLK
XM R EEZ TS, O EERBRABME L THELIZ D ENZ D,

FALEIZBIT D a—T 4 7 k5 1 O RO EDS Z3HriE R (Table 2.7) 128 T, TiN =
—7 47 (Point18) L (Nb,TI)CJE (Point20) DHEFER (Point 19) DFAKIZIE, Alloy 718 DI
%5y CTdH D Ni, Cr, Fe n& <M SN T %. Point 19 OFRLAND Ti & Nb 2R\ = Ni, Cr,
Fe ORI, Alloy 718 (&N 1) OMILERRE 72D, ZOZ &b, a—T 47
DREIZIHWT, £7 Alloy 718 N HIEAATBICEHE A L, CIHIAEDIZD0, NS L
7= Alloy 718 Z 4Rk % ([T LI L, Alloy 718 HHOO(Nb,Ti)C A3 ERANIZ N JGICHERE L ChREETB 1 & 72
ST ENTRBINDS. Thbb, @ik, @EL R HAEEmBICHENT, MENMIT L
Alloy 718 (EEF5E 1D 13W) 0 < FAERRICEEOGRE) L7=0lzx L, Hlrg @i smeE 23 &\ O Nb, TiC
iy (BEETE 1) 1R LEEN 2 DICFRF L, AEICHAEND L H5IC LTS, #EREL T -
TR IND. HEEEETIE, B0 <R EDRAEL, (Nb,T)CHL DA TiN = —
TAVTERBET D ETHESTLE BB DND. ZOXIICLTHEERE 1 LEERE U 1 E
i L7=&9 5L, Point 19 TR SAU72 Ni, Cr, FelI#IHIIAHaE L7z Alloy 718 Doy 23577 L
TbDEERETE D, ZhbDEEEIT —ERAZRFF L7220 bl L T HENABITFIEL,
REIZREEEMITE 0 < F L &IPS N, — LY — 27 ot BIFmEICESE, b L <IXREE
BRUCIN D “ B0 < PHNIC L > THEH SR 2 E 2 5N 5708, BRI T3S 8 23 &1
R E M MY IR U722 & AR TIRENI RS i Tuniawy., £, fHElike (2—7 17,
TiN (cubic: fce)) B3 HNTZE TREFTRIZIL, RALFRIZEIT AR > SOSBEER R S, =
—T o VIS L0 L O T DI e o T T BRI R T, BT RRIET
XIIZEAE 140 nm OFEIROER AR L TND Z ED, TiINIZENLL FORFRIZ 5 £ TH
MfbL7zLBE2 BN, —HT, i BEERE I, Nb,T)C) [THAERDOAZ—r 2Rz
b, EAL 140 nm kY RERKIFTHERSHLTWD WD, 2L, #EIMSIC T4 FELE
10-20 pum FEEEDONb,Ti,)C KL 7SRO L7e 8 B, M BICHERE L7272 B 2 bhb.
Ni EASMTRICIE, ZOX 9 R TN TERKOA LT, L EFHEEHE2TD LN
WENRH D, 50 m MM THORNEHE (Fig. 2.11, Fig. 2.25) 2B\, BER T OHEREN T L
A ER BRI To DI, BEFEIC K> TRIERGFNZ 725D 2 & TR 7235 > 8220 30
VAR L, HELE ol B bhb. 2O &iX, NEBRESRNCEREHT D
Zlick o, UIHHEHOBIR O 270 59, MTHESAL O AR ND Z L 2Red 5.
GNEICRIT 285 1L/ 65 11 O E O EDS HT#E F BT, Point 22 OFLKIE, Point 21
23 £ D Nb ZBRr< & Point 23 & RIFREE DML TH Y, FeE 7y OIRILITHEGE TE o7z,
BRRETIE S, fEK e/ fElk £ O L O g f8IK h ORIHE ST L ONERR O
BRI MER TE e oTe. Thbb, a—7 4 7 kSR 1 ik KOOSR 1L/ EERE 1
RENCZENTNESTEIIMR CE2h o 7=, 728, STEM £, TEM IZEB\\C, ik h (B
J& I, A— AT FA & (y-Ni) (cubic: fcc)) 1% 100 nm LA F OFHKALRR TR S TR v, ¥4
BN HIRS DR ST N O - TR 2R Lz, 20 K 9 e iiihisiakix, WIHDINTIC X 5 E KR
OTHEFIRIZE Y, SR S HHEHE  (grain subdivision) WSC[EITE « FfEEAE Uz 2
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LICEDBRENE L LN,
Bl DRI (AR IEE -< 72 TEMARATRE R0 5, (NbTIC 232 REICE N Th, 1
B P D LIRS R OB APEITIER T2, TAZIUL, WIS L D20
AL b DL EL BRS.

Adhered material

Layer II

\

i
| I
| \
- G
| \ \
L A
I~
N
N\
\
N
\
N

Columnar grain

\
\\f/ boundary

Plastic deformation
of the coating

Cemented
carbide ! Crack in coating

Direction of work material abrasion

1 pm ,

Bright field TEM image Dark field STEM image

Fig. 2.27 TEM images at worn position on flank face near the cutting edge after turning of Alloy 718 (TiN coated
tool, cutting length L =10 m). The observed area corresponds to the cutting edge shown in Fig. 2.24.
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Coating

&
Coating,

N .

100 nm

Bright-field TEM image
(a) Interface between coating and Layer [

Bright-field TEM image
(b) Interface between Layer I and Layer 11

Fig. 2.28 Dark-field STEM and bright-field TEM images on the interface between TiN coating and adhered
layer I, and adhered layer I and adhered layer II. The observed areas correspond to the Area F and
Area G shown in Fig. 2.27. Upper image: dark-field STEM images; lower image: bright-field TEM

images.
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Area e (SAD) Area f(SAD)

Area g (SAD)

Fig. 2.29 Selected-area diffraction (SAD) results at TiN coating and adhered layer I, and adhered layer II. The
diffraction areas were shown in Fig. 2.28.

Table 2.7 TEM-EDS results at the adhered materials and the TiN coating. The analyzed points correspond to the
areas shown in Fig. 2.28.

(at. %)

Analysis position Ni Cr Fe Nb Al Si w Ti
Coating Point 18 2 0 1 1 0 0 1 95
Coating / Layer | Point 19 13 5 4 42 1 1 1 33
Layer I Point 20 2 1 1 87 0 0 2 8
Layer I Point 21 1 0 0 86 0 0 1 11
Layer I/ Layer I1 Point 22 52 19 17 8 1 1 1 2
Layer II Point 23 51 21 20 1 1 1 1

Table 2.8 Identification results of crystal system at TiN coating and adhered materials. The analyzed areas were
shown in Fig. 2.28.

Analysis position SAD EDS Identification result of crystal system
Coating Areae Point 18 TiN (cubic: fec)
Layer I Area f Point 20 NbC (cubic: fee)
Layer I Area g Point 21 NbC (cubic: fee)
Layer II Areah Point 23 v-Ni (cubic: fcc)
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2.3.6 WU BEREIZ KT B DR 1 DR

Ni S-S TR @2 9, TEORS mITeE Lot B maEs 2 Lichke s,
F7o, ARSOREER, TEHORFEIZIE, Alloy 718 FICIFET HHEF T 5 (Nb,TIHC DHEFE
DB SN, ZbiE, MLk U7 gisr o4 i & B1HI TR & oI 72 (Nb, Ti)C
DEEEN, ENENRENE S, Lo YBEGNELLZ L2 T 5. T7200, SR T
IEEER 2 2 WA ORI E NI Bk IC K VHIV IR DN D, =T 7 LI 7R 904k
Lo%LEZEZ2bN%S. 22T, Fig224 CHIZ SN RTEPOANLICBIT L3 —T 4 7T DR
HIEEREIL, 23.5THO TEMENTORER G, BEWE a2 —T 75t & O(LFRONT & 2 T8 EE
ETIXECTHRNWEEZ LN, SMEIOEIEREOENBERERICEL 5 2 72 & Hiz
Inb.

Fig. 230 12> 2 = L —3 3 Y 7 I (AdvantEdge FEM, Third Wave Systems, Inc.) 222 L > T
ittt U7e TEREEHICH T DIRED 2 ¥ —R a3, fRITEMIE, Alloy 718 O _IRItHIH|
EIEL, T<WA T, BIFA6°, YIHIEEE 30 m/min, YHAZZEX 0.2 mm, BT (FHE:
2800 kg/m?, BMREEZR: 1X10* W/(m?-K), 7 —F > MEE:20°C) & L, 22 #HilZmr Lz UlEEER
DEMEFHB Lz, 810 <& TR oBfitmiEE T L% 600-750 °C OFEFHICH >7=. Rk
HAEBDOHL BT HENZ T TOREITT < WHEIZHESTELS > THH, H0OHE 650-
700 °C FRJEE & HEE S 7z,

Fig. 2.31 {Z 800 °C UL FOIREIRICH 1T 5 NbC, TiC, TiN OGRS O s R4 r~d. mik
S OO NV M ERBR R & L, v~/ 7 ubtyh—2@IZ2HE L-EEZTnTh
SCHRE 2270265 H Uz, B iR OUIHRREE & HEE S 4172 700 °C LA FIZHW T, NbC & TiC
D ERAE X 201X TIN ORI S IR TREU LD S Th 5 Z L3bnsd. £, K
ARRFCHE PVD-Arc TR L 72 TIN 2—7 ¢ > 7 OEiRE S (Fig. 3.30) Z kg s LR
Lz, a—T 4T OBSIEFT /AT X —CHELIMETH-T-720, v~ 7ty li—
AT S CHIE L2EE Y bEVMEEZ /R L, BEELKRT S Z L3R ch - 72, HBRIC
EBMEOEEMET S (TIN SV 7 B OB S 12595 TiN-Arc 2—7 4 > 7 O=EIRE S O
ZRe, ZDOHETIN-Arc 2—7 4 Y ZIZRELEDHZ LICL S TTINASAV I MO S L i L72)
&, TIN 2—F ¢ > 7 O S I3 L7 D TIN ER%ETH 72 &6, TIN 2—F 4 >
7 OEEME X% Alloy 718 FIZFEET H(ND,TIC OEEM S L HiRWEHEsh, 771y 7
BERENMEE SN & B2 6D, FRZ PVDIETHIE L7z TIN =2 —7 ¢ & Z13EIR CTHEREIG T D
fRFORIR R K DAL E T2 Z B HESNTEY D, IR COMBZEENRE L2 &
SRR BE I N o ER B X bD. 7ok, YIHIREICKIT 2 8MEIOREIXT
BB OBMRERIZ L > CHRELEZ T 572, EEFEHIE O IAAE O SRR O el n
Z, FIEICBT DMEHREZEETH0EN DD, ARG CTa—T ¢ » ZHEKICH W TIN =
—T 4 VT OBRER TG SOBMREE DL WD, a—F ¢ U 7D UIHIER
WENE N2 o T2 2 LT, a—TF 4 VT NERMNICEIL L, BRICE-TmEEZ LN 5.
D%V, Fig.224 TTIN 2 —7 4 7 OFEEFERENBEIESSEM LV @ lcDld, #Eils 4
OIIEN TIN 2 —7 ¢ 7 OIE LY IR, BEIBHERF SN DEELLND.

T 7 VYT ERORELIRT 570 0I2iX, BETAMOME (ZZ2TIE, 2 =71 7)
DS HaBRORQN) D% HE LN LR B TND.
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Hy=13H, = = + « * £(2.1)
ZIT, HalZBEFESH Aok (Z 2T, (Nb,THC) DOEITHD. 600°CIZH1F 5 TiC &
NbC O S1TZZ4H 11 GN/mm?2, NbC = 8.8 GN/mm2 Th D Z b, 77 L v 7 EEFEE
T HI2IE, 600 °C IZHBIT DA 143 GN/mm? LA ETH DL Z &R bND. 2B, ZhbD
SISV IMERBRA L LT EDIA /R E Yy I —AMI THDLHID, a—7T 4 7Dl
SEEO TGS 2 720121E, T/ AT o X —IC LA MEBDBLEL 2D,
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Y (mm)

4.8

4.6

Bl 650-700 °C

Fig. 2.30 CAE simulation result of cutting temperature during two-dimensional cutting for Alloy 718. CAE

X (mm)

conditions: cutting speed V= 30 m/min, cutting depth d = 0.2 mm, rake angle 7 °, relief angle 6 °.
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10> — - NbC

- —A—Tic*"

I —@— TiN 1600°C 5GPa fine powder 22

~ ~®— TiN 1500°C 5GPa fine powder **

I -O-TiN 1500°C 5GPa coarse powder*?
—@— TiN PVD- Arc coating shown in Fig. 3.30

=
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-
-
~
-
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Microhardness [GN/mm 2]
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0 200 400 600 800 1000

Temperature [ C]

Fig. 2.31 Comparison result of microhardness of NbC, TiC, and TiN at versus temperatures. Hardness of TiN PVD-
Arc coating was measured by nanoindenter.

24 THHEGEETNVONIRE

23 EIOBIERERICE-D X, Fig. 2.32 12 Ni MEMEESII TRFO Arc 512 KV B L7- TiN =
—F 4 T OEEET VAR LT, Fig. 2.32() X85 MAF 5L, Fig. 2.32(0) B EE T O£ 5
N LUTIE, BEGET AR TEREREEZ £ & O TRR5.

GIHIRI b THREICHHIM OBEENA L, BEYREIY <6 L I3 EFmoin sy
MICBEI Lo X0, a—T7 4 U IREIEBOMERL, =2—7 0 V138U ERZE 27
BEWIa—T 4 VIR ET 20, BEW,/ 2 —T 1 v 7 Rk E T H# DOIRERAb
BVORRITHEGE TE /N2 & D, BEE RSB L E ) 2 IR0 % 1 5 SO 7e <, B
H LN E LI E 2D,

G HETIC oM, WM Lz a—T 1 > 7 ORRR S S SR U722 S 55
HANRAT S Z & CERENRZ S (BEERE). £/, WHAF LI-a—T 4 > 7 ORI
EVATHNCZ T w7 BNEASH, FHHAND X9 2BENE LD GEIHFER). <V miclsn
T, =T 4 2 T OWHMENBIER TEX -01L, RSO & BERL S EEICITR Z > T
Wb EHEREND. DF Y, T < WE TOBRGHET I HAREEAFER N TH > 72 DI,
B AR SN D0 < FREEEM EEfin/-2 L Ta—T 1 7 L OEENREEEZ A L)
Sl eEZbNS. BTEHICENTIE, =T 4 > 7 OBUERINZ THENXKR (Ko
vy ) BERELEEBZONDIA—T A VT OWENEZ D, —EWEL-a—T
THRENICIE, BEMDBWAAT X DI ET D700, BEMEEIND. NS
WP HERANCNT T, 2 =T ¢ > 7 REHEHIM G F 5 TR T & A (Nb,TI)C FHHERE L,
BEMEOMICEEENRTLY 28T 5720, Z a7 7Ly 7EEEZR . ok HicTHE
BRENEUT-EEZLND.
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Table 2.9 1%, THOX{H CHEUEERBEZLORBELZ LD LD THL. T W &R
HILFREROBREBIGNE U LB X DI, I—T 1 v 7 OWMWER &4 5 kias BERE & 5 57 EEFE
Thol-. HFmEIZIBNTIE, (NBTIC ODIFIEICL D =7 7 L TEFREOIERNMb 5 Z &
T, BREEITHENELS Rol b HEESND. B, T ETONNERICBWT, HKiFmEE
T < WE TORRMLEFEEZ B O TIPS 218 O BEREELS: (B RERE) TR STV
AR

FROBREEORER, BEREEEIIRICEEERETHD L Shi. 2oL X, BRI
Q2T Holm DEEFERIC L > TSNS Z ERMBN TN D 9,
wL
H
2T, VIIEREAEE, wideiE, LIV EREE HIIMEOmR S, KIZFERICED Hild
WRITTOEH TH S, ARITHEZIE, Alloy 718 UIHITEH DO 2 —7 ¢ > 7 OEFEEIT, #H
EHOWARL LI, WORBOSENTHL ZENRBRIND. BEETLVEADE TELT
HE, S HOEKT, @EESOBKICHES L, SR COMBHEEEEO R EISEREMTHIC
FHTHDHEEZOND., LIER-T, MKIZOWTIIRERNOL SO TWEIRNELFR U TH
5.

U EOBEET VB LOERERNG, 2—7 0 7 OREMHO AR E LT, Rkl %
BT HMAGRE, WEORM LD Ray 7Ly hEERI WAy X ) v 715 CVD ED
W, BEMOMNEREEZBDY EEH-OIC TERROERIENZFNEFNAR EEZ N5,
7B, BEERIIAELTHARVDT, MIEEOM SIIRETHD.

V=K—+ + « #(2.2)

Adhered material Plastic defomation and
microfracture of TiN coating

o e - ;‘ ------
l‘.‘.‘.‘.‘.“'ﬂ

Physical or

L fracture of
mechanical adhered e

TiN coating

Abrasion direction

Plastic deformation Breakdown from
of TiN coating defect (droplet)
Flank face
—
(a) Initial damage (b) Progression of damage

Fig. 2.32 Damage model of TiN-Arc coated cutting tool while turning of Alloy 718.
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Table 2.9 Influence of wear mode at each position of the cutting edge after turning of Ni based superalloy.

Wear mode Rake face Flank face
Adhesive wear High High
Fatigue wear High High
Abrasive wear Low High
Corrosive wear Not confirmed Not confirmed

25 S
Ni JBIMEAS & ONREN MBI TH D Alloy 718 ZHERHUIHIINT L, PVD-Arc 35 TR L7-

TiN 2—7 v FTHOBEEERZMBERNICBIEZ L, ROR & 1572

(1) BIHIRI 6 TEREICEEM OMEDBIE SN, BEEYOMERIEL Alloy 718 D H DT
HY, BEWEa—T 47 EOREBNT, BALCE T OM AL E D B LS
BUSH L ORE S DG IR S Lo 7.

() EEEMEIY < FHAUTI » TBE) L7-BIC THEREIC/ER LB I L > T, TN 23—
T4 TIXEEER L, MR o TERE L. £, WA LTa—T 4 TN
BRI ISR L AT H D 7 7 v 7 AT, HERIR & 7 B CEERE L 7=,

@) XTFHEIZBNT, BEANOKK (Rey 7Ly 8 ZERe Lict#fEShbda—T 17
DMIEPBIEZ S, ST EEE DS AT Z & THUEDMEtE Sz,

(4) AL ORISR I T, Alloy 718 MHKDEEWIE & =2 —T 1 > 7 & ORBIZ(ND,Ti)C
& OHERE R HERR S 7z, (ND,TIC BIE TIN =2 —7 ¢ > 7 X 0 & @R I3 m 78, M
HERE L 7= (Nb,TI)C RL 23 Bid% L72BRIS, BIFHO7T 7V TEFEA R Z L, EEFEE THE %
mblEBEZLND.

U boa—7 4 v 7 OFEERREZRTHRETT VEARE L. ZHICEXIE, Alloy 718 L

MTEOa—F 07120, BENOXK (Faey 7Ly b)) 28FF, (NLTI)C 2 THIR

WENENZ ENRDLND.
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HIE Ni ABEMEASSEGTHINTRCBITT S a2 —T 4 IR b5 Bk

3.1 &S

%2 FEIZBWTC, PVD-Arc TR L7 TIN 22— v R T HOBEFRE 2 UIHIEEE S & @8l
2L, UHWHENOEEDN a—T « 7B L, BEMRa—T 0 7 EEBT LI L&
DEEEEIIN, a—T 4 v T OBER EMAEA R L 2R L. BEWE 2 —7 ¢
7 FURZIIRE LR OBRGITEE S, S A 1 O B L P BOS I TEGR TE o Telzd, 2
NHIIWEN G LIIHFNICME LIz EEZ2 b, £, a—T 1 7IZE&ENn 5 K
(Fey 7Ly b)) ZEAE LEBEN U LR ENE. U EOBSHRICESE,
THHEEETAVERE L. RET L, Ni EBIEASSUHIREO 2—TF ¢ > 7 HREMHNIT,
EHROEEEEAICH L, WM S ICENE, Kz axhna—T 4 72 EATo2 0
FhToHHZ LarET5.

a—7 4 T OERFEIZOWTIE, 3 —7 o 7 OBYLERFIE ORIE, RG], fEdb
Mk, WS/ LI oW TOFMBRE RS RE ST D, 5T, GIEMEREIC WL, T%
LA THE L7 b 02% <, EMERRRBERNZ V. —KIZ, Ni EEHEEGSINTRO X 5 7248
HIBRRE AN R & 720, X0 @ OIMEREME S 3 & 72 2 8)H THIZIE, (TLADN O X 9 722 [EEsR L
DA ORGLIZ LV sk Sl PVD a—7 4 U7 RIS YD L LR s, Ziuh
Da—7 47 (TLADN, (TLALSDHN, (ALCONZ2 &) (E@ii CrOb &M afiEd 2 Z & 3%
HALTIY W, GIHIHOTHEFREMC T 5T 2 MR EATR <2 2 LR L. L7 5 T,
a—7 v R THRHIZOWT, a—7 4 V7 OREFELOHIRERICKS T2 —T 170
WABHREIE & A3 BT T H a7 LIS V.

ARETIE, Ni EBIEASSEIHIREO THEIZRD SR EZ 2 L, T EMEOBRHE
HEM/DZLEANET D, ZODITIE, YIHIT O TARE ORI AR & e AR & 048
L, TOAMBREICB T a—T7 4 7 OEREZFHIL, 26 2 BRERN & BEA T 5
BRABLETH . £, LE-HHIMFEZAENE D& UHIEh )2 AV, YIHRRE & oI
EHARIE L, Ni BB SOWEIEICSOWTEE L. RWT, a—F 1 o 7 ONEEZs
Btk EXE 572012, TN MK D SEIRBENE <, SIRICBOWTHHBEINEH N &2
A S D (ALCLSHN L 2 Arc iE TR L7 2 —F v R T H 2 i L, EEFEZRE 250 L 7=,
EBIT, WMEFEELEZD L Ta—TF 1 vV ORMEAIEH L7 TEAYE L, T EHEEm
FI~DOEBEELFND LT, MECURLIEBEETAOREMARIELT. . £, FHK
WEHEEEZ D ET, FEDRRD TIN 2 —7 4 V7 2 L7 TEZYE(R L, Ni @i
BAOYHIBRERICB T, a—7 4 Y ICRO DN DFHEICONT, BE, O HE &ML
EVEDOBLE N DB LT 9.

BEHIBICIZATE & [ U Alloy 718 2 HVy, FEHIINL GEbeblHl) 35 2 & TUIHIFO#r, £
WA AN &2 TRICZEMIA 5L, 20RO TLEREEE (Frlica—T7T 1 » 7HEEE) &%
TR 2 O CRIE L7, HBEIRIEDO R/NMCo W, GIHRRESCYIHIS, a—F 4 v
DOEILIRFI 4 ORFME & BhEAHT 5 2 & ATz,
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32 EBGE
3.2.1  UIHIEE I KONGRS OMIE
3.2.1.1 BB IEEE

IE*%%M%T®@ME%%*E%Cﬁﬁ¢5t DIZBIHNRE & GIHHEGT & %[RRI E
AREZR BB 2 (R L 7=, UIHINEEEHIE ST, T H—WEIMTEE L2 V=, AGER
1 et = R 221 A | %E?éﬁﬁ BHZWEL, HFohiENZRIEM#RIC X VIEEIC
BRI 52 LT, UHIREZRD D HIETHS.

Fig. 3.1 (CHUIHIIN TRs O BGELFE ) E OWERK X 27”9, BIHIF IR ITAERIN T GEReeIEl) & L
7o BIHIASA MFfR ST D TEMNTEIHITE a8k L, #EsM NIt —r >
T U EN L CHIER & YL HIM S SR S D 2 & CRER(AD B OB A JIE L.

Fig. 3.2 13IBARE N A IREICA T 572D OEE ) L IREORFR (BUF, KEdR) ZHlEd
LI DB TH D, HEEIL, BHZEEF ¥ A=A v RSN v THRRE
ENTBY, By 7RI X7 TRREESNTWS, By 7RI T VI FFICES
NTeT IV ANARRE 7 v AVNERE STV D, RIEMBITIKROFIATERSG Lz, £7, #Hl
MCHERL L 72 2x2x80 mm DFRER T OURIRIC 7 )V AU E 7 b AV ZEEE LT-. Z o8 %E
JEIMELL, 3 sec FREDAREHETHY 1000 °C £ CHIRSH-. ZOEEICLY, #EM —27 o X
VENZHAE LT BB & TV AV — 7 a A)VRINCHAE LIZEBVEE ) (T7ebb, IRE) Z[H
BRI D ZENTE D, £7-, FAEOEEZ TEM THERLERBRAICOWVWTHHERTS & T
B — 7 a A VBICRA LEBEENNELND. 22T, EEOUENETE YRR o2
BB THDHTD, #HIM — 27 v A VEOEE) & TAM -7 a A VEOBEE O &
V, ZoOXELBEOMGE WIEMR) 257, b HAWT, EOHIORE )N S UIEIEE
IR LT

Fig. 3.3 128 DR IER#R & e —ROZEXTER LI O ERT.

3212 A

ARETTIE, UIHISE AR B2l & 2D T HEFIC X 2R EDEE L /NS T 57
W, Jva— b TEIZH R, mMEWEDOEVNTLADN =—7 v FTHEHAZ®E L7-. TE
TEARIZ SNMG120404 & L, A—=1 7 INLIXERET, SNE R X O L T EmgrEin .o 2
Feh L7z, GIHNC AW A RIS T % oA, #RFAIEehth -6°Tho. Fig 34
(W T RO & XA MIERY AT 7R o2~ TR, JIS Biks K05 FH4 oiE
4 (WC (grain size 1.2 um) - 5 mass%Co - Cr) Z¥#Efifi L7=. PVD-Arc/EIZ XV TigALN(x =
0.5) Z 25 umBEDEXIZRDL L5 Ca—T 47 L. 2B, (TLADN =—7 v FTEZHW
TeHa ThoTh, UIHIBMGRER CHERMT v VIO a—7 1 RN HBET 5720
HESHDBEENT ) v a— b EREETH-T-.

BeHIAF 1%, Alloy 718 (aging, 440 Hv), Ti-6Al-4V alloy (annealed, 320 Hv)IZ /N %, JIS SUS304
(stable treatment), JIS SKD11 (heat treated, 40 HRC), JIS SKD61 (heat treated, 40 HRC) % %E{j L 7=.
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3.2.1.3  ENEE I L OUIHIEETIE R O BIHI G4

B E ) B LOUHHRFIOWEIZIL, CNC gl O — 27~ t8E, LB4000EXY) & v 7z, 4]
HIEHU I ERDIHEY 5 (F A7 — US4, 9129AA type) 2\, Fig. 3.4 (R3° 2912, YIHI
HF DY H1(2), 3 71(x), E0 N)ERIEL-. SIS, XG.DIZHEW, 2hbo 3 liyod

NEFEH L.

Cutting force F = /Thrust force(x)?2 + Principle force(y)? + Feed force(z)? + + - &(3.1)

Table 3.1 IZUIHIZM A2 £ & O T, UIHIERREL=5m, #V f=02mm/rev, YiAZ d=0.5mm
L, YIHBEE V= 10~200 m/min (Z351F 5 UIHIIVEE & UIEIHHT 2 HE L=,

Iosubitr= _|— Piezoelectric dynamometer
5
TiAIN coated cutting tool ﬁ PC
controller

| _‘x yz =
_ | Work material
Charge
| Carbon brush s
Machine 1234 ch
,|’— T
- N
— Filter [—|DC amplifier 7
s 1 —| Oscilloscope

Fig. 3.1 Measurement circuit of the cutting temperature and the cutting force. The cutting temperature was
measured by tool-work thermo couple method. The cutting force was measured by using Kistler.

/ Vacuum chamber \ ®
Halogen lamp ‘g Tool-chromel
Chl s
= E
[0 + o) fAmh
= 2
Tool Reflector g g8 work-chromel
or . 2, 8 L
work material Light copdense § =
b : h;a,‘fmg . | Alumel g Ch 1: Temperature el
' | L ' Chromel Data logger
+ —_—
Copper wire Ch2

Fig. 3.2 Illustration of calibration system of electromotive force.
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Fig. 3.3 Relationship between thermal electromotive force and temperature.

Alloy 718 (aging, 440 Hy) =ccceevcerecccccees y =-0.24x% +49.9x +22.1
Ti-6Al-4V alloy (annealed, 320 Hv) =c«ccveecceee y=-1.33x%+84.5x + 36.9
JIS SUS304 (AISI304) (stable treatment) « <=« - y=-0.71x*+75.6x + 19.0
JIS SKD11 (AISI D2) (heat treated, 40 HRC) - - - - - y=0.59x? +30.2x +21.8

JIS SKD61 (AISI H13) (heat treated, 40 HRC) « - - » y = 0.41x2 + 34.4x + 25.0

Fig. 3.4 Experimental setup for evaluating cutting force and cutting temperature.
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Table 3.1 Cutting Conditions for measuring the cutting temperature and cutting force.

Alloy 718, aged, hardness: 440 Hv
Ti-6Al-4V alloy, annealed, hardness; 320 Hv
Workpiece material JIS SUS304 (AISI 304) stable treatment
JIS SKD11(AISI D2), heat treated, hardness: 40 HRC
JIS SKD61 (AISI H13) heat treated, hardness: 40 HRC
Geomet SNGA120404
i ~6,-6,6,6,15,15,0.4
. Substrate Cemented carbide (JIS K05 grade)
Turning tool
Ti(lfx)AlxN, x=0.5
Coating PVD-Arc coated
Coating thickness = 2.5 pm
Cutting speed 10, 20, 30, 40, 60, 80, 100, 150, 200 m/min
Cutting length 5m
Cut.n.ng Feed rate 0.2 mm/rev
conditions
Cutting depth 0.5 mm
Coolant Dry

322 a—7 ¢ v 7R & THARE SRR
3221 HEEHS

B TEORSCEMMEITFE 2E LF L & L, IRIT CNMG120408, F:A41% JIS Bk K05 FH
BoOBEGEE AW, 2 —7 1 7 OMBEHERME AT ESE 572912, TiN ke 2k
b U CRIREE N & < SR TH 2 O DS HIAE S HALCLSHN FLRR D% 38 E L 7-.
(ALCLSHN FAEAZ DU T, MR o K B 0D 5028 4 LRt 9~ % 729012, PVD 5D Arc lon Plating
% (BLF, Arcih) & ZAUTHERT R v 7 Ly M3 720 Sputtering 15 (LLT, SP k) ThHUE
L72 % O L7z,

=T 7 OEREMEI KET IR IEO LT D202, a—7F  » Z#% TiN
&L, BRI E%E PVDED Arc i, SP 15, Hollow cathode method (HCD 1) 35 X ONCVDIEIZ &
ST, TNEN3I mMBEOEAIEE L= b0 L=, DU, Ka—TF7 s 7Fa—7 4
> THRARR & Rl 1 & R A5 3o C TiN-Are, TiN-SP, TiN-HCD, TiN-CVD & it#id%.
FROMEMIC LY, Fig. 232 DRETT N OZ S EREET 5.

3222 YINIEER

UIEISET s 232 & B, WHIEEE V=30m/min, %Y f=02mm/rev, Y)Y iAZd=0.5mm,
AN e L, UIHI%O TREOBEFREABIZE LTz, Table 3.2 ICUIHIG A2 £ L O TRT.
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Table 3.2 Specifications of the various coatings for verify the damaged model shown in Fig. 2.32.

Geometry CNMG120408
Substrate Cemented carbide (JIS K05 grade)
CVD TiN-CVD
Turning tool Coating TiN TiN-Arc
L TiN-SP
composition .
PVD TiN-HCD
and method ;
(ALCr,Si)N (ALCr,Si)N-Arc
(Al,Cr,Si)N-SP
Cutting speed 30 m/min
Cutting length 1, 10, 50, 200, 300, 500 m
Cut.tllng Feed rate 0.2 mm/rev
conditions
Cutting depth 0.5 mm
Coolant Wet (emulsion)

323 THBEEREOBIZS L0

Table 3.3 IZAIH (3.23) BLOWRIE (3.24) THRIH LT FIEL KIFEZ £ L O TRT.
Bt O THASBEIBIZOWT, K& Wik bR KOO a1iTo72. HBEFEIX
SEM ([Z X v @lg2 L7c. WikslBtoERLE, e friE COllr Li=tk, Ul 2 85m7e 5 £
CHFEE L7z, GIWLE 2 el e Lizoix, 910 < F oL g6E L@ oiits Tb 57
%, GIHIN LA OREIS I3 E <, FEHIM OEEREN L E L TR Y, BRSSO
ICHET5EEZEZ NN ThD. a—F 4 ZOREBREOBELBEME a—F 1 L 7D
RN DB RREZRHM9 5 72912 TEM <° STEM |2 L 2 @i R85 21T > 7. TEM &0
BIERILFig. 24 D ANLELFIC &L, M5 100 pm B -A0E & L.

324 a—7 1 T RHEDOFN T

PR OIEARWFE L LT, 2—7 ¢ 7Ok, FmiEdE, PBE, @O MmE1T28-
7o, AR, KRR, B SISOV TIIEZERVLEREIHS O B © AT o 72 FoAF 1T IS HikS KOS FH2Y
DAfE 4 (WC (grain size 1.2 pm) - 6 mass%Co - Cr) Z H\ 7z,

Fig. 3.5 (ZEMUBR N2 — L Zond. ZVLERIR 13 600, 800, 1000, 1200°C & L, HZEH, KR
FEC 10 min fRFFL72. UIHIBREEZA8E L, FUEEE IS <, REFFERITEL 2D X oI E L
7o FEBRTIE, UIHIRERE 1 m ODHIRER (BEARIRERDIE | s R0) ThoTha—7 ¢ & ZIT#fen
JRIK & B DD PR BIER SN0, BULEERER CIEsB 38— En b L 5 1o
FFRE 2 10 min & U7, JFPIEFIRRN S 7 Pabl FOBEZEE AL, HAOBE NI T2 > T
720N

BVLERFI% O SPEIZIX, T/ A 7 4% — (ELIONIXINC #, ENT-1100a) % F\>, fafH
49 mN, IEEAMEE 4.9 mN, RAMMERREL 1s & L, HOoNAEEMERENS, S
R L.

a—7 o TR S SPEICH WY T, FEEREICR LR S5 olcsmiifEE L, JIE
VW T N D IE R JE R DA E C 5 A 33 L7z, #ARK O E &5 #T121E FE-EPMA 2\, g EF
10kV, FEBFHEE 1um IZEE L7z, EPMA TiE, N-Kof2s Ti-LIfR L B2 572, N OEER
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EPMETT 5. 22T, EEREOM Ti 207 L7z & & D TiKaft, TI-LIFROA D MRk &
OMEHEGRELD AIN 2[R S THOMT L2 & EDONKafkDO B 7 > M bLZNZEND T 7 MK
DIz KD, RKEFEZ M L2 & U2 N Kotk DA v > MRS Ti-Ll 8 OT 7 o MGy % 7
LBI<HIEZTT/R o7 (FYHHIE) .

a—T o T OFEREIERRIT DT 01T, X FREPT A M Lo, JEICIE X REdrEE (U5
7 BRASAEEY, RINT2500) % W7o, X#RJRIZ Cu-Kaff (1=0.15418nm), 26 ; 30-70°, A7 v
75 0.02°, EFEME ;40 kV, EER ;300 mA, T/ 7 A—FFEH, FEHAY v b 12°, %
BOEHIRA Y » b 5 10 mm, #ELA Y » b 5073 mm, %AV > b ;03 mm OF5MALE L. X
FRONFHAEEIT 5oL L, IR XBREHT OS54 THIE L.

a—T 4 T OB I ZFOLEREICIES A T ¥ — (Micromaterials $, NanoTest
Xtreme) %Az, fRLIABRGE XX, #2727 B LN IS014577 HIKICHERL U 7-va@hs U
D HAEEL A -V TIRIE L. 1 LIAZBGBRI I EHIEIC K > TITVY, Table 3.4 (2”344 T
WE L7z, ARET 3 AU ENEL, EHEEZRO . MEREIZENTH, BB EETO
W5 OSRB AR L, BARY 7 Maf/IME L7z 19, RB A R RO L, FRERIEELIC
Ko CGREOKEZMRIE L. midfllEl, RetEETFombzikd 572912, 10° Pa OHE
ZefiCiTo 72, B SIX W. Oliver & "MORZE L= HiEIZ L W R 7=,

a—7 4 U7 O EMABRBIZEICIE, BRI ERE FBMSE (Field Emission Scanning
Electron Microscope: FE-SEM, A&t H S NA T 7 2 vy — X8 §-4800) Z M\ /=, JniE#E
FEIXs5kv & L7z

a—7 ¢ 7 OWmEEROBIZE & LT, TEM RICHEE L@y 7 v %, SEM & (AR
BT RS, JSM-7800F) (Za%E L, {13 EBSD (TSL #£#, OIM) (2 X 2% E 7% 5
LIRS 21T o 7. IEEE 1L 20kV & L7z,

EOREE TEM 806, ONTZfi#MT Y 7 b (HREM research ) 9% W TN~ v 7&K
7-.

a—7 4 T DOEILHEDOLHTICIE, EDS KV b HTEE O & WE = kL X — K

(Electron Energy-Loss Spectroscopy: EELS, Gatan #, ENFINA1000) % UV 7z.

61



Temperature, [ °C]

Table 3.3 List of characterization methods.

Method Device name Analytical conditions
SEM Hitachi, Acceleration voltage: 15 kV
N-3500, S-4800 Acceleration voltage: 5 kV
SEM JSI{/][E- (7);“601: EBSD for TEM sample
/ EBSD TSL. OIM Acceleration voltage: 20 kV
Quantitative analysis
EPMA JEOL, Acceleration voltage: 10 kV
/ WDS JXA-8500F Probe current: 0.05 pA
Beam diameter: 1 ym
X-ray source: Cu-Ka
XRD Rigaku, Tube voltage: 40 kV
RINT2500 Tube current: 300 mA
Monochromator
Accelerating voltage: 200 kV
JEOL, NDB; Nano Beam Diffraction
JEM-2010F Diffraction area: 3 nm>
Hitachi, Camera length: 50 cm
TEM /STEM HF-2100 Accelerating voltage: 200 kV
/ EDS Beam diameter: 1 nm
/ EELS
JEOL,
JEM-2100F EELS .
Accelerating voltage: 120 kV
Gatan, Beam diameter: 0.2 nm
ENFINA1000 e
H @G @ ©)
<>

(1) Elevated step, increasing speed =30 °C /min.

(2) Holding 50 °C lower than set temperature for 1 min.
(3) Elevated step, increasing speed =10 °C /min.

(4) Keep at set temperature holding time = 10 min.

(5) Furnace cooling

Time, [min]

Fig. 3.5 Heat treatment process, vacuum, 10 min.

Table 3.4 Experimental parameters.

Test Target Unloading Hold period at Thermal drift data
temperature force time peak load collection
O (mN) () ) ()
20 35 10 5 60
600 35 10 5 120
800 35 5 10 120
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33 fRBIUOBE
3.3.1  UIHIEEE d K OIHIHRHTII E S R

Fig. 3.6 [ZUIHIEEEE = & ZHIE L7z (a)BIHINREE & b)BIEHRPLZ =T LTz, Fig 3.7 (IZUIH|
B L ORI ORRZ WixtE 7 7 7 ICE Lizb 0% /9. F£72, Fig 3.8 IXUIHIEE & BIHHE
PLOBRE R LIZLDOTH S, Alloy 718 1%, MOMENZGIEI L-5E & X, YR & YIH|
BHRENZ D)5, SKD11(40 HRC)X® SKD61(40 HROIZDOUWNT, 700 °C £ F THHLA
HMEFF S L DB R O T DX, BIBRREE DO (R v 2R ZIRRAL AL ) (kb L
TWDOAREMENRB Z biLd. ZOZ LiE, UIHEGI O HIM O @RS E I EEIND Z & &R
2925, 721, Alloy718 & FIERICEENIAS & L TIN5 Ti-6A14V &4:01F, UIHIEE L EH- L
FTUMEANZ D o 7228, BIHHRPUIFIRVMEZ /R LT, 202 &b, NiEBRASEL Tid
& & CIIEHIEERN R D L B2 5.

52 B L OKRED FEER G & U CTHWZBIHLEEE 30 m/min @ & &, Alloy 718 BIHIRFOD R 5
DIFFEPRFEN 680 °C LHEINTEY, ZiuL, F2EIIBWTYIal—TarTROET
< WEHDOHEED 600-750 °C O#FPHIZH 7= Z L L/FET5H. 22T, RFTRERKIREL, F
PRREDB LZ 12-145TH 2 9207 LIZfE 1L, BIHIEEDS 30 m/min @ & & O AR,
820-950 °C R E T EH L TWe L HEE SN D.

IR OYIHIEE B L OUIHIRF I ORE/BREN LT &, RIETHELE TIN 2—7 4 V7D
WVEETEIE, Alloy 718 GIHIRFOBRI AR L BB AR OV T b @ -7 Z EBNRRETH L &
Wz %. 60 HRCIZFHE L7 mfl & A A2 UIHIHE V=70 m/min CTEIHIL7- & &2, =2—7
S TV BBIE STV D 2D, 20 L X OFFEONFEREIL 800 °C & HIE I N7,
SRR IE 960-1120 °C & RFEE HD. LR ->TC, ZOREHRTa—T 4 70k L= 2
LI E o THHIM OB S & DOENNS L2, MEEERELTLEEZOND. Lo T, Hilk
SEEE DR BIEIT 2855101, TAEMEIOEBRRHEICER LIZBRAKNETH D L HEE
Ihb.

THEM TH DA O EIEREIZ OV TIE 700 °C FRE TRIEO 12 FREICHEK T 424
U5 2. Alloy 718 1% 700 °C F2 £ £ CRWBIIRMELX AT 5. 22T, GIHIRE 700 °C fHLTo
A4 & Alloy 718 OFREER 1T H &, T H EHHIM O/ NS <20, CIEIIIT23 A
LD, B2 ECTHRHNLL I, YHIRICa—T 7 LR & O EICHE LA ROG
MR EFRDIUE, HEHIM B L ONEE Y O IRTREN & <, B TEM Bl O mIERE & o
NS Te D T ED NI BRSSO HHIEZ RTHNEB X DD, § 2 EONLLSRED
BEMOWmBIERE R (Fig. 2.24) IZBWT, TiIN 2—7 ¢ » 7 OEFEHENBIE G4 L0 b
Mofedik, EFEEMICNZ, EREOHLIZEBWTIE, TAERmOEENG, TEEMIZH)H
FTCREARNRH Y, Ziuk, SMEOBREROZELZ T EEZLND.

—RICEE S DOFED 3-5 FRRER U, UHIEREECTH D L ShTnd D). YIHREE Z i
THHIM OBERKTZILS 28 b 1 2OFETIES 528, TEMBHIITEZ 5 EiRmE (&iE
) DROOLNDZ LT,
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2 |
g
o 600 —@— Aloy 718 -
£ —A— Ti-6AL4V
3 i 7 SUS304 ]
400 - —¥— SKDI11 ]
—@- SKD61
200 1 | 1 | 1 | 1
0 50 100 150 200
Cutting speed [m/min]

(a) Relationship between cutting speed and cutting temperature.

700 T I T I T I T
i —@— Aloy 718 ’
600 —A— Ti6AL4V | _
~[ SUS304
T —¥— SKDI1 .
% 500 L —@- SKDé61
2
82 I
an
£
£ 400 -
Q
300 |-
200 '
0 50 100 150 200

Cutting speed [m/min]

(b) Relationship between cutting speed and cutting force.

Fig. 3.6 Cutting temperature and cutting force in turning of some work materials. Temperatures were measured
by a tool-work thermocouple method.
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z —@— Aloy 718 ]
£ —A— Ti-6Al-4V
E ~I- SUS304
—— SKDI1 .
- SKDé61
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Cutting speed [m/min]

Fig. 3.7 Relationship between the cutting speed and cutting temperature on logarithmic scales of Fig. 3.6(a).

700 T I T T
® Aloy718
L A Ti6AlL4V
[0 SuUS304
600 x SKD11 40HRC
SKD61 40HRC

500

400

Cutting force [N]

300

V: cutting speed [m/min. |
200 400 600 800 1000

200 ] 1 ]

Cutting temperature [°C]

Fig. 3.8 Relationship between the cutting temperature and cutting force during cutting of several materials.
Temperatures were measured by a tool-work thermocouple method. The numbers in the figure indicate
the cutting speed ¥ [m/min]. Cutting conditions: cutting depth d = 0.5 mm, feed rate /= 0.2 mm/rev,
cutting length L = 5 m, and dry cutting with tool geometry of SNGA120404. Work piece materials: JIS
SUS304 (AISI 304), JIS SKD11(AISI D2), JIS SKD61 (AISTH13).
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332 PVD 22— 1 o 7\ X A HENHIN B O MEE

Fig. 3.9 |ZHGIEREBR D 7= DITHRE & RIBGEN R D LI F Lica—T 4 7 OREE £ &
WTR LT, PVD-Arc 5 THUE L 72 TiN-Arc & (ALCLLSI)N-Arc IZRHIZEZHD Fua v 7 Ly bR
EHFE LT Z LD, —5 T, PVD-SP L THUEL72(ALCLSIHN-SP (X ke v 7L hME
<, B RERmFREZ R L. (ALCLSHN OEBrmsAMkix, B HIEIZ X > TR 28 %
R~ L, (ALCLS)N-Arc 25ii7e 7 1 » 7 ROk RE 2 7~ L7 DIzt L, (ALCrSi)N-SP I3 K72
AL 2R Uic. B SRR BN BZr o o BRI TH D Z L 2GR LT\ 5. A
DORZE LT, SRS ZRLED, (ALCLSHN I TINIZHARTE L, ESRICB W THIE I35
VD EREIRFES D TR LRSI AEAE L, TIN 23 600 °C F2EE TRE{k 9 5 DTk L,
(ALCL,SiN |Z 1000 °C THIEF & A CBEBAE LW, 2o a—T7 4 7% HnT, YHINT
I oD T HAB SN Zh BT SV T, Fig. 2.32 (R L-4BEE 7L 2 R A O 325 M A Wi
L7-.

Fig. 3.10 (% 10 m WIHIBE O Rk mBE 550 SEM BB R TH 5. R URESETH D
B4, TiN-Arc (S L, B S OEV(ALCELSHN-Are 13T HEEFEEIN NS W2 LB S,
72770, BEFRBIIOTNOMERREZ R L TEY, BB IR -T2 -, R
R & R L= IS I BEE DI AIAF DL Z > T2, 25 1E PVD-Are ¥5 CTHRIE S =729,
WERORR L 720 2 DIENKMaE ZEEG AT T, 2B DERNAE T Z & ClEIcE
SltEZ2NSD. —FT, RIUHMETH->TH, SPIETHIET 5 Z & CHEAXRMEZ V72
il L 72(ALCr,Si)N-SP TG EN I oo, 2D Z Enn, BRNXMO A B R
REOF/MIRELSBEL TS Z EPHER SN,

Fig. 3.11 12 1 m GIHI#& O RS o SIM AGBIEFER 27~ T. TiN-Arc NEKED 5 2 pm FRED
JEVNEBH CYAMERE L TV D DR L, (ALCLSiN-SP 1E 0.5 um FEEE DOV #B O I 2 5
NCHEY, MEOREWHRICEZ D Z & Ta—T7 4 T OBUEREEZ/ NS <MA 52 ENT
7. (ALCLSiN-Arc 13, #iEMN<, BHEEROFBEITMHR CE R o720, BERO Fe
Ty REL, ZNOHBEORSIZR T2 2 ENRIBEEIND.

Fig. 3.12 IZ(ALCL,Si)N-Arc Z i L7z 2 —7 v RTERIZ2OWT, 50 m UIEI#% O TEES miEE
& TEAWE O SEM GEBIERE o nd . RIT IR G I RN B S Sz, fEE
friE (Fig. 3.12(a) OWIHERIZIWN T, Fa v 7 Ly MEFICEEEY O AAIR DA U TR0
BE s (Fig 3.12(b)~(d)). Z Z T, Fig 3.12(e)\IIEMIESICBIT D R e v 7 L v hOWE
B RE R, BEMO Fe vy 7Ly MEIIZERATFEELTEBY, 2Oy O5RENME
W EWRBEINTZ, INHEEETHE, Rury Ly NBIXOZOREUEHOZERE N 22—
T AT OIEORS L 72V, BHERHOE R SN TSI BN E S IS L2 & T, §
FEFMEES N EEZOND. 20 ORGEER RS, Ni EMNEE S UIEIRHZ TN O
KIEHPRERAE LTEET <, BENXEORBNEECTH S LB 2 bk,

Fig. 3.1312% 2 —7 ¢ 7 %l L7 TEOUIRMWERFHMIFE R 2 ~T. 2 —7 4 7 OEiRR
FEIA) b & BERN RO LV, a—F 0 7 OREENMER L, TEHEGOmENGEOND
T LA RER Uie. BERERR DN DI K BRIRIR O ST R OIHIRIE (50 m &£ T) OEEIROK
BUENH D Z LoD, FUMEK (ALCLSHN) ThHALE, 50 m YIHI LI D & i EEFE
BT DBEFEEITHIEZIIR CCTh o7, DE D, WIHHBREGIIENRIEIC L > TEL, EHERE
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Ta—7 4 T OMBHEEEMICEEEZ TS EE 2Nz,

Fig. 3.14 \ZYIHITRIC 2 —T ¢ o 7 OIVEZ T Beds 3 OVE & BEAEIR OO BEFEMES T FE |2 25 2 iRl
A7z TiN-Arc & (ALCr,Si)N-SP OV Ol X %75 L7=. TiN-Arc |X 1000 °C TEVILHLS 2 L i
ENRKIBIE T Lz, ZhiE, a—7 4 V7 OERREISHORT LiEdbioEbic ks b0 &
Ez b5, —F5T, (ALCLSI)N-SP (22T, 1000°C LAT OEVLFLE 2B Tl & DK T
P/NEL, MOV IR SR, 22T, 331 HOMERE» S T HEmORFTEEIL, 820-
950 °C FRE L HEESNTZ L2 EBETD L, ORISR S CTHE S MR, MErEL
ERHERF SN D a—T 4 VT ORENEE ThH-T-E V25, 7B, PVD a—7 4 73R
TR A OBULERFTE OPT & i3 5 &, BVLER I3RS O TIC X > THITA
PMET L, BIEIF O KEEME T2 EHEIN TN D 2. AREFSE TRk L 7-8e e T
T, TERNRIEIKBET, BREERLIEMETHDI0, BEIGHETOREBORIZL > T
TiN-Arc DIRFMMBAE Ui Tl B2 6d. milcBIT2a—7 0 V7O SK T O
AT = ANE, 333TEHTHRAT LT,

VL EORGEEBROFER IS, Fig. 232 1278 L7z Alloy 718 UMD 2 —F ¢ v 7 HHEET VT
DN, a—T 4 T OWMWERSL Ry T Ly hERARE LTEEEN a—T v 7 HEGEA
TholtZ PR TEILEE RS, 7ok, YHINTRO THEFREIX, FIHIERE) O EH ERE
BT, REERL o THEMEAZDLON—RNTH LD, ARFOKE, ey 7Ly b
BEOMRRIL, PIHEROKBICEZ TH Y, MYBIEE YR I3 e w BEFEE E ORI Zh A
D ENRBINT.
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Coating method

Cross sectional

image

1 pm

Surface morphology
as deposited on
mirror polished

hardmetal

20 pm

Roughness Ra (pum)

0.089

0.230

0.025

Defects

Many droplets

Many droplets

Few droplets

Structure

Coarse

Fine

Coarse

Thickness (um)

3.0

2.8

3.2

Hardness (GPa)

32

36

Fig. 3.9 Evaluation results of the properties of the coatings prepared for verification.
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: Smobt-h’ L
morphology:

Y.y 50 um: § Break morphology ' S50 um: J- : NS0
L e— T Y g L —
W JEOL SEI  1S.8kV X300  18pm WD1lmm JEOL SE X300  18pm WD1imm

JEOL SEI  1S5.8kV 1,500  1@pm WD12mn

(c) (ALCr.S1)N-SP

(a) TiN-Arc (b) (AL Cr,Si)N-Arc
Fig. 3.10 SEM images of damaged area of cutting edge for each coated cutting tool (cutting length L = 10 m,
cutting speed V=30 m/min, feed rate /= 0.2 mm/rev, cutting depth d = 0.5 mm, lower images shown

at high magnification).

5.\
B,

Al
ol 5. Large plastic

.y < Sdeformation it
= Y

‘_‘ Small‘plastic
A deformation

’V
‘1 lm’L.

(a) TiN-Arc (b) (ALCr,Si)N-Arc (¢) (ALCr,Si)N-SP

Fig. 3.11 Cross-sectional SIM images of each coating on the cutting edge after turning of Alloy 718 (cutting length
L =1 m, cutting speed V=30 m/min, feed rate = 0.2 mm/rev, cutting depth 4 = 0.5 mm, lower images
shown at high magnification).
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Section line

Built up edge

PN

Rakeface

(b) Cross-sectional observation

Adhered

material

Cemented
carbide

Droplet

2 um
I

(d) Enlargement of enclosed area in (c)

(c) Enlargement of enclosed area in (b)

Droplet

COMPO 5.0kV X25,000
(e) Droplets in undamaged area.

Fig. 3.12 Images of the fractured part of flank wear. (Al,Cr,Si)N-Arc-coated cutting tool (cutting length L = 50 m).
(a) Surface morphology, (b) cross-sectional observation, (c) enlargement of enclosed area in (b), (d)

enlargement of enclosed area in (c), (¢) droplets in undamaged area.
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03 T T T T T

—@— TiN-Arc coated

—A— Uncoated
(ALCr,Si)N-Arc coated

—- (ALCr,Si)N-SP coated

1 I 1 I 1 I 1

0 100 200 300 400 500

Cutting length, L [m]

Maximum flank wear width [mm]

Fig. 3.13 Evaluation results of cutting performance of each coated tool (cutting speed V= 30 m/min, feed rate f=
0.2 mm/rev, cutting depth d = 0.5 mm).

40 T T T T
®o—
— 30+ _
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[a W)
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20 H _
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. Estimated
| —M- (ALCr,SiN-SP | [ocal cutting |
temperature
10 )). | 1 | 1 | 1
«
R.T 600 800 1000 1200

Heat treatment temperature [°C]

Fig. 3.14 Relationship between heat treatment temperature and hardness of the coatings measured after heat
treatment (holding time: 10 min. in vacuum).
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333 PVDBLWNCVD 2—7 ¢ v 7 OFFELLEE
3331 BIEFEORZRD TIN a—7 ¢ v 7 ORI

Table 3.5 \ZRMRIF LD =1 —F ¢ o R PERHIAS R 27”97, EPMA T L7ofRkiE, ik
Bl TH 72235, CVDITENTIEH 508 4at%D ClEZ G AT, Z O C &L, 1000°C Di%
B FRIZ I T, BEEAE0 Co Il AL CHRMEIZ W2 TiCL, A & Kt L7-fESE, TiN &
TiIC OEREBWAT L TR Z o727 LRSS, I AIEIC L o THE LRSI ERET
72. PVD a—7 ( > Z\IIEMIG R ERE LTWD. PVD 22— 4 7 OE-ICEIXZ2—T
+ VTR OFRBR T OB ENHROTAMETHS. CVD 2—7 1 > Z1F 1000 °C TRt D%
HRIZB W T, BlEAE L a—T 1 7 L OBUERIREOE N LV 5IRIS D0 LT
HEEZLND.

X BREHTFER O 111 K bHEE LmERRE (dE) ([28WT, PVD 2—7 ¢ 70 d fliT
JCPDS 1 — RSB L7z 2.449 AP~ RE Rl ZR LT, — 5T, CVDa—5 47 Dd
fEIX PVD 2—7 1 > ZIE ETiE72 2% JCPDS 1 — ROfEIZ A, N K& RfEE R L7z, d
BT AT DRI, O A&, Mk (C DBEEE) ORBEZT-b0LEZDL
nN5. PVD a—7 4 V7 OREISHRLOT L, fiEFoA 4o —=071ck->TELE
EEZLN, TS TAERKREL oz LHELE IS, FFIZ PVD-SPIZ DWW T, Al
IZ Ar ZHWAD T2, B0 TR, 3 —7 4 7RI N L0 FERCERORKE D Ar
PRALTZZET, o PVDBIZHANTS dERRE S Ro/o /BN H 5. CVD 2 —T 1 &
ZIIENNT C 2 & T, TN 1T CEARL, TIiC @ dfE 2.499 A 9285\ =721 dED
WRANELT-EEZOND.

Fig. 3.15 (22 —7 ¢ » 7 DM B R4 ~T. ZNEhOMkIIRe>TEY, CVD =
—7 4 71X PVD =7 ¢ U TG A h AR 2 7R L7z, PVD-Arc I3 Z HE R AR,
PVD-SP [T FLEGAOHIV VIRAAE, PVD-HCD [ZHLA 2R AR, &2 2 E s Lz,

ZOX91Z, FU TiN R TH - THRIBETEZ L - T, 8725 FECHMEEZRT Z &
WOND.

Table 3.5 Coating properties.

. Composition Hardness Young’s | Residual | d-spacing | Orientation
Coating o . .
ocess (at.%) As-deposited modulus stress value ratio
P i | N | C (GPa) (GPa) (GPa) A) 200/ 111
PVD-Arc 47 51 1 30.1 394 —2.0 2.460 0.85
PVD-SP 48 51 1 37.4 415 —2.5 2.465 0.12
PVD-HCD 50 48 2 34.9 405 —1.3 2.458 0.33
CVD 49 46 4 31.6 417 tension 2.452 0.16
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Fine columnar

(a) PVD-Arc 7 (b) PVD-SP

Coarse granular

(¢)PVD-HCD

Fig. 3.15 Fractured cross-sectional SEM images of TiN coatings deposited by several methods.
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3332 AMIEAEORRD TIN 2—7 v R TEOYIHIMERE
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Fig. 3.16 Cutting performance of TiN coatings deposited by different methods (cutting speed V= 30 m/min, feed
rate /= 0.2 mm/rev, cutting depth 4 = 0.5 mm).
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Fig. 3.17 SEM images of the cutting edges at the boundary of the front flank face after turning of Alloy 718 (cutting
length L =10 m).
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Fig. 3.18 SEM images of the cutting edges coated by TiN coatings deposited by various methods.
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(a)’ PVD-Arc as deposited (e) TEM observation position

Fig. 3.19 TEM images of TiN coatings at the damage position of the rake face after turning of Alloy 718
(cutting length = 10 m, analysis point: 100 pum from the cutting edge). The PVD-Arc coating
structure before cutting is shown in Fig. 3.19(a)’.
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Fig. 3.20 Results of X-ray diffraction of each TiN coatings before and after heat treatment at respective
temperatures (in vacuum). (a) PVD-Arc, (b) PVD-SP, (¢) PVD-HCD, (d) CVD.
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Fig. 3.21 Relationship between heat treatment temperature and d-spacing of TiN coatings after heat treatment at
respective temperatures (in vacuum), calculated from the XRD results.
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Fig. 3.22 Relationship between heat treatment temperature and crystallite diameter of TiN coatings after heat
treatment at respective temperatures (in vacuum), calculated from the XRD results.
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Fig. 3.23 Relationship between sinf/A and S cosé/A for each TiN coatings, determined by the Williamson-
Hall method (plot legends denote as deposited (as dep.) and temperatures of heat treatment).
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Fig. 3.24 Relationship between heat treatment temperature and amount of strain of TiN coatings after heat treatment
at respective temperatures (in vacuum).
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Fig. 3.25 EBSD results of the cross-sectional structures of TEM samples before and after heat treatment at 1000 °C.
Upper and lower panels are IPF and Kernel Average Misorientation maps, respectively.
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Before heat treatment (as deposited)
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(b) CVD

Fig. 3.26 TEM images of the PVD-Arc and CVD coatings before and after heat treatment at 1000 °C.
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Fig. 3.27 TEM images near the surface of the PVD-Arc and CVD coatings before and after heat treatment at
1000 °C.

Table 3.6 Composition of the PVD-Arc and CVD coatings before and after heat treatment, determined by EDS

and EELS.
After heat treatment
Before heat treatment at 1000 °C, in vacuum

Sample | Analysis position [ EDS semi-quantitative EELS EDS semi-quantitative EELS

(at.%) (at.%) (at.%) (at.%)
Ti | N | W |Co| Ti | N Ti | N | W |Co| Ti | N
Grain boundary | 60 | 40 - - 56 | 44 | 52 | 47 - - 59 | 41

PVD-Arc

Internal the grain | 55 | 44 - - 58 | 42 | 52 | 47 - - 57 | 43
VD Grain boundary | 50 | 42 1 6 64 | 36 | 56 | 43 - 1 58 | 42
Internal the grain | 57 | 43 - - 59 | 41 | 54 | 46 - - 58 | 42
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TEM image Displacement mapping
(a) PVD-Arc as deposited

TEM image Displacement mapping
(b) CVD as deposited

Fig. 3.28 High-resolution TEM images and displacement mapping using the peak pairs analysis result of coatings
deposited by PVD-Arc and CVD.

90



40 T I T I
—@—PVD-Arc
. —4A—PVD-SP HH
™ B PVD-HCD
35—

Hardness H [GPa]
W

mirror-polished surface
measurement point

25

coating
cemented carbide

20 > | L | 1 | 1
As depS 600 800 1000 1200

Heat treatment temperature [C]

Fig. 3.29 Relationship between heat treatment temperature and hardness of TiN coatings after heat treatment at
several temperatures in vacuum.
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Fig. 3.30 Relationship between measurement temperature and hardness in situ at high temperatures.
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Fig. 3.31 Relationship between D2 and hardness of TiN coatings after heat treatment at several temperatures in
vacuum. Crystallite diameter D was calculated from 111 refraction.
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Fig. 3.32 Relationship between reduction rate of hardness after heat treatment (1000 °C, vacuum) and flank wear
width per 1 m cutting (calculated by steady-state wear between 10 and 200 m).
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HRRED IR ENT K > THIEDIRE BRI, #ke BN e~ CTEIHNRE MR I TR VEIC
1L PVD 22— ¢ » 7\ X O MEEFEMER M L5 392 LG S TW a2, EigtlEliz >V T
%, OFT BN SBMICELE LTOIREBECHBE S LD CVDIERFERICTh H LB X bils.

PUbzFedsdl, UIHNRE & UIHHRTL I & < 72 5 Ni BEBMZEVG 4 Alloy 718 O bH|
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72, @EIRIZE b ST IR IS DIRFECRE ShL A X O KIC K D8 SR T/
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REGHEM AN L, EER(E L7 E 635 CVD =2 —7 4 » ZIZZD—D L LTH
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FREEIC L D A AR L TV D, AL, BESDIAMC b Ak, B, %978 % B2
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—7 4 VT OFHEHE L ED TABROMETH L.

Abnormal wear region
changes of the tool shape

teady-stat ar region:
strain decrease, grain growth, thermalsoftening of the coating
low strength and low thermalstability of the coatingathigh temperature

Tool wear

Initial wear region:
amount of the coatingdefects (ex. droplets)

Cutting length

Fig. 3.33 Wear process of the coated tool and damage factors at several wear region during continuous turning of
Ni based superalloy.
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FAE  Ti-6Al-4V BEEF N TR T B8 15845

41 5

B 1 ETHRARZ K HIZ, Ti-6A14V 54213 Alloy 718 (IR CTHEHIMEINEE S, #EEIB & LT b
NTW5. Ti G&OHHIMEZERE, UHIRERE 20T WD &, TEAEIZA T D0
ENZ &, SEEROTI 0 < T4 L, UIHHRIIOEENAE LT N EThDL MBS T
W5 Y THEEIZOWTIE, BEEEENERE LTHE SN HORZ D93, BEER
DI D EEFEIZ R D £ TOWMBRIIRMIA L N2\, £, Ti-6Al4V SEUIHIRCIE, =—
T4 T OMBITNEL, TEMIL va— FOBHEAETENEHSND Z R, o
—T A VT OREPEFONRVEBRGESEICERL TN EEXLNLH, HoICHA LIS
VAN QAYAIAY

KETIL, Ti-6Al4V 4% a—F v R T B4 A OCHENINT GEEDIND L, & 23k
FEEDFIEIZ L v, BIEI% O TARNEZRikB L OWE 2 HEMICBIRT 52 LT, THE
EHREZ I BN T 5. 5 3 FEICBWT, Ti-6Al-4V & UHIIN TR OYISIEEE & UIHIHE T2 1
ELTZAER, BIHNEEET Alloy 718 L[ U< # A AHIRAT o L AZHATER K 2D 0908,
GIHHEHUI NS N L MR L TWD. 2D Z LiE, Ti-6Al-4V &4 & Alloy 718 BIHIRFD T HF)
FITBNT, EULDBRENRI o TND I LERBT 5. KRETHONIREE, 2 BTk
WTERAT2 Alloy 718 BIHIINLRF O T HARENRAE O & i 95 Z & T, L0 HEEHMEDZA
IZOWTHEBLE L., WTNLESEEREEROBE Cho7/2Z &b, BENEIZI T DN
FNLPAR DG M L BEEM ORPEIC L0, HEREZRATE 2MENEZREL WD 1. Fz,
Jrva— N TEOBERRKEZBZL, Ti GaUHIIN TR TRIZRD b FEIC W TEL
L7z,

42 FEBRIFGE
42.1 M

BEHIAIZEARS 100 mm O AR O Ti-6A1-4V &4 (BESiES, 320 Hv) Z¥YEfii L7-. Table 4.1
(ZWEHIR DR & 7k d. 72, Fig. 4.1 [THHIM OB RS R 2R~ WM ITo+pH Ti &4
ThHPEICEF kA2~ L, FEBRRIER L2 20-100 m fRETH - 7. THEEHE, JISH
% KOS5 FHY D54 (WC(grain size 0.8 um) - 6 mass%Co - Cr) (23 —7 4 7 & fELiza—7
v RLEE  va— b TLEEZHW-. a—7 4 7 O/MEIE TIN & L, PVD-Arc (2 XV R
L7, a—7 4 V7 ORIIIHALEHFET S m BBETH 7. TIN 2—7 ¢ > 7 LA S
ORI, F2E TR LIz E EREDO LD (Fig.2.2) #HW-.

T HIZRIE, CNMG120408, < WA 13°D7 L—AAHERI T BEZ A7z, /A FaiRLACq%
BEREOTWAITN TS, BFMIT6THY, F2EBIUOHEIETHMALLTRELFER TS
5.
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422 HIHIEER

GIHIRBRIZ 1T ONC el (A — 7 ~#kUat8, LB4000EXY) % FV CHMEHET e hEHI N T
ATo 7. YIHISRMRE, XY f=02mm/irev, B1V AR d=05mm, WAL E L, Y LT NLHA
T OKREVEDEA] (HOEBRPEMRASHE, ¥ 7 =—< X% —27—L WT) % 10 {HIZHR LT
A=, A ERESIN T ORISR % Fig. 2.3 (27”7

PVD =2—7 v NTEOBERELZ BTS00, YIHBEEZ V=40m/min & L 10mNT. L
7. UIHIEEEEZ 10m & L72DlE, ZORETa—T 4V ZICHENRE SN0 Th D, F
7o, UIHIEEZ TN I <EASNTVD V=60m/min & L 10m I T.L7= & & D PVD 2—7
v RTHEL /va— s THOBREGRELZLE L, #iC/ va— N TEOBEBREIZOW TR
7=. UIHIZE% Table 4.2 (2% & D TR

Table 4.1 The main component of Ti-6Al-4V alloy.

(mass %)

Material Al Vv Fe (@) C N H Ti

Typical metal | 5.50-6.75 [ 3.50-4.50 | =0.3 =020 | =0.10 | =0.05 | =0.0125( Bal.

Test specimen 6.24 4.1 0.18 0.18 0.04 0.01 0.001 Bal.

Fig. 4.1 Observed microstructure of Ti-6Al-4V alloy.
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Table 4.2 Cutting conditions of turning.

Work material Ti-6Al1-4V, 320 Hv, anneal; 715 °C x 1 h — A.C., 100 mm
Geometry CNMG120408
Substrate Cemented carbide (JIS K05 grade)
Turning tool Coating composition TiN or Uncoated
Coating method PVD-Arc
Coating thickness 5 um
Cutting speed 40 m/min 60 m/min
. Cutting length 10 m
C(illg;;is Feed rate 0.2 mm/rev
Cutting depth 0.5 mm
Coolant Wet (soluble)

423 T HHEEGIREOBIE L OV

YU O TREFSICONT, Kl & Wiikid D EGHREOBIZ L 21T - 7C.

NFEARGMOBENIE 2~ I MEN TH 5. Kif

R =)
HE
R

Fig. 42 13T H
Z SEM IC L 0 BIZR LT=. BEEW DOL5ARIR

REXCHELALIE EPMA / WDS oA 3R DS B F R AR IZ KL DA (compositional image) DBIZEIZ
L VR L7z, Wi slEt o ERLE, R s O LE CEIRT L%, Ul &2 85 s T L7

O irE 2 el & Lok, 810 < SOl L& O Th 7, IR
FUZ B IEESS I E <, BEHIM OEREIRREN BN LR E L TV D Z &b, BEREBROME
Hricli4 5 LZ20NDTHD. a—T 4 7 OBEEBREOBELBEMEa—T 7
DORENB T DA EREZ T 5 72512 TEM X° STEM I X @5 REIE 21T >7-. TEM &
OB, AL 100 um BEL-frE (2% & 4h@) & L7z, TEM#EIO &I DUV CHilR
B EIYT (SAD) &L ARFRFE T-#E#T (NBD) ICLVEEM L a—T 1 v 7N O kS
AT F7o, TEMEEBEICAHERO EDSIC XY, BEME 2 —T ¢ v 7 FEEtE O e %
1To7=. WS, Table22 CRICTHS.

Cross-sectional observation area

Cutting

d (distance of about 100 pum from the cutting edge)
edge

Chip contact area |

Flank wear

* End flank face

Section line

Fig. 4.2 Diagram of a sample observed cross section of a tool cutting edge.
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Fig. 4312 V' =40 m/min T 10 m YA L 722 D3 < WiriEEE O SEM % &g 2 ~3. GIH|
FREENELVCH D 6T, AN LEENAEIZS W T, FIio s L—Z L Bbh b
SEESBE SN, 2T, U TEME SIS T —T 0 VI BERT Db TiEel,
JRFTANCEBEREDHEAT T 5 2 L 2ond . UIHIEREDNIE NS &, Z QBRI IER L, K& 727
L—XIZ B EEZLIND. ROREREGESIE, NEEmENLE0 < FEMESOBLZ 230K
STETBENTALEICH 7o, MR OBIERE RN, R RERER S EE TIXEM O
(A, RNIEEMILEE CITEM O E (REH) NI, T AR ORTI &
I AEITEWVNEEE <, BVOARHIIRNEN LD LB L ZATRRESN TS 9. F£7,
T WEIZA L D540, BEISIEHLITEWIZEEE L, TAWIEERE» B8] <
THMEZOPTIMIEE T EOEWVEEZ LY, IDITHNLD EESCHICEET S E ST
% . RREEFEF.OE, BEISHLD BEAMIENE S oI IEICHYS 35 LR S D.
Fig. 4422 —7 ¢ » JHREHZ K L7z SEM B &g OBl M5 R (Fig.43 D A, B %
AT A EBIXE Y AR O OfE, B EIEE 0 < T Wi HEE A ALE (B
R) ThD. SEM BHIZ, Mg asRL, SIS C Tl 2ikz R Lz, 0 <F'0
IR L B EMIEENLIICARZD LD, a—T 4 U REIES LIZWHIM TH 5.
A, BEHSOWTFNba—7 4 NTHRE LTZEEZRL, a2 —7 ¢ 7 & MO R imsRE /I
ENWZ & (a—T 4 T OBEERE) SRR LI-HEEE 2 DN HB8UIBIR S o T
K, =T 4 7 OEEEITEEEE 2 D 2R W IEER R U7 28 L (il
I%, Fig. 4.9 OWim TEM GBIER5R & S b TiatEmaE Ll L72) . FRC Bz TiL, =
—T 4 THEEEICEEEY O—ENEAAT L O ICAE L TERY, PRS- fEkic X
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Cut for cross-sectional
observation (shown in Fig. 4.2)

.'Ma‘}hﬁﬁlm 3
\ = wear depthil L

.+ Width (_)f chip
v contact area

100 pm
JEOL SEI 5.0kY ABpm WD1 1mm JEOL COMP 15.8kV x100 108pm WD11mm
(a) SEM image (b) Compositional image
Maximum
temperature -
Share stres
Normal

stress ’ Contact

Distance maximum
depth cutting edge

(c) Specific of stress distribution

Fig. 4.3 Images of the rake face of the cutting edge of a TiN-coated tool after turning of Ti-6A1-4V alloy (cutting
speed V=40 m/min, feed rate /= 0.2 mm/rev, cutting depth d = 0.5 mm, cutting length L = 10 m).
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TiNi coating

Adhered

Ve '\ vr' 3 ¥ it ¢
Adhered IS material =~
> 'c ; ¥ *material o 9

000, 0 Ul
¥ }l’/ ) e A0 )L R % | '10}1m

Fracture mode

Adhered
material

\

10 pm _ 10 pm

(a) High-magnification at area A (b) High-magnification at area B

Fig. 4.4 Tmages of the rake face after turning of Ti-6Al-4V alloy (areas A and B of Fig. 4.3(a)). Upper figure: SEM
images; lower figure: compositional images.

T
o 10pm’ o
ok 15 R <y :

W p AT Wl @
(a) Tip of the cutting edge (b) Boundary wear portion
Fig. 4.5 Images of the flank face of the TiN-coated tool after turning of Ti-6Al-4V alloy (cutting speed V' = 40

m/min, feed rate f= 0.2 mm/rev, cutting depth d = 0.5 mm, cutting length L = 10 m). Upper figure: low

magnification; lower figure: high magnification.
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Ti A\ N

(b) WDS mapping of flank face

Fig. 4.6 WDS mapping of rake and flank faces of the TiN-coated cutting tool after turning of Ti-6Al-4V. The
analyzed areas correspond to those shown in Figs. 4.3 and 4.5(b).
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Maximum crater
depth position

Wear area

Exposed area of cemented carbide!

Cutting edge

(a) Overall cutting edge (b) Cross-sectional image of a large area

TiN coaing RN
Wear of the coating -

Cemented carbide

(c) Cross-sectional image of a narrow area.

Fig. 4.7 Cross-sectional SEM images of the cutting edge (cut along the line in Fig. 4.2) of the TiN-coated cutting
tool after turning of Ti-6Al-4V alloy (cutting speed V' = 40 m/min, feed rate f'= 0.2 mm/rev, cutting
depth d = 0.5 mm, cutting length L = 10 m). The chipping shown in (c) occurred during the preparation
of the specimen.

Low I Hio Sum

Fig. 4.8 WDS mapping of a cross section of the cutting edge of the TiN-coated cutting tool after turning of Ti-6Al-

4V. The analyzed area corresponds to the areas shown in Fig. 4.7(c)-C. The light green within the area
enclosed by the dotted line shows the surface of the rake face.
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432 T WEIZEBT D EEEIRIED T

Fig. 49(a)lZ Fig. 4.7-C i (7 L — X BEREMEATE O N JEM) OWrili TEM BEIEFER 2 R~7. &
7=, Fig. 4.9(b)IZ Alloy 718 igHIiRF (V=30 m/min, f=0.2 mm/rev, d=0.5mm, cutting length L= 10
m) OFERIE 0% R LTz, ZhENZhied 5 &, Ti-6Al4V SE&UHIRFCE, =2—FT 47
(CEEVEE TR ST, MEPERICHE L7 T8I S 7= ockt L, Alloy 718 Tlk=—7 «
VIIEMER N E LT ERDD. FEEOOREICLY, ENENOMEEBIHI L 7-RED
ERIOIEIREE & T B-gHIRBVEEGHEIC L THIE L7252, Ti-6Al-4V 2% 670 °C #2EE (V= 40
m/min), Alloy 718 7% 680 °C F&/& (V=30 m/min) LHIE SN THEY GHERFO T HEBIRIT
SNGA120404, ®zzCEIHD) 1D, THEREIIWEAEE bICFEBREORERICEINTNS. 202
S, BACUHIRECFREORER TH - TH, NEIMOLAFORNNERD Z L &R
L CW5., ZZT, (bAlloy 718 GIHIFHZIZ 2 —F ¢ > VMBI FICI3EEE i Bls &
N7=h, (@Ti-6Al-4V AEYIHIRHZOWTI, 2—7 4 7 ORERSE FIIZEEEwIT R, N
T a—7 0 ZITHER R SN2 WESIITEEN R S S, UEIERT - 5EAITE, =
—T7 4 V7 OWEIBIZ BT B EEEMDIARK, (& ENEEZRV K LTz LHRIND. T2
b, WINOAEE&ZUHILIZEAE L a—T ¢ V 7HREMOE LIIZESEMNFTE L Qe
AHND. ZDOZ b, a—7 4 T OBREEELZI LT 5121E, BEMICEENICE
MLIEEEZEZ DN DEEMOBIRICBIT D2 ZHRT 5 LAEEL WL D, 228, Fig
49@)Da—T 4 T OBEEIICINT, AW GREMHRT) »ba—T7 4 7 (FamiE)
T TR 2SEE TH D Z e D, BEMOBE T —T 1 v 7 —RkEeoTAELIED
EPRIBEND.

Fig. 410 I[ZEEEW DM E LTArE (Fig. 4.9-D) O @S TEM GBI R 23, AW
D X7 ORI 100 nm LA T ERICBIZE S, BEY DR T T b RIS ORI
Tholo. JTORERRRDE L E 20-100 m FRE Th 7= 2 LD, BIHIHROEINTIZ K > T
HME L7z B DD, [AEOBEHRALRE ORI R Y VI T 25 5 7= 8@ o v — 7 £
ICHBIEINTEY 2, Z ORISR O WifE  (grain subdivision) DIEEHR EIZH
D DEEZ LTS, 2B, MR OMIMEITRERIRE Z K& <HEMSE50, 5IEBS O
HII/hE<, TabbIMTEERNEZ I < /dld, BERLEDTD, HUOn/hE<L
RBHERESNTWD W, 5 IE, Y OZEIG ) Rtk & B BRI L > TROTEH
D, Ti-6Al-4V B&ITMARIGT), TR E HIZKTH DA, kb3 E L, WHod Z/h
BN LERE OLTWD. Thbb, YIEI%RONEITEIE Sk E A3 2 EwIEL,
W LT WEEZ B L CRY, TR NEOBRBICHEBEL VD EHEEINDS. B, T
6A1-4V 5B DO FEIRG IR Z 1L, 500 °C UL ETIXEMIZART L, 312 700 °C L TOH U 120 %
BT D Lt STV D 19, BIHIE O T EREITBILZ S-S Y ORI RE D MRS
Tho7=Z & (Fig 4.12) 2OfErT 2 L&, BEMOMNI NS oo LR IND. T,
UHIREB CH A N D OTAHAHEE LSRR CHE X ONDOTAHAEEDENCLL EEZ DI
5.

Fig. 411 lZEEEW),/TIN 2—7 ¢ > 7 I HE OB - RRIEIPTHE R 27, AGRSCTiE, FIER
Tt (hep) D 7 —4E(hkil} X, i=-{htk} DR H D & LT 3 FE{hkl} T/RL TV 5.
HIFRELEFEHT (SAD, 9140 nm) OFER, =—7 1 27 (il a) (THE—FEMDO/ N2 — 0 &R
LDzt L, BEY (GHreEikb) (3o s NI sl &2 2805 2, DO NLE—E TR
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ZEERLIE. B, BEWTPIAFET H2REDRERL (Points 1, 2 and 3) OFRHSE 1-HRIEIHTXI
2 (NBD, ¢ <3 nm) (ZDOUWTC, fEfatEiEZ M L72fE%, ®@5Y (Points 1, 2 and 3) 1%, a-
Ti(hep) THEEATIT HIBETH o7z, FTo, FEEEWRL FIIRR 5 M OEYEZRL, 72
bbb U N A THEEL TV, 22T, UHIF o NIRRT, RPTIC T RO AR E
D12-14f51272 > TV D EHEIN TN 19N Z LIZHE L, 800-940 °C FiFE & HEE S5 73,
AWFFETIE, WAEIHI TR L7272, 2L VIRWREThHo - EHEl SN D, 2612, Ti-
6A1-4V Do/BARER NI LZ 940-1000 °C Th D B L, YIHNRE I Zafi N L E 2K TH
Sl EFEZBND. 728, TIN a—7 ¢ 7 (N8B a) 1%, TiN(fee) THEHT RAIRETH -
7.

Fig. 4.12 \CEEEW,/TIN 2—F ¢ > 7' 54 (Fig. 4.10-F (iZ{&) O STEM GBIZkE BA =T, %
EYTFESOEEZ R L, 50 nm LA T OGS CHEME LTR8BSz, &,/ TiN =
—7 4 7 T AL LT2W < DD EREWIRLF 1T OV T, MRIRE - HRIET 24T - 7ok R
% Fig. 41312777, Fig. 411 OFEREFOTEL D &, BEMOREBEEICONTIL, BEY
DN TN A} & 72 5 72K f- (Points 1, 6, 7 and 8: TIN =2—7 ¢ > 738 10-50 nm BfEAL 727 & O KL
¥, Points 2 and 3: TIN = —7 1 > 7 )25 200 nm FREEBEANL 7L IE DR ) AZDOW TR 2470,
ETOHHTRT, o-Tithep) THESHTFEETH D Z L 2GR Lz, WEY TIN 2—7 ¢ 7/
DGR FTALBRIZOWT, Fig. 413 IR TEFEHTRIBICE S EFHE LR, =2 —F7 47
(Point4) & o-Ti (Point6) & DRI {200} 1N~ {002} 33 & U020} rin~ {100} o1 (A dia S5 {7 BEAR
DR STz, LLTFIS, #FfiaR~5. EE&RHE (Point5) OEFHEHTEHIZIHWNT, TN =
—7 47 (Point4) LUEEY o-Ti (Point 6) THERIILD 0201n & 10001 D AR v MBS L%
6-7 DITNEAULRNPOLEL-STWVWDH I ERBIEINT (Fig 413 OFAM). Z g,
{020} in~ {100} i DB L E AT TH D Z L& . Fiz, D UNEORLRDEEY o-Ti (Points
7 and 8) IZHBVT, T 0024t D ARy NBFERINDHTD, {2003min~ {002} ori [THPTHZ D
STHYTIHFE LT WA D, 51T, Fig. 4.14 1% Point 5 (IO E2BIER LR TH
D, {100}e1i & {010}1in 28 6-7 M 72723 b B 2 A 2 TE LT\ D Z &gl Sz, B
FORERIZ, TIN a—7 ¢ 7 LEEWRL A O—BICRE TR 1 S 5 Z L 2me T 5.
B (Point5) TiE, HMIZ—2DHMO TN & o-Ti NEL> TSI TidZze<, TN G
o-Ti bOTNRFADED BOPNRE L >R THAEREEZ R L T\ e, Z 2 TOREME AN
BgEE 0D L, {2000~ {002}en IXIEEAEFITTHLD, BLZE 67BN TEY,
{001} ori 1, [100]mn & L < 1E[001]or il FFCREE LRSS AHE LIZ & B2 Db, 7eds, Bl
HEIZB DT [REEDFNTAE R DG LN TV DD, Z OIS OV TIEA STk 2.
ZO XD ITHER IR B DA & 2 —T 4 7 OREIRE (AR X, SN
ENTIRWEE L HERT, @m0t EZXLNRS. 727210, aTi & TiN ©{001}en & {001}rn ETODJR
FHEEBEIA DRV D, O X Ik AL OBEGRNE E NI ERIIATH S, Alloy 718
IHIRFICIZZ O R D REEEM & 2 —T 4 7 ORRMIIBIE SN TE 5T 9, Ti-6Al-4V &4:1)
HIRFDRFRE OBR L E 2 b, fim A BEROFEN 2 —T 7 TROBGICREL 52 7
AIREMER B 5.

f T SO Ti @ ZMREIET 5 & {001} or OVEBDTE G & FATIZR D LE 1920341 Tn
. YIHI T BERE I SNT2{001} on DECANE, HRFEIERE & REEDO A T = AL > TAT
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ToRTREMEDS B 523, BIHIREN/BEREMLL T CTh-Th, GHIFOUIY < F ARG CIIm T
FEIZHEARTEWOT AEE, @ik o TEY, MRELEEITHORA =L L>TELE
EbBxOND. £, UHIBEZ T EEY oTi Na—T 4 U T REOEBEZITRND,
JRFOFESNZA U722 & T, {001 }on ASECIAI S 2 M HRE CHREE 0 iV EERS S 22 42 U7 "TREME &
b5, ZOHRITOWTIE, SEOMETHLNICTEND 2 E NS,

Fig. 415122 —7 ¢ > 7H5H5 (Fig. 4.9(a)-E) OWii TEM (%), STEM & (4H)BIEkER 2R
3. Wil TEM BIZIRWT a—7 o 7 OMRIRESRIFSB ORI EEE Y O B 2 BlE2 LTz, F
7o, FRRASRIFUEICERE (77 v 7)) Bl L.

ZETORERIOWEBEORERND, a—T7 ¢ 7 OfEET, TERmISHEL A
FRZ& Lo TRENSAHE LI EEE MR E 0 < FRAUCHE D B AMNG I KXo Thklr L7z L&D
7 w7 (Fig. 49)DIREMGHR) 23, BEWICR SN a—T 0 > 71258 T 5 (Fig. 4.9(b)
HOMKRE) & TAELZEBZ 6D, SR ORI DT NI E LT EEMIL,
I PN a—T 4 v T B oo b D EEZ BNA. Fig 415 1B S0
RIFERD 7 Z o ZITROBERNZE DD EEZ NS, HRASICELTEZ T v 71%, BEEL
Tea—7 4 v 7 EEICATE LTcEEEWICE) D < T OWRNIC K2 DMER L7z 2 & TR A3 B
A L7y, &2 WIEHARREL R BENICATE LI BEEMICOIRIC X 2B/ MDY, < ST
XE LI ETRABIHURT N2 ETHAOLIEEEXBND. 72d, Ti-6Al-4V HIHIRED
0 < PP AIEL 2 LML, G0 < PRSI KRE REBEZFOLHE I TND DT
b, LERENINNDIOHMMBEE L, EEAEYSCHIRBLIR O ORI Mz ) 23EH
L7z & &, BEEYOBB-CIRRRR OB AN EC D28 LT, MEME RS-z &%
AHD.

Table 4.3 |Z Fig. 4.10, Fig. 4.12, Fig. 4.15 DFmUZ-DOWT EDS 7941 LGSR E £ & O TRT.
FNENO/HTETEED S L Za—T 4 V7O L > TEBY, BEW,/ a—F 17
S C b IR OGO E LR OR(LITEE SN e o To. Ko T, BEM/ a—T 47
FIENZFRO DR ALBIRIZ, BIEIF OE RO 2 &R ENEAEMIAT 5 S BRI, §3
MV OWEE EORIENEL, EEEWRRN a—T v VT REOREEZ\ T CTHESI L2
CWERT D EZZLNS.

VU EDOFERIND, Ti-6Al-4V GaUIBIRHCIXEEEY, 2 —T 4 > 7 BRI BR 3 & %
Zricky, HEMRERE (FERE) omWEEREMERSNZEEZLNRD. YIHIC
0, BEEMPEM LR D2 Ty 7 Btk R e 2 BT 2 3 —7 ¢ v 7 RN B L
TebBEZDE, AT LRMEES L HEEEIEN DT ENEFTE 5.
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Direction of chip flow

Adhered
material

—-—”

TiN coating

No plastic deformation =
£
%

(a) After cutting of Ti-6Al-4V alloy
Direction of chip flow
W

Adhggd il}ggr;al’ ?‘("g

Cemented carbide

0.5pum

(b) After cutting of Alloy 718

Fig. 4.9 Cross-sectional TEM images of the TiN coating on the rake face of the tool after turning of (a) Ti-6Al-4V
alloy (cutting speed =40 m/min), and (b) Alloy 718 (cutting speed ¥ =30 m/min) ¢, feed rate f=0.2
mm/rev, cutting depth d = 0.5 mm, cutting length L =10 m.
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Fig. 4.10 High-resolution bright-field TEM image of the interface between the adhered material and the TiN
coating, corresponding to the area in Fig. 4.9(a)-D. The selected area diffraction patterns at several
positions in this area are shown in Fig. 4.11.

Areaa (SAD) Areab (SAD)

TiN (cubic) a-Ti(hexagonal)

- @&
a-Tithexagonal) o-Tithexagonal)
Fig. 4.11 Selected-area diffraction (SAD) and nanobeam diffraction (NBD) patterns at the interface between the

adhered material and the TiN coating. The diffraction patterns were obtained from the numbered

o-Ti(hexagonal)

positions in Fig. 4.10.
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Adhered material

B s - . {

Fig. 4.12 High-resolution dark-field STEM image of the interface between the adhered material and the TiN coating.
The observed area corresponds to Fig. 4.10-F.

Point 4 (NBD) Point 5 (NBD)

Point 6 (NBD)

TiN (cubic)
Point 7 (NBD

o-Ti(hexagonal) o-Ti(hexagonal)
Fig. 4.13 Nano-beam diffraction (NBD) patterns of the interface between the adhered material particles and the

TiN coating. The diffraction patterns were obtained from the numbered positions in Fig. 4.12.
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11 TaN cubic

Fig. 4.14 High-resolution bright-field TEM image near the Point 5 shown in Fig. 4.12.

Adhered- material

50 nm

Fig. 4.15 High-magnification TEM and STEM images of the interface around the fracture face. The observed area
corresponds to Fig. 4.9(a)-E.
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Table 4.3 TEM-EDS results for the adhered material and the interface between the adhered material and the TiN coating.
The analyzed area corresponds to the areas shown in Figs. 4.10,4.12 and 4.15.

(at. %)
Analysis position Al \Y W Fe Ti O
Point 1 14 3 1 0 81 0
Adhered material Point 2 16 4 0 1 79 0
Point 3 14 4 0 1 98 0
Coating Point 4 1 0 0 0 98 0
Adhered material / coating Point 5 11 4 0 2 84 0
Point 6 13 7 1 3 77 0
Adhered material Point 7 16 3 0 0 80 0
Point 8 12 11 1 5 72 0
Coating Point 9 0 0 0 0 99 0
Adhered material Point 10 13 4 1 0 82 0

433 Ti-6Al-4V &4 & Alloy 718 UIHINNLRF D 2 —7 ¢ o FHEEMRRE D LLfK

Fig.4.16 1%, 432 CHIZ INT- Ti-6Al-4V &4a & Alloy 718 UIHIKE D = —F ¢ JHEEGRE %
BERICEEDELOTHD. 432 HTOTHAEERB LOWEBERO/BE, a—7 7/ EKH
WZIXEREENFIEL, GHIRIZY 7 I 70y hbBI 7 ORI EZHFFLIZEE 20N 5.
NER AR SN HE0 < FIXZOEY EEREI LR S, a—TFT 4 7oEEEbzbLie
Bz, a—T 7, EEY, 90 < FREBEG R HBESK A ER LT,

Fig. 4.16(a)(Z A5 BRAGIE (UIHIMREIHA), Fig. 4.16(b)\Ca—F 4 V' ZHEHO LD EZFREh
1. 9, EEERIAARE (Fig. 4.16(a) 2BV T, Ti-6Al-4V A4 L Alloy 718 DWW HLIZ DN T
b HIEOFHRREEDN 680 °C FREDIREIR L 720, BEROT AINEA SN EEE ISR D 7y
Wr (grain subdivision) Z 42 U727 HEHE & FfEaE A4 T, BH~E nm ORGIIRLFRKE & 72 > T
a—F 4 U AET D, Ti-6Al4V IZOWTIE, BEWERMOEERICa—T ¢ 7 RE D
B S\ TR BN RE BRI ©, IAEBIR D72 WG & SR A R D Stz &
#2295, —H T, Alloy 718 IZOWTIE, BEEME a—T 1 7 DS EIEdb 7 BRI MR
Shiehot=. LR oT, Ti-6Al4V BN TIE, BEWN a—T 1 v 7 LESHIC—K
Ly, KEEBITLZ ERRETHLOIIKIL, Alloy 718 (IZ2W T, WEWIZTa—T «
VT LEBERRE ThHT-EEZXOND. T 2T, UEIMIC T EREICHE L EEDIT, K
SRR OMEHSEZ BT 5720, ZNOORMEEETIMLERNHD. YHNIC LD K&
TREME S, AW BT e N B ERS LTz Ti-6A1-4V G4 IXRRIE T, INTE{LE Bz K THD
2N, IO BN XN DI L0970, Alloy 718 A& TR LIZE Ly, KO
FTHIROM THEIT/INTH Y, ROTAHIETIIERICINEMC L > TED L RWEZEMEE 10
EEZOND. ek, BEROTHIMIMIIBIRENICZ LS, R —MOMREFITNE L,
ZAUE, AR I X o TRRBREE SR & <IN 2 — 5 C, MLA{LREITHEM L2
ZEnh, MARRE GUEERBRICEIT 20N BNEMICEZ 2 #d DENTRBY, FFrC
Ti-6A1-4V G&ITEMREEDOR S L E > THWIEVEE R RE 24 LT Vo T, BIHIFROkEEY
IFIRERICALZERIRETHD LEZHND.
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Fig. 4.16(b) I ZUIHINHEITL, a2 —7 4 7B HEBICELWBEOEEN TH 5. Ti-6A1-4V (2D
WL, NERAERRT 2900 < FITEEEM &L OREICBEB N 2L CRPOBET 5. 22T, T
6A1-AV DEREMT 2 —T 4 VT REOBEBNETH L7720, YI0L T La—F 7LDk
ENTBEEDCEAWIE I Motz EE 2 bD. 22T, a—7 4 7 ORFRRIBEITES
WIOBERIRE L0 b @ EHEE S 4L, B OREEMIEMHIEIC X VB0 B0 NS ootz ),
TP, EEEWSREE L, ZNBSMEEORS L Ro T, BED MR IEGREA LI a—T «
YT T I MR L, REBICIE, BEELEa—T 4 U IEED LY P LB E
LN EBZZ LIS, FRZ Ti-6A1-4V S UIHIRFIC ISR DI 0 < T E2AR ST D & & HICUIH]
EHOEBNRKRE N, Wit 722G DN EEMICAE LT D Z & T, BEDOMEMAE LTV
BREICHT-EHERIND. DFV, Ti-6Al4V SEUHIRO a2—TF > 7 ORI, BEEMO
TEWHZEER L7227 7 v 7 DEBIBICL > TELELOERBHATE 5. a—7 1« v 7 ORI
WCBIESNZRE (77 v7) 1%, BRI v 7 EBEFICL s TRk SN TZa—T 0 7 Ofif
BICEEEW DM A L, ZOEEMIZE0 < FRASHES DB E D Lok, |EI2Mb
DSEVRRICESTHALEbDEBZ NS, 7eds, UHIBAOKE L, Y10 < TS
OFAMIECTAEL, THEHFEREEDOBEBALEDI > TLAERBIZIMAT L2, EEWOBETH?
BRI CAEL A7 B1E, TE~BHSICHRAYT, a—7 ¢ v 71 3MEERICE 5 AN Mtk
WA & A U= ATREME DS 8 5 .

—J5C, Alloy 718 [Z25W I, ®EEME a—T 1 > 7 OREITH R BRIZ R L, BEYD
HIEDIEMOTHNKE L, BETORENE N, BEWIIWMK+5Z Lk a—F 1
JEELIBLIEEEZXD. 2O, +HRBNTEM~NREAT S E L BT, FMEORE
Wna—T 4 VIR EERSE RN L Y8 Lz, a—TF ¢ > ZICBIEZER &%
RN U L HEER T, 7008, Ti-6A14V &40 Alloy 718 UIHIRICIZEEEM & a—TFT 4 7
DN ERAE S D USRI DI 22> 1288, Bl 2T — 7RO A TERR LT85 E
IZBWTH, Z O L T HER & ORI REROAIEIZ X > CT AR OB EIREZ B
TEDHLEERD.

UED X9, BEEMEROBE L L TELET S L Ti-6AI4V G4 & Alloy 718 BIHIIN LR
FTLVWHEOHEEREBEFHATE S 5LE2 5.

Table 4.4 (T Ti-6A1-4V G4 UIHINN TREOEEFEERIZ OV T E &7z, Fig. 4.16 DHEEGET LT
MATELL DI, BEICER LEEBENFER Cho72eBERXOND. WA EmDT-HER &
LT, BEREORSRTMNBERNE LTI LB E LThIToND. a—TF 1 JITEHEE
FRATE U olel binh, a—7 4 VTN TN OBEYZ(E S BN E U2 L 2R T
ALLIIHER CE R o7, FTe, BEEME a—T 0 VT OREICIEFE 2 & OILEY DIFAEN T
Mo T= Z N BIRLEEFETII R\, FEE(L A DT RUTHLAL T & 5 el iEARAT D& Fh> O e
RTERDSTTD, BEERELEUTWARWEHE L. < Wil & KT mixFERE CHEE
L7zEE 2650, RIFHOBEFERE LT < WEIZHS TR - 72, i, ST mizs
HRYENNT L WE LY /NS D, a—FT 4 VIO EBx#HroloZ bickdeEx
bihvd.

Fig. 4.17 1 H. Opitz & O Da5E |2, TH LYY < ORISR R /e B B 2MFET 5
T ERLIEAKTHS. Fig 4.170)NEAEYEN (flow zone) DUEEIEHENREATND.
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BEMO BT < P E BT 570, MEEENE L, BEEWO T T HE R OME
DAELZ2TIUE, EESRTH D - OMENEE MRV, ARIFEOE 2 & (Alloy 718 BIHI) &A%
(Ti-6A1-4V S&UIHI) OFERND, BEMTIZa—T ¢ > 7 O OIRADBEI N Z &0,
BEAEMDRER TN REREZ b o CTLARmEICAE L2 ERBIEEINZ 1L, BEEO T
FEREE DN NS o= Z L 2R 5. 728, TEARIGDWVEEREIGANEL, BEEWIX
BEN LN -7 (BENEEN/NSW) EB 26, HAENDBEN-ALE CREIL A/ EL,
HAWIEI DN R E < 722 LEEMOBEINEG 25D T, HEHEREL o722

EHERTE D, Ko T, BEMOBKNILIY < TOMEBFEICHLHBINTZLEX BND.

Table 4.5 12 Ti-6A1-4V £-4x & Alloy 718 Z L _RItUIHI L7z & & o8]0 < B O G
HamT. U0 PFHE Vo ik, R@DICE-oTHEHLE. 22T, 3OV RYVES (%0 &
Ny ha TG0 < FOFHES (5 MOFY) Tho.

VCh:Vhich - - XD
Gl < FHENL, Ti-6A14V AEYIHIEEO A Alloy 718 (ZHE~_T 2 fFREE RV D & MR S
7o W10 < PHRHEE L, BEEWSMEE LIZREO Y Ty ZGREE & HEMR Lz L HER SRS
728, Ti-6Al-4V GaUIHIRHIZ 2 —T ¢ o ZIZHMHE A T TWIRNSTeDIE, 207 T w7
EREHE N <, VAR T DRNCHIENE Uit EX N5,

Fig. 418 (2T < WEH Z N D8 0 < FURHIREEZ L S A Z (Photron f1:8¢, FASTCAM SA5)
ERHWCHE LR EZ/RT. YHEHEZ 30 m/min & L2 & OISR THS. Alloy 718 5]
HIINTRRZIE, 810 < FIE—EHAICLZE L THREI L TS Z LB bnd. — 5T, Ti-6Al-4V
AEUHIFRFZIZE Y < FOMEGMITEE ST, ALEERBIE LR L. 2L, Alloy 718 U
HIRFDEI O < FUTERIRIREE D @ S LE LT BB B A AL L, EOReEE O EEH CORE L
FAMERZAE LR LUD LS TRLY IBILIEZ L 2R8T 5. 20X 57280 < F O
283, Alloy 718 DEEEW AKOEEMENLE L TN EHTHIEEEX LS. Ti-6Al4V 54
IZOWTIE, BV K FRTERmZBEET, BE LBz EL-EEZ N, BT
DIAIRIEIZAT 4 v 7 AV v 7O LI RBENELCTEY, WHTHIICESNE TS o7
LEZLND.

UbEDZ &b, Ti-6Al4V &4 L Alloy 718 BIHIRFD FSEIZIHB W T, UIHNRERFE%ETH Y,
AP D RPN BRETH L Ve LTH, BENEOMRENE <, 810 < 3P
O Ti-6A1-4V A& UIHIFHCIX, a—T 4 V7 OMEENAE U LHENS, ENECZEEZD
N5, F70, LI L DT, BEEVOWEBERY IKLAET L7012, a2 —TF 4 » ZIZHA
THRENNEL, EEICITEMEERTDIZEDREICE> TOARWATREERH 5. b %
HONZTH01I2IE, 2—T 4 V7 REDIREZ S DICEHEICHET 2HLERNH Y, 5%
DFfETH 5.
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Fine crystallization Fine crystallization
Adhered = High yield stress and = High yield stress and
cre Low fracture strain High fracture strain
material . . : .
Crystal orientation relationship No crystal orientation
i - = P = relationship
Coating
Ti-6Al-4V cutting Alloy 718 cutting

(a) Initial adhered condition on coating surface

Chip Friction force Friction force

Thermal softening Stable at high temperature

Low fracture strength High fracture strength
Adlier?dl =Fracture of adﬁereg material =Sliding with coati/n debris
materia . .
with coating N Difficult /
- - - \\ to slide
ik ] B Micro fracturing
Coating NS,
No plastic deformation Plastic deformation
Ti-6Al-4V cutting Alloy 718 cutting

(b) Progression of coating damage

Fig. 4.16 Comparison of the damage models of the TiN-coated cutting tool during the turning of Ti-6Al-4V alloy
and Alloy 718.

Table 4.4 Influence of wear mode at each position of the cutting edge after turning of Ti-6Al-4V alloy.

Wear mode Rake face Flank face
Adhesive wear . ngh . . Low
(Crystal orientation relationship)
Fatigue wear Not confirmed Not confirmed
Abrasive wear Not confirmed Not confirmed
Corrosive wear Not confirmed Not confirmed
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o: Nominal load
J- ol 7 :Sharestress
\
T
cp cp
B sl _—
Adhered
material
(flow zone)
- R
f=+]
% Rake face Tool 1
8 Cutting tool surface
\
(a) Diagram of chip flow with adhered material on the tool surface (b) Enlarged view on the contact area

Fig. 4.17 Conditions within the contact zones of a cutting tool*?.

Table 4.5 Measurement results of the chip velocity during two-dimensional cutting of Ti-6Al-4V alloy and Alloy

718.
Cutting speed Feed rate Average of chip thickness | Cutting ratio | Chip velocity
Workpiece |14 f Nen T Ven
[m/min] [mm/rev] [mm] - [m/min]

10 0.05 0.108 0.46 4.6

20 0.05 0.103 0.48 9.7

Ti-6Al-4V 30 0.05 0.093 0.54 16.1
alloy 40 0.05 0.087 0.57 23.0
50 0.05 0.080 0.62 31.1

60 0.05 0.081 0.62 37.2

10 0.05 0.215 0.23 2.3

20 0.05 0.176 0.28 5.7

Alloy 718 30 0.05 0.158 0.32 9.5
40 0.05 0.150 0.33 13.4

50 0.05 0.148 0.34 16.8
60 0.05 0.145 0.34 20.6
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Inconel718 Inconel718 Inconel718 Inconel718
V—30m/win.(170 5mm.f=0.2mm/rev \/J‘lOm/win.d—O S5mm.f=0 2mm/rev V%!Om/'in.dfo S5mm.f=0.2mm/rev. | V=30m/gin.d=0 5mm.f=0 2mm/rev

Ti-6AI-4V Ti-6AI-4V Ti-6AI-4V
V=30m/min.d=0 5mm.f=0 2mm/rev. V=30m/min.d=0 5mm.f=0 2mm/rev. [V=30m/min,d=0 5mm.f=0 2mm/rev

(b) Motions of the chip flow during turning of Ti-6Al-4V alloy
Fig. 4.18 Photos of the chip flow taken by high-speed camera during turning of Alloy 718 and Ti-6Al1-4V alloy.

434 v a— NEWETHOBERE

Fig. 419\ a—7 4 V' 7 HEO T EIZHOWT, X0 FEAMZRUINEERE V=60 m/min. THIT. L7
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7-.

Fig.4.20 (2 Fig.4.19(a) / o = — b TEOAFEITf A Lo ik in OILRBIEHE R4 ~7. Fig.
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Fig. 4.21 \ZEEAE AN ORI DHTHRE R E RS, W & Co BFENLE CTHAEL TV D Z LR S
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Fi9 2 ColTHEMER B D720, a—T 47O L5 IRENEZ 63, BEA SR - OBENE
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R EED, BEGETO Co DELZMEIT5 2 ENEEICRLEEZXOND. 7ok, AHDL
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TEIRT 1%, PEEEREABRIC L 0 B A 4 K10 & Ti-6Al-4V A& 0%E R & L, 0.03-0.1 pm
JEED Ti & CODER SO SUSHMRAERT 2 2 L 2GR L, FEROBIENUIHIREC H 2 5
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MBI THD.

Fig. 4.22 |Z Ti-6Al-4V &4 U)HIIR OBEE A6 OGS 2 IR Lz, 8l S 4T WC kL
TOREZL, RO Co BIZL ST, FrENKE SRR D, Ti-6A1-4V G4 YIHI IO EEFER
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(ZHA T D Co DR ER DV EBHFAELTEY, HETHSZ ENEEBLI-WREERS D.

Fig. 424 ([C&FEEM 72 Ti R & CrffAk D PVD 2—7 v R T HIZOWT, YIHMEREZ MRS L
TR AT, 10 m YHIRER CORERBIIN TN LR TH L Z &0 n, BIFOa—T 1 v
TR A Z AR T, R LS IE E O RIIELNRN ERbND. IR
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WL RIAD IR o T2 L HEER T 5.
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' Wear area of
TiN coatin;

v 100 ; JEOL SEI 15.0kY 190 100pm WD11mm
(a) Uncoated tool (b) TiN-coated tool

Fig. 4.19 SEM images of the cutting edge of the uncoated and TiN-coated cutting tool after turning of Ti-6Al-4V
alloy (cutting speed V= 60 m/min, feed rate /= 0.2 mm/rev, d = 0.5 mm, cutting length L = 10 m).

Wear particles

)

(a) SEM image (b) Compositional image
g p

Fig. 420 SEM and compositional images of the cutting edge of the uncoated cutting tool after turning of Ti-6Al-
4V alloy. The observed area corresponds to Fig. 4.19(a). Upper image: low magnification; lower
image: high magnification. The wear particles are shown in the high-magnification images.
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Low | it

Fig. 4.21 WDS mapping of the rake face of the uncoated tool edge after turning of Ti-6Al-4V alloy. The analyzed
area corresponds to that shown in Fig. 4.20(a).

10 pm

Cemented | Micro WC particles and high volume Big WC particles and low volume
carbide binder phase binder phase
Drop off Drop off
Damage
model
WC particles Co phase WC particles Co phase
Micro WC+long m.f.p Big WC +short m.f.p
Ph (mean free path: m.f.p) = high strength for holding of WC particles
e B easy to softening of Co phase = not easy to fall off the WC particles
= easy to fall of the WC particles = a part of WCshows the micro fracture

Fig. 4.22 Schematic diagram of damage for cemented carbide during turning of Ti-6Al-4V alloy.
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Adhered material

%3, Cemented carbide

200 pm

I
JEOL COMP 15.@kV 100 10@pm WD11mm

200 pm

—
JEOL COMP  15.8kV

PVD-SP

200 pm

200 pm

200 pm

JEOL COMP  15.8kV

PVD-HCD

JEOL COMP 15.0kV

Uncoated

Fig. 4.23 Results of coating damage suppression by some TiN coatings processed by other coating method (cutting
speed V' =40 m/min, feed rate /= 0.2 mm/rev, cutting depth d = 0.5 mm, cutting length L = 10 m).

200 pm
I
JEOL COMP 15.0kV

200 pm & 200 pm
I I
JEOL COMP 15.8kV 100 108pm WD1imm JEOL COMP  15.0k\

x=0.5 x=0.7
(a) Ti-based coating : Ti.)ALN

N

200 pm

200 pm

JEOL COMP 15.0kV 100 10@pm WD11mm JEOL COMP 15.0kV
x=0.5 x=0.7
(b) Cr based coating : Cr(1.)ALN

Fig. 4.24 Results of coating damage suppression by using some other coating compositions (cutting speed V' = 40
m/min, feed rate /= 0.2 mm/rev, cutting depth d = 0.5 mm, cutting length L = 10 m).
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ST Alloy 718 Wit BIHIAN TRAZ I 5 PVD = —7 v R TREOEEHE

51 f&S

B2 BEMADE 4 BT, UIHIUINTREOSA, BRARTOEBIN /NS <, iR E Lz )
HIZRME & 2 DRI LR O 2 —7 » R T EHBEEEIC DWW TR ~72. Alloy 718 & Ti-6Al-
4V AU OBEITES CRER T 28EREL R L, BEY,/ 2—T 1 > 7 S oOfsih i
BUROA I L BB OMERIEZZE T2 2 LT, HEBREZHHTE S La2b 7. £,
Alloy 718 YIHIMTREZOWTIE, FNENFEIRIZ/R 722 & Ta—7 4 V7 BEET 55, Z0
Al DR 3 T EEREEA TR & BAPR 35 2 & Ak 7.

AREEE 6 ETIX, BHIHEEZZ Y RIVERWZEEEIE] BHINT) &Lz oAk
R Z TR~ 7o, WrkttIdlx, BIH| & 2254 @l TRV K972, 18U et as i 2 Rk
RN L, EIRREORIITMBESLT —T v N LT 5720, BEW, a—T « v 7
ICAHARA LT FE 7, Wi DIHIRE O IJEIREENE, E@elHNIC e~ T 15 %REERuy D
EREINTNWD., ZOXHI 7RI EMD, WikttHNCIT 5 EE B S T EREREITERY)
HIRE L B D RN S D, 23S, =2 RILA~D CVD a—7 ¢ U7, iR L5 TA
TEARDOERE L ORNEOMALBSIE L 725 Z E0vD, PVD 2—7 ¢ > 72 X B ERH oGt
ZiTHo 7z,

ARFETIE, UHEEBRIC=—T v R RIVZHV, Alloy 718 Wit UIHIRFO K AR FER E
RN EIEE LT, BISEERICESE, KT HITIER L2BB N REER CH L L35 T
BHEEGETNVEAEET L2 L2l A7 2. BEHERICESE, Alloy 718 YIHIRFD =2 —7 » R L
H BRI W TR 5.

52 FEBRIE

52.1 fEEH

BEHIAA I TEFE AR I T2 Alloy 718 (REhUEEES, 440 Hv) Y L7-. BIHITHIT 2 42
ADY Yy Ry RIL (TEZL10mm, 2CiA30°, #d<WA2e, R mT <A 6°)
2. TEMEHE JIS #i& K10 #8224 O #fE & 44  (WC (grain size 0.6 um) - 11 mass%Co - Ta/Cr)
&L, PVD-Arc {EIZ LY TIN R L7 b D& L7z, Ka—T ¢ o 713N & Bl T5 1
ZRLAEG DR T TiN-Are & atdi 2. HERBICEN AL OND L ITEEL 2, 4, §um & L7
F2EEFEIBOMFHERND, REO Ra vy 7Ly MIBERAE 2D 5 D2, IEZICH
SEOBEEMICIRELE.

522 GIHIEER

GIHIERER L, TlhT — =30 FEOVIE~ = /% — (FANUC #, ROBODRILL a-T14)
RV SIEI AT > 7. BIEISIRE, BIHIEEE V=40 m/min., BIHIEEEE (77— 7 VB EhEREE
L=02m, 5 MYAR ap=6mm, FEHMYUIAR ae=03mm, —HNiEY f=0.04 mm/tooth & L
7o, UIHBEE X TEMCHN LN R TH D, 7—F > NIz~ vy a v H A T OKEMEY)
Hlh A AV, BANT & L7z, Table 5.1 (CUIHISRM:% £ & TR
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523 THBEEREOEIZES L0

Fig. 5.1 ([COIHIRRER D DGR OBE E COFIELZRT. WHIBO TERNEIZONT, Kb
FOWE 2 EEIREOBIE AT o 7. REMEL SEMICEVBIELT-OL, WimlgEsiT-
7o BUESAEIXE T YA RO ROMLE BSES S 3mm BN ALE) & LZ. 0%, W
HBIEE DT, SEM TRILE LI-(rErfs COlr L, BIWiE % | um O X A ¥ MR T8l
705 FTIT. Lz, Fig 5.2 (2% L 7-Wrmakkl o SEM 1% & HBIET OMME X 2R L=, 2—F ¢
v OBEREOBE L REY L 3 —TF 1 7 ORIEICBIT AN ERELZHE ST S 72D 1k
DOBIZBNLEIC CARF, PtAELN L1k, FIBEEEIZREL PtZ | um BERE L7Z. FIBIIT
(2 R0 BT O b 21TV, SIM BEisg L. IRWT, v A 77U 7 a7,
LA RBRE 2 A A IV 7 L=Db, TEM IC Xk A EERBEE1To7-. £7-, &
23 L ABEOEHYINIRFO TEZFME L7-D L RRRICERED & a—T v 7 & O RO Sy
MraiToT-. BlE2E KOV S13 Table 2.2 L [AIERE L7,

Table 5.1 Cutting conditions for machining of Alloy 718.

Work material Alloy 718, aged, hardness: 440 Hv
Diameter 10 mm
Number of teeth 2
Rake angle: 6 °
Geometry Clearance angle: 6 °
End-mill tool Torsion angle: 30 °
Substrate Cemented carbide (JIS K10 grade)
Coating composition TiN
Coating method PVD-Arc
Coating thickness 2,4, 8 um
Cutting speed 40 m/min
Cutting length 0.2m
Cutting conditions Feed rate 0.04 mm/tooth
Cutting depth ap =6 mm, ac = 0.3 mm
Coolant Wet (emulsion)
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_ __ SEM observation: at a distance
End-mill of about 3 mm from the tool tip

TiN-coated

Flank wear Flank face

tting edge

0.3 mm Polis‘hed
Experimental setup Cross sectional images of cutting edge

Fig. 5.1 Procedure for observation of cutting edge after machining.

Cross sectional plane

: Cross sectional surface
Cemented carbide

"-"1." 0
SEM image of the cross sectional surface Diagram of damaged portion
view from 60 ° angle

Fig. 5.2 SEM image of the cross-sectional surface view from 60 ° angle and diagram of the damaged cutting edge
on flank and rake faces.
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524 GO TR EEER I E 1A

BTN TRF O T3 W2 < BRI, 3.2.1 THICFLE L 7= YIHIHRETAIE O ki 1
U, BoN=SNhEXVSING, KB IS TRIHLE. a—F 4 > 70T PVD =
—7 4 7 OREIR TigoALN & CranALN & L, ZTNEN Al GHEBE L2 - b0 ER L
7z SN AW G TR & YIS % Table 5.2 1T F & TR

Friction force on rake face = \/Thrust force(x)? + Feed force(z)2 -+ - - A (5.1)

Table 5.2 Cutting conditions for evaluating friction force.

‘Work material Alloy 718, aged, hardness: 440 Hv
Geometry SNGA120404
—6,—-6,6,06,15,15,0.4
Substrate Cemented carbide (JIS K05 grade)
Turning tool Tig-oALN, CrgoALN
Coating x=0,0.5,0.7

PVD-Arc coated
Coating thickness = 2.5 pm

Cutting speed 30, 100 m/min
Cutting length S5m
Cutting conditions Feed rate 0.2 mm/rev
Cutting depth 0.5 mm
Coolant Dry

53 MERBIUEBZ
53.1 HNEBEGEEROMEAEIE

Fig.5.3 (2 Alloy 718 % 0.2 m YJHI# D NHED SEM B35 L OARMGEI &SR 2 RT. B8R LET
B4 BEER 2 um Db DO TH D, T < WIHIZ AR TRITHEH O F D EREIEN K E W2 &b
ol IhEZT, = FINVoTEREOBIE L HEEIMHFEORGHE, FICkT HEEE
KGUATH T2

Fig. 5.4 |2 Alloy 718 YHI#% > T EikiF 1 > SEM GBI R4 ~d. F7=, Fig. 5.5CWiE» D
BB LR 2 RT. UHIEEEET 02m L8V, a—T ¢ V7 NEREL, N T
FEMOBENBIE SN, a—7 1 7 OREIL, TFIEREREERE S BERRE L 2R L.
Wi EEREIERE L0, B OB D 2 —T 0 U 7T Tl R EEFRRE S R 5D K
IIREETH B, BUEN 2 pm EENGEIE, FRREBEREEEDO R L, BED 4 um DL EEEL
125k, YRTREEREIRBITIN AR RE MBI 2 S, GRS RELRDM M2 R LT, 7235, Wikt
BIOBISERICB N T, a—T 4 VI REM»OHAND L 5 REEREBIIEE SRV &
Mb, =T 4 T LM EOEEMET T EN T EEZLND.

Fig. 5.6 (% Fig. 5.5 DREIT/R S ALE DM SIM GBI R TH 5. Fig. 5.4 I LU Fig. 5.5
IZBWT, MEERRBROEICIIBRENBIE S, IR R ORI IXB T S s
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Fig. 5.7 13 T HRF B RO R R L OWE 225, EPMA (2L 0 SuE 0 2T R T
b5, HEEUIHIFE L [FEEIZ, Ni, Cr, Fe, Mn, Mo (XFRIIE THH &, FFETRENHATICE
LMV EELDZ ERIME LTV, F£2, WifblElTh-TH, O ORHEIIMETH-
7.

Fracture of the coating

Fracture of the coating
at flank face

at flank face

100 pm

100um

F S~ Cutting edge

15.0kV x300 BSECOMP

\Cuttmgedge P
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16.0kV X300 SE
SEM image Compositional image
Fig. 5.3 SEM and compositional images of the coated cutting edge after machining of Alloy 718. TiN coated end-

mill tool, cutting speed V' =40 m/min, feed rate f = 0.04 mm/tooth, ap = 6 mm, ae = 0.3 mm, cutting
length L = 0.2 m, coating thickness: 2 pm.
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Coating thickness: 2 pm Coating thickness: 4 pm Coating thickness: 8 pm
Fig. 5.4 SEM observation images of the coated cutting edges on the flank face after machining of Alloy 718. TiN

coated end-mill tools, cutting speed V' =40 m/min, feed rate /= 0.04 mm/tooth, ap = 6 mm, ac = 0.3 mm,
cutting length L = 0.2 m, coating thickness: 2 pm, 4 pm, 8 pm respectively.

Fracture
Wear Fracture Wear

' Flank face | : SLNE Flank faée : Flank face

Rake face - Rake face Rake face

Coating thickness: 2 pm Coating thickness: 4 um Coating thickness: 8 um

Fig. 5.5 Cross-sectional SEM observation images of the cutting edge face after machining of Alloy 718 (cutting
length L = 0.2 m).

Sliding direction of workpiece material Shding direction of workpiece material

Carbon
deposited film

Fracture area

Weararea Weararea

(a) Coatingthickness: 2 pm (b) Coatingthickness : 4 um

Fig. 5.6 Cross-sectional SIM images at wear or fracture area on the cutting edge after machining of Alloy 718. The
observation area corresponds to the area shown in Fig. 5.5.
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Fig. 5.7 WDS mapping on the flank face and the cross-sectional face at flank face of the TiN-coated cutting tool
after machining of Alloy 718. The analyzed areas correspond to those shown in Figs. 5.4 (coating
thickness: 2 um) and 5.6(a).
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532 FKIFHEIREEROWE TEM S5 %

Fig. 5.8 |Z Fig. 5.6 O SIM GBI & 2 351F 2 Wil TEM BB R A2 =~T. a—TFT 4 v 7R
2um & 4um THME L72= > RIVOBRERABIE LR TH S, Fig 5.8(a)i, BE 2 um D
T HDP IR R RE 2R LT LE OBIEFE R Th 5. Fig. 5.80b)1%, L4 FEE 4um TH -7
THOa—7 4 IREL, BEENEL oo/l & THIBREREFEREL /R LIALE (wear
area) &, BUENE B RELZ R LI/[E (fracturearea) DBIZEFERTHDH. Fig. 5.8 LEDORE
B STEM fRIT AR R CHIZ LR TH Y, MkIZikF L2 7 A MaaRd. T
B DBEF TEM BRI EERE CBE LIRRTH Y, a—T7 14 V7 O/ iE (VBEER
DHEME) PR TED.

RRIERE S OREIZ D 53, SRR EBERENE SN EICB N TE, a—T 4 72
WA N ST, F72, 3 —F 4 U 7 OBWEREO T2\ T, ok LT¥ET
FINZ 7 T 7N ECTEZ ENBIESNTZ. 77y 71 3FRm»56 1 um FBREOEICBZE STz,
a—7 4 T OMENBE S NALE (Fig 5.8(b) STEM image) (23 TiX, 1 um BREOE X
DREBLRDBENBIZE ST, 2 b ORI D, Alloy 718 YIHIFHE, =—7 ¢ 7IT&
HD 1 ymBEOIRID 7 Z v 7 NEL, a—T 4V IPET L Z L IC k-~ THRENEL T
EHERE I NIz, B 2 EowEtHIROBEFEICE T a—T7 4 T OHIEICRED 7 T v
I BB TEY (Fig 2.14), #HIM & T EO#ML )] (Hertzian contact stress) (ZHE[K 9%
HAWICNIRR EZZ D W, ARG IR RKRE R D00E L, TH & gHIb oRfiE
SMPTE, BB L->TREDD, SREOEHISGECENTE, Fand | umBETH-
elEZEZOND. B, a—T 4 L ZEENENGS, HEERRITMIE 2 (312 L)
ThHol-DiX, TAMNSINRKRE I DALEPIEED & HBEAGNE Ipolloh L BE LT,

LI oW TEM GEIEEE RN D, Wit o —F ¢ > 7 OREFIEIL, WMIEER & b
Ik LATICAE LD 7 T v 7 ThH I ENbhoT-. 72k, WittIHIROERE 1T, iy
[ZHERT 15 %IREIRL 722 DEHEINTWD., o2 b, Wik, EkcUlHIRC
B B O BN K E L, 77 v 7 BRAELSLT K R liEMERH 5.

Fig. 5.9 |Z Fig. 5.8(a)® A (LB DK Z 7R, Fig. 5.7 128 LIzl moHrofE R ik, EiFmEic
BEEY O EITT L A EHERE NIRRT, @R oW S TEM 20T, AR
Liza—T 4 7 ORBIICHOT BRSO ENEE SN,

Fig.5.10 (Z Fig. 5.9 THIEE L7 kEE M,/ =1 —7 « > 7 St O & fi5 = TEM Q81525 R & A
BIRET IR 2 R, M BT ORE R, Alloy 718 GIHIRF DEEE W Zy-Ni(fee) THEEA T T
TEXLZLaWMAB L. BEW/ 2—7 ¢ 7 HiEcE, FENEREE Lo 58k (Points 2
and3) PMFIELTEY, EEE RIS T BIRIIHR TE eh o,

Table 5.3 [ZEEE REITHEOBALEICIIT D EDS S 2R, B iEErEn gz
FEL LU ORLE. BEEW/ 2—T 4 7R miatF oI EE  (Points 2 and 3) 121%, =—7 1 &
7 EEEEMENENOyeEE O P E N, ZOIEEEEIL 10 nm FEE DR TIFEL
THEY, HEEUHEE (8 2 32) I3RS TWRY. 20 0 25 I EEOFIE, Mg
EHEDIRW T —F ¢ 72 L7256, BCERORIK L 25 MAH L. 7221, K
FERIZBWTHRICa—T ¢ > I DPBLEREZ A UTOEMNIMGE STy, LEn- T,
a—7 4 VT OEEREE, a—T 4 7 OIIZ L HEEEECBEEINC L DAY Ty 7D
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TR EOREBEREOTFHENRENEEZ LN, L END, Alloy 718 Wit UIHIERE O EEFER
TG Er I & FIRE IS BRI BN T ER TH 5 L &2, BREBREORE T/ NS
& L7z,

533 I < WEBEHE OWria TEM G813 R

Fig.5.11 705 Fig. 5.14 12, 532 L RBRICHN L7z, 3 < WEABEIHOBILR & o O R4 7~
J. F7z, Table 54 [ZEEEW D EDS iRz r Lz, 3 < W OEEFREILRITH & [k T
bV, a—T 4 T ITHHEERNE LTV, 2L, < WEOBMHERIZRE O LT 0%
L7 OEKTAETTEY, EMICH L THTHMICEL DY 7 v 7 TR I N2) T
Fio, HFHEFEERIC, BEW/ 2—T ¢ o7 REICE O 8 0IEEE N FEL, ZORmEIC
FEAR TN BAfR e E OEAPEIT A DN RN T & AR LTz,

WHEE DI X ZEHRRE I 23 8> 2 O T, SEFEEIHNC R CREEY), 2 —T 4 V7 HREIZ O R°FD
MOITLHEMBALLT L, KISEBOEENEZ 0T nwEBbni=n, FEBRER I,
RSB DIERRICE Btz Z Ebhotz. Ko T, Alloy 718 Wrist UIHIEE O WS R i,
EHEOIHIRE & LB UEIC O 28 XA L) 2RBIGUIMER S LD b 00, HIEHEICEES
FAET K5 2Bt ROSIXE L TE LT, BEWE a—7 1 v 7 L ORERENZE(T
5 ENRERTHEPREBICEEZ KITT LI RBRITETCTWRWEHBT L., LER-T,
Alloy 718 WrigttIHIIRF D =2 —7 ¢ 7 OEIL, EetIHIR & [FERCTH Y, a—TF 1 7 O
B & FMIT L TARIEFMNZEC D7 T v 7 ERERBEER TH L Z ER¥bhoslz. 20
7o, HEMHOFEE LTCL, # 3 BOMmOEHANREE D B2 bND. 22, %
W2 E I RIA~DCVD 2 —7 4 V7 OEAIIRETHH Z L, PVDa—7 ¢
I XD BEGIH OB PN LETH D,
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Fig. 5.8 Cross-sectional TEM images in wear and fracture area on the cutting edges after machining of Alloy 718.
The observation area corresponds to the points shown in Fig. 5.6. Upper image: dark-field STEM
images; lower image: bright-field TEM images.

100 nr 1 £
Dark-field STEM image

100 nm

Bright-field TEM image

Fig. 5.9 High-magnification TEM images of the interface between the adhered material and TiN coating
(observation position: Fig. 5.8(a), Point A, as indicated by arrow).
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Adhered material

(a) TEM image (b) NBD patterns

Fig. 5.10 High-resolution TEM images and nanobeam diffraction patterns at the interface of the TiN coating and
adhered material (Point A in Fig. 5.8).

Table 5.3 TEM-EDS results at the adhered material and interface between the adhered material and TiN coating.
The analyzed area corresponds to the areas shown in Fig. 5.10.

(at. %)
Identificati It
Analysis position erication fesu Ni |cr [Fe [N Al |w o |Ti [N |O
of crystal structure
Coating | Point 1 TiN (fce) 0 0 0 0 0 0 69 30 0
Point 2 171 19 7 3 2 0 26 17| 26
Interface Amorphous-like
Point 3 41 20 4 4 3 0O 10| 10| 43
Adhered | Point4 . s2( 2t 200 2| 1| of 2f of o
. v-Ni (fec)
material Point 5 52 221 20 2 1 1 2 0 0
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Compositional image

SEM image
Fig. 5.11 SEM and compositional images of the coated cutting edge on the rake face after machining of Alloy 718.
TiN coated end-mill tools, cutting speed V' =40 m/min, feed rate /= 0.04 mm/tooth, ap = 6 mm, ae =

0.3 mm, cutting length L = 0.2 m, coating thickness: 2 pm.

B 3 ‘ % ‘
B . R )
“Plastic Qe‘format n. £
Rt iy B . 3 -

Fibe i %.

¥

Fig. 5.12 Cross-sectional TEM image in wear and fracture area on the cutting edges after machining of Alloy 718.

The observation area corresponds to the milling portion shown in Fig. 5.11.

Adhered material

TiN coating

Fig. 5.13 Cross-sectional TEM image in wear area on the cutting edges after machining of Alloy 718. The observed

area corresponds to the point shown in Fig. 5.12-B.
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Fig. 5.14 High-resolution TEM images and nanobeam diffraction patterns at the interface of the TiN coating and
adhered material. The observation area corresponds to the area shown in Fig. 5.13.

Table 5.4 TEM-EDS results at the adhered material and interface between the adhered material and TiN coating.
The analyzed area corresponds to the areas shown in Fig. 5.14(a).

at. %)

Analysis position Ni Cr Fe Nb Al Ti o
Point 6 2 6 1 3 30 9 49
Point 7 44 18 16 4 5 3 10
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5.4 Ni SEMEVG S iiR o TEHREET L

53 HITHIES LI RICHE DX, Alloy 718 Wit UIHIRF ORI R IR E A4 3 THEEET L
EAESELTZ. Fig. 5.151%, 2—T7 4 V7 OBEENENEA(Z 1 um) &, BENENEE(K 1 um)
OTEHEET LV TH L. HIEHEE, a—7 1 7OWMER L, KD 1 um BENETO
MBI HMTH L CAEF AL D7 7 v 7 Thotz, WMWERIL, a—F 4 v 7 Eaiek
Y (WD) SBENLIZE X DB > TAELEa—T 4 7 ORNEIS 2, EiRicsT
Ha—F 4 T OBIRIEHED bRELS Rolm b EICAELDEEZOND. T2, 2—T 1
TWEICAE LT 7 v 71%, BN E|EMEICL T, TAMISIDBREKRERDETa—
TAVITDEAMBE L2 LI XDEBEZLND. TDOD, a—T 1 VI REVWRAEL,
Wt Bl D a—T7 4 VSN TEABIG N IRRK E IR D120, KRG~DIEHEFLEL, 7
Ty I RHAELLEEZ NS, ZOMEITREND 1 im BEORBE TR IKESND LEZX D
o, a—7 4 7Nl 72D &N EOWBIEENET Lo Te DX, a—7 4 7JEIN
pum BLF &5 &, HAWIS IR ERK E 72 HDALED, JEMED & DB ABNIZEH D72, EN
ECEN Tl ZEZOND. ZDOXHITEZDHE, Alloy 718 UIHIRFIZIX, =2—7 4 71X
WNTNEN ThH o122 ERNERTE 5.

KETIMWEZRNR, a—T 4 » 7HEZMHT 2121, Oa—7 1 I RETHNDEET
FRETHZE, @Qa—T 4 oV OEBEE HS) 2E<T528, @a—T7 1 v 7 &K
ICTHZEBEDHTHLEBELBND.

— Plastic deformation Exposed by friction force and cutting heat

| Friction force /\I/ -
. b =

B e

/ Destruction of the order of 1 pm

Crack
The internal strain concentration in the coating

(a)Thicker coating (=1 pum)

— Plastic deformation Exposed by friction force and cutting heat

Friction force

A

-—— P RS e

/ The internal strain concentration in the base material
No crack
(b)Thinner coating (<1 pm)

Fig. 5.15 Model for damage of the coating at the flank face of the cutting edge during machining of Ni-based
superalloys.
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55 TEBEEET LVOMKGE

54 HICTREE LTE7 WS &, THBREGZISIT 5720121, GIHIINTREO BEER TR,
a—7 4 7 OEREER E, a7 0 7 OEBEERE Th L EEXLND. TIT, H4a
BEORREEBET 5 & HEOHIIN TR OBEINTESEMEZ N LT bD Lo T0nDH I L EE X
LE, BEINIEEDOTANRE LBERT D E VD, MEHREIXIREICL > TEDL D,
THERHEOWREHEIIEEI MR T ST 5 amErd 5. —ic, HIENIE Y <312 8 Fi
FREE, 7% N LTHEPHIMIC OB SN 50, BYBERENMEWHEZ UIHIT 2541, 910 < T
12 4~6 EIFRE LMEb B, TONTE~OBAIZZL 253N T\W5 ). 2Dl
W, a—T 4 T OBREENE DI T EREOIRENE DL AREMENH LS. DFY, B
TR TEZHTEDTOICE, a—TFT 4 TOBREREZTIFHZENANTHDLEEZDI
L. EBRCIE, BMREROHREMN LA E UCHMT 2 Z S L. REITIE, 27
o VTR E AL SH T & X OEEEEIHIIN TR OB 2R L, 22— 1 > 7 OEEIHIC
T F R ) D BB SN T EBRAIZEEAT L7-.

Fig. 5.16 \Z2—7 1 7D Al 5A & Lkt ORI LR OB ) OBIRZ R, Z ORERIT,
aA—T 4 7O AR EPEINT DI ONEER ) MR T T 2 Em AR~ L7z, TigwALWN 2—7 ¢
YT ONWTIE, Al EHEENSZVIE EUIHIFEOBEBENMET T2 WO MERH LR 9, Kk
FFCIE CruALN IZOWTH A CfHAZfMEGE L. 260 Ti &, Crikoa—7 o 7iZo0
T, BVRERARE LIZFER, Al EAENZ LRI EBRERMRT T2 2 @G sh T
W5 D ZOZEIE, Al EHEEOHEIMNCE > T, BMZERMETL, NEORENERLEZZ
ET, BEMOERPIDME T U, AEROICEEIMKEE Uz alfetE 2 /23 5. Fig. 3.6 O
FEEND, YIHGEE V=30 m/min & V=100 m/min ® & & OSFEHEIEIEE X, £ 680 °C &
910 °C FRETh o 7. BIHIHER S & BEENRBORNKRE LS RoT2Z b, Ly 98
T DIRE D BN BN RETRERRKE WL HEIND.

Fig. 517123 —7 ¢ > ZHi SN RAXTEGLERIRE OB % R ARGCIE, BV o=
(2B D SHERR, TROBWIEIAZNES 2 2 & T, a—7 4 7 Omikilikz v
&R S OFEMFREE & L7z, TiN <° CiN 13 800 °C LA ETEVLEE 2 L O B D ik kil &
ICE>THALNE L L EZBND. —FHT, AlEFa—T 4 70, Zh b OHEMIEMRICET
RTEWEILIEHL A R U2, FRIZ, TiosAlosN FHAIE 1000 °C TEVLIET & "R EAAEL, S5
(ZH R EE CRVILER4 5 LA A Uiz, AL IS & o THEATRIE S 7= 22 SRR B 1T 5 B
RLPRTE DI S OHRIE, Bl CEVLER I NIz & ZIZA Y ) —H NV fRERRT, 7R c-AIN 23
HEUBHZETOTHPEENTZZ LICERTHZ LR, S OICHERTRWEES 5 & FHo B X
ST, IOV A-AIN OAERICINZ, OTHPEBRIND Z & THILT 2 Z ERHESNT
WD OB AKBENZERNT, TigwALN & CranALN LDV T DOWT S [FEROBEHEIZ L D
BENBLI-bo B2 b5, 3.1 HOUEIREREER S, = KV CuEf Lz
GIHEEE V=40 m/min © & & O JFETAIZREIHNEEL, 3 K% 870-1020 °C & AL bivd. ZD
RER COMMBEIULCr ALV b TiKa—T7 1 7 OFRE. LIRS T, WigtblElREo =
=747 ELTL, RAIGADOTIEa—T 4 VI BETDHEEZRLND. AKIE, FIEHET
A L2 L 91, EIROMEMEEEEZ 2 D57 DICEIET /A T v =2 L 52 ORHE
EREATTRETH LD, TIUISBROBETH 5.
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Fig. 5.18 13&FED PVD =—F v R RI/LZ LY, Alloy 718 Z8JH| L7z & & T HEERER
REOBIERERETHSH. PBEN 4um & 2 um O & ZZOWTREME L, FEEAE T 2B SR
LELTEY, BRSNS o7, MR W, Tk, CrilcBbod, AlGa &1 8
T DI, WG BRI T 2 A s LTz,

Fig. 5191245 1 —7 ¢ > ZHARKIZ BT 2 BRI ) & kT i BEAENE O BItR 2/~ 9. BRI 1T U HIE
FE 30 m/min DA THRIE L2EA e, E@geblH N LR OEE ) & a—F v R FI LoD
PR T EEREHE AR B S 2 S 4L, BRI DV S UG E KT THEEREIE AV N & < 2 B 2 TR LT,

Fig. 5.20 (2 1000 °C ZMLIRH% O S & R 1w EEFEIR O BIfR A7 L7, BVLERZ ORE S A3 E &
a—7 v Rz R IV OT EFENED N S < IR 2@z R LTz,

LLEDORERIZ, KRB & @V A B30 2 —7 4 > 7 O AIEEEGIHNIC 2 R/ T
bhoZbam L. £, BERENa—T ¢ V7 3HREEZEET D Z Ntz Tb
b, EBRIMRFEZ LY, Fig. 5.15 OBGEET NV OZLYEIRSINTZEEZ DN,

728, Al IINC X 2 BEEMEOEBICOW T, 508 2 AF 725 LIT 0 T /s
WA, LT R EER LTS, —DEIXT TRk H1g, a2—F 1 v 7 OEERER
BIZE D2 TEREREDO EFIZE 20D THD. ©H—2I%, Al EHEMEZIDIEST, =
—T 4 Y THD Al BIMAERL L, R CELEEZTERT 5 2 & TIFIEEERE L, 7<Wv
AL D80 < FTOMENPMER LI Z ERFEE LTEZ LD, ZOUHEIFOEET M
EODHERZONTE, SHROFTENLETHD.
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Fig. 5.16 Influence of coating composition on friction force during machining.
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Fig. 5.17 Influence of coating composition on hardness after heat treatment.
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Fig. 5.18 Compositional images of the damaged area of the cutting edges for various coatings. The images show
the wear on flank faces of the end mill tools; upper images are thicker coatings and lower images are
thinner coatings. The arrows in the figure indicate the maximum damage width.
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Fig. 5.19 Relationship between friction force and damaged width of cutting tools.
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Fig. 5.20 Relationship between hardness after heat treatment at 1000 °C and damaged width of cutting tools.
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5.6 NiZLBEMEASESNTANTHa—7 v RTHOBRIES

Table 5.5 |25 2 &, 23 %, 4 5 Tk~ 7odfebIH|Rrds L OVRE Tk~ 7z e IR o T B,
FEREBICESE, NiEEMEAGSIN TH THEORIIESH % £ LDl

EEREIERRIE, AR TR TH VIETEROERN DL Z L Ta—T 4 » 7 OMHERS
WUINEE A U FrIBITT IS W CUE, #RHIM IS £ 2 (Nb,TH)C 2SERERL T & L TR
L, Zu7 7V T BEROERNMD D Z & TEEETEEREL kol BEZRIE, =—
T4 7 OOEIRBE DR E, ORIRIZKIT DML EMEDRE & Z AU E S ik, @miVEE
B, OKRM~OIENEFEEZ Nz, T OREEREZXIRTHZ LN, ToEFETH
DOMBRE G L2 L2 bEEZLNRD. LER-T, a—T7 4 Y ZICiEmV SRR E,
FARkZe EME, WGP, IR 24 U o MAR, RRMEES RO b D, BRERIT,
BLOWHEIHELC F S RITENEEZ BN D.

MIMBEEIZOWTIE, Fry 7Ly MOREBPEN ThH o7z, EFWEFETICOWTIE, &k
2T DAL ENE L S DB TH D . E#ReHIHI O X 5 22 B A 2N RIRFRHIE R -2 &1
X, FRCEIBOREENERIND 120, MEIOMSRZ EVEICENT- CVD 2—T7 ¢ > 7 Ol H
BIHEARE L, FERLOWHRMECEIRIZIN TS M L 22 W R EEHR OBIRIC X 5 EEE iRt
M THMEREM EICAEEEZ DD,

Wt I BV TlE, R ARG DD 728, PVD a—7 ¢ > 7 O AIHET
HbH. EHIZ, PVD IBITHBGERIRO AHENREW D, a3 —TF 4 7o T, BIHIFOEE
BN E L, AR EWE Bl iEm AlGFa—7 v 7) #7252 & TR~
OAMMEE L, BREOMHH NG TES. —FHT, = FI L0 X 5 R RNEOHF 72 TRIC
VERRIEIELE D CVD EOE L, i o T EOZERS RO b O REN SN TH 5.

WTHOIMTHFEZOW TS a—7 0 V7N EITERmICKBE Sl L, TAnEOR
RIZRV 9%, a—T7 4 U 7HOREMOBEEZ NI L L RMERESCEEAES 52 810k -
T, a—=T 4 Y TIZER IND RIaOMRT BT 5 Z & IFBEIHICN T LR 1 H 5
TLEMRL TS, EIZOWTIE, HERTHLHOTLARR EE-IC N AZEZEL, "
RIRYIEL TE 5 X0 Ik T OMNERD .
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Table 5.5 Required coating properties for cutting Alloy 718.

Wear Damage Damage factor Required coating Development guidelines
mode properties for tool coating
Adhesive Plastic Low hardness — High hardness at high — Fine crystallization
wear deformation of'the coating temperature

of'the coating at high temperature
Fatigue Cracks in the Softening (unstable) — High stability at high Applying the complete solid
wear coating of'the coating temperature solution phase

(low strain in the
coating as deposited)

Micro- Applying the CVD coatings
fracturing for the high stability at
elevated temperature for
continuousturning
Abrasive Micro High frictional force — Low friction force Applying the low friction
wear abrasion at high temperature during cutting PVD -coatings by for
interrupted machining
(ex high Al contain
coatings, low thermal
conductivity coatings)
Destruction — Stress concentration — Few defects Applying the PVD -SP
of'the coating in the coating coatings

Optimized thinner coating
thickness

Polishing the coating
surface
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57 K5
Alloy 718 Z x> RI L EZHAWTHHYIHIINT. Lz & & D a—7 v KT HOWKT O EFERRE

EBIEL, a—T 4 I L SNAFHEIC O TRETLTRER, LT oM e 7.

(1) Alloy 718 WrigtblHIRF D 2 —F ¢ » ZHREIX, VIR BB Sk N Bl s vz, a—7
A 2 7 O MNE ESESITBIE S 22 0, BERITEDT 2 EmIcH - 7.
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F6E  Ti-6Al-4V AL WG TRIZI1T 5 PVD = —F v R T E OB EHE

6.1 fHS

ARFETIE, 5 5FT Alloy 718 ZWreOIHIIN T L7z & & D a—7 v K TEBEIREZH<7-0
EFBRIS, HRHIA & Ti-6AI4V &4 & L= & & o THARERIREE 2 T B m-CWrimH> S M a i
N, TEHEEHEEAOMNCT 5. 7ods, 54 3 T Ti-6A1-4V G 28k OIHIINI T L7z BRI sl 42
SNTEEEY, 2 —T 7 Fm ORGSR ERDS, Wit UIHIRFIC &4 L 22020 T h i
L.

YIHIRBRIC a2 —T7 v Ry R L&AV, Ti-6A1-4V A 4B UIHIRE ORK S H EEFRIRE 2 5540
PR Lz, BEREILEGYIHIN LR FETH Y, THEEIIMEREZ RL, AR
FCAER NN S D Z L 2 MR LTz, a—T 4 U ZICHEEENME SN0, a—7
4 T NERI N =B ARSI Ky Ly MG HETR Lzt Ex bz, BEECR
WHEEEZHZ LT, a—T 47RO KRy T Ly MaEEa—TF 0 v THREEORGRZ M
NRIFER, HEAA LN, LLEEEE 2, Ti-6Al4V A&UEIFO 2 —7 v R TEOR RS
[ZDWTIRRD,

6.2 FEBRITIE

6.2.1 HEEES

WHIATFE 4ETHON b DO L FAREE L, otpBo Ti-6A1-4V &4 (BESIAS, 320Hv, kifk 20-
100 um) Z¥EfH L7c. TEHRRBLIOTAEMMEIT S21 HICRINZbD LR E L.

6.2.2 GIHIEER
GIHIEBROSME 522 THEFREE L, GIHNERE DA THERIT Ti-6Al-4V SOOI A
WHNTNWDEMESEIZL, V=60m/min & L, UIHIHEEEEZ 1 m & L7-. Table 6.1 (ZUIHIZM:
ZEEDTORT.

623 LTHEAREIRREOHEIZE OV
BIHEERTE O T BRSOt 7k L FIEX, S23IEEFEREE L7z,
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Table 6.1 Cutting conditions for machining of Ti-6Al-4V alloy.

Work material Ti-6Al1-4V alloy, annealed, hardness: 320 Hv
Diameter 10 mm
Number of teeth 2
Rake angle: 6 °
Geometry Clearance angle: 6 °
End-mill tool Torsion angle: 30 °
Substrate Cemented carbide (JIS K10 grade)
Coating composition TiN
Coating method PVD-Arc
Coating thickness 2,4, 8 um
Cutting speed 60 m/min
Cutting length 1.0m
Cutting conditions Feed rate 0.04 mm/tooth
Cutting depth ap = 6 mm, ae = 0.3 mm
Coolant Wet (emulsion)

624 A—T 4T DORME (Ray 7Ly b)) mOFHM

=T 4 REC T —Z R LBERICL > Ty 7 v 7 REL D Z s NS
NTWD. ARETlE, EFREmERfN S22 Ta—T sV ICEREZ 52, 77
v 7 DIRAERLCHREZFHME L. a—TF 4 > 7 DX 5 7 MeldrBHC BVE B & % %5 59721
WHERE T D &, MEHHROXRBIZISIREFR DL, BEICEDL CHESN, Z0LEDr Ty
7 OFEEIREIL, KR (Rey 7Ly b)) IURFET2EEB26N05. ARFITHE, 22—
T4 THNORKMEOFEGIESE LT, IROFIECTEEERBRZIT 7. EFHREGIITE
E— AN THE (B ASHR, e-Flush eFM-C50) % V2. BHRIBH OLML, B—
L850 pm, NIEEELE 40 kV, FREFRER] 0.1 msec., PREFETL 2 mA & L7z, BB IIEE G4
MIZ(TLADNFR D a2 —F 4 V7 L= b O &% L=, Ti & Al 50:50 & Lz, =
2T, BUEFIEIE PVD-Arc &, ZAUTHASTEXM (Rey 7Ly b)) 234720 PVD-SP 4
O 2 FEEEE A2, BUEIE 3 um 2 REHEL L, PVD-Arc IETRIEL 726 D1E 1, 3, 6 um & fHE
DEILDEDOEME LT, Fio, [F—Sy F TR L7Z(TLADN 2—7 v R R I L&
fii L, GIHIEERIC .

6.3 FERBIUELR

6.3.1 FIEHBEREOMBAEIE

Fig. 6.1 |Z Ti-6A1-4V &4 % 1 m YIHIE O R0 SEM 38 L OGBS R 2 ~T. BELE
THIFGCOBENR 2 um DH D TH S, T < WHEIZHE R TR HE O H DBERERNIRE N &30
Mmolo. ZORRIE, 53.1HO Alloy 718 Wit & Rk DM TH 5. Zhaxzi), =~ F
INOTERGEOBIE L BEGIHIEORGHE, RIS HEREZ HRIAT 7.

Fig. 6.2 |2 Ti-6A1-4V &4 0)HI% O T HRKIF O SEMAGBIERE R 2 ~3. $£7=, Fig. 6.3 ZHrm
DOEEE B LR Z /T, UHIEEET 1 m SEV, NIRRT a—T 7D

149



BENBlE SN, UEEHNA R 722 L TR O OBERIERT 2 LRI zd, 2—7F
€4 T OBREGERETT 201+ UHIEREE B2 7. a—T 4 V7 OBREIE, BEREOL
BN, BEENEN &P, TEEDE < 72 212 DFVIREERLPH 2N LK 3 2 810 4 e
ALz, BB OBIERERICBNT, a—T7 4 Y I REM LR D X 9 R EREITE
BENRLNWZ END, a—T 4 7 LEMEDEERITIDICEN T EZLNDS. a—T
A ¥ T OREEBIZIIIARANCEEE W M5 L3 < 20, ERvIRSND Z & T, BEN
ERTDHEEZLND.

Fig. 6.4 1 Fig. 6.3 DRI TR S0 O Wil SIM BBIZSERTH S, JTTOMIEN 2 um &
WVEIR I & N TIF E A EHE L TR o722 &0 n, BEMHIO-DIZE, a—F7 1
TORIZERET L ENANTHLZ ENREBEIND. =2 FINVORTHEFEIZKNT,
a—7 ¢ VT OIREE L T 5B RN ZET H DI, Alloy 718 Wrist BIHIIN TR & [7) U
fHRCTH - 7.

Fig. 6.5 1 THRTEMHREH ORI L OWH 225, EPMA IZ XV iR M AR~ RERT
b%. HEEEOIHIR & [FERIC, BEEY BEIED o T, Al V&, Mo w, Co Lixz
NENFELE TR Sz, BEEWE Al BESEEMZ2 W TREL ORLE. BEEY
FEMBHIT LIV b a—7 0 70O RICHET 2EMICH 7. BEYOMBIISGTICE > T
FrE iR Mm L Z &< fHE LCWiz, ek, WitblHloz, 0 nE<mtians s 71
LD, mHIMECTH -7z, KT HOHEIHHERD D Ti-6Al-4V B0 EAE BB KDY Alloy
TI8 ITEHERTH N2 L b o7z,

Fracture of the coating
at flank face.

Fracture of the coating
at flank face:

3

)7,
‘7 S\/ \,e
S ”
‘\(6 we“
() Hln

o Cutting edge

15.0kV x300 SE 15.0kV x300 BSECOMP

SEM image Compositional image
Fig. 6.1 SEM and compositional images of the coated cutting edge after machining of Ti-6Al-4V alloy. TiN
coated end-mill tools, cutting speed V= 60 m/min, feed rate /= 0.04 mm/tooth, ap = 6 mm, ac = 0.3
mm, cutting length L = 1 m, coating thickness: 2 um.
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Small fracture

PSmall fracture

LN

= Flank fa-c.e Large fracture

20 pm

20 pnf

Coating thickness: 2 pm Coating thickness: 4 pm Coating thickness: 8 um

Fig. 6.2 SEM observation images of the coated cutting edges on the flank face after machining of Ti-6Al-4V
alloy. TiN coated end-mill tools, cutting speed V= 60 m/min, feed rate f= 0.04 mm/tooth, ap = 6 mm,
ae = 0.3 mm, cutting length L = 1 m, coating thickness: 2 um, 4 um, 8 um respectively.

Fracture

Flank face

Rake face Rake face : >
Coating thickness: 2 pm Coating thickness: 4 pm Coating thickness: 8§ pm

Rake face

Fig. 6.3 Cross-sectional SEM observation images of the cutting edge face after machining of Ti-6Al-4V alloy
(cutting length L =1 m).

Sliding direction of workpiece material Sliding direction of workpiece material

>

>

Carbon deposited film

Non damaged area Fracture area Fracture area
(a) Coating thickness: 2 um (b) Coating thickness: 4 pm

Fig. 6.4 Cross-sectional SIM images at non damaged area or fracture area on the cutting edge after machining of
Ti-6Al1-4V alloy. The observation area corresponds to the area shown in Fig. 6.3.
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&  Sliding direction o
- workpiece material

Ti-Ka W-Ka
(a) Flank face

TiN coating

Cemented carbide

C 61ni)ositiornaA171Ai1na;ge Al-Ka O-Ka

High

Ti-Ko W-Ka N-Ka 1 pm
(b) Cross-sectional face at flank face

Fig. 6.5 WDS mapping on flank face and cross-sectional face at flank face of the TiN-coated cutting tool after
machining of Ti-6Al-4V alloy. The analyzed areas correspond to those shown in Fig. 6.2, coating
thickness 2 pm.
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6.3.2 KT G OW I TEM G815 1

Fig. 6.6 [Z 38T HREGH OWrini TEM S8IZFE R4 3. BIEALEI Fig. 6.3 ORFITRINT
N CHRIGT 2. Fig. 6.6(a)i, JCOBEN 2um TH Y, HENBEMTH - -ALE, Fig 6.4(b)ix
JTLOBEER 4um THY, a—7 4 R EEGL, BEERMRUCAE (e 20 pm FREEE
AL L, BENEL EE LB (RS 30 um BEREN-AE) OBIERETHD.
AR STEM (8L HIRIRE R OBILHER TH Y, BIFLEF TEM BIIREHLEF STEM B O —H 2 4k
RL7EbOTHD., WTFROBEMEICENTY, 2—7 1 > 7 OMRREMRRICEELSTE DR
BRI S/ o 722 E)vD, Fig. 6.2 & Fig. 6.3 ORISR DHMI L=k o, 2—F 1~
TVIHEMERNCE L7 L5 2 B D, Fig 6.6(b)TlX, —7 1 > 7 ORBEIZFEERIR OB =0
BlEasniz., £, a—7 4 U NEBICEMICRE U CTETHIAIC Y 7 v 7 i34 Uiz 2 & 3 ilgE
ST, ZOEIRT Ty Ui, WHIM E T HORMMS ) (Hertzian contact stress) IYIZ K9
DHEAMNGCINIRR EE 2 G, UIHIROBEEERET L ->T, a—7 4 » ZNEHBICE AR
NWECTZTZDICRAE L EEZOND. a—T ¢ VT OEEE, SAKDBERRE o100
BOREFIZBNT, a—7 4 7HNO ey T Ly NREDOMORIGIZIEIERNELC D Z &
T T REAEL, ZHUIHNRARIRNIMDL Z k- T, 2077y 7 BRER LD
ETCHHENRE Z o7 L HRIND. ok, 77 v PR AELERENDDOERS L, RmICHIE
SENTBEETIBIZ0SumBEBETho-Z &0 n, HARINEIRES 0.5 um F2E O S Tt
RepolzLHEIN, BRICa—T 0 73RBS 2 X0 ICBERLIZEB 2 b, vk,
a—TF ¢ VT OMEEEIRICIE, BEEVMOMNENZEALERDOLENRNI LD, EBEME —
T AT EDMENBEND, BEVMOBERIZa—T 4 VI R—FEICRbELRTZ DL
HEInsd., B L 51T, EMICH L TKELFMICZ 7y 7 BRECTEZ EIZXD, RBELR
DT X O ICHET DRI, 65 ED Alloy 718 Wikt UIHIFFC LI S TR Y, WiistblHI
ORTHEIZ N DIEITIRIEBIZFREETH D Z LR STz,

Fig. 6.6()lZ/r L7 L 912, JLOBIEN 2 um O THIZIE, WM 2EERRBIIMRE IR o7
25, FAEOETHEMIZ 0.3 pm BEDE I OEEWNNE LT L3bnd. ZOMOAE T,
BB OB 1 3BIE SN/ > 72, Fig. 6.7 12 Fig. 6.6(a) 2 KF TR & 7= sEisk O W B
TEM @82k R 2~ BIEI%R O F IS L QO TSI 50-100 nm F&E ORI 1-£8 CIEAE
LCEY, UHIETORE (20-100 pm F2E) & TGS b Lz 2 E3bnnd . BEEWRL 7O
R, ELS RO & 9 Atk L ERIRONEAE LTZIRRECTh - 72, Bk OB 1138w ic sk LT
WATH N A TS Z D, T BIFEIRIROEINC K > TP LI S 51mfe T
R LT LRI N D, 0K ) IR DAL, AiE CBEIZIR 72 X 9 12 Alloy 718 X° Ti-
6A1-4V GEUIHIREDEEMICBIE I TEH Y, RO WiME (grain subdivision) N2 X 2%
DEEZOND. T72DH, Ti-6Al-4V GaUIHIRFO R eI TBIEE S V-l 2 A 5 265
I, B LT WRE A A L TR Y, IS HNEOBRBICER Lo L RIS, 7238, Fig
6.7 (2~ L7z Wifse BIHIRE OB I d5 1T D EEE M ORARKIT, Fig. 4.10 (2 L7z bIHIRF D3 <
W BLER LTS ORI e, B PICHIRRL T O R mW L S Il shiz. 2
AUE, BIFEOHEBT S WE LD HIREIMES, #HIM OFRIEE R &2, BEEYMNIZE
WCH BV E FERIC K > TR Z 213 T IR+ OFESIAE Z 679702, JuoM EnLz X 9
IR THE T2 EEZHND.
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Fig. 6.8 |2 Fig. 6.7 HOKEI A TR ENTNLEIZOWT, EEME a—T 7O ERER S
DICEER TR LR 4 7. Fig 6.8@)DREHLICIBW T, KHITR S IZALE ORI
BB 21T - 72458 % Fig. 6. 8(b) /R L7z, EREITKE O E L FRET 5 &, %
EW) 1 To-Ti(hep) THRELST SN 7=, BEEWIT TiOx(rutile) & L CHIREATARETH - 7278, #H%IRT
EDS 3T OFEFRD Ti & O DHFEEZEBETLH L, O DHEN/NIWZD, EEEWIZa-Ti(hep) ThH
% LW L7=. Point 1~Point 3 1277 T {200} tin~ {002} i & L < X {111} min~ {101} oo DAL ST
NEBERDNFED B 7=, —J5 T, Point4 & Point 5|3 Point 1 ~Point 3 O 1R & 1T /2 -~ 7=,
Z DOFRHTRERIZ, PR OAEAEITEEAE S O JAHPHIC 8 2 D1 TIEZR L, o THh D
L ERME UTs. BEAE SR DR R IBUT2003 N~ {002} oo DAL AL EIR A HERR S 47
U, EREIHIRFO T WHOFER (432 H) LFEEERTH 7. Z ORGSR O 138
BEOIHIRF O < WIENZ AR D SARVMENCH o 72, 72, EHEIHIREO 3 < WEIZE T 5§
WX, a—7 4 7REOMETANBETD O, a—7 1 7R OERIT I a-Tithep) D c il
DM D K O UTAFRE Lzs, Wil UIHIRE ORI I IIZZ O X 9 BB IIME X eholz. Zh
B, WrscUIHIRE T B & Wb OBl A <, BIHRRE MR Z S ENEL, a—
T4 T RECEESN TRFOFESNELD0DOHSRBENS 2 b hollzn L
BEzxbhb.

Table 6.2 (ZEEEW, 2 —T ¢ > 7 TS D504 RUZI1T % EDS (2 K DT O R %
AT BETRITEREDRNZD, EROZR L. BEDTIZITbT I 0 R E .
a-TilZi% 10 at.%FfREED O DEEIA B 2 7=, WrigtbIHIHICEEAENIZ O MRA L, B LT
WETHFELLLEEZLOND. ZOX ) ICHEDEE O BNHMERSN, YIHIHESICEEL K
E L7 K 9 ZRRHLIIHER TE e o 7.

6.3.3 I < WEBREHT OWria TEM GBI R

Fig. 6.9 7°5 Fig. 6.12 133 < WHEIZOWT, RKiFi & FERICBIE LI-fESR TH 5. Fig 6.10 1%
Fig. 69 \ZHBV\C, =7 1 L/ B LT (L8 GHEHE) OBTBEHERTHS. 3 <O
CBOTE, BMCH LTRTELRICY T v 7 IFRONT, a—F 1 2 7 OfERERIUCI -
720 T ISR S he. FEEORBIBIEMSEROINI OF < O EREE (432 H)
THRESN TR, TNLWNY Ty 7 OARAEN L hb, BIOKRE (=& 2 EHE
%) [T ko TAELMRE L5 2.

Fig. 6.11 & Fig. 6.1213 3 —7 « > 7/ HEE REDEFF O RBIEAER (Fig. 10-BALfE) TH Y,
=T 7 R R ECERAE N O— BRI A AE LT D & O IS S i, 7, Table
6.3 \CHEATH,/ FUHLE; O EDS TSR 4 758, EDS S34T Ok S & Fig. 6.12(6) 0 TR T
M, EAPRREHO—EIL O F DM ORI & &I E & 7= BT H 5 2 & 4%
Moie. Eiz, BEW/ a—T 4 v 7 RENCHE T BRIIHR SR T, T D O R
M, WIFEEINIF O < WE OB, EEEGINI LIRS TS DD, ZRHIZONT
I3, A% HANC LTOE,

154



v

Fracture

l depth~ 0.5 pm

£
o &
873
ER
1
O o
&
<

S &

Fracture
depth ~ 0.5 um

TiN
coating

S &
rd
L

Cemented
carbide

&

B E4
53
2 BN

/

on
7 &
= § No damage x / Nood T
Heorizontal direction;.
\ 3 . to'the coating surface
Non damaged area Fracture area near the cutting edge
(a) Coating thickness: 2 um (b) Coating thickness: 4 pm

Fig. 6.6 Cross-sectional TEM images in wear and fracture area on the cutting edges after machining of Ti-6Al-
4V alloy. The observation area corresponds to the points shown in Fig. 6.4. Upper image: dark-field
STEM images; lower image: bright- field TEM images.

Carbon film

Adhered
material

TiN coating

=

Fig. 6.7 High-magnification TEM image of the interface between the adhered material and TiN coating shown in
Fig. 6.6(a).
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Point 3 (NBD) Point 5 (NBD)

Adhered material

a-Ti (hexagonal)
Point 4 (NBD)

o-Ti (hexagonal)
Point 2 (NBD)

Overlap of points 1 and 2
Point 1 (NBD)

o-Ti (hexagonal)

TiN (cubic)
(a) TEM image (b) NBD patterns

Fig. 6.8 High-resolution TEM images and nanobeam diffraction patterns at the interface of the TiN coating and
adhered material (Point A in Fig. 6.7).

Table 6.2 TEM-EDS results at the adhered material and interface between the adhered material and TiN coating.
The analyzed area corresponds to the areas shown in Fig. 6.8.

(at. %)
. .. Identification result . .

Analysis position of crystal structure Al Si w Ti N (@)
Coating Point 1 TiN (fcc) 0 0 - 56 43 0
Interface Point 2 - 14 0 - 80 2 3

Point 3 o-Ti (hep) 13 1 - 76 0 10
Adhered . .
materials Point 4 o-Ti (hep) 11 1 - 81 0 7
Point 5 o-Ti (hep) 12 0 - 79 0 9
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-Slight adhered material

1pm WD16mm ‘
SEM image Compositional image
Fig. 6.9 SEM and compositional images of the coated cutting edge on the rake face after machining of Ti-6Al-4V
alloy. TiN coated end-mill tool, cutting speed V= 60 m/min, feed rate = 0.04 mm/tooth, ap = 6 mm,
ae = 0.3 mm, cutting length L = 1 m, coating thickness: 2 pm.

Adhered material

Fig. 6.10 Cross-sectional TEM images in wear and fracture area on the cutting edges after machining of Ti-6Al-
4V alloy. The observation area corresponds to the milling position shown in Fig. 6.9.

Adhered material

TiN coating

Fig. 6.11 Cross-sectional TEM images in wear and fracture area on the cutting edges after machining of Ti-6Al-
4V alloy. The observed area corresponds to the point shown in Fig. 6.10-B.
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Point 6 (¢ 1nm) Area 1(¢ 50 nm)
’

Point 7 (¢ 1 nm) Area 2 (¢ 50 nm)

Point 8 (¢ 1nm) TiN coati1.1g

(b) NBD patterns

Fig. 6.12 High-resolution TEM images and nanobeam diffraction patterns at the interface of the TiN coating and
adhered material. The observed area corresponds to the point shown in Fig. 6.10-B.

Table 6.3 TEM-EDS results at the adhered material and interface between the adhered material and TiN coating.
The analyzed area corresponds to the areas shown in Fig. 6.12.

(at. %)
Analysis position Ti v Al Co Fe Ca Sn Cr O
Point 6 24 — 5 1 — 4 30 — 36
Point 7 5 1 2 3 46 1 — 3 39
Point 8 27 1 5 - - — - - 67
Area 1 — — 1 — — 11 — — 87
Area 2 77 3 8 - - - - - 12
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6.4 TiAwWrketEIRFZI T 2 THERTmoOBEEET v

Fig. 6.13(a)l% Ti-6Al-4V AWt bIHIREOR T HIZBIT 5 a—T7 ¢ » Z7HEREBA SR E
EDTbDOTHLD. BEMOERE LOWHRBLEOMKE, UHIRIZIZa—T ¢ ZHEHE L
\ZEEEMDFEL, TOREMDBMET LB a—T 1 7 xR Eo-tBZBxbhniz. 22
T, BEWIEEIM (EEFH) a—TF 4o Ve OMICHEIETAE L, a—TF 1, A
W, WEHIRS (R ORI A ER Uiz, BEEY,a—7 1 > 7 FmicB VT,
DI O DIFEPTER S NN, AR OISR m BRI HEE s/ Z L 2R LT
W5, Fiz, a—T 0 TNERICEMICR L TETHRICY 7 v 7 BRRBAELTEY, TOHS
WERENS 05 um FBEETH AT E2FL LT, 207 T v 7 I13HIM & a—F 4 7 Ol
R L BE )M Z LIk, 23— 4 T NEBICEAMIS N AT T2 2 SRR
THEEZOND.

Z 2T, 20D B ORMMAS DIS TSR TV PG I L > TR BN D, J.O. Smith S
NIZNEHNT, 2 SDOMNEREMT 256, BibmmIer3 51581 & 8 1% B8 Lo
IS T AT ORI GEE S LD, BIEI TR & 98IR Ot 2>V T EFEO R ITEN
WHTELE L, TERNICELDRREAWICTIOHM AR Lo/ % Fig. 6.13(b)IZRT.
BRREAMIE DI R & e DACEE, Bl St 25 B oic k> TR Y, B
B ERII DN R E L 72D L RKREABIS IR & 72 DALEI R EANCTS< .
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Fig. 6.13 Damage model of the coating on the flank face during interrupted machining of Ti-6Al-4V alloy, and
distribution of the maximum shear stress in the coating.
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Fig. 6.14 Damage model of the coating on the flank face during interrupted machining of Alloy 718, and
distribution of the maximum shear stress in the coating.
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N e [ e 4 O T o asanas
(c) PVD-Arc; coating thickness: 6 um (d) PVD-SP; coating thickness: 3 um
Fig. 6.15 Compositional images of the (Ti,AI)N coating surface after rapid heating test by electron beam irradiation.
Coating thickness; (a) 1 um, (b) 3 pm, (c) 6 pm, (d) 3 pm.
(a), (b), (c) were deposited by arc method, (d) was deposited by sputtering method.
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Droplet

(c) PVD-Arc; coating thickness: 6 pm

100 um

15,040 x400 BEECOMP

(b)’polished

Fig. 6.16 Compositional images of the (Ti,A)N coated cutting edges after machining of Ti-6Al-4V alloy.
Coating thickness: (a) 1 um, (b) 3 pm, (c) 6 um, (d) 3 pm.
(a), (b), (c) were deposited by arc method, (d) was deposited by sputtering method.
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Fig. 6.17 Damage model of PVD-Arc coated cutting tool while cutting of Ti-6Al-4V alloy.
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Table 6.4 Required coating properties for cutting Ti-6Al-4V alloy.

Wear Damage Damage factor Required coating Development guidelines
mode properties for tool coating
Adhesive Cracks in the High frictional force High toughness — Cemented carbide
wear K coating
Destruction Strong adhered by Non crystal orientation — Un-known
of'the coating Crystal orientation relationship with
relationship adhered material
Stress concentration Few defects Applying the CVD or
in the coating PVD -SP coatings

Optimized thinner coating
thickness

Polishing the coating and
the substratesurface
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