R&D Review of Toyota CRDL, Vol.51 No.1 (2020) 1-27 1

Gk

AR v)LLEa—

LEa—

BEIEI OUEGAICT YA SN BEaX NS ERETI/TIBEES#
MRt AETOER FLTERIN-EE

o

20204E3 H20 Haz B

25 I

199847k, ha X HEh B I FUZIERIT C T2 BEAM B O = DL LT %

BPERICER AL, AR TR ET B P RAFZEATIZ IV TI980E I X KVBRLA L 7o F2 A sh D
KaaMb il 7 o v RO S L AR T o A5G A LT, B T4 G AP EL O AN B OV TiE
W5, EUC A E R b XL —T A OIS0, BB B L CR AL T ot AR
RSB, BBV M BT T2 H RIS 372D S S i A iR 5,

B F—0—F Il 7284 @BEESHELMMC. TiB WRIG4E, RMRIRGIE Jeks, BB H,

TR HER LT FL

BR

AAFEBIZ

. BBV EAM L COFZ A4 DE

T E AR DARZAMEA T e TF LY

3.1 ByRIaEHro M

3.2 BEAETFH A DEELREZEL

 BERET A A EDOEMERR LA~ T LY

4.1 EEEAL R 2L b, AR R A ISLSED
7 m ADB%E

4.2 BERET S AA R ORI

4.3 7o ABIOE AR W BRI Xm0 MEE
el

. EPERETZ AL AR BHMMC) DB %

5.1 FHUFEEMMCIZ iz i b FH O 8 E

5.2 TiBhIF58{bT X HMMC i~ Ry 7 A5 4D
Sk

5.3 TiBhi 5T 5 MMC O ZAR] N T

6. FHAUEMMCHLDT L)L 7 DR %

6.1 BAFBEIEDR T

6.2 FEROBIKaAN TEA

6.3 AAHLER DR E LBV SO B AL

6. 4 HEMPOTEE L BRI THEIC KIE T TiB K20
A

6.5 HER VLT LUTOIM AN S LOME fE i

6.6 T oNLTELUTOMERE

7. BASEF L HMMC O H Fl o ~D i H

8.

SHRHIAANT L DIER

8.1 EFEH T UL CORE
8.2 AT R B A OB 5%
8. 3 EGEHEAS I C LA A PEME R

9. F2OMIZIANT 732 (F 5 IR AT)

© Toyota Central R&D Labs., Inc. 2020

https://www.tytlabs.com/review/



2 7L R&D Review of Toyota CRDL, Vol.51 No.1 (2020) 1-27

1. [ZC®HIC

TV OEEEBE LA T2 AL TEIUE ERD
BB ST HeS | RE 72 S [BIR LS FTRE 725720 L —
T H—DHRTCIR, TFL B ERDaxs T ey
RARZHEINTND, Fo R EE L OB — DD E
THHTU VL7 LT, <k B N B FE
FNTND, LN HTIROAR =Y =128V RN
NFNCTF B AL U —A3H 5. K VT
FETTFLACLTBNTIED T, 2, AR O R E LR
(2, BB DU DRRBEHE R T A T, R IRE it 2 DAL
LT B BB IFIELIR NSNS TH D,

a2 BB RS CLT, s 2)IE 4 06 22 401
(1998 4F) 12, TiB KL 1 58 b Tl 7 & o FL 485 & 44 H(TiB/
Ti-MMC [Metal Matrix Composites]) O HER L7 L,
BEAE T2 B RMOW K IV T R ALV
(3S-GE) Z#45#L 7= BPEEFRHE (T VT v 7) e LT
(Fig. 1), A TiB/Ti-MMC £t DAV TR A 4H 5
FH P g BIF 22 AT (LT, B PR (28 0 ha s A B B %
R AS LT Aok — B TERS DS
FIBH RIS IV ELICE ST D THSH "), Z LT 9FE#%
D 2007 EMNBIT FEZDF1 =T AT (E e
Ji0) AR IR BRSO B R A D 7= DI RIS HT L,
EBIC ATV LT E 2010 FRIZ IR E I GES LT A
EPEREAR—Y B — FEXLF-AF D= (1LR-GUE)
(B AER "Y (Fig. 2), 2014 4051, L7 P ARC-F D
TV QUR-GSE)ICb s Hi s, — K T T 7
FEIEEA£ D 2000 F-0BIEL, T~ FEE KRS 11c
WCEBM A RA7 (YZ-250F) =2 ~DIE# Ak
T BETHLEZRICH ST,

AFa T P AT L= 7 =TTl RV EE KR
RED, WL SIVT PR IV T B RIRHCT 2 AL TE T
DDA NTDUWNTRFLL T2V, SO AREFITEFTICLT
W FE DL R DMEWE L TWD ZF DB 2B TNTS
BATFRSIUI B REE  Z ORI R DOV THE KLTZV,

Intake I l l I Exhaust

Fig. 1 The first mass-produced car in the world to
feature TiB/Ti-MMC engine valves.

Lexus LFA

1LR-GUE

Fig. 2 Appearance of Lexus LFA and its NA 4.8-liter
V10 1LR-GUE engine.
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Fig. 3 Comparison of specific strength (tensile
strength/specific gravity) of various structural
metals.
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Fig. 4 Titanium alloy (SP-700) connecting rod for
Toyota F1 engine (left) machined from hot
forged preform (right).
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Fig. 5 Comparison of fatigue properties of B/E as-sintered
Ti-6Al-4V alloy using different type of titanium
powders and post sinter HIP’ing.
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Fig. 6 Change in sintered microstructure of Ti-6Al-4V
alloys using different type of titanium powders:
(a) HSF powder and (b) HDH powder.
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Table 1 Chemical analysis of applied titanium powders.

Powder (¢} Cl Na Mg Fe Ti  Price (U.S. $/kg)

HSF 0.11  0.08 0.078  --- 0.02  99.6 5to 10

HDH 0.19 <0.002 <0.001 0.029 99.8 20 to 50

WL AR Y DT & —H KRBT b S, B
TREERETH R LI=#4. 500°C AT CEZE fil KB AL EE
LTRSS T H K ThDH, Kroll 15Tl Hf
IRFIZAE L7 MgCly 1T, B2 AL CRR B BT E D728
Hunter (£ DXO72 AKGEH LRRZLEEL ST AR OFH
R OEAL M OFR R IR TR, 1272, ZO By RITHE
BOBIE TRRA R CRIESN 5720, liEax o F5-
EELIC R EH RN LB E <R30, Fig. 812,
HSF 3K & HDH ¥y RO IRz s U 72 SEM {4 % 7~ 7
HSEMRIL AR P FH MDA FaTF—72 R %
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h N

Fig. 7 Inclusion particles extracted from the
HSF titanium powder.

Fig. 8 Appearance of (a) HSF and (b) HDH titanium
powders (—#150).

Titanium powders: —#150, Compacting: 392 MPa, Sintering: 1300°C for 4 hours

HSF

Sinter

HDH
Sinter
0 1 2 3 4 f 5
Density (g/cmd) Thdeeonrseitti;al

Fig. 9 Comparison of tap, green, and sintered densities of
Ti-6Al-4V alloy manufactured by conventional B/E
method using different type of titanium powders.
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Fig. 10 Surface morphology of HSF powder after kneading.
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Change in sintered microstructure of Ti-6A1-4V
alloys using new mixing process and different
titanium powders: (a) HSF and (b) HDH. The
sample preparation conditions were the same as
the alloys shown in Fig. 6.

A

Fig. 12 Effect of Mo and B addition on the
microstructure of HDH Ti-6Al1-4V

alloy: (a) Ti-6Al-4V-1Mo and
(b) Ti-6Al-4V-1Mo-0.3B. Other
conditions are the same.

Table 2 Comparison of impurity diffusivity of several p-stabilizing elements
in B-titanium at 900°C, normalized by the self-diffusivity of titanium.

Element Ni Co Fe

Mn

Cr Ti A% Nb Mo

Diffusivity 56 42 18

4.9

1.8 1 07 06 02
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Table 3 Comparison of static mechanical properties of B/E titanium alloys and manufacturing

conditions.

Common conditions: titanium powder size = —#150, compacting at 392 MPa, sintering at 1300°C for 4 hours

I AV Sintered Max. Tensile Tensile
Sample lggal(liuerf Pg\::;:r pa:vn(li;ar de(%/ii)ty po(rﬁl ;i)ze szﬁrﬁgat)h elo(r(l)/goz)ltion ¢ onﬁ)l(l)(;zi on
A HSF None 40 96.5 150 840 3.7 Ti-6Al-4V
B HDH None 40 97.0 60 870 14.5 Ti-6Al-4V
C HSF None 9 99.1 100 923 6.3 Ti-6Al-4V
D HSF  Kneading 9 99.2 20 922 15.0 Ti-6Al-4V
E HDH None 40 100.0 (HIP) 0 945 17.0 Ti-6A1-4V
F HSF  Kneading 9 99.5 10 1010 12.5 Ti-6Al-4V-1Mo-0.3B

700

600 -

500 |-

400

300 |

Maximum stress (MPa)

200 -

f=30Hz

100 | | |
10* 10° 108 107 108

Cycles to failure

Fig. 13 Comparison of fatigue properties of blended
elemental Ti-6Al-4V alloys prepared under the
various conditions listed in Table 3.

FoUomRERWZS G T, EfiZe HDH By K& HL
72 HIP JLERAL % KAE B 2 DRI TR 28, BEAE DF E
TIHLNDZENII DT,

Pl b W7 RIRATETH R 7 o ALY
NNk Gy ek BC, mifiliZaves RSB E b4 & 8 D72\ VA B RF
PEDS BEAAFHNDZENH LT, LU, 1 1T DI
THIR LIS, T2 A4 HB B RS S BT
ERDHEZDIRTF =< AT I E T EBRDE
PEBEAL AR AT R T B, FZCIICEL- BT KT AR
EMEREIR T H A M B OB R 2 B R L=,

5. EEEFAVEESHE (MMC) DRR Y

5.1 FAUEMMC [ZRBEZRIEHEDETE

E CHERS OB M RIRGIEERIRELI G & T X
B&E LT A OEREM I E A RILEL TO S
V. QTR B R BV 123 B @ iR BRI E
T FHAEBDOT TS FINCLE, @ L EAERL T
DILHENTH <N AR BRI WD, @~ Ry 7 R/
SRR O BE IR 22 NS, ®~ R w72 5RALF
DFEETREDE DN Tl H T HIENTED, L LY
IRF (1980 A-AR &) KR EZ LT FED BRAGS AU T U VT,
F o BB A M B O RALAR(TIC, SiC, TiN, ALO; 72 £)
T FH AT TOET I 2 EME DMK
W BDWT A BIEREE SR ENRE OB T, ASK, i)
fEAELTIRIAETH D, LA DIL, sEb R E T2
~ N7 A ORI AAE i 572 E DI E T R %
EEI | D= s =¥ [ D S R W QA Vit

— R H AN EVE WO R, i Tk~ 7z
TiB LW EE MR T DEEAL ThH D, ZDOEWE B
FHIPEEIZ BT, OB FRILFIDBAFEL VWL
75, Fig. 14(Z7RU7Z Ti-B R HEPIREER DB A S5 1A G:
TEDL,T0b, iR OEURE FOMIRE T RYHRIT,
FHHITHZEACFERE 2 TiBAHILTi: B=50:
50 DALFEF LAY THY ZEAL B IR A BT/,
DT F X AA Tk, TiB R 13 B2 R T
LTE T Lok, FH <Ny 7 AO BB %
JIFESI2 NI EERIBL TS, 512, Table 41278389
(2, TiB I BB, BRI SRAERD Ty ED 0 Tl BRI IR
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(RINTF B A ELIFITE LN, &) FH A O
LT ESITHAEM M E A L QWA e HEERSNT-,

Mass % B
35000 5 10 2‘0 39 40 50 100
3000 |- R
o L .
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)
g' 1500 R
) . B—
|q__) FI3TI TIB* =—TiB2 B
1000 | g
<—aTi
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Fig. 14 Phase diagram of Ti-B binary system.

YL EOHRTFENS LB, B RIEAEICEDT
S A EOTILARE LT TiB & A9 7uE, TR 2 k5 vk
M EDRHIRF CELZ MG LTz, TiBIL, FHAEDH
TIEREIAFETELN ZNEAF IR ERT- O K
ELTAFTHILITTER, 7272, LR AR & LT FE A
(bW AR A T U I LA A A R 3D ISR 773, RS
BRI KB 0BT Z UL RS A LT
LB TIB R 122835, Fig. 151X HSFFZ R
E AL-AOVEEA SR ETIB By K L%, B /L X —R—
LV TCHRRIE G L. 392MPa D JE 11 CTA R R IE 14
1300°C X 16hr ELZ2 JE#E L 7= 44 (10vol%TiB/Ti-6Al1-4V)
OG- ETHDABCRD TiB R 1238 — 1253 LT
BY @) IEREE (b)) 5. TiBR 1L~ N w7 A5 4L D
SHLE AR T BT RAT LA AT OFE R pTFH o~
w7 2L TiB RIS O SRR TRIFTHHZ
LGy ol (c), Fig. 16 13 HSF 72 kK& VTR

Table 4 Adaptability of reinforcement compounds for titanium matrix composites.

Knoop Young’s  Coefficient of ~Maximum solubility
Compound  hardness ~ modulus linear expansion [Matrix] [Particle]  Estimation
(GPa) (GPa) (X10°K™ (atomic%)
TiB 28.0 550 8.6 < 0.001 1.0 Excellent
TiC 24.7 460 7.4 1.2 15.0 Passable
TiN 24.0 250 9.3 22.0 26.0 Unacceptable
SiC 25.0 420 43 Unstable in Ti alloy ~ Unacceptable
Si3N4 14.7 320 32 Unstable in Ti alloy ~ Unacceptable
TiB2 34.0 529 6.4 Unstable in Ti alloy ~ Unacceptable
B4C 27.5 449 4.5 Unstable in Ti alloy ~ Unacceptable
Al203 22.5 350 8.1 Unstable in Ti alloy ~ Unacceptable

The coefficient of linear expansion of titanium alloy is around 9.0 X 107 °K"!

Fig. 15 Microstructure of B/E 10 vol% TiB/Ti-6A1-4V MMC: (a) macro image (SEM), (b) TiB particle
(TEM) and (c) TiB/b Ti interface (TEM).
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Fig. 16 Increase in fatigue strength of Ti-6Al-4V
sintered alloy by addition of 10 vol% TiB
particles obtained by the new B/E process.

7 ACREE LT Ti-6A1-4V RS &4 L. Ti-6A1-4V &
412 10vol%TiB 2 &b L7- MMC D¥ 55 R P2 Lhsg L
TR TIB K- DA IC X, 95 55 R E SR BRI
] ELTWDZEN 303D, 85 OB B EFCIE R 74
AARIZ XD, BRI 7250 B0, MIVE, R REME/ 2L 2 ) Fat
DT TR Gy Tl D73, 57 FE MRl B R M4 1)
FEEHZLImD THEE CHDHEFE DIVTND, TR
lE — I Ny 7 2 G L LA L DS DR A IR EE DS
ARA-5372 2 NI I T A3 57 LR
ADRE REZRD R FE o, FEITR > TRADERLS
TWDTHD, LML TIBRL LT X <Ry I AD S
& Fig. 15(c) IZ R LTI, Al L B A PR A3 6D T
REICHRE AL TERY, £/, Table 4 2L B3 721912,
IR BITIE B L TCWAZ L RED R H T, Y
Rt LM ELTcb DL HELE S LD, UL EDRER DD,
TiBMNT X A40LFELTEERN CTH DI LN HEAE
Sz,

5.2 TIBRFRIEFHVEMMCRATNIVIZEED
ik

Fig. 16 (/R L7 T — XX Ti-6A1-4V & 4% _—ALL
2B THLN, FMARIEABERIETII G2 RE
T DHZET VNI AGBOMEHRICEE 52
EINTELDONFETH %, Table 51 FAT-H A FRHAL

Table 5 Combinations of master alloy compounds for
manufacturing B/E titanium alloys.

(mass%)

Target titanium alloy composition

Combinations of master alloy compounds

Ti-6Al-4V, Ti-3A1-2V
Ti-6Al1-4V-1Mo-0.2B

Ti-8Al-1Mo-1V
Ti-6Al-2Sn-4Zr-2Mo-0.2Si
Ti-6.5A1-4.5Sn-4.5Zr-1Nb-1Mo-0.35Si
Ti-5A1-12Cr-3.3V

Ti-10V-2Fe-3Al
Ti-4.5Fe-7.0Mo-1.5A1-1.5V

Ti-33.5Al

Al-40V

Al-40V + pure Mo + TiB:
Al-38Ti + Al-40V + pure Mo
Al-14Sn-28Zr-1.4Mo-1.4Si
Al-258n-25Zr-5.6Nb-5.6Mo-1.9Si
Al-40V + pure Cr

Al-40V + Fe-80V (ferro-V)
Al-50V + Fe-62Mo (ferro-Mo)
Al-38Ti

T BT 2 G aE BET AT AL G &M A
DAEDLEERLIZLDTHD, FEH LIRS AR AT
O PRI REZR AL AR A IR E L CRY, — 0 Mie B KD
BENTND, Bl ZIX, REBIORIMED /T AD RN
(o + B) B MMC & LTI, Ti-6A1-4V & 4 <2, Ti-3A1-2V
AL~ NI ALLIEMMCARE LT, £, arayR
TeE~Oii a5z, e O % BfE L7 MMC &L T,
B AL Ti-7Mo-4.5Fe-1.5A1-1.5V & 4%~ N w7 AL L7
MMC D #53E N T 2Rt Lz,

Fig. 1713, fEA4212 AI-50V & Fe-62Mo (Ferro Molybdenum)
Ex A WTIERIL 72 20vol%TiB/Ti-7Mo-4Fe-1.5A1-1.5V
MMC J5E & 85 325 5 D 45 FR I M Ti-6A1-4V Bt & 4 &
LT R TH D, SN B L OE iR B 1T, 22
250 B F T PRI 1.5 5 D 160GPa |2 EEL (MR
FEMEL LD TE,

Sz, =PRIV T HELT SOOI EWEE H
e L7=(near-a) @ Ti-6Al1-4.5Sn-4.5Zr-1Mo-1Nb-0.3Si
GaE< NI AL TEMMC A LT 163k, T4 &
& DOMHEMEDRI LB 2 HNTET2, 650 CEHEIZE XD
850°COEIRTY . MEABH A L[F 59 RN G on 52
Loy h-o7-(Fig. 18),

© Toyota Central R&D Labs., Inc. 2020

https://www.tytlabs.com/review/



12 7L R&D Review of Toyota CRDL, Vol.51 No.1 (2020) 1-27

2000

1600

1200

800

400

Tensile / Fatigue strength (MPa)
20 vol% TiB B Ti-MMC

Tensile Fatigue
strength strength

Wear loss

200
o & |
<) 130 5
1208 {25 E
=} [2]
SOE 205
HRLE
a0 2 (102
o 1 5
>
Young's 0 0
modulus

Fig. 17 Comparison of mechanical properties of 20 vol% TiB reinforced
B Ti-MMC with conventional Ti-6Al-4V alloy.
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Fig. 18 Effect of TiB particle content on fatigue
strength at 850°C of the developed
TiB/Ti-6.6Al-4.6Sn-4.6Zr-0.9Nb-1.0Mo-0.35Si
MMC.

5.3 TiBfiFi&{tF 42> & MMC DR NT14 >

FH AT BE, SR TR S kS (HCP)
D afHTHLN, 72D e AT EMEE (BCC) O B FH
[CEERE T, BT HU ML, B CIEBARE AR XL A 7e
FEAb R B2 29, (- C BB IR FE 4 B 2 D i
INBS DL Fl AL AN L HL AL LT SEHl s 584
L3 <70d, 20728 EARIBGE N LI, BRI O K E
U, FEERARIE O (a -+ B) 2 FEIR EEfE IR IS T T D22 Ui
PRHIR, UL, B B ARSI I BAL T ik Sob B R 240
il CEIURX, BRI/ NS D ETREO R ZWVE G
I CO#EN ATREL 720, Ry = A T (B

FEO b BN TR Mb) | $ETR O B F b7l o
TN RT N TIANO KIGIERIZ BN D,

Fig. 19 (. (a) (0 + B) L D Ti-61-4V & 4 &, (b)p L D
Ti-7Mo-4.5Fe-1.5Al-1.5V& 4, £ LUC (b) I TiB KL F-420v0l%
BAEIELT=. (c)20vol%TiB/Ti-7Mo-4.5Fe-1.5A1-1.5V MMC
DB L TEIRPUA R L7 /55 C Fig. 201, PR
R %2, 800°C T 75% JH= g (H 1A Z) I A% O 3kl i o>
BETHD, P BEEAESITUR, (a) D Ti-6A1-4V
A4, 1300°COBERE MR T B AG RIS LHLKREL
BEfS % O m AR COHLKRZ (o + B R A AL TV D
DT, 800 CHHI TIIETAARIIRIRZNE T Tl BT
HEL MO T/INSL MR AN 75% 22 97D LRI SRt HAl
ENZHINNFEAELTND, — 7, (b) DB A4d, () DB A4
<~y 7 ZAMMC O34 I1 LR EE (800°C) 14 B HAAH fE Ik
IZHD DTG, (a+ B EID Ti-6A1-4V A4 L0 LLZE
TEARFIOMEL o AR @ W ZED L THUL D, FFIC,
(©) 1X.20v01% H D TiB KiFZ AL TV DIZH D)5
TLERPL, (b) D~ NI/ A5 HFXRETHHIE
30T REHIE XD T B THY, B EEIL~ b
Vo7 254400 L ABN TWAZEEZRIELTND,

Fig. 211/%.Fig. 19, 201Z/RL7-. () B~ w7 2 A 4
&, (b) 20vol%TiB B~ w7 AMMC #4 O B fif ki k% Lt
LT R CMMC # Tl &2 L 72 TiB R f-DE
VAEDZHRIZEY, B FHORE SR E A IIHI S TND e
NIy IDe L EDFER NS TIBKL 72 AL T5H2ET,
INFETOF X AETIE IERENLEEZLILTU,
A =R BRI COBM M T A AT iEL 72D, Fig. 221%,
(¢)20vol%TiB/Ti-7Mo-4.5Fe-1.5A1-1.5V MMC O HL. % Bt
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FEIR (@40mm) &, KA, 1200°CLL EOERICHE VT, —
s carayRBRICEBE N TLESEE THD, TiBR 1
EHEIZEALUTODICH )b BT, BREREIN Tz ko
THEFITHENT Ty i BING < RREIZIA DA > TER
0. ZOBEEMEHMMC) ORI THEA D TR ZEH
PRAGEC &S, kI, BN T 248729 O Tldaun
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Fig. 19 Change in hot deformability of
B Ti-7Mo-4.5Fe-1.5A1-1.5V alloy by
addition of 20 vol% TiB particles
compared with a + 3 Ti-6Al-4V alloy.

() Ti-6A1-4V alloy (o + B type)

. ¥

(b) Ti-7Mo-4.5Fe-1.5A1-1.5V alloy (B type)

(c) 20 vol% TiB/Ti-7Mo-4.5Fe-1.5A1-1.5V
MMC (B type)

Fig. 20 Side view of upset forging test specimens
compressed at 800°C: (a) Ti-6Al-4V alloy,
(b) B Ti matrix alloy, and (¢) 20 vol% TiB MMC.

FEEHLV) FFETARERIEEF AL ZOMEEIT IR
B/ VT BEEICERL RE IR T RS T — Uk 7e o7,

LB BAFE LI B RIB A EIC KD TIB R A T
ZFEMMCIL JERDTFZ oG LD, RIFIK=aARNT
AL FTRE THO RO JERD T H A DL~V %
BB ZDMEHREEDOR T o VB L CNDIER
SN 72077,

Fig. 21 Pinning effect of the TiB particle on the 3 grain
growth during sintering. (a) [ matrix alloy,
(b) 20 vol% TiB MMC.

(a) Sintered blank (b) Hot-forged product

Fig. 22 Connecting rod formed by one-heat-forging
at 1200°C wusing sintered 20 vol%
TiB/Ti-7Mo-4.5Fe-1.5A1-1.5V B-Ti MMC.
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PRELT TiB My R & H U7z, i TRZZEK 350
TO\Y, ZEMAREZFTEDHIE I ESBIFIRE>E
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TE=E22 IS TRAIR LK R = 1300°C TR L 95%
UL EF TR (L= BEREE Ly M, REHITCm BT ik
(ZED 1250°C E TR 7 e (K9 50 4R E [ P A
THERSNZH LTIy 72 D) RO N TRTLER
UL = i L7 SRS 3E N = e Sl AL BR= I &
TR ITHIV L =59 900°C O KRG INEA TS —R 4 7-
DIEIE AT LE 2 TR AL ER= 3 5B E= R A =L,

BAZELT- LR Ria4e 7 a2 ] T kD F &
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Fig. 23 The developed low-cost engine valve manufacturing process for the TiB particle reinforced B/E Ti-MMC.
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6.3 SEMEMOBTELRNERZMOREL
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— 5 BV —7 R TiB R+ E A BIC X0 T
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IRAEVEI, A B TiB KL F- IR TR IR 95,9772
HbH. 5v0l% D TiB WM THKI 12% D i RAEAZ R LTZD

10vol%TiB THH) 10% DIEM A HEFFL TN,
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Fig. 25 Effect of TiB particle content on high-temperature
ductility at a rapid strain rate.
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JEBIHNZEN TN D ZEN 303D, FRICHE 7 om k
N 70 A5 PN [ I S e W TS0 (T /N i A N 3 S sy
T OT, KR & D22 RN Dm AR ORRE AT
BRI TIFR 2 LS T L ¥ ol —ar
ERICHRBEL S TS TE L, 37205 VIO H VS
I DL X al — g NE RSN 2006 4, =
U DIMANEIE 2 L —A GEATFRBE#L R C 500km 2 /%) &
THTUTEDN27223,2009 4FEEITIE, 8 L —AGEAT LA #2
Bi2200km Pl L) ECoU DU BN RAIESN, KT —
LFZE ORI NFE LTz, ZOX0 7255 F T,
2P RBESSTRIER M WM B2 EBLTEDIE FA
BRI TFZ L HEMMC 7L 7 OB BRSO TR E
NWENDILTN D,

BRRLT=F X HEMMC D P L7 i LT
TV UNE 2007 FEN D EE P AZI, DelEb
UUERBIZ B WM T — A EEIL-, B XA FIL —
AMBRHGRTHIERTOD 2009 425 (Fig. 29) 7217 % /LT,
Pole Position % 1 [], Fastest Lap & 2 [0, Z L C, £ 5
SEERLT, 7272, — b RE B ORI OIENTE
TRINSTeDHILFED TH D,

8. AR I MIER

8.1 EEHIVIUERGELTDIERE

BAZE L2 BERS F 2 HMMC L 7 O a2 T, Y
WD FAA IR E T NER D T2 2L 7 F0H @ )N B
72,300 /AR 2 AL L AR B L7 LRSS L
JVETEFETE,

PLEIRARTEZISNC FH A BEREICHEATD,
EVHWIHI O BREITERR TEI-N R a0, HE A
OILHAMBIELTEELIZEE S VR0, =P
TUE, TR, AV &S Al 2R R i ST E T2
B CHDML AL F L AN EBLITET3 Z DM,
SR, FEAIPEZ LR SN D SO TF Z A% 1
THITE SORDAAN T AR TR ThHD,

INFETHRARTE = LT 13, BfliZe PRk o
Bl N FH I LO A8 2 72, 1200°CLL E&VHid
EIRCHIL I UEBIE T580)), Ll o 717 TRE T,
B EY RSN = A T CED R R —ATh o7,
UL, — A7 BB S A HE R TR 2 L QDD 08
HCHY, b A 7T HIDITIE Fig. 41R LT X
N EEIE I LU 7= R RN LA e <720
TR T M EHSRE EORE LR T 5, —FH. F MR
RAE T R KRRy M = A TR AL
ZREAE LT EETE A E LT AT E AU, RO K= AN
L3R CTEDITT TH D, ZAUZ, BLHOBERS Hfl 8 &k D
HE 70 AZOLOTH T, ZNEEITH-012]
FAKRR, BL ISR D562 207 LT e by,
D BEFREDEE T MBS E M RIRSNDIE,
@ BN T2 UG iR s E U C il I 2 45 DT s B

WHERENDZ L,

@ HEf BEAE P A LT KR AR FES ATREZ R &

BAFE LI 7 e A% T AU BERE OEETH. 97% %
HBZ D B A EE A C & TR A ZE LB I b S AL 573 47
TSNS DL, SO E B B LD EB N L END,

8.2 BEEESI MM RMORRE "

BERG AR DB %, IRV72 B LTSI 720113, Bl
TAARDEE % BT 2ODE Th 273 TR RIBE )
O DT LT TERN, FAATRRUEEAE LT VD

© Toyota Central R&D Labs., Inc. 2020

https://www.tytlabs.com/review/



20 L R&D Review of Toyota CRDL, Vol.51 No.1 (2020) 1-27

EETHRIEZITOE BTOTINC N AT HNLTH
Do — MR, D EmDOEIEAIZ M RITIR G LTS &R
Z X573 A OB 8 038 BN E R iz T4
VEROGEUT A E LT A T, B ORI Z R
IO TAEEAIOEINL F/NRIZEE D 72T X7 B
600MPa % #8 2 DT E F1 D FITEEL 2>~ 7, Z st
URA = B, 1 1) Y 7 4 R v B2 4 B 76 L . 2000M Pa
DT THRIE S FTREZR M 51 Wy R Bt a 72
U7z, BUFIC, Al OREmE & 3 55,

AT OX —1L, BHEHEAILLCORT T R
UF 7. (Lithium Stearate : Li-Ste.) &, 9 150°C DR [H %
TEDOMABEDEOF R THD, 2, HRF (1990 F10 1%
) RAY DT T =T 7 — R SE TR0 B R R 95
(2R TR 2R 8, 80Ky 0 &1 B T A o0 T 18 0 A 18
KLUCWBHTABRIE R LT IETH D, BUNE, 88 D
SREIELLTREILIZDOTH D, Zhae T2 K
(Zi A L7 SR S L0 5128 B2 Ve Zh B 2 5%
FEFTHZEMNHBAL, Fig. 3012, B LIZ R IEIE O
K%~ T K150 CITARIREL 7= B NTIC . Imass% D
Li-Ste. 7 & A ¥ 7o KB R 2 R E AT, 44 BEZ Li-Ste.
DEEZ TR SE TS, R REFRIEL  IEZ1T
FETHD, Fig. 311E, @HFOAEEHTHDLH, AT T
U RSN (Zine Stearate : Zn-Ste.) 2847 L7- 5 4 7Y
T T XA (HDH : — #150) 2 5B LT %5 A&, Li-Ste. %
WAL= 150°CITMBAL 7= &R CIR M L= & 0., ik
T D BTIO P& E | L IEIE 1O BGRZ Ll U7 i 5%
ThD, WE ORI ETIE BRIEE OB IMEEHIT X
JENT ER-UFET TODDITRIL, BRFIETIE HEEIE D
EFIIEIEE T 600MPa i TaFnL . Z L EDET)
TIE BIEE IO EEBITHIAR T LERD, 1000MPa

Spray gun —Jf]

1 mass% Li-Ste.
water solution
Band

heater
(150°C)

Carbide die

Water evaporates
instantaneously

SEM image of Li-Ste. deposit

Fig. 30 Configuration of the metallic mold for the
ultra-high-pressure warm compaction.
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a coarse HDH titanium powder (TS-150).
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and developed compacting methods.
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Fig. 41 Radar chart comparing typical properties of the developed TiB/Ti-MMC,
conventional titanium alloy, and conventional steel.
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Fig. 42 Prototype automotive parts made of TiB/Ti-MMC produced by the developed B/E
process: spur gear, connecting rod, valve lifter, valve retainer, and hollow valve, etc.
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Fig. 43 Relationship of sintered density of
Ti-7Mo-4.5Fe-1.5A1-1.5V  based and
Ti-6Al1-4V based MMCs with TiB particle
content obtained by the developed B/E
process.

Fig. 44 Sintered microstructure of 30 vol%
TiB/Ti-7Mo-4.5Fe-1.5Al-1.5V MMC
compacted at 392 MPa followed
by sintering at 1300°C for 4 hours
(p/py=99%).

© Toyota Central R&D Labs., Inc. 2020

https://www.tytlabs.com/review/



26 7L R&D Review of Toyota CRDL, Vol.51 No.1 (2020) 1-27

SE X

(1) HHEE, mEE, SORBEHIEICEL T2 EMMC,
ke a2, Vol. 4, No. 5 (1991), p. 1740.

(2) Saito, T., Furuta, T., Yamaguchi, T. and Ogino, K.,
“A New Low-cost MMC of TiB Particle Dispersed in
Titanium Alloy”, Proc. Powder Metall. World Congr.
(1993), pp. 642-645, JISPM.

(3) iR, WHEE, “EMRET XU EE A BB,
B FEITR&DL B = —, Vol. 29, No. 3 (1994),
pp- 49-60.

(4) Saito, T., Furuta, T. and Yamaguchi, T., “A Low Cost
Titanium Alloy Matrix Composites”, Metall. Technol.
Pract. Titanium Alloys, Proc. 1st Int. Symp. Metall.
Tech. Pract. Titanium Alloys (1994), pp. 351-362,
TMS.

(5) Saito, T., Furuta, T. and Yamaguchi, T., “Development
of Low Cost Titanium Matrix Composite”, Recent
Advances in Titanium Metal Matrix Composites:
Proc. Symp. Held during Materials Week (1995),
pp. 33-44, TMS.

(6) Saito, T., “A Cost-effective P/M Titanium Matrix
Composite for Automobile Use”, Advanced
Performance Materials, Vol. 2, No. 2 (1995),
pp. 121-144.

(7) Yamaguchi, T., Morishita, H., Iwase, S., Yamada, S.,
Furuta, T. and Saito, T., “Development of P/M
Titanium Engine Valves”, SAE Tech. Pap. Ser.,

No. 2000-01-0905 (2000).

(8) HIME, AHRE, LD X th, “F B SRR R
KDL T ORI, B R R&DLE 2 —,
Vol. 36, No. 1 (2001), pp. 51-56.

(9) Furuta, T., Yamaguchi, T., Shibata, Y. and Saito, T,
“P/M Titanium Metal Matrix Composite for Exhaust
Valve”, Titanium '99: Science and Technology: Proc.
9th World Conf. Titanium (2000), pp. 1917-1924,
CRISM.

(10) TN —1, JRMEEE, “Fa ARl P OB, = v T
7 /av—LEa—, Vol. 2, No. 1 (2010), pp. 14-20.

(11) ARG, KHFIER, AT, A, FLILFE,
“LEXUS LFAH1LR-GUE=> > D", Toyota
Technical Review, Vol. 57, No. 2 (2011), pp. 67-71.

(12) BIRIE, S5 THE, AR FHie, GAEIT, Z W,
Ik, “LEXUS 7137 548 —YRC FA#H2UR-GSE
TV DRRRT, e NREEME R R, Vol. 51 (2015),
pp. 10-15.

(13) FiEs, & HEE, “Ti-6AL-4VEERS A S OBUE L SHRET,
MEFET 1A, Vol. 4, No. 5 (1991), pp. 1738-1739.

(14) ks, WHIEE, "B T2 A4 R RIEGIEOHE
WRAIPER”, B RS TR&DL E = —, Vol. 26,
No. 1 (1991), pp. 44-61.

(15) Saito, T. and Furuta, T., “A New B/E Process for High
Strength P/M Titanium Alloy”, Proc. Powder Metall.
World Congr. (1993), pp. 606-609, JISPM.

(16) Froes, F. H. and Eylon, D., “Powder Metallurgy of
Titanium Alloys: A Review”, Titanium: Science and
Technology (1985), pp. 267-286, Deutsche Gesellschaft
fiir Metallkunde.

(17) Froes, F. H., Eylon, D. and Bomberger, H., Titanium
Technology: Present Status and Future Trends (1985),
191p., Titanium Development Association.

(18) Roberts, P. R. and Lowenstein, P., “Titanium Alloy
Powders Made by the Rotating Electrode Process”,
Powder Metallurgy of Titanium Alloys (1980),
pp. 21-35, The Metall. Soc. AIME.

(19) Kosinski, E. J. “The Mechanical Properties of
Titanium PM Parts Produced from Superclean
Powders”, Progress in Powder Metallurgy, Vol. 38
(1982), pp. 491-502, MPIF.

(20) Kelto, C. A., “Rapid Omnidirectional Compaction”,
Metals Handbook, Vol. 7 (1984), pp. 542-546, ASM.

(21) Andersen, P. J. and Eloff, P. C., “Development of
Higher Performance Blended Elemental Powder
Metallurgy Ti Alloys”, Powder Metallurgy of Titanium
Alloys (1980), pp. 175-187, The Metall. Soc. AIME.

(22) Eylon, D., Vogt, R. G. and Froes, F. H., “Property
Improvement of Low Chlorine Titanium Alloy
Blended Elemental Powder Compacts by
Microstructure Modification”, Progress in Powder
Metallurgy, Vol. 42 (1986), pp. 625-634.

(23) Graham, D., “A Summary of the Impurity Diffusion to
Beta Phase of Titanium”, Diffusion in Body-centered
Cubic Metals (1965), pp. 27-35, American Society for
Metals.

(24) Froes, F. H. and Storer, J., Recent Advances in
Titanium Metal Matrix Composites (1995), 293p., TMS.

(25) Saito, T., Takamiya, H. and Furuta, T.,
“Thermomechanical Properties of P/M f Titanium
Metal Matrix Composite”, Material Science and
Engineering, Vol. 243, No. 1-2 (1998), pp. 273-278.

(26) Saito, T., “The automotive Application of
Discontinuously Reinforced TiB-Ti Composites”,
JOM, Vol. 56, No. 5 (2004), pp. 33-36.

(27) Oyama, Y. and Kamigaito, O., “Solid Solubility of
Some Oxides in Si;N,”, Jpn. J. Appl. Phys., Vol. 10,
No. 11 (1971), pp. 1637-1642.

(28) gn A%, WM, & s, R, R IR
Ao BOF D ~Om M7, B AR B
EIEAMEE 1232 BRI E H23RFER=, Vol. 54,
No. 3 (2013), pp. 357-365.

(29) “r=# RVX-09 (2009)”, E—X—T 7> A TAN —T
REeRIFREE (2010), pp. 16-23.

(30) Takamiya, H., Kondoh, M. and Saito, T., “Ultra-high
Pressure Warm Compaction for P/M Titanium
Components”, Cost-affordable Titanium (2004),
pp. 185-192, TMS.

(31) Saito, T., “Ti-B Alloy for Automobile Use: Remaining
Issues”, presented at: Titanium Alloys Modified with
Boron Workshop; 2005 October 11, Dayton, OH, TMS.

© Toyota Central R&D Labs., Inc. 2020

https://www.tytlabs.com/review/



7L R&D Review of Toyota CRDL, Vol.51 No.1 (2020) 1-27 27

(32) Saito, T., “New Titanium Products via Powder
Metallurgy Process”, Ti-2003, Science and
Technology: Proc. Conf. 10th World Conf. Titanium
(2003), pp. 399-410, Wiley-VCH.

(33) Hit HE —, “FRPHRQEREE (A3 /247 ) D B g8 & FEATHT
Hifty”, Journal of Advanced Science, Vol. 16, No. 1
(2004), pp. 7-11.

(34) KUEHIZE, mfEIEIe, BT, AAL—R8, “BERi#Bas
army RO, H ARG R T2, Vol. 22, No. 6
(1983), pp. 537-539.

(35) Saito, T., Furuta, T. and Takamiya, H., “Sintering
Behavior and Thermal Stability of a TiB Particle
Reinforced PM Beta-Titanium Matrix Composite”,
Titanium "95: Science and Technology. Proc. 8th
World Conf. Titanium (1995), pp. 2763-2770.

Fig. 1 (upper row)

Reprinted from Altezza Qualitat catalog (2000), © 2000
TOYOTA CUSTOMIZING & DEVELOPMENT Co., Ltd.,
with permission from TOYOTA CUSTOMIZING &
DEVELOPMENT Co., Ltd.

Fig. 2 (upper row)
Reprinted from LFA photo gallery (https://lexus.jp/models/
Ifa/gallery/), © 2020 LEXUS.

Fig. 2 (lower row)

Reprinted from Motor Fan Illustrated, Special Edition
(2010), pp. 16-23, Toyota RVX-09 (2009), © 2010
SAN-EI CORPORATION, with permission from SAN-EI
CORPORATION.

Figs. 5, 10, 13-14 and Tables 1-3

Reprinted from R&D Rev. Toyota CRDL, Vol. 29, No. 3
(1994), Saito, T. and Furuta, T., Development of High
Performance Titanium Matrix Composite, © 1994
TOYOTA CRDL., INC.

Figs. 24-25

Reprinted from SAE Tech. Pap. Ser., No. 2000-01-0905
(2000), Yamaguchi, T., Morishita, H., Iwase, S., Yamada, S.,
Furuta, T. and Saito, T., Development of P/M Titanium
Engine Valves, © 2000 SAE International, with
permission from SAE International.

Fig. 29 (upper row)

Reprinted from Toyota Gazoo Racing, TOYOTA F1
Archive 2002-2009, TF109 (https://toyotagazooracing.
com/archive/ms/jp/Flarchive/team/tf109/index.html),

© 2009 Toyota Motor Corporation with permission from
Toyota Motor Corporation.

Fig. 29 (lower row)

Reprinted from Motor-Fan TECH (https://motor-fan.jp/
tech/10012932), © 2019 SAN-EI CORPORATION, with
permission from SAN-EI CORPORATION.

Fig. 38

Reprinted from Cost-affordable Titanium (2004),

pp. 185-192, Takamiya, H., Kondoh, M. and Saito, T.,
Ultra-high Pressure Warm Compaction for P/M Titanium
Components, © 2004 TMS, with permission from John
Wiley & Sons.

Fig. 43

Reprinted from Titanium ’95: Science and Technology:
Proc. 8th World Conf. Titanium (1995), pp. 2763-2770,
Saito, T., Furuta, T. and Takamiya, H., Sintering Behavior
and Thermal Stability of a TiB Particle Reinforced PM
Beta-Titanium Matrix Composite, © 1995 The Institute of
Materials, with permission from Taylor & Francis.

Tables 4-5

Reprinted from Recent Advances in Titanium Metal Matrix
Composites: Proc. Symp. Held during Materials Week
(1995), pp. 33-44, Saito, T., Furuta, T. and Yamaguchi, T.,
Development of Low Cost Titanium Matrix Composite,

© 1995 TMS, with permission from The Minerals, Metals
& Materials Society.

7@ B Takashi Saito
orEF R S ARRE ARG e
AL T
FiR¥a: BASETS
EENTSUTES
The Institute of Materials, Minerals and Mining
EEUEKSZ(TES
ZEIE: 1994,1995, 1996, 1998, 20044F A AL & 222 Hiff
B E
1996, 19984FR&D10035
19994 H A BHF 2 HAT
20004 H AR R T4 TESHRNE
20004F A AT 2 A S HT B
20024E A AT AL — 1 L 225 3CH
20034 SCE AL RELEMFIE TRt E

© Toyota Central R&D Labs., Inc. 2020

https://www.tytlabs.com/review/



