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Bk, FMESCERESEOREN D L. F 2 U RMMIEL, JIS H4600 1~4 FEX
ASTM B265(ASME SB 265) Gr.1~4 [Cfi&R S 415 O, Fe JR £ THR AL &L IEME A Gl HE L 72
TERMT > (LR, T2 2) & Ti-6AI-VICREBEESNDLZTF ¥ U E&ICKIISH
L. FOMIZ, T EEFEMERLEOMENEZ S HIZHED D 72D 1mass%Ii i 7=
2V Pd, Ru, NiFZIRIML7TF 264, ®O5BEOMIELMHR L QN DL MEL
D 5 721 1mass%REi#% D Fe, Cu, Al Z RN L= F % &SR H 5 V23005 5
R SIE, MiF X o 1E2EIcBW I EEMIEchy, FHXUAETIEEED
MEIFIEMAEFELRD. ZOoMEIE, BEAELZAMNICTFZ G20 mWEEE (HEAL
BEXMT-Y OME) 2ENLT, MEHESTFCEay T Ly —, 7707 —X,
Ty V—F, ZxAF—, FUT 47X T L%, i - Wi E 8 B
TR YNV T, axs Ty rmy R, v77—, YA v a3 AT v
7, AR—YHAEGHTIEANT VT T~y K, AF—RA My I ERBITFLND
ON S, MFH L OEOMAEMEEZENL T, (L% TEST TS, BHME,
v DR B R, HEKIRKAL - BT T 2 N B CIXEAR R O A R
SERND L. HEMICMABENZ L BHENLT, BE - LEARSH TIXRERMR - 48,
BTERS, SOV AT )= Va0 ITHEBERST Y N KT HEO
Iy TENBT HND. KILTHE, BEIEMEICHER STV D EER &S TE
WREHE . (PEFC:Polymer Electrolyte Fuel Cell) @& XL —4% ~ 4, [i&MEOEWE
FENOEH ST WD DO 2ofhic, AREAMEELEEETHLZ LD, B
BT L — L, BERE O =200 K, ARME LTATHEE, ANTE, Rk,
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M TT VARER EOM LA ST, Rl L7 LHE, BR - SR
ER, ~Thy T ERERENEEIN TS, Figl-2 12, BT ELLE O — &
HO 7 T ERER R YA b U 7 oo Bl TR 2 o4 2018 BV SE = A VIS ERR L T
WHRT =LV EBRETHEDIC, Yavy hTTRANTAZF—AIICr Ty 7 2EAL
BRI L 5o OREGKEKR (LI, WS- CTFXUZHHITL. Wb
LMAT—NVIRTHL., FELOABRBILKIEZE) L LEMICHR I EHIT
EDH5oMIZ, MlbzolEEZTKEORAZIMA D 7ZOIZEEAGME DM T H 5 ik
WREESNTWD., Z0%, WHEEE, LB, &8EEEORICHEES S
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P 2 EEREMA, B O 2)a) KK BEH, b)A 7 — L& E D 7= 450~600°C D 7 /L
BV TH D Y MRTE, )5 o BEERBE & 8 et 112 il 9 fe BEBLER AL, @
THEURDH L. B, ERNTIE, (tETOBEZEEMICH VS Ny FRREZEINEVE DL
Mix, AT UL AR EOBRMOREERF LA O TWD, Mx T, RKEEE
WEMNGT 010, REEEROEIEr — LVORBGHAIZFHE LY, BBEBRIL
WMBOBILIEE S ZZLIEL 2L VA THAICHELLEY T556086
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H Plate

H Hot Rolled Cut Strip

H Cold Rolled Cut Strip
W Strip

B Welded Pipes & Tube
M Seamless Pipes & Tube
[ Billet, Rod & Bar

M Wire

Forgings

¥ Castings
Total; 14,031tonin 2014

Fig.1-1. Shipments of domestic titanium mill products in 2014. (Source: JTS

(Japan Titanium Society))1V



Hot rolling

Descaling
"Shot-blasting & Pickling"

i Coil Grinding to I
+ remove surface
I defects |

Cold rolling |

| 2)Final Annealing
Cleaning Continuous Annealing &
. ; Picklin
1)Final Annealing 1) Annealgm o in air
Vacuum Annealing using 2)Immersion into salt bath
batch type heating 3)Pickling in HF and HNO 3
furnace solution

Skin pass rolling &
flattening

Fig.1-2. Manufacturing process of commercially pure titanium sheet and

strip12).13)
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AVIEBVRER DN I WO LI K MR m (FEEE) CORE LA ZRT
Z &, ISR (BERE) A/ S W O T L o EMEEN KT 5 2 L 20,
KBRS (hep) D cla (BFHEHallxtd 25 cdbk) BN/ E LT RN
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Tl REPFERELTEZLNTWND. BEXMFEOEBICIE, 7 — e
REOHHT RGBT X OEENREZMEZINHI T2 AN THD.

ZTO—FHT, FELUORIBFEMEIZEL T, @R ToOEL & EERMEZ 0 IS %E
SN T&E 7z, BVHEEDMER ERLFEHKQT TOEEBEEICK > T, MEHIER
=5
J8E LT acae E MFIENDMFEL L RBICER L2 KR o HMEE N DR DEEZ D

WML BBBRENEVENEK IS, Fig.l-3 I KTMEEEOE & &%,
Fig.1-4 (T (a)fR L& )& A & (b) £ D Wr i ALAk O Fl 2 7R 9°. 72 ¥, Fig.l-3 (ZILEFE T A

fHAFAMOEAT Z o (TiOy) NHRDLBILA T —v, ZO FEIZEEFE

Ein}

(ay

FOMB LG A OB EHE (K bADLE TRY. Fukuda™ix, ZARJEIE R O
A2 —VICERTL2REEPBEHEBETOREOFKR THLEF A LTS LD
2, FHUOEIRBACES NI EE TH VB ZIMEIT B 720 OBk Ik Al 24)
BHRENTE L., £, FH L OMBLIEZ & 5% & LTALSI R Nb 2341 6

NTEY, Mz miE s Ao Ti-6Al-2Sn-4Zr-2Mo-0.1Si(Ti6242S),
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Fig.1-3. Mass gain of commercially pure titanium exposed in high

temperatures air or nitrogen gas atmosphere as a function of time.



1200

£
2 10
g 1000
N —_— °c ||
900 — 1000°C |
800 V ==-00C [ gl eewe
700 1'% - I e
600 ,(,¢’/, T ; ;=
800°C
500 60 |0 -0 /

4 '/
NP

Depth of hardening layer,HV

400 /

Depth of hardening layer HV

300 BA : ‘
2001 =] TR
100 et ====s |-
<2oﬁﬁgﬁ .
1 60 120 180 240 300 360
Holding time /min

(a) Thickness growth of an oxidation layer (HV 2200)

Depth HV Depth HV

Scale Scale

a-case

Oxygen-
enriched
layer

a-case

Oxygen-
enriched
layer

g B
(b) 850°C-300minin air atmosphere

(c)1000°C -300minin air atmosphere
Fig.1-4. (a)Thickness growth of an oxidation layer (HV =200) and (b) ,(c)
microstructure of cross section of commercially pure titanium exposed

in high temperatures air atmosphere.
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SIWCERLEZRmIRBOBERBLHEST S LT, @BRF X n— LR E0ML
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bbH, R TITEBORE ZHE S FH Bk (X7 —v) ORI KO AR
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Besli U7X, Figl-2 0fETRICRAR L XD ICHBIEIERZ ISR TREZK TE
ZER TR S D . WRELEROMEH (CEHA) AREICHEFEL TVWDH LD EZ
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the coefficient of friction,p

00 01 02 03 04 05 06 07 08 09 10
| | |

P (Pickled) |

VA (Annealed in Vacuum) | With lubricant o
AO (Anodic Oxidation) —L\

NA (Annealed in Nitrogengas) [T
P (Pickled)

VA (Annealed in Vacuum)

AO (Anodic Oxidation) Without lubricant / Dry

NA (Annealed in Nitrogen gas)

(a) The coefficient of friction of several surfaces of titanium sheets.

m'l\lm solution) AO (Anodic Oxidation)

Galling

NA (Annealed in Nitrogen gas)

(b) Appearances of titanium-sheet surfaces after drawing test without lubricant.

Fig.1-5. (a) Coefficient of friction measured by the drawing test with or
without lubricant between titanium-sheet surfaces and die of SKD11,
(b)appearances of titanium-sheet surfaces after drawing test without

lubricant34.37),.38)
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11.0

108

Erichsen value/mm

10.6

10.4

Fig.1-6.

—0—NA H
Lubricant "A" —-m--AO
B.H.F 1ton AO cme=-VA

= W= ——P g

& O =@ >

AN NA 2

N <

K M >

AN VA c

AN ‘o &3

N B S

~. =

/P RLTON L

AY X

1st — 2nd — 3rd

with lubricant

| |Lubricant"B" NA
B.H.F 1ton --8--A0
--e--VA
—A—P
NA
2'?___ — S L |
~~~~ g “AO
N <
“\ *Q\\ VA
\ N
P |

1st — 2nd — 3rd

with lubricant

Commercially pure titanium sheets used

NA
VA
AO
P

Changes in Erichsen value during the 1st,
operations, where lubricant “A” or “B” was applied to the titanium
sheet only during the 1st press-operation, and the 2nd and 3rd

press-operations were carried out without applying any lubricant to

sheetg35),37),38)
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: Anodic Oxidation

: Pickled in HF and HNO; aqueous solution
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1980 FFf D A AR OEEW /LI T 2 B EHA I TEBY, 2 &
B EITERBRROHEELR D 2Te b DD, HETREDOBIEEARNEL 72V
T, RBlERESHERIBLNBAELRL. Figl-8 IZKKERER TEA L 72 d 4
MOFZ o RONBEELRYRT. FSICTF X ORERPESTHEEZRI L TH -
7. EE D LA RO MUY A, Fig.1l-9 1”7 X oI, REM TIX
BEPERR D pH E RO 2 NF2ERAT A2 L 200 TH LML O 5%,
CHIFRKBIEERE T TRICEBERRE T 2HRL TH D, Figl-8 bbb L9
2, AURBECHEATHWL2ETORCEEYNTHEBALLETZ U EEH TR
WTFZ URBFELTEY, MO A EZREIEIRTFRH D I LR RB X
Niz., ZOX I RBLOEMELXRICET 2k TR <, ZOR T 2 K E
LRI L, B (Figl-2a 28) 20RO HE+T 5 2 LIl AR,
ZORE, MHEEE#OAEEREM TR I N L REWESCRE T OBMEE & RmME
EOMEBRREOBANOEMAMIT 2 Z LICTWMVMA, TRIZESWTZXR
ot AN IR

U< BRPEREE P COMAL I (CREYRERIIR) DREIE 22 EME 2 Bl R & 72 5 F
et & U CHERRE D 7Rk EM (PEFC:Polymer Electrolyte Fuel Cell) @ 4
BEANAL—=203HV, ZNICHOVWTHREICK~S. PEFC X, fFENIEE 2 70~90C
RIS DO TEHABGOND Z D, REEME B # R Z oy T TE
AR EALTEY, S6RLIBE/NAILNRKRD BT D 10484950 PEFC Ot
WU —=ZITRO LN D RMIE, B, MBROBEIENT R LAKIET A O5BEME,
JEE MG E A K (MEA: Membrane Electrode Assembly) O 4 2 i@ T %5 B — R
VR R = EOEMBHISERNC E, SOITIIREIERANOREBIERRE T TR
RIMAEEZ BT DI ENHIT HD 10.48.49.50.5D50). &/ L — Z (T3 HE RO
2, BEREES 7 LV ARBEOBEMLTARES CHEELOAT VL AT 2 00
MpLtIsnThsy, MEESERBZHEHLLEEEE AL —ZRHBEINLTWVWDS. Zh
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13



DIz, REIZ Au FOERBLEENMEL 2 —7 1 v 73 5 FHik 9.50.5250),

AT LV A TITEEE BTN 2 L EICEH S DTk 4949, Pd, Pt, Au /g
FOBEGRBLEEMEBERNMLEZT Y VA& ZHWTBREICL s TEmICESELHE
RS ELHIEORLE, IMEMEEBRWEMBERZ WY 58 M Tns.
—5 T, miiRESBILRICNDY, BEEAGWFZ U REEEHWE & L TRIL
MmL@E LY (TiC, TIN 2 E) BN HILTWD 53950, R Lz F % & H2%E
FHKTHREMTH5ZLICEoTTICD, FLERTAFHEKRTHRMT S Z L2 X
ST TIN X TieN ZRKHEICEZHICER T 2 LR TES. Lrl, FZURDE
EIZTE R & Lz TiC i3, pH3~4 OB MEEREE P IC I L TREOBRILT Z 2 5
BROMBRDIEESNIELS 78d. TORRK, THAIKLILIEQZG I 45,405,

2%V, PEFC O HBRE FICB W TIX, F4 OB EEAKRE L TR AHEH 2
HMRLTLE) ZERBEIND. BEREKEICEWT, @mWEEME & BRI %L
EMESEFVEA LIS WERHEAMEZRRT 2 ENASHEORROEMBETSH 5.
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Fig.1-7. Micro-morphology of titanium surface finishes for architectural

usagess) 40),41),42),43),44)
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Fig.1-8. Photograph showing discolored titanium sheet in atmospheric

environment
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Color difference, AE*ab

2 3 4 5 6 7 8

pH of solution on immersion test

Fig.1-9. Effect of pH of solution on discoloration of titanium sheets in immersion

tests at 333K for 14d45).46),
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1.2 AW EOHB L HER

11 HTHBEANZ XL, FHUMERET L2 TRICBWT, BoRLFHrr Lo
Frax g F &2 AMeEMNTF Z2 URERICER SN, FZUOROBERLHEICIRERE
BEKIFET. LER-ST, FHXULAEYORHIEIZE LD CTHEETH 5. Fig.1-10 IZ,
FEUROFEHMET R TR IND T X ALl & O RmEEZ NIRRT .
ERICHE S L5 B EE Tl KRR OM#E (0) LS L Tio, b ik A 7 —
NIRTBERREND . T AT =AM BEOEEELETIZEBEIMO ELr THDKHE (C) &
Ti OFEENEL, TOBOEELEMPIC TIC BNiEfbT 5. £/, €% (N) =%
HOBESL TIX TIN ° TioN 3B S 5. £7-, Fig.1-2 (273 L 7= 8 e BE 8l 5% Y8 Tl
i 5 > MK E K (HF+HNO3+H,0) DA IZ PEIG L CHMEZR AR R IR S h 5 =
Emb, ZTITIETI-O-H-F LR L., MERFICL > TE TH BZNEKIND.
IhBHD O, N CREDEILHA L Ti DLEWITMMEREEIZIE T, £ ORMENTEN
Ehoga s, ADEELZLELTHANSH S, Tablel-1 (2, Fig.1-10 (Z/x L 7= 8
ERRECTTF X UREMMICHERIND T X MALEWIZTONT, O ZF R & R
WHHLT—EBRICTRT. InobAEDOHIEIZ X > T, ERMRLECHERL K
ELERENDZ NG, BREICHITFED O, N, C & Ti & DOILAWE I IE %
W52 ik, EERQMERETH S.

AKIFZED B, FZUoROBETRICBITS O,N,C L TiL o GiEfE% iR
L, TOHMBIZESWTEHBEEHCRMERERE T CoLGEH2HE L, EHAMIZH
MRREWBELHRLILDORHEZRTT LI LICHD. ok, Tablel-1 [ZHRF TR
LT X AL am o RS & RENPRIFELE TR H O MESFLETHD.

BMELERR O — L F 2 L OBEEEEH LY, TOBRERINDBILA T —L
(TiOy) DMFE R OB R B Y KA, BRI EERF OB & A IR T 5 KEX
o & ORRMR AWML, REMEOR L2222 2E -0 E L.

HHET VA LRFORFERMBORK ERLBEEAEE2MR D720, EHFHTAF
TR BES TR TR T D2 TINR EORMEMEZAIENT L5 LITHEHETHD.
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ZIT, R b L EEEAELENEOSBMEMO TV AR~ DR EE
BT 22 &icdkoT, RAXELBLEBHEMROETLEZHLNCTLILICHEL
MR EIT -7, BONTMAICE S S KM ECEIP R & b2 [ — BULE T &%)
RIATOER AT APREM 7ot A2 MET L2 2HE _0HME L.

RNT, EEOPHLNICLERABERERETOLEARF TH L TIC O pLEFE
ZHLNICL, TRICESHTIHEGMEICEN R EMEE & € OH#E Sz =R T

:[n

LIEEBEZOHME L.
I HIZ, PEFC &Rt NV —Z~OF X DM ZBEL T, BUEREHR TO
Mt 28 € 3 B & gL o O WS AR D MY A EITo7. HZ0HEBTHIE
TiC ¥ I £ 1 & BIR PR % L 7= R RE A 22 B il O 2 A A b e b 2 LIk
D, TIC OHBEME MR LARNLBERET CLEVLEENE LN D REHEEO
e ERFT AL EHENOHEM L L,
AWFRICB T HHEEOMEIC SN TL FICRT.

FBLETIE, ETFX U OERBRELHBSIOBRPMET o R IO THERD.
EBIT, FH UMD RERN A SR D & w R E S o mEMIC o nW T, i R
BLOMEH EOBAPOMVMeXER EELEND. T2bb, FXURERROF
AL EMEZDOEEEICOWTINE COMMAERER L, FICEEM I & mEn
LT CORBEHBIOBUERET CONMEMORRLERICAMEOE R E LTS
BERICOWTHEITT LS. Z2OLETARMFEOHMNB L OERGR L OMREZTLIET 2.

FH22ETIE, AMMEOHE -OHMNZME T 570, BEELERICz —/L & gl L
TWLFZ o REICB T 2EEXBOMMH LB SPIEORICRY AL, T
v JIS1 Fl & A A8 2 H v 72 fin Bh ACEA ] BERE BRI L 0 R m R O v O R
BZOWTRE L., FiZ, FEAUVREmBMICEESNDIBRIEA T —VEBLUZOF
AL D MEARICAER Lic, BEEZES & EEBRELE T O S & RimXiko
FrEOB#EZZELRZL, PR EBRF L.
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B3ETIE, AMIEOE —OBRMERNT L2720, T ¥ JIS1 O % LT
WRaEMNT, BRI AR THREMIREZZSELELEOT L ARBHIC KT T £
EZE L RN (BRARERLE) ORBIIOVWTHELZITo. ZOK, WKT
EOBELCRMET 2o IiIc HZE P TR LA S iRF L. 2o/, T
ARG el 7e R EALE O E & BB D R D BT ¥ Ui e E Lo,
Z7C, T D A 7 i P (S TR R LS I BE T X D S SR U A T oD e J9E 8 oD W RE ME A& 4

RLT-.

FBAETIE, AMEOE="0ORNEZMHNT D20, #MiF 2 JIST Fo Tt
WAa2MWT, B o F Z R EEICE T 5 TiC O M 2 mEELE% O C O fF
ERBRLE LMD C O LFHEMICHMT Lz, ZO/ENG, BEiihoF ¥
VIREHBETOC LTI LORISWMELZELL T, MEGHLZLET 5720 TiC M
Mt E2WHnic Lk,

FHSETIE, AWNFEOHEMD BN EZRFT 2720, £ T HEHAHY OB L
LTHRO L) RERHEFENEATL2F 2 o ROERETT-2. Thabb, FA4EOM
Rad EICREIZTICZ, FLFE2E0MAZ S LICREIZ Ti-N (Ti2N,TiN) % &
L7 EEE AT HF X UM AERL, UMooK X OBEREF TOE
B HE) BRI E O EREZREEL 7. I OB WA BRERE R T
BLEMBRAZFELIEARLTLE D TIC KM IZER S BEsiH I, Bil® B %
U 72 B 2 O 72 AN B RE R e B AL £ Al °0 &l L 72 85 A o0 K TR HE A8 AL L T R
PEBREEMER B RICoW TR ZMA T, TOMBICESWEZENL, TiIC OE
BHEAMRF LD ORERET CLEWVWEEERSONLIREMELZFRFOT X V|
DGR EBR L.

FHEHETIE, Mgt LTAMETHELONEMREZREL, TOEMAMESEOT
EREHICHOWTIE RS,
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0, (Air) Lubricant oil

U U

Tio, (Scale) N Ti-Cbinding

Ti Ti

(a)Hot-rolling (b)Cold-rolling

v

HF HN
Vacuum and HNO,

----- !p
Ti Ti

N, gas atmosphere

TiN, Ti,N

Ti

(d)Pickling

(c)Final Annealing

Fig.1-10. Surface structures through several manufacturing processes of
titanium sheets; (a) hot-rolling, (b) cold-rolling, (c) final annealing in
vacuum or nitrogen gas atmosphere and (d) pickling in

nitric-hydrofluoric acid solution.
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Table.1-1. Products formed on titanium sheets surface through various

manufacturing processes, and their properties

Products composing

Advantage Disadvantage
Surfacestructure & &
Lubricity/Hardened layer* | Hardened layer
Tio Electric-insulation Electricinsulation
2 Anti-corrosion
Photo catalyst of Anatase
TiO (T|Oz-x) Electric conductive

TiN (Ti,N)
TiC
Ti-F
TiH,

Lubricity/Hardened layer*
Electric conductive

Electric conductive*
Slight Lubricity

?

?

Hardened layer

Discoloration*

Discoloration*

Brittle
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B2E MFEXUENAAFOAMBEEEE —BRILA T —1LE
TOZFEOHFAEIC 2B R—

2.1 %

il

F L OBMELE TRAET L Em AN () & LT, IimiviE, ROCIAZRE, T
DG, TR ENMONTED L2, F X T IEER SR TH D72 B
FEERFIC e — AR A R ELREfERT<, T2 ERRHERMO—RK & 72
DGENDDH LD N E TERMM IR W T e — L OB R AR SR b
TARB Y —IZHT 2L OMERNREINTEY, BILIEAT LV AHMIZEBWTIE
BMELERFO D — L ~DAT VLV APFOBRESAASTHRCHALTOHRESNA TS
8. —Ji, FHUOEIBEEIEEBAL DOCHEBREE NP LIS TRY, &
M7 AFRr Y —ICEALTIRIEEALEHRESN TRV, AR TITEMELERIC 2
=NV EEEML TV T CREICK T DEEEBOEELFHAL, WEL A LLE
MHEPIEOMELZRET D LE2BMIC, LEMAMTZ &g 282 7258
ABAE BERERBIC L RELECHEBEBMOZBICOVWTRFLE., fFfi2, 7400
Bt T LHBILATr— A BIOEOHBAEIZL2MEHRICER L.

2.2 EBRFIE

Fig.2-1 [ZHs @) B EEAE R 2L 18 O MK 4, Table2-1 IZRABR K2 "7 . Fig.1
DEIICARBRITTLEMMT ¥ JIS1T BERT ¢+ 27 (¢ 160X 15) &~ A A 4
SKH51 #7 ¢+ 2 7 (¢ 80X 10) % Fr & O IR FE I INER U [Alfiz X 7= 0k 8 < 1 J& i ($% i
) A2 NTHL. EmAEAKD DV IXHE MW Z @I L7z m R K
NA A8 SKHA1 #F 4 A7 O EEHIZA L —LTWA., Z 2 CIL¥EMHMT»
JIS1 7 4 27 (UF F2U®-T 4227 LKT) TEZET — 7 EfE#% (VAR
ML LI=FzEME, ~A A8 SKH51 #7 + 27 (LLF A AT 1 27 LI
) X JISG4403 FHE D BEE ANLBEE K L & i L 7 #ifE SKH51 %, FrE DB IRIC
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AN T2 THE B TR 0, B O R EHAE Ra 13448 0.8y m &) 0.5um T
& o 7= (Table 2-1 & ).
MR B TPIEEZ LTI RT. ETTF LT o R BNEET DL L OICT I E
11.2%DEEEZEZM T Tl T 4 A7 ZREI TN, FX 8T 0 27 Ol
UT 5 IR EE Y 650,750 KUY 850°CIZ72 2 K D IC @A MIC TRHEMBA L 2. A 2R
T4 AT ORBEIREIZHE KO EIZ L 5T 400~550CHOMICHFE L. £ LT
BENLZE LK, W7 1 A7 & —Em#E 70kgf T 1. 5~1. 75 ;M s T,
ZoEfE My L0 Bl O BBRRHEEZ RO, 22 THT 4 A7 ORI KSR
EFICTHE L., 77X 0 /T 0 27 OREN 650COEGAICITHmAIKFP I
NNV a XA T OB E Ivol% i L 723 & %6 L 7-. M8 1%, Table 1(#2)
IR T K DT 60~T70%D Hl ORI & = 2 7 Lil) & 30~40% D IANA| (Fi 5
FRROY CROMBER . A& EA) HS7R0, JLHIE 40~50%THDH. I HIC
Table2-1 [Z /R TRBREMOMIC, —HMELT X LE2EE LR Ei L7z,
HBRGBOMF &2 8T 4 A7 2o TIE, TOEMEEZ~ 7 2 ICBE L%, 3
7ol B E EEME THEMESECSEMIC THET D L & HI2, =R X —5iiy
ST (EDS) K N7 1 — Jik B Y 43 K 43 HT (GDS)IC TR il K ONE & J5 18] O ot 34 I &
AHAEL, MESLHFM THLIME OIGTRE 2 L7, Eo#EMEox 217
m—Z Mmoo I 7 a IS TBE L.
B EFRORBEMEIE, ERINVOBMELEML BT AX U FITBIT 5 e — v Al
EHZHELTEY, T30 8 11.2%I13 (5 B EER o et R & A% TR E LR
FEt 650~850°CHEE TH 5. F£7- Hertz OFEMEBLGH DL 0 ARGBR O fil w12 B 1)
LRk & REEME N2 RES 5L, 444 0.5mm, £ 150MPa T&HV, +
D F 11.2% CTHIEZEE 389rpm T 1. 5 o HIEIEE L7284, 730 E 134 30mm
2725, T L CEBME BiIF A& o R T, B 10~50mm T 1 /32 %7
D DOFTRYE XL 1~5mm T, #HUEIIE 300~500MPa TH Y, /XA DFRY
ESZAET2E8 15~20mm & 725, L7eno T, KBRS FITERE I L O ELH
fE BT & e IS IS TIEE 22T R RS 2HHERS, #
fE OFT XV BREBRMIT L2 HTmMER-oTND.
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C.P. titanium disk High frequency

induction heated

© 160Xt 15

H Contact surface

® aomﬂn -

/7

SKH51 disk

Nozzle for spraying of
water & lubricant

Fig.2-1. Schematic diagram of experimental apparatus, hot rolling and

sliding method.



Table 2-1. Experimental conditions.

Surface Rotating Test
Specimen History roughness, | velocity of [temperature/
Ra/J m disk/rpm °C
VAR#1—Hot wrought 650,750 and

about 0.8 Vt=389

C.P. titanium disk | Commercially pure titanium JIS1 — Machined 850

Quenched and tempered
SKH51 at JIS G4403 condition about 0.5 Vs=700 400~550

—Machined

High speed steel
disk

#1 ; Vaccum Arc Remelting 49 . p i £ oil
; Properties of oi

Slipping ratio 11.2% Reﬁ.nfﬁd mineral oil & ester oil ; 60~70 %
Additives ; 30~40 %
Load 70kgf Density at 15°C ; 0.927 grcm?®
Lubricant Water (without lubricant oil) or Viscosity at 40°C : 800 10° ml-s”
Condition Adding 1vol% oil #2 Acid value ; 49 mgKOH/g
(with lubricantoil) Sponification value ; 721 mgKOH/g

30




2.3 EBRER

Fig.2-212 b v 7 O R HZEALIC S W TEAGI 2 om9 . #E 2 IRmE - icmAEKD
HuEATL—=LIEGEICE, 2TOoRRIEEIZCEWT, Fig.2-2(a)d X 5 ([ZH#E P
IV PRELSARETHDN, TORICLELERER THRAICK TS 2 =FfED
TN FAET . Fig2-3ll " T LK x 2 I, T, M&+ 5. FEBHz
WMLTmHAKRKE AT L — LA ICIEFig.2-200)0 X 512 by 7 XEMYIH 5
g2 E L T b

Fig.2-4\cF ¥ VM5 4 27 OKRE BT D EESRSE L 2777 . Z Z CTFig.2-4
DplE b7 BLEELTWDHEET OEZ W TEHE L. Fig.2-4 X v BEH#AEIL,
I 2 3 LTV WS IR E AR W IE L& < 650°C TIH0.40 L 850°C D A2
fFIZb7esn. 650CICBWTHBMZEMT 52 LI L0 BELAEIT R LK0.20
(272% (Fig.2-40 @H). MWW AZRML TV 2RWEAIZEWT, —#, 3~
D RLEMATE A LSS (T30 R4, 4% H Al B 30kgf) OEELE D
Fig.2-4l27m >y FLTEY, BEEAKITI T N BOBMATEIC L > T L A EEL
EPREICKTT S

Fig.2-5Ic Bt o F % 87 ¢+ 27 (Fig.2-50 EE) KU NA R T ¢+ X 7

(Fig.2-50D F B) Ozfihii 2 4 2 3. £ 7-Fig.2-6121X650°C Ti¥ ¥l &2 s L 72
Mol AEDOF 2 T ¢ 2 7 i O SEMG B 2 7. 2 2 C Al s (G fid 7] %%
2 USRS N RGBT ¢ 2 J T4 % 590~ 680[E & 1050~ 1225[E] T &
5.

F a2 UBT 4 27 OEE OFREITFig.2-50 X ) BN S 5. W ERNL
TWAWES, &IEMA (Fig.2-50(a)850°C & (b)750°C) Tixk~ 7 n B S v
R AL T —ICLD By TFOEREENDY BBEALZEL TEBY, KED
650CICe D v mRREROW SV B¥H¥ET L (Fig.2-5(c), Fig.2-6). ZOH I
DIFEEL TV DL TF X BT o 27 OEEEF R (X0 F) LIRS > T
WS, TR LT, 650CICE W CTHBEMARMNT 2 Z LIV E@LRmITR
% (Fig.2-5(d)).
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FTEMHFEMTHDL NN AMET ¢+ 27 OBfEIT, EOFRFITEWTHE XX
REO~ 7R RBITAR L RBRAFEAREOEBEREZZL TW5 (Fig.2-50 FE).
RBRATE THAA AT 4 27 ZEENBD L TEY, £ OEMEBEZ%Z 1000 s
(F9250m) Y7oV OEEFEIICHEICTHRE LEAEREFIg2-TICR"T. RIA47%
FUETELLINAT VA THE SN TV D X)) R EEMfEICL e — T
A4 A7 OEEHEMNI <, BREESIZ0.4~09umE#ENTH VIRENSS0C & &
WIEANRBEFRELTND.

FEURT 4 27 OHME ZSEMIC T 7 nic@lE7T 5 &, Fig.2-8ll 7T XL 91T,
HERBZRML TOWRWEGAITITRERSWIEEMMAR 2 7 v 7 PNBEETHY
650 C DIKIRIZ 72 5 LR EIZ72 5 (Fig.2-8(a),(b),(c)). HICHEMAEZIRMT 5 2 &

kY I 7 e RKEED TR (Fig.2-8(d)).
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(a) 650°C without lubricant oil (b) 650°C with lubricant oil
|

: l o was :
T —‘/ calculated from S et R R
P Ly this value.
A A

. e 1 was calculated

. o o o ~from this value.
e | R o )

© v

o ©

Torgue

Fig.2-2. Changes of the torque during hot rolling and disks sliding.
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Fig.2-3. Schematic diagram of change of torque (pu) during hot rolling and

sliding without lubricant oil.
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Experimental conditions

S!ippéng load Lubricant
ratio

—O— 11.2% 70kgf jwithout lubricant oil

4.4% 70kaf | without lubricant oil

11.2% 30kgf | without lubricant oil

© 11.2% 70kgf | with lubricant oil

0.50 T T T T T
3
Cx
2 040} B
RS . A
N | without lubricant oil
©
T 0.30F _
o)
O
i
S
o 020+ -
o -
pe with lubricant oil

O-IO | i ] i {

600 650 700 750 800 850 900
Ti disk temperature/ °C

Fig.2-4. Effects of temperature and lubricant oil on the coefficient of friction,

M.
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(a)850°C (b)750°C (c)650°C (d)650°C

without lubricant oil| without lubricant oil | without lubricant oil|| with lubricant oil

Slipping &
Rolling
direction

SKH51 disk

Fig.2-5. Appearances of contact surfaces of titanium and SKH51 disks.
(a)850°C, (b)750°C, (c)650°C without lubricant oil and (d)650°C with

lubricant oil.
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Fig.2-6. SEM micrograph of the foil-like overlap on the contact surface of

titanium disk at 650°C without lubricant oil.
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Experimantal conditions

SIIPD{”Q Load Lubricant
ratio

—(O—1 11.2% | 70kgf |without lubricant oil

@ 11.2% | 70kgf |with lubricant oil

12 T T I H i
c i .
2 1.0 . . .
= without lubricant oil
% .
o 0.8 _
I
s
w
3 0.6 =
£
g
°3 04 - =
8o ]
oS ™~
g @ . . .
he 0.2 - with lubricant oil .
m =
OO 1 1 | | i

600 650 700 750 800 850 900
Ti disk temperature/ °C

Fig.2-7. Wear loss depth of SKH51 disk at 1000 rolls.
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(a) Surface temp.:850°C
Without |ubricant

(b) Surface temp.:750°C
Without lubricant

(c) Surface temp. :650°C

Without lubricant

(d) Surface temp.:650°C
With lubricant

Fig.2-8. SEM micrographs of the contact surfaces of titanium disks.
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(a) Surface temp.:850°C (b) Surface temp.:750°C (c) Surface temp. :650°C (d) Surface temp.:650°C
Without lubricant Without lubricant Without lubricant With lubricant
Ti Ti
10— Ti 100
1 o
100—
7 \Ti
J
o
0—| [e] 50— E
o }
4 K Fe u Fe \Ak_fui ‘ﬂ.
M ] g - - l‘}——l\——g ! M.’_JL
2 S Energy (keV) . S Energy (keV) o 5 Energy (keV) ° 5 Energy (keV)
Fig.2-9. EDS profiles of the contact surfaces of titanium disks.
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Ti

Ti
|
(a)850C| = | (0r650C| & |
without | without
lubricant I lubricant ;
| |
It |
|
I P o /0
¢ =2 130y =TT .
o 1 2 3 a4 5 6 7 8 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
(um) (um)
i
Ti Ti
I
(b)750°C | ()650°C| 5 |
without | with ]
lubricant | lubricant |
1! f
| ‘ \
|
| L
' 0 0
0 1 2 3 a4 5 6 7 8 0.0 0.5 1.0 1.5 2.0 2.5 3.0 ?.5
(um) um)

Fig.2-10. GDS profiles of the contact surfaces of titanium disks.
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Fig.2-11.

Calculating oxidation depth at oxygen 5 and 11mass%.

(C-C0)/(Cs—C0)=1-erf(x/2y Dt) =-(1)

D=D0-exp(—-Q/RT) -(2)

Solubility limt of oxygen in a — ; Cs= 14.3 mass%
titanium at 600-850°C

Initial oxygen content in titanium ; CO= 0.1 mass%
Frequency factor :DO= 45x%x10° m?*s"
Activation energy Q= 200.9 kd -mol™

850°C, C=5mass%

750°C, C=5mass%

850°C, C=11mass%

750°C, C=11mass%
1]

i

650°C, C=5mass%

50°C., C=11mass%

======== 650 C=5mass%

650 C=11mass%
=:=:=750 C=5mass%
=750 C=11mass%
==+ 850 C=b5mass%h

e 850 C=11mass%h

0.1
Time. sec

temperature.
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50 I T T T e}

40 ~
30 .

20 [~ Lt -

Apl X100 (%)

10
0.10 |~ -

0.09 - 7

0.08 - ]

0.07 -

Drop of the coefficient

of friction, & ©

0.06 i i l i ]
600 650 700 750 800 850 900

Temperature of Ti disk / C

Fig.2-12. Drop of the coefficient of friction, A ux,and A u  p during hot

rolling and sliding without lubricant oil.
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(a)850°C (b)750°C (c)650°C (d)650°C
without lubricant without lubricant without lubricant with lubricant
Contact surface
Rolling & sliding
direction
-
Fig.2-13 Microstructures of titanium disks beneath the contact surface.
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(a) Higher temp. &

SKH51 disk

BehavioronTi
surface

Thick scale;
As lubricant& barrier of
metals contact.

Deep
Sliooine direction

c.p. titanium disk

= Decreasein p Micro cracks by
oxidation hardening

| e e/ S ] The contact surface

N

Heating depth with IH
(Metal flowing depth)

(b) Lower temp. &

SKH51 disk

BehavioronTi
surface

Thin scale;
Metals contact becomes

(c) Lower temp. &

SKH51 disk

Behavior of
lubricant oil

Lubricant oil;
As lubricantfilm &

easy.

Macro foil-like overlaps|

5 by seizure between
— em”‘/ y tal
metals

Shallow
_—
Slipping direction

an titanium disk

The contact surface

Tiscale
( Quickens oxidation )

cn. titanium disk

= Decrease in }l‘/
Lubricant oil film

—— |

_ >

Slipping direction

Fig.2-14. Schematic representations of hot-friction phenomena on the contact

surfaces of titanium disks. Effects of temperature and lubricant oil

on the contact surfaces are illustrated.
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HOEE . L [
1 10 100

Exposure time /min

Fig.3-1. Mass gain of titanium sheets exposed in air or nitrogen gas at 700,

800 and 850°C.
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Table 3-1. Chemical compositions of commercially pure titanium used (mass%).

Fe O C N H Ti
0.030 0.04 0.004 0.005 0.0030 Bal.
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Holding
700~ 860C |

Heating rate; 6°C/s
i 30s

700°C

Furnace

Heating rate; 20°C/s Cooling

Nitrogen gas (latm=101.3kPa)

or
—_—
Vacuum(1x10-3Pa)

RT
RT

*Holding temperatures;700,750,770,790,810,820,830,840,850 and 860°C

Fig.3-2. Annealing conditions.

58



3.2.2 &R GIE

BEGL R DRT Z RICHOWT, £ O LWrm (JERES [T e Wrm) 2 #5128
DIABME LT, WEE S MBOBREGKEBR T yF 27 LT, MMz
UM TR L. £, TOMBKEEUIWETHIE L.

o HARIE & IR O o« + B ZFEI THES L 7ok 2B OV, BLENTLHE TH D Fe

SAiw AHAREFHRASHE JXA-8800 E 7 v —7 - w4707 F 7 A% —
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(FE-SEM) O = %)L % — 45 H0M X fito & iE JED-2300 (EDS) # MW THIE L
7. 72k, EDS OHIESRMFIL., EFHROBRAHEREL TE 272 TR OM/NEHIZ &
ED DI, MEBEBEZENTKV & L. b, AFLEEFROSRET X HIC
B IR EMEEIY, FoMEBETRED, kEikL7 15kV & 7kV T, &%, 1.1
pm, 0.4pmBETH D,

TR RS FEAET D Fe ALK O & 2 BALAN OMUNEK O & & il 5
I, TRNEFNOBEBOE S %2, A3 7arF /77 /vy =Yy &t
MENTARA T o2 —FHOTHELE. EFOHLIARMEL, £ OHEME
WA KFEm~EE LCHMECHRLCMEEZME S (GPa) & L7z,

3.2.3 RMEmHITFIE

EFRTAFOREMICE > TREIWCHEKR S NTLEEIZONTIE, #EEE X E T
WMECTHE L. £, EFORAERI 27 v —ERNDIoH (GDS) THAR
Uiz, W X BREITEE, VA7 R XRETEE RAD-3C 4 v, CuK
aft, EEE 40kV, EFEIR 40mA, FIAA 72V v bk 0.2° , AHMA1° D%
fhCoHEE Lz, XBOARFERIIE, XBROBENOHETLLH 042 m ThH D.

¥ 72, GDS #I7E X JOBIN YVON #L8 ({4) JY5000RF-PSS # % M\ C, Jix &
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PHIE 2 4 mm, W 3008, 07U v 7V 025 PICc CHEM L. 7o
HATAR XY T LTRSS FRMOBESAEZON Lz, ANy X o 7 E X
TEMRMTFZ o JISIFEZ 200 ANy Z Y U 7 LEHBOESZEBNL TRD -

3.2.4 U ARG

ElhaneRmE, W RVEENERT T2 LENBEEIND. TOD, WO
WMAVIABZ D EICHET HEKO R TIER, ©LARED UK Z&EE L Ho®R
mOMEEGFRIKICEET L2 720 B2 7V ARBEHEOFMICEH L.
Table3-2 IZ/RTH&MET, =V 72UV BAEERL, =V 72 fEH (BEMkE&S)
ZHE L7 Table3-2 IZ/R L7z k910, TEHH SKD11 DX A 2L Ko F 2,
TUVARERHOKEEEERmEER L. b, =V 7o BT, @, #E
HELTrZ 7774 7 —=2ABREHENDIHENZ VDN, MENSFZ RO
TENRTLVARETIHEEALERAIN NI E0 G, KRR TIE, AR E
PME U K A MR I A v Tz

o, 2V 7 CRBREOMT ¥ ko Rz AR EFEME (SEM) THLE
L, LE (FAR) & ik W T £5 o 3% b o b Bl oo B B 2 394l L 72

3.25 BIERBREIE

SLRRBRIE, L m (JEMEI M) MAEI8E T M 728 2 FATH A E 6. 25mm, £ S 32mm
D ASTMES 7 ¥ A XD 53R A 2 /R U, £ 50 R HE 25mm, T8I E 5. 2x107°(1/s)
—ETITole. B, =V 7 ryRBPOBB AT XTLHm~Flok b
MThHoleZ &b, LROFIEFMERAL.
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Table 3-2. Conditions of the Erichsen test.

Dimension oftest sheet | 0.5mmtx 90mm x 90mm

Die: SKD11, 27mm ininternal diameter, R0.75
Punch:SKD11, Spherical end with 20mm in diameter

Tools

B.H.F.

. 1ton
(Blank Holding Force)

Water soluble oil for press forming
(Concentration of water is 40% in this oil)
Kinematics viscosity : 57.4 mm?/s at 40°C
Density : 1.083 g/cm?®

Lubricant
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3.3 ZEBRER

33,1 EEHMBOEBHMREEEZEBEDOLR

Fig.3-3 |2, BESHIRSE & KSR OBIMR 2R 7 12, BEMIRE O EF TV,
FIRRIZHIN T 228 810C TR &2V, 830CEHHAx 2 LMMICHA LTS, £
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MEICS 6, BRI AR EEZEROREM T, BEHZOMMBMBIZAEATEIZTFEL
AN
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HZER TS L7 Fig.3-5(MDRER & ikd 5L, ERT AP THHM L 72HEGI2I
(Fig.3-5 ™ (a),(b),(c)), FMEIZ TiaN & TIN ODF X L EbWNEHR SN TEBY, B
FIRENSEDLICWHEY, @R Ti («fl) OFRFE—7 DB ED F ¥ /W (TizN
ETIN) ORI =B EICRD I EnNbLNL. Tihbb, BEHIREN®WE N,
F2 o BEPRIELS oo TWD., ZOXDICERT AP THSH L 7-RmIZITTF#
VEAMDBIERLINTEY, ZOYWEAIZIEETHDL Z L 81906, FiR LKA
DEFTTF 2 o EMTER L TWL EEZEXOND. —F, BEPTHEMLZLGA
(Fig.3-5(d)) 21X, WW&JE Ti (o) OEHPTE— 27 LSZ TiC O E— 7 B
IhTWs. Zo TiCix, BEHMATOMMELDOERICZ &OKRFEZ & Lo m M EEM &
CRTZUBREGL, EZEREMICE s TRELTFZUDBKRILLEMERTHDL Z L
DIENH I TV D 23,

Fig.3-6 (Z, GDS THIE LRmMNORS FMOBHRRE S MEZ RS, EFEHX
TCREM LSS, REOERRETREMEEN&SWIZ LS 810CHEH T

10mass%iZ b 72, HZ22 T 810CHEM L 72 A Ik X3 8~5EHV, £ 1umiE
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SOEZRFBEBPER SN TS, BEZHR T 810°CHEHM L 72T, mEmIZHRI
LTWDEFRIT, BMOBICREIZHE L TWAIWMBIELEMOERE AR TH LW
WHELTWDLELINDBIRALELLEEZLND.

UbEXY, EFT AP OREHMICE > T, KXW TieN & TIN OF ¥ E)E
MBI, TOTICIEERERNELLIL aHBERLINLTWNWD Z ERHBH L.
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Fig. 3-3. Influence of annealing temperature on grain size of titanium sheet in

longitudinal section!?),
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Fig.3-4. Optical microstructures of titanium sheets annealed at (a) 700, (b)

750, (c) 810 and (d) 850°C for 30s in nitrogen gas.
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Fig.3-5. X-ray diffraction patterns of titanium sheet surfaces annealed at

750°C, 810°C, 850°C in nitrogen gas and 810°C in vacuum.
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H—+850°C
N == 850°C in nitrogen gas
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Depth from surface /pm

Fig.3-6. Distributions of nitrogen concentration as a function of distance from
titanium sheet surfaces annealed at 750°C, 810°C, 850°C in nitrogen

gas and 810°C in vacuum.
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Fig.3-7. (a) Influence of annealing temperature in nitrogen gas or vacuum on

Erichsen value and grain size, and (b) relationship between Erichsen

value and grain size.
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(a) 750°C in Nitrogen gas (b) 810°C in Nitrogen gas ggiﬁ”ecj with

(c) 850°C in Nitrogen gas

Fig.3-8.

Titanium sheet
after Erichsen test

R.D.
e

Metal Flow

100pm

SEM micrographs of titanium sheet surfaces contacting with the
shoulder of the die during the Erichsen test in titanium sheets
annealed at (a) 750°C, (b) 810°C, ( c¢) 850°C in nitrogen gas and (d)

810°C in vacuum.
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—_—
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Fig.3-9. SEM micrographs of titanium sheet surfaces in the vicinity of fracture
in the Erichsen test in titanium sheets annealed at (a) 750°C, (b)

810°C, (c) 850°C in nitrogen gas and (d) 810°C in vacuum.
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Fig.3-10. Results of tensile test in the longitudinal direction showing (a)
stress-strain curves and (b) relationships between n-value and strain
of titanium sheets annealed at 750, 850°C for 30s in vacuum with the

same grain size of 25um.
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Fig.3-11. Fracture surfaces of tensile specimens annealed at (a) 750 and (b)

850°C for 30s in vacuum.
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FITIEAHTEAR WD, 750C L 850°C DO BEHM TERFHMN LA L TVDH I &R
BEnNzZ Ens, HIBMO 850C (o + p M) THM LZRICO OV TEBMME &
DM AEZBZRET D, 80 CHMMKRIZI W TIEL, FEM Lol RRBREBE O~ 7 a2 bk
AR (RA) 25 76%, BEZELEN 68%Th-o7-. ZHICHLT, 78k 127
N A X OEACT IR SR 26 pm 2 LI LT 156 m (ICE{E L TE Y, WiimfHi
M 64%, A RUWHMEHR 40% L7 D. ~ 7 v RUUEO TR K E WD OOl F 23 K —
HLTWD., ZOZ D, MR Y A XY O AN THOMAT %O o Fk R I
i STz Fe AL E B S IEMEMR IR ICBI B L TW 2D Z RSN D.
BEGIIR EE D EF TR T1 OIEBEE S AR BRI N REL 252, 810C LY
BRI CRI R E DM S b Z iR a7 (Fig.3-3 B X O Fig.6(a)). Ti-Fe
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HZEmD, 820CLL ETiXafll BHBHAET 20D EMTH D ot DRIALE D
s nzeBZ2bN5 29, XHIT, BEHMKO LIEEIZRIT S Fe DA« &
n—>7-<vA27u7+ 74 Y —(EPMA, IN#EELE 15kV) THOM LI=iER %, Fig.3-12
2R, BEBIIRE 23 () 750°C & (b)810°C M K} Tlix Fe ¥ — 20 L TV 528, &
I CRMMN BN TR E 2Nl &Sz 820°CLL LD (¢)840°C & (d)850°C d kL T
X Fe DafHOFEMBLFICH S LOWRRILLTWDLZ ERHLNTHD. BLENT
FEThHDFe PR LTWDEITIZBREMRFIZIZBHTH Y, offDFESBLFR D = —F
—, BIUOZ v VR T2 —RATHoTeBZEAOLNDLZ &b, BEHIEED 820°CLL
D 840C L 850CTIHBMICL o TEMTH D a tHOR R MBI SNz & B R
7. ¥7, Fig.3-2 OBBBBEICRT X =MHENOHFIEETHFMm LD, oD
FiFIEL Fe WML L7 BHDOEMZELTWD. DF VD, aHOKRENFRETH -
T 850°CHES & THOCHESI TiL, o KL ICI T D Fe IRALFHEL DA HIZE WA H
% . Fig.3-13 ®(a)iz, 850C D EHT T, Fe NAL L 7R A& % & defHI D Fe 2
A%, EDS (N &ELE 7kV) THIE LR E=~T. 22k, EFMROLNY %
HIL, BHEET Fe BEZHET -0 MEELEE EPMA (Fig.3-12) O ¥4 LL
& L7, Fig.3-13(@)d I ZRr Lz AN TRIRIZOT L TR Y, L Ti,
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AT LEERoT, KAD Fe IRACTHBICK T 2 S OHINIE, EENICHZYH L
EZbhb.

B U7 BESIREE 750°C L 850 C O & /MM O S, FEKETH->TH,
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(a) 750°C (b) 810°C

(c) 840°C (d) 850°C

Fig.3-12. Fe concentration maps measured by EPMA showing the distributions
of Fe in the cross-section of titanium sheets annealed at (a) 750, (b)

810, (c) 840 and (d) 850°C for 30s in vacuum.
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Fig.3-13. Distribution of Fe content measured by EDS in cross-section of
titanium sheets annealed at 850°C for 30s in vacuum (a), with other

areas in grain boundaries shown by arrows in (b),(c) and (d).
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Fig.3-14. Hardness distributions after nano indentation measurement of

titanium sheets annealed at (a)750 and (b)850°C for 30s in vacuum.
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IHNE TOHIE 29F, £ 800CLLF D o HMIEE CHEM T 52 LIk » TH &
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CHAEIEM TR SN Fe OBLEBICERNT S & & 2 7.

ZHHIRBESIC BT DK MHOE S EL Fe 8L O O ExHmat+ 52 2 BMIC
Thermo-Calc % W7 24T » 7. AWz F — & X — 2L Thermodynamic
data-base Ti-DATA(ver.3) T&% ¥, Table 1 {27k L 7= Ti-0.03Fe-0.040(mass%) % 4] H #i
& L CEHAE L7z, Fig.3-15 12, BUEfIREBICH T 2 (a) B HHE, B I O(b) e tH & B A
DOWEL FelREIZKFTIREDOEEAL R . KIEMTIX o MEMTH 223, 820C
MmH el PO ZMIZRD. Thbb, BHOKBEEL, 820016 MLIZL® T,
850CZ A %5 L RIMICHINT 2. ZHITH~> T, Fig.3-160ICRT X o2, pLEML
THETHD Fe [ ZBAICIRILL, aZEMTED OIFTBHTREMETLTND.

—RICOMERRBNEZY 7 UEMET T2 2 & 283903 5T 548, Fig.3-15
£V, 750C L 850 CTEIMTH L a D OREFTWVWTNDL 0.040mass%TH Y, 1T &
Ao EENEV. ZhE, WBEHRE THRIAKRIN O S IZENPE o2 Fig.3-14 OfE R
EHFIE LTS, —7F, FelREIL, o« BHTH L 750CIZHIT 5 0.03mass%(ZxF L
T, BOEHRAE TIX 850°C T B DK FE R 1.1%F(EL, Fe & 1.59mass% A A LT\ 5
ZENHENLRED. B, BHH O Fe iRE 1.59mass%iE Ti-Fe ® — it Ffii ik #E X
DB FH AN DME (K 2mass%) L IZIER%E THDH. FHREXEFELGRD T B M
F1 > Fe 2 1.59mass% (850°C) &, EDS THIE L7z a tHOKL A D Fe LEICE
7% Fe iR£ 0.17Tmass% & OMICITER R H H. ZhiE, =HIREE»OBEZEZ R THG
L7z &l k 2% (Fe,0 %) OmAT oI L O = HEBES 2 30s & FEHF [H
ThdZLICERTLIBEERENSOTRMICER T 2B 20015.

a ORI R & 7z Fe IBALBEE HI81E, Fig.3-13 IC R L KHBE B LH L
MBEEHIICa N TAMNBRLND. LERS T, E HEZERLTWDARELRD 5.

Fe Bk & LT, Fe BENKWMI2AS, hep PERE o fH, hep ¥V T 34 b a’ #,

81



MBI~V TrH A ba” M, BB, SHICEBHERAEZEZLLN DN,
EBSD(Electron Back Scattering Diffraction) CTHMEEZ M L L 9 & L7228 hep Ui
DIFERITB/BONTHAMRBERLAGEONLoTe. £, AT v 7 0.02° TAF ¥ Vi
FER 0.2° 1y EBVWRMECTER L XBREIF CLHERFAEIXITE RN FMITS
BOBRETHDLN, ZITHEFeRRIELLIZaME LTHSOMRATEIToZ.

*7-, Ti-Fe &4 Ti%, Komatsu & 397 Fe JEF 2mass% T 8 F AR 2> & K BE A 1L
TOLWER o ICR D ZLERHEREINTWDN, o ”HITEKLRNEDRE DB DH
% . Komatsu O 2358 L 72 2mass%Fe ® o FH LV & Fe IBEMN DR VKW Z LD,
BESLRF OBFITIZ L A EN WA FTIZ Fe BILB L « IZERBT D0, —HP o'~V T &
A PERBLEARERESHEREIND.

Fe IB{LFHIX, FMHO a LD FelBENEWI ENLMHEETH Y, A T a ok S
> TRy PRIZEHMLTWD Z L n, WHEERR OB ES O & WEES R 1 R
DAEKGTE LTIHENT2EEALND . GIRERRREZEOMBEICBE SN 16um B
fLDOKE T 4 7% (Fig.10(b)), Fe MR L L2 RFRICPH E 7ok (D F 0 #Edokz

B) ICITWHEANTEEORERENELL TWVWDE I L ERET S,
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Temperature 3C

700 750 300 350 800 850
@x 1=
= - ()
8 [
2 17 [ [Fe]=0.03mass%, [0]=0.04mass%
E [
= -
=
=
- 10 1}1‘1]4} * >
) |
(h) .L__ [Fe]in §-phase
On /
—— [0 in o-phase T
s 10 f—|  —®— [Fe] in cphase * e ——
. < | --aie- [O] in fphase g
= Z -3 [Fe] in f-phase
'E é [O] im :.I.-Eh.ase 'C'
= 2 0100 | -
& = 3 [
T2 ; N ]
S $ iR BE8
= ' ety
= 5 pole =
.= .l.i llEII__.----'ﬂ
: 7
= A
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Temperaturs AT

Fig.3-15. Calculated (a) B volume fraction and (b) concentrations of O and Fe

in equilibrium «

and B phases versus temperature, using

Thermo-Calc with thermodynamic data-base Ti-DATA (ver.3).
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3.4.2 REZENEDOEE

KO EAE L, HEEZ®HOMEORNALEZRLS T L20RP DL —T7, W
BT DICEFRENKRSENEZFZHELTCLEDAIREERD L. ELT ¥ U EBOM S
IZ HV700~2000 F2FE %, & % 17.19),

WFOBESIRE TR W TS, B2 TR L 72RICHE N TEHRT X f1 TSI L
OB, =) 7 ERRM ELEZ D, REE/EOBEBHESIEMRL T
WD ZEITHENTH D 1013, BESIIREZ OMITHENRmOTF ¥ o Eehlg R E< 7
% (Fig.3-5,6). BedfiiR)E 810~830CE ClEE RN A fh L EHZEFTHOT ) /¥ A
DAENIEND > TN, TR ETEZEoENAHICE L L TnWD (Fig.3-7). =
DFERND, EHH AH T 810~830°C, 30 MERFFIC TR S iz E/LEN,
JEE 0.5mm OfF ¥ o MAETVARIET H BT, BiEEEREEOBANLRS
NI UAPENTWDLZ ERbhd.

HEHRA AP O 810~830°CHENL 2 S YD, BEHIEEN KWL A ICIE, Rm=El)E
DEFZREDELS FX U EWERE . LR -T, BHERICL > TESICE
BT UNBEH LU CTEEEHEEMLCLEZZDIC, EBIRN NS RD. 2
ik, =V 7 rlBgORBICHRIBERIERSERINLTCFEEL S BT 5.

— 7, BEMIREN EFRBEGBE IV OEVWEAICE, FXUEMENREL o
TWDLZENBLHEBIRNDMETLEEIZZLH Y. HFHLE LTV DEEMIREERTO
o FEH O EFZEIEIRILH 4mass% ThH D T L0 b 36, BERIV SWERITTF Z
EMEEER L TVWDLEEXD. ZOREICESTIE, Fig.3-6 OEFRIREOE
SHmMoHnG, F2rZ{hiEolEsiL 750, 810, 850C T, % 4, £ 0.2, 0.25,
0.83um ERED. bbb, BHMIBENGEDIZIEEI RoTWD. £/, H48H
ID/REFR T AH T 700~1000C, 6h DOEULELZfi L 72l O #F 2 iz fiffr L
TEREFRTIE, T00CTIEF ¥V E/WIL TN TOYRMTFZ o X0 b, Bun
BENEEDICLEDNWTIN ZHEML, ZRICFE-TRELREHE TOMI NI 5
ZEE-S>TWSH., 2FV, TiaN BZWIFE, EHIZ TIN B WIEEMEIZR D Z
ENPD. Fig.3-5 12T 20 2 40° Rtk OEKF OB ©— 7 O A g3 2
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E, BEBUIREE N @ WIEE Tilcxtd 2% TieN & TiN o i@ <, 810C L Y & 850C
DF M TieN 2542 TIN OB EL 2o T b, £72, Ti-N O =50 FH Ik & X 36
LV, BEHIREK CIXERREDNERNA2 5 Ti & TieN © ML, Ti:N & TiN
O FEAFAELTEY, M, @ERRBREZSTINOMERBEMNT 2281085,
Fig.h T, BEMIEELNEWIZLE, REETOERRENEH NI &6 TIN 284N L T
WHZEERBLTWD., 26D b, 80COREIEMICAR D &F ¥ &1k
WEITHEEZRMBEWTINANZ S o TWD LHEEIND. Fig.3-1612, L& & &1
EXHAFTHREMLZGEORMIREICL 2R ETOEE O LN ZRAXMITRT.
ERBENFHORERERM2 S, TIN & TieN © M558, TieN && NREED
aTid AN BRsE, T L TERPGHRETEEBE LZoTIEREREND. 2F,
THENPLRDOBIEIER L LI ICHE BN TERIEEICIS U CHFBIIELKT S E,
TizN, TiN & b ERBEEICH LHMHE2 H D2 & 30025 TiN+ TizN & 0 58 F 13 # =
BIWZR Lz, BESLIEE O BRI E b7, ERBNE~EIEH L, FKmofEHiElx
IR (RoZM) 2o miEf (MofBAM) ~EERLELIICEbL, EHRIEE
NEEVRETO TIN“Ti:N BOELZNHEMNTHEEL, BAO TIN &L L
TL 5. ZORE, SR CHEMT 2 & REE FOE(ENIC THEZ TIN O RN
BMEDL. 2O, MIBMTITEERENTF X CENMEPIEER I 1L, € OREE,
BIECTA L 2Kl OWM2H NSRS 20, BRI AEICE R A 4E P L (Fig.3-9),
TV 7B UENKR T L EHELE L.

3.4.3 &BMHBLEREMBILEO SV AREHE~DZRE

TV ARG T oM T Z RO & @k & K ELE O K 2 DEENIT O
T, REMICEmR TS, =V 7 RBROLSICEVHLEREREERTHSL T LR
R CIE, PIMIEMCIE 7 70 U (LOI S 2H) 22BN IAVIA L7228 & 47
(RrF) LROBEMBEBAERL TS ZDOMBERIEMNTH L. T0%k, K
BOEATIZHEY, LOMI M (X4 R2) L&l (R F) & OHEMIZI 2RO
WARRE > TOHE,RWOWNIALNZIEMRINTZREBICR > TN ZDRED
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BPEETGRE & R D D BRI R (I nfifl &) BXEMICRL. 20X 91,
TUAREOBBCEAIC L o T, MBS RSO EBORENENT D,

BRI, AEFHEDE—R X TF X RO RFEZRESITHZ b,
MM OEREEZEAT D, BFET AP THEZE R TN L2 O G2, BEELG
BRREW (EEEIRV) Z &5, ROTIVIAL D EH S35 7 12 B FF
R ECEBLEEERZ) 7RV HEOEBHICHLDLOATWD LB 2 b5 (Fig.6
RE). LT o T, MimbBENRKE HOME % Fe IRLE T 23 RAE L 722 W\ <& 8
M2y, nfE EIEMEICE AT VARBICTEMN L 78D,

ERTAPOREMIZE > TER SN L2 REEMBITHEEECELZ LG, Lb
MESAFPLOMBORNIAHLOWEZH TLBEAH L. Fig.3-7 IR LIEE

ZEHRBESIARICKH T D= ) Z B O RN ZEOMRICHE T 5. —FH T, WO
FGAZPFIT MR S NI REETIXIER I OLTE (M) BB EE BT 5 KD
2B, EFEIMBEEL TV D ERmMEAEITHEE CEBREIMEW T2 DI AR HE
MTHZ &l b.
WBEIERREND LD R lECEmMEEO ST Tk, BROEEE2 KB+ 2548
Mk OFENEMIEH <. —F, RPAEBENRAR SIS WERET T, BEte
MmO L REENENEMICEHS LEZAOND.
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Lower <= Annealingtemperature == Higher
in nitrogen gas

TiN+Ti,N  Surface of titanium sheet
Harder layer

Higher [N]sol.
a-Ti (higher [N]sol.)

N\

Higher annealing temperature
In nitrogen gas atmosphere

Depth from surface /um

[N]sol. ; concentration of
solute nitrogen

Fig.3-16. Schematic diagram showing effect of annealing temperature on

surface layer structure of titanium sheets annealed in nitrogen gas.
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