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A Preliminary Study of the Phase
Transitions in the System TiO,°

BRE. =R, #AAHEREBRERBRZEEER, TUHERAE _HA& R P, £47 (Rutile)
FIRBETH-REZTY. KRBT, £4G584KF (Anatase) Z B HBHIE, BEOARBRE. &
W (Brookite) HMLRPZNMEMEENMA . HRFPFMIERAZAGRE: TIO~REY > AZTHLS
HiFE EEMA (Leucoxene) —~HUFT &L AZBHARAR—/EA. HRBIEH, S4FEPHE 250CAE
HRR. EafEK, WEBHERTEEEE .

1. Introduction

Anatase, brookite, and rutile are the three polymorphic forms of Ti0,. Despite their wide
geological occurrences as accessory minerals in numerous types of rocks, their phase relation-
ships have remained largely unsolved. Very little agreement has been reached on the inversion
temperature between anatase and rutile while brookite has never been authentically synthe-
sized.

As most of the previous works were done under atmospheric conditions, it was thought
that the application of pressure might shed some light on the tfansformation of TiO,. This was
considered feasible as new vessels had been developed which could stand relatively high pres-
sure at temperatures below 1 000°C. The results, while still preliminary in nature, may prove

helpful in geological interpretations.
2. Previous Work

The more important work done in the last two decades on the transformation of the differ-
ent modifications of TiO; is summarized in Table 1. For earlier work, the readers are referred
to Clark (1924) and Pascal and Baud (1932).

Several general statements can be made from the literature survey:

1) There is no definite transition temperature between either the anatase-rutile or the

brookie-rutile pair; the transition is a sluggish one.

O WXEET (HERFERZRE) B=f. HBEIK, 1950, 2 (). 72~87.
e 1.



Table 1 Summary of Previous Work on the Transformation of TiO; Polymorphs

1. Anatase—~Rutile transition (Atmospheric pressure)

Temperature/C Investigators

Above 4002 Bunting (1933)

600~1200 Schossberger (1942)
750~1050D Ricker (1949)

800~1000 Pamfilov & Ivancheva (1940)
800~1000 Barblan et al. (1944)

915 Schroder (1928)

Room Temp. @ Thienchi (1946)

a) In the presence of mineralizers; b) Personal communication; ¢) Under pressure of 7 t/cm?.

2. Brookite—~Rutile transition (Atmospheric pressure)

Temperature/C Investigators
700~800 Barblan et al. (1944)
650 Schroder (1928)

2) Brookite has not been made authentically.

3) While both anatase and brookite can be converted to rutile, the reverse never takes
place.

4) The inversion depends a great deal on rate of heating, chemical environment and pres-

sure.
3. Methods of Investigation
3.1 Equipment and Experimental Procedures

Experiments in which only hydrostatic pressure was applied were performed in “test-tube”
bombs. These are made of stainless steel or high-cobalt or-nickel alloy having an adequate yield
strength at high temperatures. The bomb was placed vertically in a furnace and was connected
to a pressure pump by the cone-and-cone seal and the pressure tubing. Samples, wrapped in
gold or platinum, were placed directly opposite the thermo-couple well. At the end of a run,
the furnace was quickly withdrawn and the bomb quenched in a stream of water, reaching room
temperature in about 20~30 seconds. .

When mineralizers were present, closed bombs, similar to that described by Morey and In-
gerson (1937), were used. A small muffle furnace was on hand in studying reactions under at-

mospheric pressure.



3.2 Starting Materials

Starting materials used were synthetic pure chemicals, except in the case of brookite, in
which case only natural minerals could be used. These are listed below.

(a) TiO; gel—One mole of TiO; C. P. was fused with one mole of Na;CO;. The product
was dissolved in concentrated HCI, followed by neutralizing with concentrated NH, OH to Phe-
nol Red. The final product was white, and was amorphous as indicated by X-ray. The wet gel
was used in most cases. After aging for two months at room temperature, the gel remains a-
morphous. If boiled in water, it gives an anatase pattern with broad peaks in 4 hours.

(b) TiO; C. P.—Anatase pattern, white.

(c) “Spectroscopically pure” TiQ,— X-ray pattern shows 90% ~ 95% rutile and 5% ~
10% anatase, white.

(d) TiO, 3 TG — Technical grad, about 95% anatase and 5% rutile, cream-colored.

(e) Brookite — Single crystals from Magnet Cove, Arkansas, USA. Only those crystals
that do not show rutile lines in X-ray patterns were used. Crystals were crushed and passed

through 325 mesh; black.

3.3 Identification of Phases

Identification of phases was done almost exclusively by X-ray methods. A Norelco X-ray
spectrometer with Cu Ka radiation with Ni-filter was used. Due to the extreme fineness of the
product and its very high refractive indices, microscopic methods were difficult to apply.

ASTMO X-ray standard patterns were used for comparison. While the standard patterns
for anatase and rutile correspond satisfactorily with those of natural or synthetic minerals, the
standard pattern for brookite contains definitely lines of rutile, and hence, was not used for i-
dentification. Several single crystals of brookite from diffefent localities were X-rayed, and
when found to be free from rutile, were used as standard. The spacings and intensities of these

brookite minerals are given in Table 2, together with ASTM patterns of anatase and rutile.

4. Discussion of Experiments

4.1 Studies of TiO, under Pressure

About 100 runs were made, ranging in temperatures between 250~800°C, pressures be-

@ ASTM = American Society for Testing Materials.



tween the atmospheric and 30 000 lbs/in® and in time from a few hours to 2 weeks. The more

significant runs are tabulated in Table 3.

Table 2 X-ray Diffraction Data for Anatase, Brookite and Rutile
Anatase ASTMII Rutile ASTM IT Brookite Brookite
No. 876 No. 1089 ASTM II No. 1116 Genth Col. 253.8 Brookite Switzerland
Magnet Cove, Ark. USA
d I d 1 d 1 d I d 1
3. 508 1.00 3.24 1. 00 3. 46 0. 60 3.48 1. 00 3.49 1. 00
2. 425 0.10 2.49 0. 70 3.22 1.00* 3.23 0.30*
2.372 0. 50 2.31 0. 20 2. 87 0. 60 2. 88 0.70 2.90 0. 80
2. 333 0. 10 2. 26 0. 30 2.45 0. 80 2. 46 0. 30 2. 46 0. 30
1. 887 0. 90 2.19 0. 40 2.39 0. 05 2.37 0. 20
1. 696 0. 70 2. 05 0. 30 2. 29 0. 05 2.29 0.10
1. 662 0.70 2.01 0. 20 2.24 0. 05
1. 447 0.70 1. 877 0. 40 2.17 0. 40 2.14 0.10
1. 361 0. 60 1.779 0. 20 2.12 0.05 2.13 0.20
1. 335 0. 60 1. 682 1. 00 2.04 0.30
1. 261 0. 70 1. 622 0. 60 1,953 0. 30 1. 95 0. 40
1. 247 0. 20 1. 500 0. 20 1. 881 0. 40 1. 89 0.70
1. 163 0. 60 1. 470 0. 20 1. 842 0. 20 1. 845 0. 30
1. 158 0.10 1. 450 0. 40 1. 681 1. 00 = 1. 685 0. 40 =
1. 054 0.10 1. 357 0. 80 1. 654 0. 20 1. 655 0. 40 1. 660 0.30
1. 049 0.50 1. 338 0. 70 1. 619 0. 60 1.610 0.20
1. 041 0. 50 1. 306 0. 20 1. 601 0.20
1. 016 0. 50 1. 238 0. 40 1.531 0. 20 1. 535 0. 20
1.194 0.20 1. 476 0. 20
1.163 0. 50 1. 450 0. 40 1. 440 0. 20 1. 466 0. 30
1. 141 0. 40 1. 429 0. 20
1.414 0. 20
1. 356 0. 80*
1. 341 0. 20 1. 337 0. 30
1. 307 0.10
1. 236 0.10
1. 166 0.20
1. 146 0. 30
1.116 0. 30
1. 090 0. 40

H . - «
* indicate rutile lines in brookite patterns; d=spacings in A; I=relative intensity.

e 4 o



In the TiO, system, where the transition is very sluggish, there is difficulty in proving
that equilibrium has been reached. However, if only one phase appears in a run lasting 4 to 10
days at a fairly high temperature, say 600°C and 15 000 lbs/in’, one may be safe to conclude
that at least a metastable equilibrium has been reached, especially when different starting sub-
stances give essentially the same result. Under this condition, a true equilibrium may not be
reached at all, even if much longer time is consumed. Such a metastable equilibrium, while of
little value from the thermodynamic viewpoint, may prove of interest in geologic interpreta-
tions, as shown later.

Bearing this metastable equilibrium relationship in mind, one can see from Fig. 1, which is
a graphic presentation of data contained in Table 3, that the curve separating the anatase and
the rutile fields is the limit above which neither anatase nor brookite is stable. To the left of
the curve, anatase remained unchanged in the duration of the experiment. Rutile was never
converted to anatase in the metastable region of the latter.

The curve was drawn from data using TiO. C. P. as the starting material. Slight shift was
observed if other material, such as TiO; gel or TiO, 3 TG was used. For brookite, the transi-
tion to rutile took place at somewhat lower temperatures than for anatase for the same time du-
ration.

The curve slopes toward the anatase region as pressure is raised. This is in accord with the
density relationship of the minerals concerned. The slope is rather steep at pressures higher
than 5 000 lbs/in?, but levels off gradually at lower pressures.

The reason why only anatase and rutile, but not brookite are present, as shown in the dia-
gram, is explained as follows. It is true that both anatase and brookite change to rutile to the
right of the curve and that the reaction is irreversible. However, if one starts with TiO; gel,
the transition always takes place in the direction amorphous TiO;—anatase—rutile. Brookite

never appears as even a transient phase.

4.2 Studies of TiO; in the presence of mineralizers

In order to activate the anatase—>rutile transition, mineralizers were used, in most cases
with TiO; gel as the starting material. Mineralizers included alkali fluorides, aluminum chlo-
ride, sodium borate and other salts. The experiments were carried out exclusively in closed
bombs. Water was present in all cases. Results of experiments are tabulated in Table 4.

The data show that, (Dthe direction of phase transition is always amorphous TiQ,—ana-
tase—>rutile, @rutile forms at much lower temperatures than if mineralizers are absent, and
(@different mineralizers give essentially the same results. The lowest temperature at which ru-

tile was found to be present is 250°C.



Table 3 Studies of TiO, under Water Vapor Pressure

Ser. No. Temp. /T |Pressure/(lbs/in?)|  Time/d Products Remarks
Starting Material = TiQ; C. P. (Anatase)
185 565 25 000 3 anatase
197 565 30 000 31/2 rutile
202 580 20 000 4 rutile
249 585 15 000 5 anatase
225 590 12 000 31/2 anatase
173 590 30 000 3 rutile
208 600 17 000 31/2 rutile
255 605 13 000 6 anatase
159 615 6 000 3 anatase
213 615 13 000 2 rutile
199 620 10 000 31/2 anatase
229 630 5 000 31/2 anatase —+rutile
243 650 4 000 5 anatase
258 670 3 000 4 anatase
261 700 2 000 4 anatase
77 660 atm. 10 anatase
55 715 atm. 5 anatase
Starting Material = “Spetroscopically Pure TiO;” (95% rutile & 5% anatase)
186 565 25 000 3 rutile + anatase
198 565 30 000 3172 rutile
203 580 20 000 4 rutile
174 590 20 000 21/2 rutile
224 600 5 000 12 rutile + anatase
209 600 17 000 31/2 rutile
Starting Material = TiO; Gel
329 545 20 000 5 anatase
323 575 14 000 6 anatase + rutile
326 606 10 000 51/2 anatase + rutile
332 635 8 000 6 rutile
78 660 atm. 10 anatase + rutile
57 715 atm. 5 rutile + anatase

Starting Material =

TiOz» 3 TG (95% anatase & 5% rutile)

310
301
298
269
275
58

530
570
575
580
655
715

30 000
20 000
21 000
15 000
5 000

atm.

(S B . B B =)

rutile
anatase + rutile
rutile
rutile
anatase + rutile

anatase + rutile

grayish blue

grayish blue
grayish blue
gray

white
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Table 3 (¢ont. )

Ser. No. Temp. /°C —[Pressme/ (lbs/in?) Time/d Products J Remarks

Starting Material = Brookite, Magnet Cove, Ark., U.S. A,

309 530 30 000 9 rutile

300 570 20 000 7 brockite

324 575 14 000 6 brockite + rutile (little)

268 580 15 000 5 rutile

327 605 10 000 51/2 brookite + rutile (little)

303 610 12 000 6 rutile

333 635 8 000 6 rutile -+ brookite (little)

274 655 5 000 41/2 brookite

79 660 atm. 10 brockite + rutile (little) | yellowish white
278 700 5 000 41/2 rutile + brookite

56 715 atm 5 rutile yellowish white
Starting Material = Brookite + Ti0O; C. P.

250 585 15 000 5 anatase + brookite

256 605 13 000 6 anatase + brookite

244 650 5 000 5 anatase + brookite

247 650 15 000 5 rutile

253 690 3 000 5 rutile

262 700 2 000 4 anatase -+ brookite

Table 4 Studies of TiO, in the Presence of Mineralizers
Ser. No. Temp. /C Time/h Product Remarks

Starting Material TiO; gel +BeF;—LIiF glass*

91 240 264 anatase + rutile (trace) grayish

16 320 160 anatase + rutile bluish

2 360 56 rutile + anatase (trace) bluish
Starting Material TiOz gel + BeFz—NaF glass *

85 170 360 anatase

89 255 96 anatase - rutile

20 285 170 rutile bluish

32 430 87 rutile bluish

1 430 16 anatase 1 rutile bluish
Starting Material TiO; gel+ BeF;—KF glass*

83 165 360 anatase

87 270 96 anatase + rutile (little ?) grayish

40 310 42 anatase

99 340 56 anatase + rutile bluish

24 360 136 rutile bluish

28 480 90 rutile bluish




Table 4 (cont. )

Ser. No. Temp. /°C J Time/h Product Remarks

Starting Material TiO; gel + AlCl;

60 155 312 anatase

51 165 71 anatase

67 235 132 anatase

44 310 44 rutile bluish

49 320 20 anatase
Starting Material TiO; gel + Na-borate

61 120 312 anatase

69 235 132 anatase -+ rutile (little 7)

48 455 43 rutile bluish
Starting Material TiO, C. P. + BeF;—LIiF glass

13 320 160 anatase

10 465 42 rutile grayish blue
Starting Material TiO; C. P. + BeF;—NaF glass

17 285 170 anatase

29 430 87 anatase + rutile (trace)

Starting Material T:

i0; C. P. + BeF;— KF glass

21 360 136 anatase

25 480 90 rutile bluish
Starting Material Brookite+ BeF;—LIiF glass

14 320 160 brookite

11 465 42 rutile
Starting Material Brookite + BeF;—NaF glass

18 285 170 brookite

31 430 87 brookite
Starting Material Brookite + BeF;—KEF glass

22 360 136 brookite

26 480 90 rutile + brookite
Starting Material TiO; 3 TG+ BeF,—KF glass

12 465 42 rutile + anatase grayish blue
6 545 41 rutile grayish blue

» BeF;—LIiF glass (60% BeF: and 40% LiF); BeF;—NaF glass (60% BeF; and 40% NaF); BeF;—KF glass (60%
BeF; and 40% KF).

One may argue that rutile may have formed metastably in the low temperature region due
to the presence of mineralizers. Such a possibility, however, seems unlikely, as, with the same
mineralizer and at similar temperatures, runs of shorter duration yielded anatase while those of
longer duration gave rutile. If rutile could have formed only metastably thus implying anatase

to be the stable phase at lower temperature, anatase could not possibly form first and then dis-

appear and give place to rutile.

-8 .



While runs at temperatures lower than 250°C yielded anatase, there was indication that ru-
tile may have formed in longer time. In the following sections, geologic and thermodynamic ev-

idences will be presented, which are in favor of this inference.

5. Geological Considerations

Rutile, brookite and anatase occur in nature in decreasing order of abundance. Rutile is
found in almost all types of rocks. It is an important accessory mineral in igneous, contact and
regional metamorphic rocks. It may form the major constituent in the heavy mineral fraction of
sediments. Occasionally it may be found in large crystals in pegmatites and hydrothermal
veins.

Brookite and anatase are much less common than rutile and rarely, if ever, form primary
minerals in igneous rocks. However, they are observed under a great variety of conditions,
and, in sediments, they may be as abundant as rutile. For a more detailed description, the
readers are referred to Dana (1944) and Pettijohn (1949).

In this report, a few examples will be singled out in which the three or two of the TiO,
polymorphs occur together. By studying these occurrences some indication of phase relation-
ships can be found.

In his recent paper on the geology of Switzerland, Niggli (1948) states that the paragene-
sis of minerals in the fissure veins of the Alpine regions is as follows; quartz, adularia, albite,
calcite, brookite, anatase, rutile, apatite, ilmenite, pyrite, sphene, and monazite. Anatase
and brookite “frequently show the phenomenon known as differentiation in the fissures. That is
to say, they either appear on different walls of the same fissures, or else appear separately in
adjoining fissures. Cases are, however, frequent, in which both occur in close association, and
are even joined by rutile” . He goes on to say that “both anatase and brookite may be wholly or
partially changed into aggregates of fine acicular crystals of rutile” . Many examples of para-
morphism of rutile after anatase or brookite appear in the literature. Such a phenomenon cannot
be satisfactorily explained by a simple reheating process.

From the study of Ti-bearing minerals in sediments, Krynine® concludes that the sequence

of decomposition and rebuilding can be shown as follows:

/ Anatase
limenite ~ 7 _—»Anatase — Rutile
Leucoxene __ .
o Rutile
Titanite \
Brookite (?)

The frequency of occurrences of leucoxene— anatase and leucoxene—>rutile pairs is larger

than that of the leucoxene— anatase— rutile combination. Allen (1950) recently reports a sim-

® Personal Communication.



