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Production of Titanium Powders by the Calciothermic Reduction of TiO,

Katsutoshi ONO, Tohru OKABE, Masato OGAWA and Ryosuke SUZUKI

Synopsis :

According to the measurements of equilibrium oxygen concentration in Ti under Ca-CaO co-existence,
the deoxidation limit is 500 ppm at 1273 K. On the basis of these data, preparation of Ti powders have
been carried out by reduction of TiO, using saturated Ca vapors, liquid Ca and CaH, powders at 1273 K
and subsequent rinsing of CaO in the aqueous solution of HCl, CH;COOH or NH,Cl.

The oxygen and calcium levels in the Ti powders reduced by the saturated Ca vapors and the liquid Ca
were not below 2000 and 1000 ppm, respectively. This was attributed to the CaO which were confined
inside the sintered Ti particles and could not be exposed to the rinsing solution.

Reduction of the TiO,-CaO mixtures has led to the residual oxygen with the range of 1 000-2 000 ppm,
thus the presence of CaO in the starting oxide was effective to control the sintering between reduced Ti
powders. The particle size of the reduced Ti was 1-10 um.

Reduction of TiO, by mixing with excess amount of CaH, powders could eliminate oxygen below 700 ppm
which is close to the deoxidation limit for Ti by Ca of activity of unity.

Key words : direct reduction ; powder metallurgy ; titanium deoxidation ; calciothermic reduction ; titanium
powder.
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BhBH. F1o, RICEAE LCGERET S Ca ORI
FFER, WAL X UEED 3ETH B, Ca id@lEs
1112K, #EA1757K Ko CRAIZER S L UW
hE WS Z &ICB L THERMICREE . LaL,
TiO, fiF & Ca OHEMAILCOEITICKE S BETS
EEZSNDLDT, TiO, & Ca DR RETHOH
BB THLEHEESNS. L2550 CayholilEizs
BOMEBRETHY, LB TKE/ILI T A
CaH, BMh2fEHT A L2 FE 2 /2.

TiO, #5Ca (2L D BTG E 5B & Ti-O BBAEIER T
20T, Ca 3Ti hOEZEZ VI LAV XNV ETREL
3BMEV) RN LB L F FHLOMILTE
SUEXHAH. T2bbiEE 1D Cak CaO ORFT
WBIL TiHOBERELRDLILTHDY, Ih
WL CREICHE L% 13, Strohlein BEE 54T
EBLFEHLCEONLLDOT, EEEICEMAEL
»C, BEAE ST TWwA LECO Fii®E &
FHOWCHEEERE1TI I LICLE. T hbbiiEnE
B CO, ¥ ZADKERRINEZHEE, %REZ CO,
H AR & EHAE 2 ), v G ERERE L
DWEDSLETH LHH, MEBICFE L RS DE
HRABICEN D S 72, 4 LECO R ofZ# Uk
% v, LECO Fi#EEICRE LTF ¥ »hoORFED
HEITIEWLLLEDLDTHA.

EEHBFIRE) TFRAEORT v L ARERFSIC
FEELRAIRI N Ty A @B RKELI VDT A
MEYEASIE/EEOSmm K2 10mm OF ¥ U#
%% LiAA, —EimBEICmeReE L TR EO®KICE
BL7Z. SOX)ICRTEAD Ca & IREBREKY D
CaO 75 Ti B LTG50, Ti HOBRER

Ca-CaO FPHERIREICHEL,
BERRFL & 2 5.

Fig. 112 Ca il KB F ¥ v HEEFEORERA L RED
BEE LORLA. $RRE—TOL SEmENEEREK
BRCDBEHHET-ETHAHLINETHARHIE, B-Ti
HOFEEBESE-RE-BREREORMRIIAATERL
na.

ZOflEiAS Ca 2 XA

ln(%o)zélnp_lsﬁ_*_?l;’g). .............. (2)

(1200-1600K)

7:72L Po, & Pa T, (%0) TEEEIRE % mass% T
FRLI-LDTHN, TEEIHERL A CaO DF#
ER BB T R V¥ — 1L, Barin & Knacke O 7 — & 49
OB L.

CaH, &R T Ca LIREICX > THREDH5ED H,
LIRS A DT, Table 1 I/RT & 92 Ca ik & [H
¥l 212 1273 K T3 500 mass ppm I THLEEFE I A

Table 1. Deoxidation limit of Ti-O
CaH, at 1 273 K for 48 h.
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Fig. 1. Equilibrium oxygen concentration in Ti

under Ca-CaO co-existence.
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Fig. 2. Equilibrium oxygen concentration in Ti
under Mg-MgO co-existence.
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ppm YT CTHAHLEHESNTBY?, Ti PTO Ca OFF
EGMEIZ 2 5 2w,
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Calciothermic reduction
at around 1300 K

Reduction product
Ti + CaO

Separation of Ti and Ca0
by gravitation in water

Ti powders

I

Rinsing in dilute HCI, NH.CI
or CH3COOH solution with
supersonic vibration

|
Drying at 400K in vacuum l

Ti powders

]

Fig. 3. Process to produce Ti powders from TiO,.

Fig. 30X %bDTH5%.
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TEIT -7, TiOy 1d, £l Ca R+ BEATAHEA L,
EVTFOETL - MIFERBEEEY, BUEROK
WK VS 7 45 BV TEHIREFIC Ca ER D&MD
TiOy, EERTAH LI L 72, 4k Ca 2 BH T A4
2 TiO, B3AE EiCHRA VT v 2 2B &, SEFECH
K Ca 2%EHE TiO, * O BT L H 2L T 22&ETH
CaHy B EKRTHLDOT, TiO, BHKE Ar ¥ 2~ 7K »
7 AN THEHFERA L CETICA L 722,

EIrmEd 1273K, ZEITLEFMELECILE T 24h
RIS, BEKTHAT v L ARAER TN T
ThITIRFTHEL 7.

BICARW I Ti #iF & CaO MK FOREWMTH Y,
KHZEA, SIS L D Ti B f % iE k& 2 €, Ca(OH), ki
FIIKPICRERE S CTHBEMIRL /2. S Ti fiFicid
Ca0 " E L TCHRAE LTV A0, Al HEERD
% i3 NH Cl SEHIKE P Ic A, fiiF £ 22l g
kI & D Ca 43 % KEEHICED 7. REBICHEK
Ti xBEREEEL, BE ALY Ao LZ O
5#rik LECO, Cas3#id ICP 12 &k o7z,

3:-2 KRER

EH TiO, & Ca SEMZERKIC L W ®mITT S he Ti
? SEM EE % Photo. 1 IZ/R L 7. Busnz Ti ki
Fid, TiO, DFNEWE L TELMIKECHELT
B0, L2 Ti RFHEOGHE, BERAELT L 7oK
Thbh RILKIGTEIKT S CaO i3 Ti A F%E Y A
AT, Photo. 1 @ Ti K FHDOZEREZEHIZHD TV
RLOH, BBIZHEBLTTI OAPES-HDEEZS
ns.

Photo. 1. Scanning elec-
tron micrographs showing
particle size of the starting
TiO, powders and the Ti
powders reduced at 1273K
by saturated Ca vapors for

6 h.
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Fig. 4. Oxygen and calcium levels in Ti powders
prepared by the reduction of TiO, with saturated
Ca vapors at 1 273 K.
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Fig. 5. Change in oxygen and calcium. contents of
Ti powders reduced by saturated Ca vapors for
10h at 1 273 K with acid rinsing time.
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Fig. 6. Variation of oxygen content in the Ti
powders reduced by CaHs with reduction time.

Z 2T Ca0 ORI IIC 72w LT Ca BBRIARIC &
NBIEENT TIiHERD Ca BXU O DEHBELFA:
D Fig. 5 ThH5H. EILEMH S5h LIETIE Ca BLY
O LRLVOETREADHBLNY, 2Bh2FH Ca BLU
ODEEFRLTVWAI ENGELT, EBICEE, X
ARBAELTVWABELLELCHFLEL TV BLSMS, Ti
K OBEERICBOTHALAD S NKREIICEBL L v
CaQ DHAENPHEEE S 5.

EVABEZEOREICHIEN D S L E 2 LN LHRTER O
HEEDEE»FH~LH-HIZ, CaH, ELAEHWTET
B E2ZTEORE TIiHRKOBRESHELTWEL L
ERAHFig. 6 THAH. REIUKEM 1h T TiO, ik 3000-
4000 ppm BEED Ti-0 AL TTALHITEILINT
WBD, FOHOBMBOETIEEBICLA. TORKAL
LT, REEEYTHSH CaO X TihTREAEE-> T
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Wh7H Cak TiORIEEHEL TSI L, 51T
Ti P OBEENGHEICRBICON, ZOED HEEE
ELTEEBLRIEITI LR ENEZONS, EITKH %
15h BLEWCELCEA L Fig. 4 OO HED D HLEEESA
& 2000-3000 ppm D EPFAICH 5 Ti KIS L7z,
F7-Ca0 & LTH- TWABERZFIHE L TELTIL
&, Ti 2B Rk AIREICH 5B 1000 ppm %
PoTnbbDbBSAT WA, BB REDE
ZFNEFRTB OB EARFEARET S, 20T
% Photo. 2 ® SEM BEIZ;RL 7. 2O XH I Ti K
TROBEEI S &, BRBEREREIND—HT, B
BRI T H B CaO 2BERERAERICH LA S5 % H
HHWMLTL BT, BXHHEE*ECLTH Ti K
FOMEGHENZTRIEIEF LT LT AR WVOR
FDLHThHbHEEZORA. _

/- Fig 6 KRONAH L) CaHy, ECHEH VA
&, 10h OBITLTEEEH 2000 ppm DK Ti 6N
HDZ7w LT, Fig. 5 Dk 512 Ca fIfIERIC L B &,
10h ®FEILTHEEFE 5000 ppm D FHK L 25 5 1L,
CaH, BRI O HENTVWA LI AL EINE. D
Bl ELTid, Ca DEFIZESE E, 1273K T 1300
Pa k) oo &, FER TiO, HEAERE A~
Ca BENTALNIIBBIN LW DTHAHEERLD

NA. fii, CaH, B3Ei1x TiO, &K & HuilciREa 3 h
TWaBDT, FERERLHEILOTARLIPIIETLTL D
B ThHhEALEEND.

TiO, OEICBETRIKT 5 CaO AT 5 Ti KH
WKAEE X ZORBICHEL TWBREBIH 5 &,
Ca RANKICREA~FET H Z L0 PiFohTnb &
AUENDLDT, TOI L HERTH-DICETL-BER
WHEO TimEK, +2bb TiKTFRE2»S CaO %[
FL CaZBERLDOH LW E % 2 £ » AP DEI-
BEREEIT- 7. CafBfIZESRIC LS 2HETLTHON
= Ti#HRD O, Ca F#ifE% Table 2 IZ/RL72. Th
I2& o TEEFE L~V % 1000-2 000 ppm O #FH £ TRT
KBTI ENTEL, LAL CaGHENMIAE LTE
WO 1 E ORIGT Ti RFRBCHLADORTY
% Ca0 %%, 20 DIRFET2MHE DELEIZOFES
TWhHOThhrEArRENDE, INHD Ti HEOEE
FEHAREDIH L, BHELLLRKAZEGELTVLDIE
900 ppm L F T LT&TBY, AT S CaO 2
BRI AR S N D2 VIS T A 2RO E
ELfEThb.

B A D RS % Ti RFBERAOMILE X OW
WICHEAET A CaO DT LA 24 52Dk,
BICBECER Ti MFHEOBE*#EIT LIS THE

a:1h b:6h
Variation of particle size of the Ti powders reduced by CaH, at 1273 K with reduction time.

Photo. 2.

c:16h

Table 2. Deoxidation of Ti powders by saturated Ca vapour.

Deoxidation
temperature
(K)

Initial calcium
content

Initial oxygen
content

Deoxidation
time

Analysis (mass ppm)

(mass ppm) (mass ppm) (h) 0 Ca
3950 1940 1273 5 1730 1940
3950 1940 1273 5 1510 2330
3950 1940 1273 5 1340 2910
3950 1940 1273 5 2500 4 070
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a : Different phase in the EB melted Ti powders b : Extended scanning electron image of the different phase in the photo a
¢ : Ca characteristic X-ray image of the part corresponding to the photo b '

Photo. 3. Photographs showing the CaO particles which were concentrated during the electron-beam
melting of the Ti powders obtained by the calciothermic reduction-acid rinsing process.

Table 3. Oxygen levels in the Ti powders
obtained from the Ti0,-CaO mixtures by the
reduction with CaH, at 1 273 K for 24 h.

Oxygen (mass ppm)

1730 1750 1990 1120 2370 1610 920
1550 1740 1840 950 1810 2040 1680
1800

BT, BLTEHIIHOALD Ca0 2IRMLTBL I
THbH. ZOFEM CaO DEHIXZEFSICHFS
¥, HICTEEBNICT 23 %2< T Ti KRB0
PP, S5 Ca BROBBREUZET A EILH 5.
ZOFHENI LA CaO % TiO, (272 LTIIF%E
WML 725k % CaHy, MR L IRA L CRT, BRI
%88 % 15 [ b 7o TIT\>, Table 3 (EULL 72 Ti
BROBEESHMELR L. %5 Caid 700-1 000 ppm
DLNLVEFTETLTE A £ 728FEE 1000-2000
mass ppm DFHHEAICB ST AL 7.

SRED 0 BLU Ca DRENSHBIYHE, Ti &
HELTWAHEEFEIZIZIT Ca-CaO FH T COBRKIRE
WCESWTBY, Lo T Ca BLORFEISESIT
Aok, R CaO MUK 2BREDANC TR %
WwWekEZbLND,

WHE T B0 Ca 3MbFESMICL o TR ESNB D
DD, EPMA Z &2k - TEOEERELINET S C
LERETH 57, FIT CafafIRRICEL D BET SR
TimEERLVy MRICMERFEL TEFE—LTH
L, B Ti NTEALTL % Ca0 DFEEZ SEM
THEHIEI L 7-. Photo. 3 ® a XAMEHED Ti hIzi@n b
N BHOFMEETZRLTHED, b iR E0EFOA

Table 4. Lowest oxygen and calcium levels attain-
able up to date.

Analysis (mass ppm)

690 280

BEH, cid bt T 5 Ca DEMHXKEETHS. =
DEHIIEILEN/ TIiHEKFD Ca ¥ X#EIITICKD
BEERETAZ L IIRBETH LY, HREBEMTHZ &
KXo TERTAHDIE, Cad Ti MFASICHLAD
LRTWAILD—DODFAMTHIEEZLNS,
BREBECLSITIIEON AR LRAMCERL,
TiO, » S BHEBBFRICEWVEBEEL NV Ti K21
HODERBRYRITL. FRIEROEB 2 H - ICE
BL.
(1)BTEARDIE»SBATHBER LR 20
12, BBRRORKBELRICY vy ¥ — & LT CaH, B%&E
T5. (2)EBFFNFEMT % CaO b 2R TTH
CaH, # TiO, 272 LT 35D CaH, X% RET 5
LK TBRMEOMLE E Ti b FHER 0PI % [
I2Ft%. Table 4 22D XHICLTHEETI TIXBESR
RLBEVBESHED TiROGTHETH 5.

4. % =

()R & 5 TiO, ® Ca BTG, EEOBILY
DHABTLOBGERLY, WO Ti & Ca0 d7 &
LICEMTH Y, R E DIEE L CREICH S
L7-BEFED Ca LA LTEF DRI CaO BPERFE R,
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Fig. 7. Schematic representation of the diffusion
of oxygen in the Ti-O solid solution of the form of
sphere and the concentration profile of oxygen.

Ca DEAYWETSH. LN THEHLWVIEZ CaD
WSS EE BT A2ERCTHL EE XL LN S.
Fig. 6 {78 L 7: KB iR SIS B B HEREE O B
BABETEZOBEIZLAbD LA SN,

FZT, MR Ti ORTHBEZOXRA~NOBE O A
HHEEST H S D& L CHEERFRE O ETZFH %
BT ERDEIIIRD.

Fig. 7 R MIRT LI Ti-0 BBEEKEEFE o
DI & A7 L 6RO HEANOEBEZOIEH =%
25, OIS EREFPOBKIRE LY —% Co DETDH
B, PFERIEER Ca DRAEKLELTWVDS LD
12 Ca-CaO FHTHGl s s i C, (CRFEFSh
TWVhH-OBME & HICRENRIEL, WKH 648
Lzl SHTHFOFHREBRER C, bbb LT
L. FlHIOENTWA LS IR 0BT AFERE
OB T A, T b b RN T OFE a,
Ti FOBEZONERE D BLU 00BHETHY, KX
THZOLNBY,

c-c. =7 )
BEOBAW(3)ROMBUIBIEL LTr I 7ICRRE
NTWBEDTY, D& a®2525ILilLTHILER
FIETHITORME 0 25ETAHIENTRERTDHA.
1273K 1B 5 B-Ti P OBE OB %,
10712 m2/s 4 Ti FOFHREBEN CallLb
BAEE BRI IR IEE D BT BB, Bl 2 E (C—C.)
/(Co—C,)=0.009 i272T 5 0%FHETH L a=1
mm, 100 um, 10um OHFEFLHRLH 72h, 11h, 7min

i h, KEBRTESLN Ti MFD SEMEE»S a
=10 pm LT TH % » HHHC Ti FOHLED A ASRTT
Riba@EL TV ETHIEE b THREICTHEERR
THET AT THHS, EBIZ I0h D ELELLT
WA D TREEERY CTdH B CaO 12 &% HEMERIZAHY
SEETHDLEEZIRTRELL RV,

REEO & 9 A K RER UG T, A B o bk
DS BLUBTEATH A Ca DRA LR ITARE
ANDOWESEEHTH S, +DOEKET TiO, 2WEEH I
FCRITEINABATHY)HBL, CaO & KEEkRIE L&
DLBEERBTTA2HELFENTHHLEZ LN
A%, 1EIEORILT Ti FAFCHALAD LR TS
CaO DAz, SHIC2HBEORTICENERKT %S Cal
D—WHHALAD SN, Table 2 IR L7zX 9, HHR
BICIBRICIEHR L2 2 WvwCaO OFEEMRLAbD L
Ahansb.

EKFFE it TiO, 272w L T—RBICRAVRLERD 3
D CaH, # AT 5 2 &2 X o THERIRF I ILES %
BEFEED TIHKREZBLI LD TEL. L LD
LBl &EE Cal, ioa B8 E Ti HARTHRZREOMGEYE
HMICHRLLELNDHD, TLRBTEEIIONVTD
1273K &0 &R 2 KR, 25 RETHEARTOR
BREOABKBICLAEZ EOBRFTIKRINRETDH
5.

5. %

SBF ¥ OERTRESE L DI, MIHRED
DEVHREEENTFEOREIFE IS, 20200
B e mbF oy o HROBEED—2L LT, AFRET
BEELF ¥ > DA N D T ABRBTTEIC L AWEEEICO W
CTEBRWICHRITLLER, WToX) 2iERERL.

(1)BTHARL LTO Ca DL LT, BMELRA,
TR, BHESEO=2o»E2bh%. 205 bH, TiO,
CEBBELTETICHET S Z L DT E KN ETR,
Wil xR L ) AHCTROLEE Ly, FIFETIE Cal,
WERLARHE LTHEBLL.

(2)BTAERY TH A CaO OBRFICHE L T, Al
BROBSICBEBICEML 5 5 Ca0 3ITITRAFICE LR
FExnsd, TIiMNFRICBALADOLRATWS &EFES
N5 CaO 3BT 5.

(3)EKT A Ti W FRBOBEEERICED Ca0 W
MRS NDbDEEZLNRBDT, BEEIEDOER
T Ca0 2 50U TiO, IZEAL TEIT L KR,
B E 7 Ti BEROEBEL ~NVIET L 7.

(4)TiO, (272 LT CaH, Z{LFERVSULE O3

i |
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BERALGELT AL, @sh TihROBRES
HEZ 700ppm # THEAZI EHFTEL., £2T Cal,
OEREEE YRS ST E, BULS D Ti RO
FELARNEDOEMRELEBHOAICTH I EBXUZHEBEET
T, Ti MFROBERER L HH L T CaO DFLAD %
b+ 52002, 2EERTLE CaHy HIREHVTIT
% ENRSGBOBRETHL.

AREZE I3 H ARSI SEA 61 FESFEERMES
SOMERICINVFETLLZLOTHY, RCEMTS.

X Ly

1) R. O. Suzuki, H. SakaMoTto, T. OisHi and K. ONo: Proc.
6 th World Conference on Titanium, Cannes (1988),
p- NP20

2) [EE f, WEER, AR, B HEXSEFR
HFH A AHEEMES (1989), p. 128

3) /NEPRERR, BISIRT: HARSE¥ A, 49 (1985),
p. 871

4 ) 0. KuBascHEWSKI and W. A. DENCH: J. Inst. Met. 82
(1985), p. 87

5) K. L. KoMAREK and M. SILVER: Thermodynamics of
Nuclear Materials, JAEA, Vienna (1962), p. 749

6 ) I BariN and O. KNackE: Thermochemical Properties of
Inorganic Substances (1973), p. 174 {Springer-Verlag,
Berlin]

7) E. S. Bumps. H D. KEssLER and M. HANSEN: Trans. ASM,
45 (1953), p. 1008

8 ) A. B. NEwMaN: Trans. Am. Inst. Chem. Eng., 27 (1931),
p. 310

9) W. P. RoE. H. R. PaLMER and W. R. Opig: Trans. Am.
Soc. Met., 52 (1960), p. 191

10) C. J. Rosa: Metall, Trans., 1 (1970), p. 2517




