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Table 1-1 Surface treatment methods for cutting tools

£1-1 YHIECRAVWLSNhSIXRELEARE

Effect
Classification
Hardness Lubrication | Stress relief
Oxidizing O
Nitriding O O
Oxi-nitriding O O O
Diffusion Sulphurizing O
Sulph-nitriding O O O
Metal diffusion O O
Hard-chrome plating O O
Ni-P plating O O
Coating Spark hardening O
Hard-metal lining O
Chemical vapor deposition O O
Physical vapor deposition O O
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Table 2-1
x2-1

% Practically used in the industry

Development milestones of coating methods

A—FT 4 IR EDHEEORES

¥ % R & Dby authors
P VD method
Year C VD method
Evaporation Ion plating Others
1950
1959
Metallgesselshaft
TiC on die
1960 1964
NASA/
1969
Krupp-Widia D.M.Mattox
TiC on carbide
inserts
1970 1972
UCLA/
1973 Clust thod
R.F.Bunshah uster metho
ARE method
Low pressure CVD (TiC) 1978 RF method
Atmospheric pressure * 1978 HCD method
CVD (TiN on HSS)
1981
1980 | % *71980--1986 * 1985 RF sputter
RF plasma CVD Vertical type HCD method (TiN) (Al ;03)
method (TiN) o
* 1985
Cathodic arc ion plating
(TiN)
(AR03) * * 1987
Cathodic arc & HCD 1985--1988
(T1,ADN
* % ]987--1989
(ALTi)N coating by
cathodic arc ion plating
1990 | DC plasma CVD * % (Al Ti)N coated cutting tools
(TiN) .
1990 (AL Ti)N coated carbide drills
1991 (ALTi)N coated carbide eedmills
MT CVD (W20) 1993 (ALTiN coated HSS hobs
Micro wave plasma 1994 (AL Ti)N coated HSS endmills
CVD (Diamond) 1996 (Al Ti)N coated HSS drills
Ion implantation
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Fig.2-1 Schematic diagram of atmospheric pressure CVD equipment
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Fig. 2-2 Effects of deposition temperature on thickness of TiN coating
and 7 phase in atmospheric pressure CVD process
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Fig. 2-3 Relationship between deposition rate of TiN coating and deposition
temprature in atmospheric pressure CVD process

X2-3

BECVDEILBIISHEBEREL
ZEREORRFE (TINO—F 4 > 7)




ZDORX%E. ArrheniusDXDETERDLT E. RDELDICEDS,
V= A - exp(-E/RT)
V; BRERZEE (um/ hr)
T, Ric.aE  (K)
R; HAE# 1.985 cal/mol - K
A; T8 2.0X10
E; TINRREDEMHEIRILF— 39.2 Kcal/mol

ZDEOIC. IEARENDBEAECVDEICKS TINA—FT 4 Y DOBRERE
ELBEDODBFZIIArrhenius DR TRIETE, CORKESPREARISCEBRERICEK
PIEERETHDIZENDOMSB,

EL. B LAELSIC. BEEQOLBEETHS 950CLHUELEDEHRTIH.
TINO=FT 4> TH>THOnHIREL. BHEVBTHDS 754 AMIA
ODEBFy 7EUTRBRAPERTHIDOB DM,

¥, ARICEREIEHFRHOI R (4 1O0mMmmXELE75mm)
CHACVDICKY TiINO—TFTas v/ &RELE, BERVSEETIERHDOIS
Blx. TOBRLUEBED 530~560CTHSdH. BIxOBBEMNETL L.
ZIT. BE. EZBABFICLY. AN - RERLALBZRELLER
BIROEEIX 64.8HRCER Y, BRLAL, LrLADS. SFADIRNSL
BRICEWVTHEuMTHo>ZDICH L., RBREHEOumEILKRLE, Ch
3. BRELBODEHLOEEPBEREDEZHTHY. TR VDL LEEE
TETRHREME (BNABEE; 10umzXREEBETNTERTER,

LEDESICRHEDBECVDEILE>TIA—F 4 VI LARBBEF Y T
BEREHTEL. MKV THI3I7SARIREICEIERISRETHZIOND
Mok,
2-2+1-2 F5XICVDXk

CVDEARBEWT, UBEEZETSEILOHIC. HERKREINRT A
ENMTSXICVDETHZ., COAEIE. 10 '~10torr BEQOEHD
RENAZESHTTHEE*RLESIE. RERCLEAIRIF—%2EECVD
BOEOIBBIXNF—FEIITHRLS., EFOEHIXLF—ELTHRATS
FEATHD. REHARITSAIFTHE. 13 CLTSShHILPAA Y



Vacuum chamber

A | T

Heater ~

| Substrate

CHs [
TiCls —><}— J\— ; =
Others —N—— —[>Q—

|

I
—— DC
power supply

Fig. 2-4  Schematic diagram of plasma CVD equipment ( DC method)
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Fig. 2-5 Relationship between voltage and current in discharge process
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Fig. 2-6 Schematic diagram of activated reactive evaporation method
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Fig. 2-12 Schematic diagram of cathodic arc-ion-plating method
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Table 3-1

deposited by RF plasma CVD mehod

Coating conditions and characteristics of TiN coatings

x£3-1 =R TS XTCVDEDRESMS S TINE OIS
Coating conditions Characteristics of coatings
Test No. Temper- | pressure RF Bias Deposition [ pp..p oo | Cl content
ature power | voltage time (wt% )
I 500°C 0.8~ 1 Torr | 150W | —450V | 3Hr 30 um | 1.7~32%
2 500°C |08~ 1Torr | OW | —450V 7 Hr 27 um |43 ~49%
3 500°C | 1.6~2.8 Torr| 200W | —450V| 3 Hr 28 um |22~36%
4 400C | 1.6~2.8 Torr| SOW | —400V | 4Hr 25 um |45~64%
5 300°C [ 1.6~2.8 Torr|] OW —450 V 7 Hr 22 um |[7.8~85%
(HCD) | 500C | 2% 107 Torr | — ~100V| 05Hr | 3.0 um 0 %
0.2 l ! | i o
| ! Uncoatefi | 12.7
| /1 | |
I I I I °
- 015 F———- —"_/'l_l_____.T _____ === 478 12
£ | /| TiN (No.2) | HSS insert
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01} ———_ |V ___ O ____ ]
|
S T“/ r /74'{ TiN ( PVD / HCD method)
/ |
= alad I ~ | e 2
g 0005 '————/—O:———fﬁ/—nz__ l __________
= /=== T TiN (No.1)
V4 | '
L -
0 | | |
0 40 80 120 160 200 @3
Cutting length (m) Workpiece

Cutting tool; Insert, High speed tool steel SKH51
Work material; SCM415 (HB 230~ 260 )

Cutting conditions; Cutting speed 72 m/min (450 rpm), Feed rate 0.06 mm/rev, Oil

Fig.3-2 Cutting performance of TiN coated HSS inserts
deposited by RF plasma CVD method
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Work material; SCM415 (HB 230~ 260 )
Cutting length; 40 m 4.78 12°
Cutting conditions; Cutting speed 72 m/min (450 rpm), HSS insert
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Fig. 3-3 Relationship between Cl contents and flank wear of TiN
coated HSS inserts deposited by RF plasma CVD Process

B3-3 BRARISXYCVDEAICLATING—FT 4 REEES
Fy7OCIagBLRITEAERBDBE



TINA=FT 42080 T, EBEADEN. DO —F 4/ BHEETH
HELRHAGIEDLS, VEIIEEFTTHLKEBADI—FT 4 FA0BICH
BAL. BFZMBLE., (FHFE18010838, 1993.11.12)

ERDHCDETIZ. HCDAH VDO NDEFE—AICE>TTiZ—BEBEBLT
FELCHBRTIRRZRESY., BRRXAICTINBEZERT S0, 1—F
A VOVBRBER—INDVPEOBELRESLS, LHLESS, BEFONR
DN=FRICEBIU—ZVITITEN. ArHRADA X VERWEEREZE - K
IXNF—FUETULORETERNAED, A—F 4V I/BOBEALARTE
THEIDHREITHD, —FH. BET7—0%TIE, 2BRTIOAAVICL3E
REEZFOBIFRNF—DRIN—RKBRETE, A—F 4 VI EOEEHIS
FBICRHFTHD, LHOLAass, TIHOBEEZ7 —VMETERRIESE
CEEBLODT —OXRy FBRZRRSumICHLBIBENHY. ZF—OET
MRUHTHFORICE., 90O —-F 10N EFENIRERISTRY -4
DHFPEET S, TOHER. KBINATINBEICIZ, BRKSumiBEDT S
ON=FT4IDPRELT. COXRERRUFHSIETEEEZLLEHEY. B
R—IDREREICHEDB.

TIT. FMARTIE. ROHCDEPEEBET -V FOREEMBEL. Th
TNORMAEENLOIZDAEZELT. 7—2 - HCOB B EEMR - AL
o FARDOMBEERI-4ICRT, FETREBHORNNY I LY —=2 4
CEB7 04T V—F 4 VETRAVWONB2BA AR N—KE
O, BIRZ+HICHESLAEE. HCOKRICKVREETO., ChicL Y. =
BADBRHT, POEVHR— DI BRVBELEERERTIZENTES,

FETTINBZO—F 44U 335IRIZ. LTOFETHFS.

HEBFRWE 1X10* torrl FETHELAR, E—9 2BV TERE
400~500CIcmMedT 3, BiRE+9mMBLAER., E—SEELEL. BES
R LBOTIAV-F2RAVNVT - MEERESEZ, COBEIRIC-600~
1000 VONRA7REBREMML. BREEESHEZ, COLSICLTE
ﬁ@iﬁ%ﬁ4#>ET+QEZNv9OU—:yﬁtéo

ﬁUT\vaﬁ—E%UtR%TMDﬁyéﬁﬁb\69&W®f&7
%%mtéoﬁmﬁzébTNzﬁZéﬁkb\97v9—%ﬁUTTmE§



Arc
power supply

Vacuum chamber

Arc evaporator

pump

Vacuum < §

!Cathode ( Ti target )

0

Substrate

Heater
Bias
‘Z-b power supply
= — Shutter
Ar gas HCD gun
R
— Reaction
I *— a5 (N\2)

Electron beam
power supply

Electron beam\

A\

/1o yMolten titanium

|

Crucible

Fig.3-4 Schematic d

iagram of cathodic arc

and hollow cathode discharge method

(3-4 7 —2 - HC DHRZED#IBEE



A—F4>0F5%. COEEHCDAYDE—ABAIR 30~60V. 300~
600ADEERE - ABREAND, BIRICIE-50~-300VONA 7 XBEM
EEML. BEATINEBEERE®3.

RIC. #KRDOHCDE. BBT7 — 044> T L—F 42 0%, 2LTERE
THRLE7—2 -HCDHAETIA—FT 4o LETINEDORE RSN (58,
EREBE. BEH) LUMMEERBLE.

BE3-51C. BEMA LS ULABREIEMBEORIRLIC. ChODHETR
BLULETINBEREBOXZEBEEEERT. BEB7 -5 THERLABEIZ.
BumBEOIIONR—F 4O ABE<HEEL., BRESHELL>TNS,
—%. HCDE® 7 —4 - HCOH AR TR LB, Erh—IL b i<,
TRARARELEZ>TWZDONDMS., R3-6IC. chSOTINED X &
EHOBRERT. WFNHELIARBOTINORSEEETTH. BREBT
—UETHEBULEIR, HCDEICLBBICHN, (1TEICLVBSERAL

TW3, B3-7TETINBOBEE T EHEERADEENERIS v FF R
P IRE>THRELABRERT., R9S59vFFRMCOVTIHRE TR
T3, ARNS. EENDBRELIBERFTENHCDE. BET — 2%, 7
— 2 -HCDHRZEDIEICAKES Ao TWB S EMbME, RISy FFI b
LEZBEMROFBECREHZEOAMELZETILENSHY. —RICE
HESBHOWABIAVYEL REFH VoM YPTL . EFETI—F4 >
TRAHELYT V., BB7 -V FTHEBULER. HCDZICLZELVE
HESEOWCOLIHOET, BREESKED., Chid. BE7—2ETO
ERTIAAVICLDBRON—ROMWESKREL, BEADBBALELAECEICE
PHbNDEEAD, E5IC. 77— -HCDHRETIR. TiA A RKrn—KI-
SUVEBNPALLTVBDICMA. RERELRITLALD. BREFENS
BICKE< ot EZON S,

CNED A AL S TERETEREORTICTING=F 4 Y T &7,
VRItEREZLE B L. R3-8ICHIMEBRERERT. TEESHIE. 7—2 -
HCDBIRIRICE 2D, HCDED2RELUEMELE, ROTERET — 23
CEBTINI=F 4 RARTDEGHRIFTHZ., hiE. 7—2 - HCDEIC
£oTH Bht\ﬁﬁﬁﬁﬁh\mDEﬁEmEHEﬂN:—?4>7ﬁ\



—~
p -

 50pm |

HCD method Cathodic arc method Cathodic arc & HCD method

Fig.3-5 Surface Conditions of TiN coatings deposited by various methods
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Fig.3-6 X-ray diffraction patterns of TiN coatings deposited by various methods
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Fig.3-7 Adhesion of TiN coatings deposited by various methods ( Scratch test)
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Fig. 3-8 Cutting performance of TiN coated gear hobs
deposited by various methods
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Table 4-1 Deposition conditions for (Ti,Al) N coatings
deposited by cathodic arc-ion-plating method

=4-1 BT —0AF 2T V—FT 4 T EICKS(Ti,AINE

DEBFRHE
Arc current 100 A
Bias voltage — 100V
Maximum temperature 400 - 500 C
N2 gas pressure 4%10°" Pa
Substrate Carbide inserts
Film thickness 3-5um
Cathode materials Ti
Ti0.75 Alo.25
Tio.s Alos
Ti0.4 Alo.6
Ti0.35 Alo.65
Ti10.3 Alo.7

77)
Ty
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® S
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<3

Al/(Ti+Al) ratio in TiAl targets

Fig.4-1 Al/(Ti +Ai) ratio in TiAl targets and (Ti,Al) N coatings
deposited by cathodic arc-ion-plating method
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Fig. 4-2 X-ray diffraction patterns of (Ti,ADN and TiN coatings
deposited by cathodic arc-ion-plating method
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HYV: Vickers hardness
F : Test force (N)
d : Diagonal length
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Coating ‘ Th : coating thickness ( mm )
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Fig. 4-3 Schematic diagram of vickers hardness test for coating
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Fig.4-4 Relatonship between TiN coating hardness and test force
( Vickers hardness test, substrate : high speed tool steel )
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Fig. 4-5 Relationship between vickers hardness of (Ti, AN coatings and
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Table 4-2 Characteristics of (ALTi) N and TiN coatings deposited to
carbide substrate by cathodic arc-ion-plating method

x4-2 BT —0A4F > Tv—FT4 0 FKICk>TRBERIRLIC
BREZN(ALTIONETINBEO B AN
Crvstal Vickers Oxidation | Thermal Thermal Adhesion ¢
Coatings y hardness |temperature | conductivity | expansion | ¢o carbide
structure %
HV ‘Cc W/ meK 10 /°C N
ALTON | fec 2700-2900 | 840 100 *2 — 80
TiN f.c.c 1800 - 2000 620 21 9353 60

*1 (ALTi)N : Al rich composition, Al/(Al+Ti)=0.56 - 0.65

*2  Thermal conductivity : Estimatied value by Ikeda

*3 Thermal expansion : Value of bulk referred to Metal Data Handbook

*4  Adhesion to carbide substrate : Measured value by scratch test
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Fig. 5-1 Cross-sectional profile of (AL Ti)N coated carbide drill
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Fig.5-2 Chamfered cutting edge of (ALTi)N coated carbide drill
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Depth of cut 13mm (through)
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Fig. 5-3 Cutting performance of (AL Ti)N and TiN coated
carbide drills ( S50C, HB240)
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Fig. 5-4 Cutting performance of (ALTi)N and TiN coated
carbide drills as a function of cutting speed
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Cutting tool; ¢ 10 mm Carbide endmill ( Conventional type, 2 teeth )

Work material » S50C (HB241)

Cutting conditions ; Side milling
Uncoated and TiN coated--Cutting speed 60m/min, Feed rate 306mm/min
(ALTi)N coated-------------- Cutting speed 80m/min, Feed rate 408mm/min

Depth of cut Rd 1 mm X Ad 15mm
Down cut, Air blow

Fig. 5-6 Cutting performance of (ALTi)N and TiN coated carbide endmills
( Conventional type, work material S50C, HB241 )
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Work material » S50C (HB241)
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Down cut, Air blow

Fig.5-7 Worn out reduction of (ALTi)N coated carbide endmills
as a function of cutting speed (work material S50C, HB241)
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Cutting tool; ¢ 10 mm Carbide endmill ( Conventional type, 2 teeth )
Work material » SKD61 (52HRC)
Cutting conditions ; Side milling

Cutting speed 30 m/min ( 995rpm )

Feed rate 134 mm /min ( 0.07 mm / tooth )

Depth of cut Rd 0.5 mm X Ad 15mm
Down cut, Air blow

Fig. 5-8 Cutting performance of (Al,Ti)N and TiN coated carbide endmills
( Conventional type, work meterial SKD61, 52HRC )

B5-8 (ALTONBEXLUTINA—FT 4 FEBET FIJLOUIHIHEE
GRAMAK, #Hl# - SKD61, S2HRC)



0.20
Cutting fluid: Dry Chipping
E 0.15 H Cutting length: 2m | | ]
=
S
s o10f}p-—-———"—-—-——-—-—-n— —— - — -
=
=L
5
2 005 - --—- -—-- L
0 J 1
(ALLTi)N TiN Uncoated
0.20
—_ Cutting fluid: Oil
E 0.15 H Cutting length: 4m |- - _ [ _ ]
=
S
g 10 p-————m"—"7""——-- T
=z
=
=
= 0.05F-————————- ———— -
0

(ALTi)N TIN Uncoated

Cutting tool; ¢ 6 mm Carbide endmill ( Conventional type, 2 teeth )
Work material , SKD61 ( 39HRC)
Cutting conditions ; Grooving
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Feed rate 170 mm / min (0.04 mm / tooth)
Depth of cut 6.0 mm

Fig.5-9 Cutting performance of (AL Ti)N and TiN coated carbide endmills
( Grooving, work material : SKD61, 39HRC )
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Milling and drilling of

hardened work materials ( = 60HRC)
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Chipping
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Toughness Rigidity resistance
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Z / 7z
New shape New coating
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Ultara fine grain
Number of teeth

Edge shape
Composition
Helix angle

Chamfered corner

Ternary nitride
coating

= (AL Ti)N coating

Composition

Improved adhesion

Iy

Coated carbide cutting tools

for hardened work materials

Fig.6-1 Development procedure of (AL, Ti)N coated carbide drills

and endmills for hardened work materials
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Table 6-1 Shapes of carbide drills for various work materials

&6-1 WHIPRERE (T3 L 7= dB8E R U LD RZAR

Type Conventional Hard type
type

Point shape Sub-flute

Point angle 135° 120° / 140°

Thinning None Semi-cross type

Chamfered 0.1~0.15mm 0.05mm
corner length

Helix angle 30° 15°
Aﬁg:fgflle’;z work 20~55HRC 50~65HRC
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Conventional type Hard type

Cutting tool ; ¢ 10 mm Carbide drills

Work material , SKDI11 (61HRC)

Cutting conditions ; Cutting speed 10 m/min
Feed rate  0.05 mm / rev.

Depth of hole 20 mm (through)
Emulsion

Fig.6-2 Cutting performance of (ALTi)N coated carbide drills
( Work material : SKD11, 61HRC )
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High Speed
Tool Steel

SKHS51
(66 HRC)

Broach

Powder
metallurgy

High Speed
Tool Steel

KHA30
(68 HRC)

Broach

Fig.6-3 Drilled Holes of Hardened High Speed Tool Steels
( Hard type (ALTi)N coated Carbide Drill )
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Table 6-2 Shapes of carbide endmills for various work materials

#&6-2  WHIMEEICHS LABELY KIIILOFERK

Type Conventional | Conventional Hard type
type type
Number of teeth 2 4 6

Cross-sectional
profile

Core / outside

diameter ratio 60% 60% 80%
Rake angle Positive Positive Negative
Helix angle 30° 3(0° 45°
Corner edge Sharp Sharp Chamfered

Applicable work | 5 ssHRC | 30~60HRC | 50~65HRC

hardness

76




0.10 l | I l
[} 1 I I
>4 0.5mm : :
z 008 —— 777 —— =g
g 10mm | |
~ |
0.06 F—— @ ———de—— A
S
S
S
004 { — — - __ 4 _ A 4]
g
=
=
=
0.02 F—— A ———— =
0

0 2 4 6 8 10

Cutting length (m)

Cutting tool; ¢ 10 mm Carbide endmill ( Conventional type, 2 teeth )
Work material , SKD61 ( 52HRC)
Cutting conditions ;, Side milling

Cutting speed 30 m/min ( 995rpm )

Feed rate 96 mm /min ( 0.05 mm / tooth )

Depth of cut Rd 0.5 mm X Ad 10mm
Down cut, Air blow

Fig. 6-4 Cutting performance of (ALTi)N and TiN coated carbide endmills
( Conventional type, work meterial : SKD61, 52HRC )
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Cutting length (m)

Cutting tool; ¢ 10 mm Carbide endmill ( Hard type, 6 teeth )
Work material » SKDI11 ( 60HRC)
Cutting conditions ; Side milling

Cutting speed 20 m/min ( 650rpm )

Feed rate 100 mm /min ( 0.026 mm / tooth )

Depth of cut Rd 0.5 mm X Ad 10mm
Down cut, Air blow

Fig. 6-5 Cutting performance of (AL, Ti)N and TiN coated carbide endmills
( Hard type, work meterial : SKD11, 60HRC )
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50 |

Uncoated|

Worn out reduction of diameter (um)

Cutting length (m)

Cutting tool; ¢ 20 mm Carbide endmill ( Hard type, 6 teeth )
Work material ; SKD61 ( 55HRC)
Cutting conditions ; Side milling
Cutting speed 63 m/min ( 1,000 rpm )
Feed rate 600 mm /min ( 0.10 mm / tooth )

Depth of cut Rd 1 mm X Ad 20mm
Down cut, Air blow

Fig.6-6 Cutting performance of (ALTi)N and TiN coated carbide endmills
( Hard type, 6 teeth, work material : SKD61, 55SHRC )
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Cutting length (m)

Cutting tool; ¢ 20 mm Carbide endmill ( Hard type, 6 teeth )
Work material , SKH51 (62HRC)
Cutting conditions , Side milling
Cutting speed 17.6 m/min ( 280 rpm )
Feed rate 40 mm /min ( 0.024 mm / tooth )

Depth of cut Rd I mm X Ad 36 mm
Down cut, Air blow

Fig. 6-7 Cutting performance of (ALTi)N coated carbide endmills
( Hard type, work meterial: SKH51, 62HRC)
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Flank wear

' Uncoated
/[ in

(AL, Ti)N

Cutting tool; ¢ 10 mm Carbide endmill ( Hard type, 6 teeth )

Work material ;» SKD61 ( 52HRC)

Cutting conditions ; Side milling
Cutting length 50 m
Cutting speed 100 -- 600 m/min ( 3,200 -- 19,200 rpm )
Feed rate 1,920 -- 11,520 mm /min ( 0.10 mm / tooth )

Depth of cut Rd 0.5 mm X Ad 10 mm
Down cut
Air blow

Fig.7-1 Relationship between flank wear and cutting speed
of various carbide endmills

( Hard type, work material : SKD61,52HRC )
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Flank face

(a) Wear of uncoated carbide endmill after cut at 100 m / min

200 4 m

(c) Wear of (ALTi)N coated carbide endmill after cut at 600 m / min

Fig.7-2 Photos of wear of various carbide endmills
( Hard type, work material : SKD61,52HRC)
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(a) Photos of flank wear

(b) EDS profiles
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(a) Photos of flank wear
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after cut at 600 m / min

Fig.7-3 Photos of flank wear and EDS profiles of various coated carbide endmills
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Cross-sectlonal profile

Rake face \ '

........

- - Flank face

Flank wear patterns

. ]
fsfe——sferte—

(A) ) @M
Portion Detected elements by EDS
(A) Exposed carbide substrate ALTi,W,Co,Fe,Cr,Mn
(B) Worn coating film ALTi
(C) Adhered work material ALTi,Si,Fe,Cr,Mn
(D) Unworn coating film Al TiFe

Fig.7-4 Wear patterns and detected elements by EDS

of (ALTi)N coated carbide endmill
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(a) (ALTi)N coated carbide endmill
~ 0070 / [N Adhered work material
E 0.060 | Worn (ALTi)N coating
-~  0.050 | B2 Exposed carbide substrate
i 0.040 |
g 0.030 |
e 0.020
5 0010}

100 200 300 400 500 600
Cutting speed (m/min)

(b) TiN coated carbide endmill
E 0.070 / EZ)Worn TiN coating & adhered work material
g 0.060 ;38 Exposed carbide substrate
=~ 0.050 }
= 0.040 |
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,g 0.020 |
= 0.01((: 7

100 200 300 400 500 600
Cutting speed (m/min)
(c) Uncoated carbide endmill
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Fig. 7-5 Relationship between flank wear and cutting speed
in detail by each portion ( Cutting length : 50 m )
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Fig.7-6 EDS linear analysis profiles of (ALTi)N coated carbide endmills after
cut at 600 m/ min ( Hard type, work material : SKD61,52HRC )
(a) Cutting part (b) Uncutting part
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Model of ' Levee Effect'
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Fig.7-7 Schematic wear resistant model of ’(Al,Ti)N coated
carbide endmill ( Model of ' Levee Effect ')
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(a) (ALTi)N coated carbide endmill
0.16 4 Worn (ALTi)N coating
E 0.14 B Exposed carbide substrate
E 0.2
.. 0.10
S 0.08
. 0.06
g 0.04
& 9.02
0
50 100 150 200
Cutting speed (m/min)
(b) TiCN coated carbide endmill
Worn TiCN coating
- 0.16 ¢} B3 Exposed carbide substrate
g 0.14
E 0012
w 0.10
S
= 0.08 A :
x2 0.06 :
é‘ 0.04 R
002
0

Cutting speed (m/min)

Cutting tool; ¢ 10 mm Carbide endmill ( Hard type, 6 teeth )

Work material ; SKDI1 (60 HRC)

Cutting conditions ; Side milling
Cutting length 5 m
Cutting speed 50 -- 200 m/min ( 1,600 -- 6,400 rpm )
Feed rate 192 -- 768 mm /min ( 0.02 mm / tooth )

Depth of cut  Rd 0.3 mm X Ad 10 mm
Down cut, Air blow

Fig.7-8 Relationship between flank wear and cutting speed of various coated
carbide endmills (Hard type, work material : SKD11,60HRC )
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(b) TiCN coated carbide endmill after cut at 150 m / min

Fig.7-9 SEM /EDS observation results of various coated carbide endmills
after cut at cutting speed of 150 m/ min
( Hard type, work material : SKD11,60HRC )
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1) Yasuyuki Yamada, Taiitu Aoki, Yusuke Tanaka, Hiroshi Hayasaki and
Suguru Motonishi:Proceedings of the Third International Conference on
Progress of Cutting and Grinding (1996) 211

2) Y.Yamada, T.Aoki, S.Kitaura, Y.Tanaka, Y.Okazaki and H.Hayasaki:

Proceedings of First French and German Conference on High Speed
Machining (1997) 486
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X8-1

Milling of difficult-to-cut materials

N

(High hardness & strength

( Low thermal conductivity )
Die steels Stainless steels
Tool steels
Titanium alloys
( Hardened steels ) ¥

N ~

Development of new coated carbide endmills
Carbide substrate Shape Coating
Hardness Edge strength Hardness
Rigidity Oxidation
Toughness resistance
Cutting force
Adhesion
. Conventional type N
Ultra fine grain Hard type (ALTi)N coating)
High-helix type

High speed & high efficient cutting of
difficult-to-cut materials

Fig.8-1 Developement procedure of (ALTi)N coated
carbide endmills for difficult-to-cut materials
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Uncoated TiN (ALTi)N

Cutting tool; ¢ 10mm Carbide endmill (Conventional type, 2 teeth)

Work material; SUS 304 (HB 150)

Cutting conditions; Side milling
Cutting speed 30m/min ( 950 rpm)
Feed rate 135mm/min (0.07 mm/tooth)

Depth of cut Rd. ImmXAd. 15mm
Down cut, Oil

Fig. 8-2  Cutting performace of (AL Ti)N , TiN coated
and uncoated carbide endmills for SUS 304
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Table 8-1 Shapes of carbide endmills for various work materials

*8-1 B4DHHMAICHLULIEBEL FI ORI

Type Conventional Hard type High-helix
type type
Number of teeth 2 6 3

Cross-sectional

profile
C.ore / outsi(?e 60% 80% 60%
diameter ratio
Rake angle 6 —14° 13°
Relief angle 9° 6° 8
Helix angle 30 ’ 45 ° 50°
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Cutting speed

50 100 150 200 250 300 350
(m/min)

| | | l I | [

' |

Conventional r——O—Q—r—-’X Breakage I
type | I

T : : |

' I
Hard type  f=—O =X Chatter T T

I I I | I : I

type O=—0— |—'_>O o0

| I I
1 I I | | | I

Cutting tool; ¢ 10mm , (AL Ti)N coated carbide endmills
Work material; SUS 304 (HB 150)
. Cutting conditions; Side milling

Cutting speed 50~300m/min (1590~9540rpm)
Feed rate 0.06 mm/tooth
Depth of cut Rd. 0.5mm X Ad.15mm

Cutting length 10m,
Down cut, Air blow

Fig.8-3 High speed cutting performace of (ALTi)N coated

carbide endmills with various shapes for SUS 304
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0.10 [ [ [
I

Uncoaied

0.08

0.06

0.04

Flank wear (mm)

0.02

Cutting length (m)

Cutting tool;  10mm Carbide endmill (Conventional type, 2 teeth)
Work materilal , Ti- 6Al-4V (HB321)
Cutting conditions ; Side milling

Cutting speed 60 m/min (1,910rpm)

Feed rate 190 mm/min (0.05mm/tooth)

Depth of cut Rd. ImmXAd. 15mm
Down cut, Dry

Fig. 8-4 Cutting performance of (ALTi)N and TiN coated
carbide endmills for Ti alloy
( Conventional type , work material : Ti-6A1-4V )

B8-4 TiG£OMEMIICEITZ(ALTINEKLUTIN
A—7 4 FEEIY R IILOUIEIEEE
GRRRIR. #HI# : Ti-6AI-4V)
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Cutting speed
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|

)

g 010 =~ T T T Gutting peed ]
= 225 m/min

5 |

=

i

=
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Cutting speed
150 m/min

0 5 10 15 20 25

Cutting length (m)

Cutting tool; ¢ 10mm , (ALTi)N coated carbide endmill
(Conventional type, 4 teeth)
Work material; Ti-6Al-4V
Cutting conditions; Side milling
Cutting speed 150, 225, 300 m/min
Feed rate 0.10 mm/tooth

Depth of cut  Rd. 0.5mm X Ad.15mm
Down cut, Emulsion

Fig.8-5 Cutting performance of (ALTi)N coated carbide endmills
for Ti alloy under various cutting speeds
( Conventional type, work material : Ti-Al-4V )

K8-5 TiE€OMIICHBIFA(ALTIONO—F 4 KBEIRI I
DIE~< OYIHIERETOUIHITEEE
GRARARAR. #Hl4 : Ti-6Al-4V)
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Cutting speed 150 m/min

Cutting speed 225 m/min — 0.lmm

Cutting speed 300 m/min — 0.lmm

Cutting tool; ¢ 10mm , (Al Ti)N coated carbide endmill

(Conventional type, 4 teeth)
Work material; Ti-6Al -4V

Cutting conditions; Side milling
Cutting speed 150, 225, 300 m/min
Feed rate 0.10 mm/tooth

Depth of cut Rd. 0.5mm X Ad.I15mm
Cutting length 5 m, Down cut, Emulsion

Fig.8-6 Flank wear of (ALTi) N coated carbide endmills
after machining Ti alloys at various cutting speeds
( Conventional type, work material : Ti-6A1-4V )

K8-6 TIEL£DOMILICEIFB(ALTIONI—F 4 RKBEZ KD
E4DUHLRETOEFRRKE
CRRMAK. #HEI# : Ti-6Al1-4V)
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Table 9-1 Characteristics of various coatings deposited to HSS substrate

#9-1 EREIERLICHEEEINLE4DI—T 1K

DERRE
) Vickers Oxidation Thermal _ | Adhesion to .
Coatings hardness temperature eXP36“510n " | HSS substrate
HV C 10 /°C N
TiN 1800 - 2000 600 - 620 9.4 60 - 70
TiC 2500 - 3000 400 - 500 7.6 30-40
TiCN 2200 - 2500 500 - 600 8.1 40 - 50
(ALTHN "1 | 2700 - 2900 820 - 840 — 30 - 40

*1  (ALTi)N : Al rich composition, Al/(Al+Ti)=0.56 - 0.65

*2  Thermal expansion : Value of bulk referred to Metal Data Handbook
*3  Adhesion to carbide substrate : Measured value by scratch test

Table 9-2 Characteristics of substrate materials

#&9-2 EROBXEE

Substrate Vickers Oxidation Thermal
terial hardness temperature expzznsnon *
materi hy 6 .
" HV C 10 °/°C
High speed tool steel 830 - 1030 200 - 300 11.0
Cemented carbide 1500 - 1800 500 - 600 6.2

*1 Thermal expansion : Value of bulk referred to Metal Data Handbook
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Fig.9-1 Schematic illustration of metal-ion bombardment
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Tabel 9-3 Metal-ion bombardment conditions

£9-3 fBAAVRIN—FFH
Bombardment Conventional method Improved method
for HSS
Substrate Carbide HSS HSS
Arc current A 100 100 100
Bias voltage vV | —1000 ~ —1200 | —1000 ~ —1200 —500 ~ —900
Maximum temp. C 800 ~ 900 400 ~ 500 400 ~ 500
Bomb. time min 3~ 5 1~ 2 2~ 5

Tabel 9-4 Deposition conditions

&9-4 ABFMK
Arc current A 100
Bias voltage \Y% —100
Deposition time min 60
Cathode materials Ti or TiAl
N2 gas pressure  Pa 4% 10!
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Fig.9-2 Adhesion of various coated samples ( Scratch test)
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Number of workpieces ( Piece )

Hob M 2.5, PA20° . 3RH, SKH55, ¢80X80I X ¢32
Work material : M 2.5, PA20° . 31T, 30" 34" , RH, ¢95X25w

SCr 420H (HB 140~ 160 )
Cutting conditions : Cutting speed 100 m/min
Feed rate 3.1 mm/rev
Climb cut, Oil

Fig.9-3 Cutting performance of various coated HSS hobs
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(b) Improved (ALTi)N coated HSS hob

Fig.9-4 Flank wear of conventional and improved (ALTi)N
coated HSS hobs ( after 300 cuts)

B9-4 EFEEXEBBZRICLB(ALTHONI—FT 1 RERES
R7ORXITHERIRE (300EMIE)
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Cutting length (m)

Cutting tool; ¢ 20 mm roughing endmill ( 4 teeth)

Tool material; Powder metallurgy high speed tool steel
Work material , SKD 61 (HB330)

Cutting conditions ; Side milling

Cutting speed 17.6 m/min ( 280rpm)

Feed rate 80 mm/min (0.29mm/rev)

Depth of cut Rd. 10mmXAd. 25mm
Down cut, Dry

Fig.9-5 Cutting performance of (ALTi) N, TiCN and TiN coated
HSS roughing endmills ( SKD61, HB330 )

B9-5 (ALT)N,TICNEXUTINO—F « K &REH
574U FINOUEINE (SKD61,HB330)
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(a) Conventional (AL,Ti)N coated roughing endmill

(b) Improved (ALTi)N coated roughing endmill

Fig.9-6 Flank wear of conventional and improved (ALTi)N
coated roughing endmills

( ¢20mm, work material : SKD61, cutting length : 6 m)

B9-6 WHRELKBBERICLZ(ALTI)INO—-F 4 K
7420 RINORITHEFINE
(¢ 20mm, #HI# SKD61,tIHIK 6m )
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_C_,% 0.05
=
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Cutting speed (m/min)

Cutting tool; ¢ 10 mm HSS endmill ( Conventional type, 2 teeth)
Tool material; Conventional HSS, powder metallurgy HSS

Work material

» S50C (HB 230)

Cutting conditions ; Side milling

Feed rate 0.063 mm / tooth

Depth of cut Rd. 1.5mmXAd. 15mm
Down cut, Air blow

Fig.9-7 Cutting performance of (ALTi) N, TiCN and TiN coated HSS
endmills as a function of cutting speed (S50C, HB230)
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TIN TiCN (ALT)N

Cutting tool; ¢ 6 mm drill ( Conventional type )
Tool material; High speed tool steel ( SKH51 )
Work material , S50C (HB 210)

Cutting conditions , Cutting speed 30m/min

Feed rate 0.18 mm/rev.
Depth of hole 16mm (through)
Emusion

Fig. 9-8 Cutting performance of (ALTi)N, TiCN and TiN coated
HSS drills (S50C, HB210)
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TiN TiCN

Cutting tool; ¢ 6 mm drill ( Conventional type )

Tool material; High speed tool steel ( SKH51 )

Work material ; SUS 304

Cutting conditions ; Cutting speed 15 m/min
Feedrate  0.10 mm/rev.

Depth of hole 13 mm (through)
Emulsion

Fig.9-9 Cutting performance of (AL Ti)N, TiCN and TiN coated
HSS drills ( SUS 304)
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Cutting tool; ¢ 6.8 mm drill ( Conventional type )

Tool material; High speed tool steel ( SKH51 )

Work material ; SKD11

Cutting conditions ; Cutting speed 15.8 m/min
Feed rate 0.06 mm / rev.
Depth of hole 23 mm (through)
Emulsion

Fig.9-10 Cutting performance of (ALTi)N and TiN coated HSS drills
( SKD11)
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Friciton speed (m/s)

Ring material : SKD61, 192HV (30 mm X 3t)

Plate material : (ALLTi)N or TiN coated (4 4 m )

cemented carbide substrate ( P20)
Total friction length: 400m
Final load : 6.3 kgf, Dry

Fig.10-1 Specific wear rate of (ALTi)N and TiN coated
carbide substrate ( Ring: SKD61, 192HV)
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Friciton speed (m/s)

Ring material : SKD61, 548HV (52HRC) (30 mm X 3t)

Plate material : (AlLLTi)N or TiN coated (44 m )
cemented carbide substrate ( P20)

Total friction length: 400m

Final load : 6.3 kgf, Dry

Fig.10-2 Specific wear rate of (AL Ti)N and TiN coated
carbide substrate (Ring: hardened SKD61, 52HRC)
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Substrate : Cemented carbide (P20)
Coating : (AL, Ti)N, TiN (7 4 m)
Heating conditions : Heating rate: 20°

Holding time: 60 min
Air composition gas 1000 cc / min

Fig. 10-3 Vickers hardness of (ALTi)N and TiN coatings ,
oxidized under various temperatures
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X- ray intensity ( arbitrary )
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Fig.10-4 X- ray diffraction patterns of (ALTi)N and TiN coatings ,
oxidized under various temperatures
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Table 10-1 Phases of (ALTi)N and TiN coatings oxidized under various
temperatures, identified by X-ray diffraction analysis

£10-1 EBE4DEETEBAEZOALTONSLUTINED XEEIIFSH
[C&>TRIEEN/=ME(BEEMR)
Temperature (°C)| Carbide substrate TiN coatings (ALTi)N coatings
WC TiN (Ti, ADN (a=4.17A)
Room temp. Co )
TiC WC TiC WC TiC
500 °C ‘gf W03 TiN TiO2 (Anatase) (Ti,ADN (a=4.]7A)
TiC WC TiC WC TiC
) WC WO3 TiN TiO2 (Ana?ase) (Ti, ADN (a=4.17 A)
600 C CoWO4 TiO2 (Rutile)
TiC wC TiC WC TiC
. WC W03 TiN (Ti,ADN (a=4.17A)
700 C CoWO4 TiO2 (Rutile)
wC TiC wC TiC
. WC W03 TiN (Ti,ADN (a=4.17A)
800 C TiO2 (Rutile)
CoWO4 wC TiC WC TiC
WO3 TiN (Ti,ADN (a=4.17A)
900 °C CoWO4 TiO2 (Rutile) TiO2 (Anatase)
Ti02 (Rutil TiO2 (Rutile)
2
102 (Rutile) we WC  TiC
1000 °C CoWO4 TiO2 (Rutile)
WC WO3 Al203(Corundum)
TiO2 (Rutile) CoWO4 WC
Substrate : Cemented carbide (P20)
Coating : (ALTi)N, TiN (7 4 m)
Heating conditions : Heating rate: 20°
Holding time: 60 min
Air composition gas 1000 cc/min
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(ALTi)N coating oxidized at 800 °C
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60 60

50 | <

50
e\ /— 40
: Wﬁ S 2=

Y A -

-
20000

LG

N

Cycles
> >

20 k- , _//\ \// -~ /\\\//_, 20

10 f //O’ = - \\://F <4 10 §

5| i/ ST Ti | mi+N {5 S
| L L LA 17 1T 1§ T 1T 1 L LR L 2
495 530 400 435 365 405

Kinetic energy (eV)

Fig. 10-5 Montage spectrum of (ALTi)N and TiN coatings,
oxidized at 800 °C ( Auger depth analysis )
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(ALTi)N coating oxidized at 800 °C
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Fig. 10-6 Auger depth profiles of (ALTi)N and TiN coatings ,
oxidized at 800 °C
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