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High-Temperature Thermodynamic Properties in Ti-O System

Synopsis:

Ken—ichiro SUZUKI and Koji SAMBONGI

For the establishment of liquid iron—titanium-oxygen equilibria, a thermodynamic study on Ti—O system

was achieved. For this purpose, EMF measurements on oxygen concentration cells involving thoria
base solid electrolytes were made, in the temperature range from 900 to 1550°C, using Fe/FeO, Cr/Cr,O,, Ta/

Ta,0; and “TiO”[“Ti,0,”

as reference electrodes.

The po, — composition isotherms and the free energy change for titanium oxide formation were deduced
from experimental results in Ti-O system(O/Ti ratio; 0-6~2-0, 900~1 600°C).
(Received Nov. 30, 1971)
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Fig. 2. A schematic representation of cell assembly.
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*Electrometive force measured when nickel metal deposited
on a surface of Ni/NiO electrode.

Fig. 3. Electromotive force for the cell;
Pt, Fe/FeQ//[SE//Ni/NiO, Pt.
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IEREAMEIT 6~8% KT L7z, Zhid Cr/Cr,0; D
BEREB BRI CH 5 7-DEME L OBEGLURNICEREE O
(LB ETTE 0 EEZL LS.

Zhizkt U Ta/Ta,O5 #@E V5 (12) KOBMOH;
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Fig. 4. Elctromotive force for the cells;
Pt, Ta/Ta,O;//SE/[Fe/FeO, Pt
Pt, Mn/MnQ//SE//Fe/FeO, Pt
Pt, Cr/Cr,O;/SEj/Fe/FeO, Pt.
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Fig. 5. Partial molar free energies of oxygen for the
electrodes, Ta/Ta,O5, Mn/MnO, Cr/Cr,0;.
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ELTHEH2ED(1)~(3)BIIFbhsb.
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Fig. 6. Electromomotive force for the cells;

Pt, Ta/Ta,04//SE//Cr/Cr;O5, Pt
Pt, Mn/MnO/SE/Cr/Cr,O,, Pt.
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—) & Fe/FeO fiz (—14:87, —) ML THL VK
EE>Tvs. (3)DOEBEI>VWTIE, ZhbHDER
& EREMRE R OBEMEEIE S XU EPMA S¥fic X
D, EEPREEETLRETOPELERMDOIRIT
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EKEHDVWE BREADBEZ It i 20T FEEZ EL
7o
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HERR & U C{ER L. _
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Pt, Fe/FeOJ[SE/TiO (x=1"6~20) ------ (25)

— 29 —



1584 & <&

e

% 58 £ (1972) ®ml2=

Pt, Cr/CryO4f|SE[TiO; (x=16~2-0) ---(26)

Pt, Ta/Ta,04)/SE/TiO,(x=16) ----
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. 57
100 | //
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A a line calculated from experimental results on the cells

ETal60 and ECrTa.
B a line calculated from experimental results on the
ETal60, EFeCr and EFeTa.

Fig. 7. Electromotive force for the cells;
Pt, TiO,.¢//SE[Ta/Ta,0; Pt
Pt, TiO,;.¢//SE//Cr/Cr,O;, Pt.
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Fig. 8. Electromotive force for the cells;

Pt, TiO,/SE//Cr, Cr,O; Pt
(x =1-68~1-82).
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Fig. 9. Electromotive force force for the cells;
Pt, TiO,/[SE[/Cr/Cr,O,, Pt
(x =184~1-89).
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Fig. 10. Electromotive fone for the cells;
Pt, TiO,/[SE/[Fe/FeO, Pt
(x =1-92~2-0).
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KM ET Ti,0p & TisOs O MHFEIRCHIG LTS
LEZLNRS. RFOBRKIE O/Titk>1'6 0F ¥ B
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Fig. 10 v O/Ti F>190 O F % L B{bWie 3 5
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AC_?02=—178700+22'99T ceneeneennene o (31)
B
ye)l
e C
0T e
200
>
E 150
[
E O/Ti ratio
100 | O,ETa 110-1 (1120
x;ETal10-2 ~ 1128}
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A’ : a line calculated from experimental results on the
cells ETal30 and ETA160.

Fig. 11. Electromotive force for the cells;
Pt, TiO,//SE[Ta/Ta,O5 Pt
(x=1"1~1"4),

Pt, TiO,4//SE/TiO,., Pt.
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Fig. 12. Elctromotive force for the cells; Pt, TiO,//SE/TiO/Ti, 0, Pt,
Pt, TiO,//SE/Ta/Ta,05, Pt, (x =0-6~1-22).
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HRENAEFRS IO 34) KX b, BIEOWS T
JMERIANVY —REFE L. ZORR%E Fig. 131K
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Fig. 13. Partial molar free energies of titanium oxides, O/Ti=>1-12, standard
deviation in Aéoz evaluated is in 0-2~0°6 kcal.
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Fig. 14. po,-composition isotherms, for Ti-O system.
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Fig. 15. Experimental results reported for the
following cells; Pt, TiO, (x=16~2-0)
J/[SEJ[Fe/FeO, Pt, near 1 300°K.
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Fig. 16. Standard free energies calculated for
titanium oxides at 1273, 1573, 1873
°K.
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Fig. 17. Enthalpies and entropies of formation
calculated for titanium oxides,
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Fig. 18. An estimation of the transport number
of electron in ThO, based solid electro-
Iyte.
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6. Ti-O ZRKEHEICAT I, ZOBREFEX
¥ TiO, Ti,0, H—HADFHEFIE

6-1 TiO 18, <& » VU iBEE{LHOEERE

Ti-O FRIKFERIT OV TIiE Magneli FHDH—FE4EK
DFEOFME, Fhs, TiO, Ti,O; H—iEORFEMHEE
E, TR ET S ESE V.

Table 1V3RZENRAIERED F & - BIEHOSHREE
X DH#EL 5%, Magneli gL OB —IBHEETH D
BH—MAEEOER EbD TR, THLFHEBEOFENN
L THS. ohicxt L, Boepanova 518 3 =4t
FERBOGELBRETHEBRBREYE LTS, 0%
DIFEFITRIATCH 553, HFiT ANDERsON 528 ¥ Bog-
paNovA L [RU <K Hy-H,O [BEHF A Z A VWI-EHEE
XD RO TR E A TER LTV 5.

%7z, Fig. 19 13 TiO E—MRiERO 7 % Btk
oI s RENAEZHR (Fig. 12) X hEDA TiO
BH—Ho Ti IR 2~ T DT, WAHLBECK 5 DIRR
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Fig. 19. Titanium rich phase limit for TiO phase
determined by EMF method.

ARV BRI CE Lv 2 & h3bh 5.
6-2 TiO, Ti,0; ¥H—HADTHEREIT

TiO B—HIT 2V TR 3R X V% < O 5%
T bt, 1200°C {LEEMMERIC B VWi, F22
BILUOBEOHRTAMBICZNETN 15°8% OHEF/RMEH
BV RMEIREX O/Ti thic X W& T 5% Z &3k bh T
WBH, BN EIISIREE D <, Hocu 53025 ZrO,
-CaO 2RV BEREERC XS “Ti"+“TiO”,
“TiO”+“Ti,O5” DHEHEFRKID LHHE 5 FER O
EERDTCTHBITTE RV, —F, TLO; wownwTit
Ejma 52975 1400°C GEglioo B L SistEhic o v T ofs s
FEIIFR LTI, H—iBfEE S LT, O/Ti t=1419
~1'573 525 LLdic, FLr, BERFOWTR
WD, BARA G UNBEET D EZT/ LT VSR
BN ZHMAR T DWW T HRE 25 7. FRIRIC BV T B
Ti;04 EDBYEH RIFTIEin\ 7osd, —iasERRA o]
EIITEDTWIR Y. ZDis, TiO Mz >WTitE
HaBE R EDZEAL & 55 B RORUE & DB ic oV THRE
L, TOfREEET Ti,05 W—ENOFEREESE
D LEHEE L. _

PR S & SEROBRIT (39)~41) RTh x
bo,/poy =1+ (62£ 6182 +4Ci%) /2Ci2 --.... (39)
[po,/65,172=01/(1—0%] exp
. [202_1)5‘:/}5T]
[bo,'1/p0,1*/2=011/(1—0L1) exp

[(2051_1)‘5‘55/ij ERLERTCT RPN (41)

L. ZZTENIMEEERMERAL, (40), (@i
TRCHERIERE, BRERROGEECHS L, 53, 6L,
po, ' WEEEDFMEERESE, 0 I LEEHERE D 5D
MEOTH (OFTi ), G bR T DORMIE
B, 6%, 611 132278, E..3ZIMoMEER- 2
¥R d. k1, 15397195 RIFNFhF
g2, BEEZAFRT. FRZBILOERZFVF—, Elt
ElIlyy (42) RKicxnE5 250 5%.

Table 1. Existing ranges for many titanium oxide phases.

Stoichiometric Com- Reported existing Existing ranges esti- )

. Compound position ranges mated by authors Remarks
Ti,0, 1-500 1:419< x <1-573* 1409 < x <1-560 *Ejmma 20
Ti,Of 1-667 very narrow** 1'648< x <1-675 ** ANDERSON 3 29)
Ti,O, 1-750 - 1075, ~1+ 77 %*% 1:736<C x <<1-759  [***BogDanova £ 19
TizO4 1-800 1°775~1"81,*** 1-774< x <1-805 :
TigOyy 1-833 1815 ~1-83, %% T 1826 x <1836
Ti, Oy, 1:857 1°83,~ 185, *** 1-856<C x <1-864.

1§05 1-875 186, ~1-87;%** 0 1-874<< x <1876

TigO,y, 1:889 1:87;~1-90 *%* 1-888< x <1892

Ti; 04, 1-900 -1+895< x <1-910
Ti0, 2-0 1-992~.2- 1-992< x <2°0
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Table 2. Defect concentrations and interaction
energies between defects estimated for

TiO phase.

Temp. ] E1+Ey
(°K) C; E1 (kcal) | Eq (kcal) (keal)
1273 0-0029 18:6 —929 20-2
1573 0-119 17-1 —47-2 13-7
1873 0°265 11'3 —4-9 1:0

C2/(1—C;2) =exp— [EI+EIT4+2C(E L.
G EII)Y] AT ooeveeennrernnesne e (42)
TiO H—iBNO F # U ELC 35 EBREREHA
W, O/Ti=1'0 wi\wT (39) KD € &skDiz.
1200°C wkit5 Ci vk 010 BE LD,
5o 0158 X hoREEEE x5, TiO HBOBRFE
OFHE RS FRIERE R E (40), GDRZBELTE..
BEEL, OWT (42) XXy, EI+EITRHEELIC.
&R A Table 2 AT
" Table 2 ¥ X 08, TiOs WO FEERES
FEoBieiERic X b Ti,0; FADOFHERESEORIL
BHEE L7z, 7, Ejva S0 HEE Ci=4x10"% %
W BES I ERERE HPE L X kwicd, €=01
PRELCHRERED . 22T Ti,05 FAOKRFMERD
FEER A v ¥ — 13 RBETH Y, TIOMEL OFEDL R
72 572 Uh BY TS, Table 2 RO {EIC
X DELLS B EEL. Fig. 4 WAL Ti:Os #f
o EERERS R ZOHEC L VRDLLIDOTH S

ANDERSON

7. & 2

AW F & R BT 5 EERPOIROERE L L
¢, ThO, XE{bEEkE BRERE &3 5BERE
mRZ X 0, Ti-O ROFEEIFIT >V TE DEIERY
B LEHLADDT, ThEEHNTL
(1) REHEIEERLY, FiUoBILBOTVHEERE
SE, BZomservEsziry—2HHL, Ti-0
ZoEiE4sH (O/Ti t=0"6~20), [REME 800~
1 600°C iz 513 5 PURESIE (55 VIEREOWS T
AERTRvF —) MERIRERZRESL L7

(2) BEOBSTVEbB I VY- LHEROBMRE
i, F2oBbho B¥ARBHR A V¥ - &,
1273, 1573, 1873°K, O/Ti t=0"6~2'0 &2\ T
meE L. XbF 2 BLWOERDO T 4V E—,
v bu¥—2HEE L.

(3) REHEEFRXY, O/Ti kb 1'6 Dl kit sk
58T 5 Magneli ARER{LA O RiC ZHEI RN
FETH L RERTHE L DiT, TIOK—HD Ti il

TBRE T ORLE 2 E 7.

(4) #if, (KEERSEMIZEREE LT, Mn/MnO,
Cr/Cr,0;, Ta/T2,0, WHKECHET ST 2L
7-.

B AR e ET A b ), JHRIEL D CHEH
& 15 o7 AR R W SR A T E S 50T, KB
EREIE, AREDHIE, FULASE TH USRI
< a7 LE T
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