
UCRL-11001 
c.~ 

University of California 

Ernest 0. 
Radiation 

lawrence 
Laboratory 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

· Tech. Info. Dioision, Ext. 5545 

KINETICS AND MECHANISM OF 

THE ANATASE-RUTILE TRANSFORMATION 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



• 

.• 

UNIVERSITY OF CAliFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W -7405-eng-48 

UCRL-11001 

KINETICS AND MECHANISM 
OF THE ANATASE-RUTILE TRANSFORMATION 

Robert Day Shannon 

(Ph. D. Thesis) 

March 20, 1964 



Printed in USA. Price $2.25. Available from the 
Office of Technical Services 
U. S. Department of Commerce 
Washington 25, D.C. 

J 



• 

-iii-

KINETICS AND MECHANISM 
OF THE ANATASE-RUTILE TRANSFORMATION 

Abstract . . . . . 

General Introduction . . 

Contents 

I. Transformation of Single Crystals of Anatase 

A. Introduction . 

B. Experimental Procedure and Results 

C. Mechanism of Transformation 

D. Discussion ....... . 

. 

v 

1 

3 

6 

. . . 15 

24 

II. Nucleation and Growth of Rutile in Single Crystals of Anatase 

A. 

B. 

c. 

Introduction . 

Experimental 

Results and Discussion 

1. Nucleation and Growth . 

2. The Origin of Rutile Needles in Anatase 
Crystals . . . • . • . . . . . 

3. Application of Nucleation and Growth Data to the 

25 

25 

26 

38 

Kinetics of Powder Reactions . . . . . . 39 

III. Kinetics of the Powder Reaction 

A. Introduction 

B. Experimental Procedure 

1. Experimental Materials 

2. Procedure 

C. Results 

IV. Impurity Effects 

A. Introduction 

B. Experimental Procedure 

1. Hydrogen Atmosphere and Vacuum 

2. Addition of CuO . . . 

40 

41 

44 

45 

56 

59 

60 



c. 

-iv-

Results and Discussion . 

1, The Transformation in Hydrogen~ and Vacuum
reducing Atmosphere . . . . 

2. Effects of GuO on the Transformation. 

3. General Considerations of Impurity Effects 

General Summary 

Ac~nowledgments 

Appendices 

62 

62 

67 
74 

82 

84 

A. Rate Laws for Some Solid-State Transformations 85 

B. Calculation of Equilibrium Vacancy Concentration 

in Rutile 

References 

88 

89 

\/ 

.. 



"C"V= 

KINETICS AND MECHANISM 
OF THE ANATASE-RUTILE TRANSFORMATION 

·Robert Day Shannon 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

March 20, 1964 

ABSTRACT 

We have studied the anatase-rutile transformation using both 

single crystals and powders. Rutile crystallites that formed when 

anatase single crystals were heated at 900° to 950°C were found 

to exhibit preferred orientation. A study of the orientation (Sec. I) 

led to a mechanism similar to that of the brookite-rutile transforma

tion. The mechanism involves retention of the { 112} pseucio=close

packed planes in anatase and rearrangement of the titanium and oxygen 

ions within the plane. A cooperative movement of the titanium and 

oxygen ions is proposed in which the majority of the titanium ions, in 

order to reach their new sites, break two of their original six Ti-0 

bonds. 

Nucleation and growth in anatase thin sections were followed 

under a hot-stage microscope. Both occurred preferentially at edges, 

corners, and inclusions (Sec. II). Growth spread two-dimensionally 

over the surface in some crystals, and propagated three-dimension

ally from point sources in others. 

Transformation of three commercial anatase powders re

sulted in sigmoid transformation curves, which were interpreted in 

terms of a nucleation-growth process (Sec. III). Analysis of these 

curves by means of several rate laws led to activation energies for 

nucleation of 110, 13 5, and 150 kcal/mole, and for growth of 100, 
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115, and 190 kcal/mole for the three mate rials. 

A literature review made of the effects of impurities on the 

transformation (Sec. IV) suggested that the rate of transformation is 

governed by the defect structure of the TiO 
2

, i.e., by the concentra

tion of oxygen vacancies or titanium interstitials. In this study both 

CuO additions and a hydrogen atmosphere were found to accelerate 

the transformation. It is proposed that (a) CuO accelerates the trans

formation by formation of a substitutional solid solution and a conse

quent increase in oxygen-vacancy concentration, and (b) hydrogen 

accelerates the transforma~ion either by the introduction of oxygen 

vacancies or by reduction to a second Ti 0
2 1 

Magn~li phase, A _
4 

n n-
vacuum of 3 X 10 -mm Hg was found to retard the rate of transforma-

tion. This was att:dbuted to the introduction of titanium interstitials. 
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GENERAL INTRODUCTION 

Titanium dioxide exists in three principal crystalline forms-

anatase, brookite, and rutile. · Anatase and rutile are of commercial 

importance, being used extensively as pigment and dielectric mate

rials. Brookite has not been synthesized artificially and is foundonly 

as natural single crystals. Brookite and anatase are both metastable 

forms and transform exothermally to rutile over a range of temper

atures, but usually at :::;:750° and ::::: 1000°C, respectively. 

The anatase structure is metastable at normal transformation 

temperatures since the transformation at these temperatures is irre

versible. The free energy of transformation must be negative, at 

least above 400°C, since the reaction has been made to proceed at 

that temperature in the presence of an alkali flux. 1 It is not known 

whether an equilibrium transformation temperature exists. however, 

since neither the heat of formation of anatase nor solubility data for 

the two crystalline forms is known. 

Barbian et al. 
2 

studied the crystallography and mechani.sm of 

the brookite -rutile transformation, while Rao et al. 3 determined the 

kinetics of transformation of brookite powder. An oriented trans= 

formation was found which allowed Barbian et al. 
2 

to postulate a 

mechanism involving (a) shifting of some of the Ti atoms to new sites 

and (b). a general rearrangement of the oxygen ions. The kinetic 

study showed a reaction controlled in the initial stages by nucle;:ttion 

and in the latter stages by growth. The overall activation energy
3 

was 65 kcal/mole. 

The anatase~rutile transition is of greater interest to the cer

amist than the brookite transition because of the use of anatase as a 

pigment and as a raw material in ceramic systems. The methods of 

synthesis of anatase and rutile have generally been (a) high-temper

ature oxidation of titanium halides, and (b) hydrolysis of sulfate 

solutions. The environment in which formation of the Ti0
2 

takes 



-2-

place greatly affects both the _resulttng crystalline form and the 

anatase-rutile transition temperature when anatase is the chief prod

uct. An extensive literature survey revealed that much work has been 

done to determine how the method of preparation and the presence of 

additives affect the stability of anatase. The effective transformation 

temperature varies from 400° to 1200°C, depending onthe presence 

of certain impurities. The presence of the sulfate or phosphate ion 

results in high transformation temperature.~ while alkali or halide 

ions tend to reduce the transformation temperature, The most effec

tive accelerator 
4 

was found to be CuO when added to the crystalline 

Ti0
2

, while the most effective inhibitor was shown to be the phosphate 

ion when added during the crystallization process. 5 The effect of a 

vp.cuum-reducing atmosphere was found by Czanderna et al. 
6 

to be 

insignificant, although Iida and Ozaki 
4 

found that the transformation 

was accelerated in vacuum and hydrogen atmospheres. 

The kinetics of transformation of synthetic anatase were 

determined by Cole and Sullivan 7 and Rao. 8 As in the transformation 

of brookite, the process was found to be a nucleation-growth phenom

enon. The activation energy per .mole varied from 80 kcal for pure 

TiO 
2 

to 110 kcal for relatively impure commercial TiO 
2

. 

Although much data exists on methods of preparatio:r;t, on the 

effects of additives, and on the kinetics of transformation, no general 

understanding of the transformation has yet evolved. In order to as

certain more basic- information about the mechanism of the trans

formation and the factors which control the rate of transformation, 

we made a detailed crystallographic and kinetic study. Section I 

shows the results of a preferred orientation study obtained when an

atase single crystals are transformed. An explicit mechanism is 

derived from rutile pole figures. In Section II; the observation under 

a hot-stag~ microscope of the nucleation and growth of rutile from 

anatase s.ingle crystals is described. Section III is concerned with 

the kinetics of transformation of several commercial brands oftita

nia powders. Finally, the effects of CuO and heating in hydrogen- and 

vacuum-reducing atmospheres are ~escribed in Sec. IV. 
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I. TRANSFORMATION OF SINGLE CRYSTALS 

A. Introduction 

It is frequently possible to determine the mechanism of crys

tallographic phase transformations by studying the orientation of the 

product phase with respect to that of the reactant. If the transforma

tion occurs so that the orientation of the product phase is correlated 

with the orientation of the reactant phase, then a topotactical relation 
* 9-13 is said to exist. The degree of correlation determin~s the 

degree of topotaxy. If the atoms undergo only a change in secondary 

coordination and no primary bonds are broken, such as in displacive · 

phase transformations, then a high degree of topotaxy results. A 

crystal undergoing such a reaction results in a single-crystal diffrac

tion pattern before and after the transformation. If, however, the 

atoms must undergo extensive rearrangement, little accord exists be~ 

tween the original and final structures and the transformation is 

weakly topotactical or reconstructive. The dehydroxylation of 

y~FeOOH to form "Y-Fe
2
o

3
, 

12 
and the a-13 quartz transformation 

are two examples of strong topotaxy. Cases of intermediate and weak 

topotaxy occur, respectively, in the dehydration of Mg(OH)
2 

and 

Ca(OH)
2

, 
14 

while the quartz-cristobalite transformation is recon

structive, 
15 

and is thus not expected to exhibit tototaxy. 

:::~Bernal (1960)
11 

and Mackay 12 (1960) use more restricted criteria 

of (a) the retention of at least one axis of symmetry, or (b) a three

dimensional accord between the structures and preservation of the 
13 

majority of the atomic positions. Taylor et al. (1962) assume 

Lotgering1 s definition, with the added restriction that three-dimen

sional accord between the initial and final structures is present. 
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A study of the brookite=rutile transformation
2 

revealed a 

moderately topotactical transformation and allowed the investigators 

to postulate a mechanism involving small atomic rearrangements. 

The brookite [ 100] was found to remain coincident with the rutile 

[ 100]. In the brookite (100) plane, the rutile assumed three different 

orientations: (a) at 700°C, rutile [001] II brookite [001]; (b) at 800°C, 

rutile [ 001 J II brookite [ 010]; and (c) at 800°C, rutile [ 001] II 
brookite [ 027] or [ 023]. In a. [ 100] projection of the brookite struc

ture, zig=zag chains of TiO 
6 

octahedra running along the c -axis are ev

ident so that formation of the chains of octahedra in rutile in case (a) 

is not unexpected and involves only a straightening of the chains and a 

breaking up of every other octahedron by a shift of the Ti atom from 

its original octahedral site to a new site. In cases (b) and (c) the 

movement required of the oxygen atoms is less than that in case (a), 

but the movement of the Ti atoms is greater. Barbian et al. 
2 

suggested 

that the mobility of the oxygen atoms relative to that of the Ti atoms is 

greater at lower temperatures, making case (a) reasonable. As the 

temperature increases, the mobility of the Ti atoms becomes greater 

and case (b) becomes predominant. The same authors made an attempt 

to find similar behavior in the anatase-rutile transformation but failed 

to discover any preferred orientation of the rutile crystals. From 

Table I it can be seen that the volume change in the brookite -rutile 

transition is :::: 3o/o, while that in the anatase-rutile transition is ::::8o/o; 

thus, in ·the latter case, a more random distribution of the rutile crys

tals can be expected from the distortion alone. 

Our experimentshave shown, however, that large octahedral 

single crystals of anatase .could be transformed without loss of their ex

ternal shape even though severe cracks had developed. The fact that 

the crystals were still bipy:ramidal in shape and had not disintegrated 

allowed us to determine the orientation of the product phase by x=ray 

diffraction methods. We hoped that a study of this orientation would 

provide some information concern~ng movements of the atoms during the 

transformation. 

'' 

.. -
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Table I. Properties of Ti0 2. 

Unit cell Calculated 
Form Symmetry Space group dimensions density

3 ~~) (gmLcm ) 

a 
15 a = 9.18 

Brookite Orthorhombic n2h Pbca b = 5.45 4.126 
c = 5.14 

Anatase Tetragonal n!~ r ~ md 
a= 3. 785 b 

3.892 c = 9.514 

14 4 c 
Rutile Tetragonal D P-nm a= 4.593 4.249 4h m c = 2.959 

aPauling, L., and Sturdivant, J. H., Zeits. Krist. 68, 239-56 ( 1928). 

b, c 
Cromer, D. T., and Herrington, K., J. Am. Chern. Soc. 77 [ 18], 

4708-09 (1955) . 
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B. Experimentq.l Procedure and Results 

Three crystals were chosen for a detailed orientation study. 

The first crystal, G-2, >!c from Disentis, GraubUnden, Switzerland, 

was a bipyramid 0. 5 mm X 0. 2 mm, the long dimension being along 
~:== :::c 

the c-axis. The other two crystals, V -2 and V -4, from the area 

of Val Vals, GraubUnden, Switzerland, were large bipyramidal crys

tals, one 4 mm X 2 mm, and the other, 1. 5 mm X 1 mm. Crystal 

G-2 was heated at 850°C for 28 h, 900° for 66 h, 926° for 25 h, and 

at 950° for 10 h, Crystal V-2 was heated for 3 hat 850°, 3 hat 900° 

and 1 h at 950°C. Crystal V-4 was heated for 48 hat 900°, after 

which it developed severe cracks throughout (Fig. 1). The trans

formation was found to proceed from the surface of the crystal toward 

the center. This behavior, combined with the large shrinkage, neces

sitated the formation of these cracks, Crystal G-2 was transparent 

and tan in color before the transformation, and brilliant orange after

ward; the other two crystals, being less pure, were translucent and 

dark green in color. 

Rotation patterns resulted in discontinuous rutile powder rings, 

indicating polycrystalline specimens exhibiting preferred orientation. 

Determination of the orientation of the rutile crystallites was made 

in a manner similar to that used in the study of preferred orientation 

in metal wires and sheets. 16 When a polycrystalline specimen exhib

iting preferred orientation is irradiated with monochromatic x-rays, 

discontinuous powder rings result. If the crystallite size is large, 

oscillation patterns, ratre r than stationary patterns, must be used. 

Oscillation patterns provide the angle p which the normals to the 

reflecting planes make with the axis of oscillation. The intersection 

of the cone of angle 2p with the cone of angle 180 ° - 28, whose axis 

is the incident x-ray beam, gives the position of the pole. These 

poles can then be plotted on a stereogram. A series of oscillation 

>!cObtained from Minerals Unlimited, Berkeley, California. 

"':<"''' 
·Obtained from Scott Williams Mineral Co., Inc., Scottsdale-, Arizona. 
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ZN-4151 

Fig. 1. Section through crystal V -41 [ 100]. 
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patterns made with the incident x ~ ray beam oriented in different posi 

tions with respect to the original anatase crystals provide the complete 

pole figure. 

Each heat-treated crystal was mounted in an oscillation camera 

so that the c-axis of the original anatase crystal was perpendicular to 

the x-ray beam, Ten ~ degree oscillation patterns using filtered Cu 

radiation were made at appropriate intervals around the [ 001 J axis for 

crystals V ~ 2 and V -4, and around the [ 001 J and [ 100] axes for 

crystal G ~ 2. The rutile (110) rather than the (100) poles were chosen 

because of their relatively high intensity. A typical pattern showing 

rutile preferred orientation in crystal G- 2 is seen in Fig 2b , which 

may be compared to the pattern shown in Fig . 2a for a sample of 

randomly oriented rutile powder. The diffraction rings were analyzed 

for crystals V- 2, V -4, and G- 2 to provide the rutile ( 110) and ( 001) 

pole figures shown in Figs. 3a, 3b, and 3c. Composite diagrams for 

both the [ 001] and [ 100 ] orientations of the original anatase, in which 

the pole figures for the three crystals were superimposed, were also 

constructed. Figures 4a and 4b show the composite diagrams for the 

anatase [ 100 ] and [ 001] orientations. 

The regions of intens ity within t he diffraction rings were some

times discont inuous because of t he large size of the crystallites. Th e 

large degree of scatter in the positions of the poles was evidently 

caused by the d istortion resulting from t he shrinkage and cracking ac

companying the transformation. Des pite these difficulties, regions of 

concentration of the rutile (110) and (001) poles are evident in the pole 

figures. It can b e seen that clustering of the (110) poles occurs around 

the equato r and around the anatase [ 001 J, and that the (001) poles are 

sit uate d at a latitude of about 45 deg . 
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( a ) 

( b) 

ZN-4263 

Fig. 2. (a) Random powder pattern of rutile. 
(b) Ten-degree oscillation pattern of crystal 
G-2 showing discontinuous rutile diffraction 
rings. 
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MU - 31919 

Fig. 3. (a) Pole figure showing rutile (110) and (001) 
poles superimposed on a [ 100] anatase projection, 
crystal V- 2. 

• ( 110) pole, high intensity reflection 

( 110) pole, low intensity reflection 

!zw u ul (001) pole, high intensity reflection 

1----1 (001) pole, low intensity reflection 

... 
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Fig. 3. (b) Crystal V -4; see caption for Fig. 3(a). 
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MU-31922 

Fig. 3. (b) Crystal G- 2; see caption for Fig. 3(a). 
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[001] A 

MU-31921 

Fig. 4. (a) Composite pole figure showing rutile ( 110) and 
(001) poles on a [ 100) projection of crystals V -2, V -4, 
and G-2. 
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[OOI]A 
~--~~--~----~~~--~~~I~A 

M«l 

[IOO]A 
MU -31923 

Fig. 4. (b) Composite pole figure showing rutile .( 110) and 
(001) poles on a [001] projection of crystals V -2, V -4, 
and G-2. 

• 
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C. Mechanism o:f Transformation 

From a study of the kinetics of the reaction (Sec. III), it is 

apparent that the mechanism cannot be a mere change of bond angles 

and/ or bond lengths which result in a slight shift or retention of major 

crystallographic axes. The activation energy was found to vary among 

different samples (depending upon the impurity content) from 100 to 

180 kcal/mole. These values suggest that the process involves the 

rupture of bonds and a major rearrangement of atoms. In addition, an 

examination of the anatase and rutile structures did not reveal any close 

similarity, thus indicating the necessity of a rearrangement of atoms. 

The anatase and rutile structures can be represented as sodium 

chloride structures with hal:[ the cations removed and the anions slightly 

offset from their normal positions. 
17 

Then it is possible to consider 

the two structures to be made up of pseudo-close-packed oxygen layers 

with different arrangements of the Ti atoms (see Figs. 5a, 5b, and 5c). 

In anatase the close.;packed plane is the (112) plane with the Ti atoms 

arranged in zig-zag chains running along [ 221] as indicated in Fig. 5a. 

For the sake of clarity, only one oxygen plane with its associated tita

nium ions is shown. Actually, four of these planes are necessary to 

cover the repeat distance. In the next layer of oxygen atoms, the zig

zag chains of titanium ions are displaced along [ 110] by half the dis

tance between chains and along [ 221] by 0.6A. Figure 5b shows part 

of the second oxygen layer. In rutile the close-packed plane is (100) 

and the Ti atoms lie in rows along [001] as indicated in Fig. 5c. The 

rutile structure may also be pictured as a series of chains of Ti06 
octahedra parallel to the c-axis, where each octahedron shares two of 

its opposite edges with two other octahedra. The Ti atoms in the 

[ 001] rows form the centers of these octahedra, some of which are 

shown in Fig. 5c. 

The anion framework is expected to remain intact if the least 

spatia~ disturbance of the structure is to take place. Since the inter

planar spacings of the close-packed planes in anatase and rutile are 

( 
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• 0 • 0 • 0 

0 0 0 0 

• • • • 0 0 0 
0 0 0 

• 0 • 0 • 0 

0 0 0 0 
b 

• • • • 0 0 0 
do 0 a 0 

• • 0 
[221] An 

0 0 o L o 
[110] An 

• • • 0 • 0 
c 0 0 0 

• 0 • 0 • 0 

0 0 0 0 

MU-33142 

Fig. 5. (a) Projection perpendicular to the ( 112) pseudo
close-packed plane in anatase showing possible direc
tions of the rutile c-axes. 

Q oxygen ions 

• titanium ions 

( 



-17-

• • ® • @ 

@ ® @ 

• • • @ 
@ 

• @ 

@ 
@ 

• • 
@ 

• @ 

@ @ @ 

• 
@ • • ~ .;} 

@ @ An 0 ~ ~ o"> 
r22~] ~;v~o 

• @ • ® [IIO]A~ 
@ @ @ @ 

MU.33143 

Fig. 5 (b) The (H.2) plane in anatase showing the rutile 
octahedral structure. 

U oxygen ions in the upper plane 

• titanium ions below the upper plane of oxygen ions 

Q oxygen ions in the lower plane 

o titanium ions below the lower plane of oxygen ions 
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MU-33975 

Fig. 5. (c) Projection perpendicular to the { 100) pseudo-close
packed plane in rutile showing the rutile octahedral struc
ture. 

·' 

;.., 



-19-

nearly identical (d~~~t = 2.336; d~~~ = 2. 297), it was assumed that 

most of the atomic movement occurred within the planes themselves. 

Since the Ti atoms lie in rows in the rutile structure, one looks for 

similar rows in the anatase (112) plane. The possible directions for 

the resultant rutile c -axis are indicated in Fig. Sa. Directions "a'', 

"b", and "c" do not result in the experime~tally observed distribution 

of (110) and (001) planes. The line of atoms along "d" is clearly the 

direction in which most of the [ 001] poles were found. Figure 6a is 

a stereogram showing the trace of one of the ( 112) planes containing 

two directions which the c=axes of rutile. may assume after the trans= 

formation. Figure 6b shows the orientation of four of the eight possible 

equivalent rutile unit cells and the complet'e pole figure which would be 

anticipated if the resultant rutile crystals grew in all possible orienta

tions. Although the positions of the calculated poles (Fig.6b) do not lie 

exactly at the center of the experimental intensity distribution (Fig. 4a), 

the agreement is considered satisfactory in light of the large amount 

of shrinkage and distortion which takes place during the transformation. 

The mechanism of the transformation appears to be similar to 

that of brookite in the sense that the close -packed planes in the reactant 

remain as close-packed planes in the product with almost the same 

spacing while the major rearrangement occurs within these planes. 

Figure 4b shows the atoms of the rutile Ti'1, octahedral structure as 

they are arranged in anatase before the transformation. In achieving 

the rutile configuration shown in Fig. Sc, considerable distortion occurs, 

as may be seen from the relative positions of the atoms shown in the 

figures. In the lower layer, half the titanium atoms undergo no change 

in nearest neighbors, while the other half break two Ti-0 bonds and ac

quire two new nearest neighbors. In the upper layer all the cations 

must break two bonds in achieving their new position. It is clear from 

the positions of the cations in Figs. Sb and Sc that a shrinkage of approx

imately 20% occurs in the new [ 001] direction and an expansion of ap

proximately 10% occurs in the new ( 100] direction. 
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[TOO] Anatase 

[100] Anatase 

MU-33145 

Fig. 6. (a} An anatase [ 1.00] stereogram showing the orienta
tion of two rutile crystals whose c -axes lie in an anatase 
( 112} plane. 

~ rutile (1.10} 

0 rutile (001} 

rutile (100} 
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[001] Anatase . 

• Rutile (110) 

0 Rutile (001) 

MU.J3146 

Fig. 6. {b) Anatase [ 1.00] stereogram showing rutile { 1.10) and 
{001.) poles and the orientation of four equivalent rutile 
crystals. 
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Figure 7 shows two adjacent cations and the surrounding oxygen 

configuration (a) before, and (b) after the transformation. Figure ?a 

corresponds to Fig. 5b and shows octahedra a and b in anatase, 

while Fig. ?b shows the rutile octahedra a and b indicated in Fig. 

5c. The dimensional changes noted above allow a closing of the oxygen 

configuration on the right and a relaxation of the configuration on the 

left, allowing the shifts of the titanium atoms to their new octahedral 

sites between 3 "a" atoms and 3 ''b" atoms as a consequence of the 

anion movement. These shifts occur by the cation breaking two bonds 

indicated by dashed lines in the diagram and result in the cations having 

four nearest neighbors and two more distant neighbors at the midpoint 

of the m.ovement. The apparent movement of the cations into tetrahe

dral sites does not actually occur because what were previously tetra

hedral sites have become octahedral sites as a consequence of the in

dicated oxygen movements and the associated rearrangement, This 

mechanism is best described as a cooperative movement of the titanium 

and oxygen ions and is in contrast to a diffusion mechanism in which 

the anion structure remains essentially fixed. 

The question then remains why the rutile c -axes fail to lie in 

the "a", "b" or "c" directions as indicated in Fig. Sa. From a care

ful consideration of the movements that would be necessary to align ti

tanium atoms in the "b" direction, we find that a cooperative move.

ment of the atoms similar to that in the "d" direction is required. 

Rearrangement in this direction, however, would involve greater dis

tortion of the oxygen configuration and would require an expansion 

along this direction. Consideration of the movements that would be 

necessary for alignment of the titanium atoms in the "a" or "c" di

rection show that the distortion of the oxygen atom configuration is not 

great. However, a diffusion type of movement of half the cations in an 

anion structure that remains essentially fixed would be necessary. 

Such a movement would have required that only two original neighbors 

be retained, thus breaking four Ti-0 bonds. 
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(a) 

(b) 

MU-33147 

Fig. 7. (a) The configuration of the octahedral structure in 
anatase before the transformation, showing the same 
group of atoms indicated in Fig. S(b ), i.e., a projection 
perpendicular to the anatase ( 112) plane. The dashed 
lines represent Ti-0 bonds that are broken as a con
sequence of the movement of the titanium ions. (b) The 
octahedral structure of rutile, perpendicular to the rutile 
(100) plane as in Fig. S(c). 
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D. Discussion 

The assumption that oriented transformations occur with the 

least spatial disturbance 18 appears correct, since it implies that the 

minimum degree of movement and rearrangement of atoms results in 

the path of minimum energy. However, spatial disturbance must 

refer to changes in position of the largest structure.:!- determining ions, 

and the change in distribution of the remaining ions. Thus, it appears 

from the above that the transformation is controlled by two factors: 

(1) not only must the principle of the least spatial disturbance of oxy

gen ions be obeyed, but also (2) the number of bonds broken must be a 

minimum, The activation energy should therefore be made up of two 

terms: the strain energy which must be overcome for the oxygen 

atoms in the close -packed planes to reach their new configuration, 

and the energy necessary to break the Ti-0 bonds as the titanium atoms 

redistribute themselves. 

Strong topotaxy implies similarity of the initial and final struc

tures and the preservation ·of at least one of the axes of symmetry. 

The anatase -rutile transformation is not expected, therefore, to be 

highly topotactical because the structures are dissimilar and none of 

the major axes of sym~etry of the product correspond to those of the 

reactant, However, neither is the transformation reconstructive or 

heteromorphous (no dimensional accord between reactant" and product), 

because this type of reaction is characterized by random orientation of 

the product. Since the productexhibits preferred orientation, it could 

be classified as an intermediate ca~e of topotaxy. Intermediate cases 

of topotaxy should occur when only some of the structural elements 

are preserved. Such cases would include the anatase and brookite 

transformations, and reactions involving substances with layer struc

tures in which the layers are retained with reconstruction within the 

layers, In the TiO 
2 

transitions, retention of the anatase ( 112) and the 

brookite (100) planes accompanied by considerable rearrangement of 

both the cation and anion configurations within the planes results in 

intermediate cases of topotaxy. The higher degree of topotaxy ex

hibited by brookite is a result of the smaller dimensional change. 
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II. NUCLEATION AND GROWTH OF RUTILE 
IN SINGLE CRYSTALS OF ANATASE 

A. Introduction 

Knowledge of the mode of nucleation and growth in a phase 

transformation is frequently useful in estimating the relative rates of 

these processes and in determining the appropriate kinetic expression 

for the reaction rates of powders. An application of kinetic rate laws 

to the transformation of anatase powders requires a theoretical model. 

An interface reaction implies movement of the interface from all points 

toward the center of the crystal and is generally treated as a reaction 

iD\-'Olving a shrinking sphere, thus simplifying the geometry. In Sec. I 

it was indicated that the transformation had progressed from the sur

face of the crystal toward the interior. This conclusion was reached 

after obtaining Laue photographs from the surface of the sectioned crys

tal V -4 indicating that the center of the crystal was untransformed. 

The purposes of this study were to determine: (a) whether nucle

ation occurred at a few discrete points or whether it occurred instan

taneously over the entire surface, and (b) whether the reaction, once 

nucleated, progressed toward the center of the crystal as an interface 

reaction. In order to accomplish these two objectives, we observed 

the transformation of natural crystals of anatase under a hot-stage 

microscope. 

B. Experimental 

The hot stage of the microscope was a platinum strip heater 

type used by Scott and Pask 19 and modified to operate in an air atmos

phere because Ti0
2 

is reduced in vacuum at high temperatures, The 

temperature was measured by a Pt- Pt-10o/o Rh thermocouple in contact 

with the strip heater and placed as close to the crystal as possible, 

Five of the crystals (series V) (obtained from Minerals Un

limited, Berkeley,· Calif. ) were from Val Vals, Grisons, Sw. The 

other crystal (G3)(obtained from Scott Williams, Scottsdale, Ariz. ) 

was found near Disentis, Grisons, Sw, All of the specimens were in 



-26 "' 

the form of { 101} bipyramids, In general, they were impure crystals 

with numerous inclusions and discolorations and were characterized by 

the presence of sheaves of rutile needles extending throughout the body 

of each crystal {Figs. 8a-8d). The needles were identified as rutile 

from a rotating crystal pattern taken on a bundle of crystals extracted 

from the matrix. Rutile needles are frequently prismatic with thetr 

c-axes parallel to the prism; however, the pattern did not show such a 

[ 001] orientation along the length of the bundle, Crystal G3 was the 

only one free of both inclusions and needles, 

Sections of the six crystals were prepared perpendicular to the 

axes [ 001], [ 100], or [ 101] and polished with Linde ''A" alumina 

powder. The crystals were heated until the desired stage of nucleation 

or growth had been attained and were then quenched in air. The rutile 

growth appeared opaque under transmitted light and was thus easily 

identified. P_hotographs were taken after each cycle. 

C. Results and Discussion 

i. Nucleation and Growth 

Various types of nucleation sites were observed: inclusions, 

corners and edges, surface scratches, and linear imperfections in the 

interior of the crystal. A summary of nucleation and growth data is 

presented in Table II. Nucleation occurred at scr.atches in crystals 

V'J, V9, and V10 {Figs. 12b and 13c) at 1000°C, while in sample G3, 

needles formed in the interior of the crystaL 

Corners and edges served as nucleation sites in crystals G3, 

V?, and V10 at 1050°C with crystal V10 exhibiting particularly rapid 

nucleation at the tip of the bipyramid. Crystal G3 showed nucleation 

occurring simultaneously at most of the edges and corners. In crystal 

V?, inclusions and already existing rutile needles served as nucleation 

sites {'Figs, 12a-12c show different stages of growth in crystal V7); 

the needle pointing diagonally to the left served as a rapid growth site. 
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(a) (b) 

(c) (d) 

ZN-4264 

Fig. 8. Appearance of rutile needles in anatase crystals: 
(a) Crystal V -1, X 292, crossed Nicols; (b) Crystal V-5, 
X 292, crossed Nicols; (c) Crystal V -6, X 17, eros sed 
Nicols; (d) Crystal V -6, X 66, crossed Nicols. 



Table II. Summary of data fo r nucleation and growth of rutile in anatase 
single crystals. 

Crystal Orientation Nucleation sites Temp. Figure No . Growth sites Temp. Figure No. 

G3 [ 101 1 Intarior channels 1000"C 9a-9c, fOb Edges and 980oc 11a-11e, 10b 
corners 

Edges and corners i0 50 oC 

V7 [ 100 1 Scratches 1.000° 12a-12h Inclusions 1060° 12a-12h 
Inclusions Rutile needles 
Rutile needles 

V8 [ 001 1 Scratches i0 50 ° 13a-13d Inclusions 1060° 13a- 13d 
Inclusions Points on the 
Points on the surface 

surface 
I 

V9 [ 00 i ] Scratches Hoooc Intersection of N 
CXl 

scratches I 

ViO [ 100 l Scratches Scratches and 
Edge intersections 
Rutile needle of scratches 

Edge 
Rutile needle 

ViOa [ 100 ] Corner (tip of Corner 
bipyramid) 
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(a ) ( b) 

(c) 

ZN -4265 

Fig. 9. Appearance of needles in crystal G-3, X440, crossed 
Nicols . . 
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(a) (b) 

ZN-4266 

Fig. 10. (a) Rutile growth on top surface of crystal G-3, X110, 
reflected light; (b) bottom surface of crystal G- 3, showing 
needle growth, X110, reflected light. 
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(a) 

ZN-4258 

Fig. 11. (a} Crystal G- 3 before transformation, X 66, eros sed 
Nicols. 
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(b) ( c ) 

( d ) ( e) 

ZN -4267 

Fig. 11. (b-e) Photomicrographs showing steps in growth of 
rutile on the top surface of crystal G-3, X110, cros s ed: 
Nicols. 



-33-

(a) (b) 

(c) ( d ) 

ZN-4268 

Fig. 12. Photographs (a) through (f) show growth of rutile 
in crystal V -7. Photographs (g) and (h) show V -7 
before and after transformation in transmitted light. 
(a) Before transformation. Note inclusions and the 
needle sloping down to the right. (b) Growth has begun 
at inclusions and at the needle. Note also the growth 
occurring at scratches on the surface. (c-d) Growth 
continues to spread from inclusions and the needle, but 
not from the scratches. 
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( e l ( f ) 

(g) ( h ) 

ZN-4269 

Fig. 12 {continued). Photographs (e) through {f) show growth 
progressing until it covers almost the entire field. 
(g) Appearance of V -7 before transformation in transmitted 
light. (h) Appearance of V -7 after the transformation has 
proceeded as far as indicated in Fig. 12(£). 
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( a) ( b) 

( c ) ( d ) 

ZN -4270 

Fig. 13. (a-d) Crystal V -8 showing growth at isolated points 
and spre ading out in a rectangular front. Growth has 
also occurred at scratches. 
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Nucleation was also found to occur at discrete sites on the surface , 

as may be seen in crystal V8 (Fig. 13b), in which rectangular areas 

formed and grew readily. In general , nucleation at scratches and the 

formation of needles were both found to occur at temperatu:i:es 50°-

75°C lower than nucleation at other sites . 

Growth did not occur equally rapidly at all of the nucleaL<l 

sites. The sites of rapid growth were inc lusions , e dges , and corners 

and when these centers of growth were present along with scratches 

and needles , they grew in exclusion of t he latter. In crystals G3 and 

V10, the rutile growth spread across the surface in a thin layer . In 

Fig. 11 b growth may be seen occurring simultaneously on all edges 

and corners while in Fig. 12b growth i s seen emanating from only a 

few growth sites . 

The orientation of the r eactant sometimes affected the shape of 

the rutile growth, the growth being rectangular in t he (001] section 

(Fig . 13 b ) while pointed in t he [ 100] s e ction ( Figs . 12c , 12d, and 12f) . 

The growth front s frequently assumed geometric shapes , although at 

t i mes they appeared to have irregular outlines . In crystal V10 a 

crack was observed t hat acted as a barr i er to growth causing the inter

face to move around the crack. This behavior is Illustrated in Figs . 

14a and 14b. 

The occurrence of nucleation at some s ite s at much lower tem 

peratures t han at other sites indi cat es varying rates of nucleus forma 

tion. The nucleation rate a t scratches, interior channels, and corners 

thus appears t o be greater than at edges and inclusions. It is therefore 

possible that t he activation energy for nucleation at the former sites is 

lower . Similarly, the rate of growth is greater than that of nucleation 

but varies depending on t he site - -that for growth at scratches or needles 

being very low while that for growth from corners , edges, and inclu

sions being much higher. One expects the rate of growth at needles and 

scratches to b e lower becaus e of the large amount of s t rain energy to be 

overcome if growth is to occur. Similarly, at edges and corners, the 

rate of growth should be higher because of t he large r surface energy of 

these sites . 



-37-

(a) (b) 

ZN -4271 

Fig. 14. (a, b) Growth front in crystal V -10. Note that in (b) 
growth has not progressed from the crack visible in (a}. 
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2. The Or i g in of Rutile Needles in Anatase Crys t a ls 

The pres e nc e of bundles of rutile needles in t he c rystal s f rom 

the Val Vals region poses t h e proble m of their or i g i n . Si m ilar crys

tals of anatase containi ng res i dual rutile n ee dles were d e scribed by 
20 21 

Bauer and Mligge . They de scr i b e d a crystal from M i nas G e rais, 

Brazil, wit h parallel bundle - like needles lying perpendicular to the 

edge formed by {112} fac e s , and wit h sagenitic groupings lying paral

lel t o {112} . The rutile needles formed a layer 1 - mm thick around a 

kernel of anatase, t h e r e by indicating t r a nsfo rmation tow a rd t he center 

from the surace . In a crystal from t h e Ur al Mountains , rutile n ee dles 

were found t o be perpendicular t o t h e e dges formed by the i ntersection 

of the {335} fa c e s . In yet anot h er crystal t h e n ee dle s wer e found to lie 

a l ong [001] and {110}. Sinc e t h ere was a lack of ag r eem ent in the 

orientations of t h e rutile n eed le s from one crystal to t h e next, Mligg e 

d i d not arrive at any law governing t h e growth of rutile in anatase. 

The n ee d les pr e s ent in t h e c r ystals us e d in our s t udy d i d not 

show such cle arly defi n e d or ientations, although they wer e not enti r ely 

random . Crystal V 7 showe d cluste r s of needles lying near [ 100], [201], 

a nd [ 112], while i n c rystal V 10 t h ey we r e near [ 120] and [ 110]. Bauer 

and Mligg e cons i dered the growth of t h e rutile need les to b e a clear case 

of p aramor ph is m ; i.e. , all t h ei r sam ple s were cases of pseudomorphs 

of rutile after anatase. It a ppears poss i ble , however, considering t h e 

l ack o f mor e d efinite o r ientations, t hat a case similar to r utila te d qu art z 

may exist; in other words, t h e crystallization of anatase m ay have tak en 

p lace around the already existing rutile . The lack of agreement found 

among t h e orientations is the p rincipal a rgument in favor of t h i s hypo

t hes i s. O n t h e o ther h and it seem s reas onable t hat if rutile ne e dles had 

existed prior t o the growth of t h e matrix, they would h ave nucleated t h e 

growth of rutile rather than anatase. A l so t h ere was a striking s i m 

ilarity of t h e needles grown in crystal G3 to t he needles existing i n the 

V s e r ie s crystals. Those i n G 3 d iffe r e d somewhat i n t hat t h ey d i d not 

show well - form e d faces, they d i d not a ppear in mutiples, and several 

were not linear. The growt h o f needles in G3 supports t he paramorphic 
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hypothesis and suggests that the needles formed over a geologi cal 

period of tim e , perhaps explaining the excellent deve l opment of faces. 

3. Application of Nucleation and Growt h Data t o the Kinetics of 
Powder Reactions 

It was evident t hat an interface reaction did not set i n immedi 

ately, but that in some crystals an interface reaction approximating a 

shrinking sphere m ight develop in the later s t ages of transformation, 

such as had be en observed in crystal V - 4. In crystal G - 3 the trans 

for mation was found to spread unevenly over the entire surface before 

progressing t o t he center. However , i n crystals V7 and V10 the re ~ 

action al s o t ook p l ace by propagation from several preferred s ite s, 

spreading out three - dimensionally. Thus, it appears t hat t he assump 

tion of an interface reaction is not justified in the early stages of the 

reaction but may be valid in the later stages of reaction. 
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III. KINETICS OF THE POWDER REACTION 

A. Introduction 

Solid - state reactions are characte r ized by two d i s tinct proc 

esses - -nucleation of t h e new phas e and the propagation o f t h is new 

phase into the old. These reacti ons generally result in a s i gmo i d 

percent reac tion-time (a-t) curve, The most intensely s t udie d r e 

actions of t his type have been t hermal decompositions, a. broad survey 
22 

of which has been m a de by Garner. Probably an even s imple r case 

of these reactions i s t h e phase t rans for m ation, since nucleation and 

movement of the int erface are not com plicat e d by evo l utio n of gas eous 

products as are decompositi on s a n d d ehydrations. 

The anatase - rutile transformat i on i s characteri z e d by t h e for 

mati on of a s ingle new phase of d i ffer ing volume and o r ientation. In 

Sees. I and II the r eac tion was shown to begi n sometimes a t the sur

face o f macro scopic crystal s a n d t o progress t oward the cente r. 

Since a volume shri nkage of app r oxim ate l y 8o/o occurs, a l arge s t rain 

energy must be overcom e for nucleati o n to tak e p l a c e. This st rain 

energy w ill probably be the largest cont r i buting facto r t o t h e acti vat i o n 

energy for nucleation, t:.. G 
1

• Afte r s t a b l e nuc l ei have forme d, t h ey 

conti nue t o grow with a different activatio n energy for growth, t:..G
2

• 

The relative magnitudes of these t wo energies de term ine to some d e gre e 

the shape of t he a-t curve. If we have t:..G 1 >> t:..G 2 , a lon g a ccel eratory 

peri od will result, assumin g o f cou rse, t hat t he rate constant for nucle

a t i on, K
1 

<< K
2

, i s the rat e con s t ant for growt h. If we have t:..G 2»t:..G 1, 

n u cleation is rapi d and a m inimu m accel eratory peri od results. In t h e 

case of t h e TiO 
2 

transformation the i nflect ion poi nt occurs a t a = O. 5, 

indicating an ac tiva t i on energy for nucle a tion compa rable t o t hat for 

growth. 

In Sec. I it was indicated that in t h e later s t ages of reaction t h e 

transformation m i ght take p l ace as an inte rfac e reactio n . The pos si .. 

bility of t he pre sen ce of the inte rface reaction and the fact that commer 

cial polycryst a lline anatase exists i n t he shape of a lmos t spherical 
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particles suggested the study of the kinetics of various commercial 

powders. Ideally, the kinetics of the reaction would be determined 

on single crystals, but no large crystals of high purity or quality 

were available. 

Sullivan and Cole studied colloidal titania produced by a com

mercial process and concluded that the transformation was a first"~ 

order process with an activation energy of 100 to 110 kcal. 
7 

Rao 

prepared highly purified anatase and also found a first~order· kinetic 

law, but a lower activation energy of 80 kcal. 
8 

However, none of 

these authors attempted to interpret their data in terms of the geom

etry of the crystals or to suggest a mechanism. It is generally ac

cepted that solid=state reactions should not be considered apart from 

the geometry of the particles undergoing reaction and the type of nu

cleation which occurs. 

A study of the kinetics of the transformation of several com

mercial powders has been carried out for two purposes: (a) We 

wanted to test various rate laws by assuming spherical particles 

(this work is covered here); and (b) wished to provide a basis for 

studying the effects of CuO and a reducing atmosphere on the rate of 

transformation; these effects are covered iri Sec. IV. The rate laws 

used for analysis are explained in Appendix A. 

B. Experimental Procedure 

1. Experimental Materials 

Three commercial varieties of anatase were obtained: 

(1) Baker and Adamson reagent Ti0
2

, lot R163; (2) The Glidden 

Company, Zopaque SD, lot 1=K-1; and (3) The American Cyanamid 

Co., Unitane 0= 110, lot 401887. Table III gives a summary of some 

of the properties of these materials, and Table IV gives the results 

of spectrographic and chemical analyses. 
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Table III. Some characteristics of three cCDmmercial 
anatase. powders. 

Type Ti0 2 
a b 

Particle Method of Anatase 
SlZe preparation 

(%) (%) (!J,) 

Band A R163 99.0 99.0 

Zopaque SD 97.3-99.2 100.0 0.05-0.25 
c 

Hydrolysis of 
titanium sulfate 
solution 

Unitane 99.4 99.7 0.25-0.30 Hydrolysis of 
0-110 titanium sulfate 

solution 

aThe purity of the Ti0 2 samples was determined by spectrographic and 
chemical analyses, Taole IV. 

bThe crystalline content was determined in this laboratory by x-ray 
analysis. 

cA particle-size distribution performed by The Glidden Company 
indicated that the ZSD titania had a mean diameter of 0.141J. and that 
85% of the particles had a diameter of 0.05 to 0.25 !J.. Electron micro
graphs showed that the particles closely approximated spheres. 

-. 
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Table IV. Spectrographic and chemical analyses of 
anatase powders. 

R-163 ZSD U-110 

(wt-%) mole% (wt-o/o) mole% (wt-%) mole o/o 

Spectrographic analyses of Ti0
2 

samples 

Si0
2 

o.o5a 0.067 0.04 0.053 0.075 0.100 

Al
2

o
3 

0.20 0.157 0.35 0.274 

MgO 0.09 0.179 0.09 0.179 0.005 0.010 

GaO 0.035 0.050 0.017 0.024 0.003 0.004 

FeO 0.025 0.028 

·sno
2 

0.01 0.015 

Nb
2

o
5 

0.17 0.051 

Zr0 2 0.08 

BaO 0.001 

PbO 0.005 0.006 

Chemical Analysis 

so
3 

0.018 0.018 0.014 0.014 0.075 0.075 

P205 0.526 0.296 0.620 0.350 0.370 0.208 

aThese figures are the average of results obtained from two random 
samples of each of the indicated materials. The analyses were per
formed by American Spectrographic Laboratories, San Francisco, 
Calif. 
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2. Procedures 

For the kinetic runs 400- to 500-mg samples were loosely 

packed in small platinum crucibles and heated in a tube furnace. A 

Ft-Pt-10o/o Rh thermocouple in contact with the platinum crucible;was 

used to measure temperature. The time was measured from the in

stant the sample reached temperature, which was generally in the 

order of two minutes. The samples were air quenched after heat 

treatment. Material heated in platinum crucibles transformed-at the 

same rate as that in alumina crucibles, showing that any catalytic 

effects were absent. 

To determine whether the transformation was being initiated 

at the sur1ace of each grain and/or merely at the surface of the pow

dered mass, powder d~scs were compacted at 8, 000 psi and partially 

transformed. Analysis of the crystalline content showed 31% rutile 

at the surface and 27% rutile in the interior of the disc. This slight 

difference in amount of transformed anatase could probably be attri

buted to the pressure gradient in the disc, the higher pressures in

ducing more defects in the anatase. It was concluded from this data 

that the transformation was not beginning ~t the surface of the disc 

but at the surfaces of the individual grains. This conclusion was 

supported by the fact that the transformed disc was not observed to 

crack at the surface. Since the transformation involves an 8% shrink

age, severe cracking would occur in the transformed layer if the trans

formation were to proceed from the surface inward. 

Sullivan and Cole indicated that grain growth and sintering of 

anatase powder occur several hundred degrees below the transforma-
/ 

tion temperatures.
7 

Electron micrographs of the transformed R163 

powder showed that sintering occurs during the transformation. (The 

electron micrographs were prepared by the Glidden Company, Pig

ments and Color Division, Baltimore, Maryland. } It is not clear 

what effect this sintering had on the kinetics of the reaction, but, cer

tainly, if extensive sintering had occurred before the surface of the 
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grains were transformed, the decrease in area would have retarded 

the reaction rate at higher temperatures. Such an effect generally 

results in apparent activation energies that are lower than the true 

value. 

The analysis of the anatase-rutile mixtures was performed 

according to a. standard x-ray diffraction method using integrated 

peak heights and described fully in Klug and Alexander. 23 A rotating 

sample holder was used tominimize the possible orientation effects. 

It was not possible to avoid orientation of the long needle=like rutile 

crystals; thus, it was necessary to base the analysis on only the an

atase content. The absence of orientation of the anatase was con

firmed by agreement of the relative peak intensities with those given 

by the National Bureau of Standards. 
24 

C. Results 

Typical sigmoid curves of percent transformation (a.) vs time 

were obtained. Figures 15a through 15c show these curves for the 

U-110, R163, and ZSD material. The acceleratory period was de= 

scribed by the exponential law (1) (See Appendix A),· and was valid 

from a. = 0.0 to a.::=:: 0.50 as shown in Fig. 16. The deceleratory 

period was described reasonably well by expressions (2), (3), and 

(4), as indicated in Figs. 17, 18, and 19. The activation-energy plots 

for each of these rate laws are given in Fig. 20. Table V shows a 

compilation of activation energies, rate constants based on the Arr = 

henius relationship, and the region of validity for each of the rate 

laws. 

Differential thermal analyses were carried out on the three 

samples of anatase. The maximum in the exothermic peak was used 

as the DTA transformation temperature. Table V shows the DTA 

transformation temperatures for U-110, ZSD, R163, and R163 + 1o/o 

GuO. 
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Fig. 15. (a) Percent transformation vs time, anatase U-110. 
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Fig. f5. (b) Percent transformation vs time, anatase R 1.63. 
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• Rate law (3) 

oRate law (2) 
E= 186 kcal 
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E = 194 kcal 
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Fig. 20. Activation energy plot, ln k vs 1/T for the rate laws 
(1), (2), (3), and (4) for anatase U-110. 
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Table V. Kinetic data for the transformation of U -110, R163, 
ZSD and R163 + 1o/o CuO. 

Matera! DTA Expression Region of E A_1 
transformation valid,ity (kcal) (sec 0 
temperature 

(oC) 

U-110 1190 ( 1) o.o - 0.5 148 7.9 X 10
20 

(2) 0.5 - 0.9 186 6.2Xl0
25 

(3) 0.3 - 0 .• 9 194 6.2 X 10
27 

(4) 0.3 - 1.0 204 4.1 X 10
29 

R163 1115 (1) o.o - 0.5 109 1.2X10
15 

(2) 0.45- o. 90 94.6 1..1 X 10
12 

(3) 0.45- 1.00 101 8.4 X 10
13 

(4) o. 70- 1.00 108 3'.1 X 10
14 

ZSD 1138 ( 1) o.o - 0.45 136 2.6 X 10
19 

(2) 0.40- 0.95 113 6.7X10
14 

(3) 

{4) o. 70- 0. 95 116 2.4 X 10
15 

(5) 0.0 - 0.6 272 

R163+ 1% 842 (1) o.o - 0.60 154 4. 7 X 10
28 

CuO (2) o. 30- o. 80 180 2. 2 X 1033 

(3) 0.30- 0.90 170 8.5X 10
31 

( 4) 0.30- 0.80 180 
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It does not appear possible to distinguish the correct rate law 

from the expressions (2), (3), and (4) since the experimental points 

fit each expression equally welL This is an inherent difficulty in 

studying powder reactions, 
25 

particularly those in which the geometry 

of the crystal is not certain and the particle size is not perfectly uni

form. However, the fact that the rate expressions give an ambiguous 

interpretation of the mechanism does not prevent these rate curves 

from being used to study the effects of other variables on the rate. 

The DT A transformation temperatures diffe_r for the three 

materials and roughly correspond to the activation energies for growth. 

This correlation suggests that DTA transformation temperatures might 

be used to characterize the stability of different anatase samples. In 

Sec. IV, an attempt will be made to relate these differences in kinetics 

and DTA transformation temperatures to the nature and amount of im

purities in the Ti0
2 

and thereby to the stoichiometry of the Ti0
2

. 
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IV. IMPURITY EFFECTS 

.A. Introduction 

It has long been recognized that the rate of the anatase -rutile 

f . . 1 d d . 't' 4, 5, 26-28 trans or.mahon 1s strong y epen ent upon 1mpur1 1es. 

The transformation temperature has been shown to vary from 400° 

to 1200°.C, depending upon the method of synthesis,· atmosphere, and 

the presence of foreign ions. Before this investigation the role these 

factors played in inhibiting or accelerating the transformation had 

not been explained. In this section a critical literature survey and the 

results of experimental work on the effects of CuO and hydrogen- and 

vacuum-'reducing atmosphere onthe transformation are used to show 

that this role is essentially that of controllip.g the stoichiometry of the 

Ti0
2

. 

The synthesis of Ti0
2 

is generally carried out by high-temper

ature oxidation of gaseous halides, 29• 
30 

or by precipitation from an 

aqueous solution. 31 • 32 The conditions for precipitation of both anatase 

and rutile have been summarized by Nodop. 33 Iida and Ozaki
4 

studied 

the effect of preparation method on the transformation and concluded 

that a major cause for differing transformation temperatures was the 

degree of crystallinity of the precipitate. Czanderna et al. 
6 

prepared 

some high-purity anatase by precipitation from an ammonia solution. 

The low temperature of transformation exhibited by this material could 

be attributed to the high purity of the Ti0
2

, although it might have been 

due to the presence of the ammonia ion during precipitation. The latter 
27 

conclusion is supported by the work of Knoll and KUhnhold who pre-

pared, by precipitation from ammonia solutions, some anatase which 

tran~fermed at 650°C, 

It has been generally found that if large quantities ( > 5o/o) of 

the sulfate or phosphate ion are present, anatase is the predominant 

crystalline form. It was proposed by Reeves and Blouin
34 

that the 

formation of soluble short-chain linear polymers in the sulfate solutions 

leads to preference for the anatase structure. The precipitate has been 
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found to be amorphous or of small particle size (less than 100A) and 

has been found to contain as much as 9o/o so
3

. 
7 

Sullivan and ColemaJ-6 

found that, upon heating, so3 is given off progressively up to the trans

formation region. They were unable to find any clear correlation be

tween the rate of sulfur loss and transformation, although the removal 

of the last traces of S did coincide with the beginning of the trans

formation. It appears that the S atoms are effective in the formation 

of the anatase structure and as will be shown later in this section, that 

they help determine the stoichiometry of the Ti0
2

. 

Conflicting data exist relating the effect of the atmosphere to 
6 

the rate of ta:.ansformation. Czanderna et al. reported that the rate 

is unaffected when the transformation takes place in vacuum. Ozaki 

and Iida 
4 

found, however, that the rate was dependent on the partial 

pressure of oxygen, becoming slower under greater partial pressures 

of oxygen. 

The effect of additives has been studied by numerous investiga

tor-s. These effects and some experimental results obtained in this 

investigation are summarized in Table VI. The additive$ having the 

most pronounced inhibiting action are WO?i' and the chloride, sulfate, 

fluoride, and phosphate ions, in the order of increasing inhibiting ef

fect. The additives that effectively accelerate the transformation are . 
GuO, CoO, Li

2
0, and Na

2
0. 

The most significant effects appear to be: (a) the accelerating 

action accompanying (i) the addition of GuO, CoO, and the alkali ions 

and (ii) the presence of a reducing atmosphere, and (b) the inhibiting 

effect of the sulfate, phosphate, and fluoride ions. These effects sug

gested to us that the defect nature of Ti0
2 

may be responsible for the 

varying rates of transformation, 

The defect nature of TiO 
2 

is not yet fully understood. Con-

. s'iderable evidence for the formation of both titanium interstitials and 

oxygen vacancies exists. Weight-loss data as a function of oxygen 

pressure 
35 

have been used to confirm the presence of oxygen vacancies, 

while certain studies of the oxidation of titanium 
36 

and internal friction 
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Table VI. Compilation of data concerning the effect of impurities on transformation of anatase 

Investigator 

Knoll and Klihnhold27 

Shannon 

Fll)rke 28 

Rao, Turner, and Honil 

Investigator 

Iida and0zaki4 

Additive 
(mole%) 

None 
NazO 1.0 
GuO 1.0 
CoO 1.0 
NiO 1.0 
Mn0

2 
1.0 

Fep 3 1.0 
Cr~ 3 1.0 
Mo 

3 
1.0 

W0
3 

1,0 

Flowing 0 2 
Flowing air 
Flowing Ar 
Vacuum 
Flowing H 2 Static air 

Additive 

None 

None 
0.1% GuO 
0.2o/o 
0.3o/o 
0.4% 
0.6% 
0.8% 
1.0o/o 

5.0o/o Li 20 
5.0o/oNaLO 
5.0o/o K U 
5.0o/oCm 
5.0o/oSrO 
5.0% BaO 

None 

None · ++ 
5.0 at. o/o Zn 
5.0 at. o/o Cl-

5.0 at. o/oA1+3 
5.0 at.o/oso4 == 
5.0at.o/oP04 -

DTA Ttr 

( •c) 

655. 

660 
735 
775 
900 

1115 
1113 
1091 
1047 
1003 
932 
872 
842 

% Anatase o/oRutile 

(After 3 days at 850 • C) 

0 100 
30 70 
50 50 
90 10 

100 0 
90 10 
80 20 

%Anatase %Rutile 

(1 hour at 708•C) 

5 95 
24 76 
51 49 

(1 hour at 870•C) 

28 
71 

100 

72 
29 

0 

DTA T 
(•C) tr 

o/oAnatase o/o Rutile 

(3 hours at 8oo• C) 

100 0 
100 0 

0 100 
79 21 
97 3 

100 0 
98 2 
88 12 
84 16 

100 0 

%Rutile 

(3 hours at 900•C) 

52 
70 
85 
94 
95 
48 

%Anatase %Rutile 

(at 900•C) 

18 82 
86 14 

0 100 
0 100 
0 100 
0 100 
0 100 
4 96 

20 80 
85 15 

Remarks 

Impurities added during pre
cipitation 

Inhibited transformation 
Inhibited transformation 
Inhibited transformation 

GuO added to the crystalline 
anatase as a solution of the 
nitrate and in all cases served 
to inhibit the transformation. 

Oxides added to crystalline 
anatase as nitrate solution 

Accelerator 
Accelerator 
Accelerator 

Inhibitor 

Impurities added during 
precipitation 

Inhibitor 
Inhibitor 

Inhibitor 
Inhibitor 
Inhibitor 

Remarks 

Impurities added to crystalline 
Ti0 2 as solution of soluble salt 

Inhibitor 
Accelerator 
Accelerator 
Accelerator 
Accelerator 
Accelerator 
Accelerator 
Accelerator 
Inhibitor 

The authors concluded that the 
transformation was inhibited 
by increased oxygen partial 
pressure. 
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studies of vacuum-reduced rutile, 37• 
38 

have led investigators to sug

gest a defect structure involving interstitial titanium ions. Electrical 

resistivity data 39• 
40 

have provided evidence for both the interstitial 

and vacancy mechanisms. An important factor seems to be the atmos-
41 

phere in which the defects are formed. In hydrogen at all pressures, 

and in oxygen pressures greater than 10-mm Hg, the presence of ox

ygen vacancies seems to be predominant. 
42 

At oxygen pressures less 

than 10-mm Hg, 
42 

and in CO-C0
2 

mixtures, 
40 

titanium interstitials 

have been found, The results given by at least two authors suggest 

that the defect structure for vacuum-reduced and hydrogen-reduced 

rutile are different, 37• 
41 

with the interstitial mechanism predominating 

in vacuum-reduced Ti0
2

, and the oxygen vacancy mechanism predom

inating in hydrogen-reduced material. 

In order to test the hypothesis that the defect structure of Ti0 2 
controls the transformation, the effect of a reducing atmosphere and 

of small amounts of CuO on the rate curves for R 163 were studied in 

detail and are reported in this section. Since different defect mech

anisms in vacuum and hydrogen atmo~phere have been proposed, the 

reaction rate for R163 was also determined in vacuum, These curves 

were compared with those reported in Sec. Ill, which were obtained in 

air, 

B. Experimental Procedure 

1. Hydrogen Atmosphere and Vacuum 

In order to compare the transformation kinetics in hydrogen 

atmospheres with those in air and with 1% CuO additiohs, the R163 

material was heated in mixtures of H
2 

-N 
2

. The samples were 

brought to reaction temperature in a vacuum of 2X10-
4 

-mm Hg. 

These temperatures were below those at which the transformation 

could occur in air or vacuum. The reaction was timed from the point 

at which the hydrogen atmosphere was introduced and was carried out 

for 30 min for all samples at temperatures of 925 to 1025°C, The 

temperature was measured by a Pt-Pt-10% Rh thermocouple in con

tact with the platinum crucible. A liquid-nitrogen cold trap was used 
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to collect the water produced by the reduction reaction 

Hydrogen-nitrogen atmospheres with 5% 10%, and 20o/o H 2 were 

used. The samples were furnace -cooled in the hydrogen-nitrogen 

mixtures. 

Samples were also heated at 1017 °G 
-4 

under vacuum (3 XJO -mm 

Hg obtained by an oil-diffusion pump in conjunction with a liquid-nitro

gen cold trap). The specimens were first held in vacuum at 600°G for 

30 min until they had outgassed; then they were placed in the hot zone 

of the tube furnace. 

Quantitative x-ray analyses were performed in the same manner 

as for specimens in air. Diffuse refleGtance spectra were obtained on 

a Gary-14 spectrophotometer to obtain a measure of the degree of re= 

duction of Ti0
2 

[Figs. 21(a) and 21(b)]. 

2. Addition of GuO 

The kinetics of transformation of the mixture R 163 + 1% GuO 

were studied in the same way as for pure R 163. The GuO was added 

by making a slurry with cupric-nitrate solution, and slowly drying the 

slurry in an oven at 95°G. The nitrate had completely decomposed to 

GuO at 350°G, 

Differential thermal analyses were obtained for mixtures con

taining 0.0 to 1.0% CuO and 30% GuO. The samples were prepared 

in the same way as above. 

Finally, diffusion couples of R163-Gu0 were prepared. Discs 

of 1-in. diam by 1/ 4-in. thick were pres sed at 10,000 psi; these were 

immersed in GuO powder and heated at 800°G, the temperature range 

over which the transformation of the GuO-Ti0
2 

mixtures·could be ex

pected to go to completion. The samples were then analyzed for 

copper content by x-ray fluorescence at varying distances from the 

GuO-Ti0
2 

interface, The analysis was made using a General Electric 

XRD-3 spectrometer equipped with a pulse-~eight discriminator. The 

intensity of the CuK peak at ze = 45.2 o was measured at the surface 
. a 
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Fig. 21. (a) Reflectance curves for Ti0
2 

R163, untransformed 
and partially transformed in air. l...urve s show how the 
transformation affects the color of Ti0

2
• (b) Reflectance 

curves for TiOz R163, untransformed and partially trans
formed in 10%H2 -90%N2 mixtures for 30 min at various 
temperatures. 
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of the disc. This method yielded only approximate diffusion profiles 

since the depth of penetration by the x-ray beam was approximately 

1 mm. Standard curves were prepared with the aid of cupric nitrate

Ti0
2 

mixt'q.res in which the CuO content varied from 0,0 to 1.0%. 

C. Results and Discussion 

One would expect the defect nature to strongly affect the chem

ical properties of Ti0
2

. In the case of the anatase-rutile transforma

tion, o~ygen vacancies would tend to accelerate the collapse of the 

anatase structure while formation of interstitials would tend to pre

serve the structure of larger volume. If one assumes that formation 

of oxygen vacanCies is the predominant mechanism in the reduction 

of rutile in H
2

, the accelerating effects of a hydrogen-reducing atmos

phere are explained. Additionally, if one assumes diffusion of ions 

whose valence is less than four, and consequent substitution of these 

ions for Ti+
4 

ions with the formation of oxygen vacancies, the accel-
. +2 +2 er.atlng effect of Cu and Co becomes understandable. Conversely, 

substitution ofions such as s+ 6 and P+Sfor Ti+ 4 wouldtendto re

duce the number of vacancies and inhibit the transformation. 

1. The Transformation in Hydrogen- and Vacuum- Reducing 
Atmosphere 

In Fig. 22 the percent transformation is plotted versus the 

temperature of transformation for samples heated for a constant time 

in air, in hydrogen, and with 1% CuO additions. It is clear that the 

reaction is accelerated by the hydrogen atmospheres and the presence 

of the CuO. The degree of acceleration is proportional to the amount 

of hydrogen present in the atmospheres, 

The samples heated in the H 2 -N
2 

atmospheres varied in color 

from light gray to a dark blue- gray, the dark color appearing in 

samples treated at the higher temperatures. The intensity of the color 

has been shown to be a measure of the reduction of the Ti0
2

. 
43 

In 

Fig. 23 the difference in reflectance at 6500 A for nonreduced and 

reduced samples (RStd. - Rx) is plotted versus the percent transforma

tion. The figure shows a direct proportionality between the degree of 
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Fig. 22. Percent tr?-nsformation vs tempera~ure .in H2-~2 ~ix
tures and for T10

2
-1% CuO, transformatlon tlme = 3llmln., 

anatase R 163. 
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Fig. 23. Percent transformation vs absorption at 6500 A 
(Rstd - Rx)' for samples of R163 heated in. hydrogen
nitrogen mixtures. 
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reduction of Ti0
2 

and the amount of anatase transformed. 

The accelerating effect of hydrogen could reasonably be attri

buted to the formation of a second phase or to the presence of oxygen 

vacancies. Magne'li phases of composition Ti 0
2 1 where n = 4, 5, 

n . n- L1. 4 
6, 7, 8, 9, or 10 have been shown to exist in rutile... and 1night be 

expected to also form in anatase, The precipitates of these lower 

oxide phases would probably form nucleation sites for rutile. Although 

no second phase was detected by x-ray analysis, the precipitation of 

such a phase would probably be in such small quantities as to be un

detectable. Straumanis 
43 

showed a correlation between the color of 

reduced rutile and composition. He indicated that the second phase 

appeared only when the samples had attained a dark blue color, Recent 

data by Blumenthal and Whitmore 45 show the homogeneity region of 

rutile to be even narrower than that given by Straumanis. Cell meas

urements showed that the homogeneity region of the rutile phase TiO 
X 

extends from x = 2, 000 to 1. 991 instead of x = 2,000 to 1. 983. At 

x = 1. 991 the samples prepared by Straumanis were light gray in color. 

Thus, the presence of a second phase in our samples heated in H
2

-N
2 

mixtures appears almost certain, However, the presence of a second 

phase still does not rule out the presence of oxygen vacancies. From 

the evidence cited earlier, it is assumed that they are present and that 

the increase in rate of transformation in a hydrogen atmosphere is 

caused either by the formation of a second phase or by the presence of 

oxygen vacancies. 

Figure 24 shows the results of runs in air and vacuum at 1017°C, 

The rate in vacuum follows that in air up to about 30% reaction and then 

begins to rapidly decrease. The defect mechanism proposed in vacuum 

is the formation of titanium interstitials. The reduction in rate of 

transformation observed in Fig. 24 strongly supports the interstitial 

mechanism" It might be expected that interstitials would affect both 

nucleation and growth rates but the experimental data do not provide 

any information concerning this point. Such a case is not inconsistent 

with the fact that the retardation does not occur until 30% transformation. 
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Fig. 24. Percent transformation vs time for R163 transformed 
in air and vacuum (3xto- 4 -mm Hg) at 1017°C. 
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Since the formation of interstitials is probably also temperature acti~ 

vated, it might be assumed that the point at which the rate begins to 

decrease corresponds to the point at which the rate of formation of 

interstitials becomes measurable. On the other hand, it is also pos

sible that interstitial formation inhibits the rate of growth more than 

the rate of nucleation; if this is true, the early stages of the trans

formation would not be affected, as is shown in Fig. 24. 

2. Effects of CuO on the Transformation 

Figure 25 shows the transformation curves for R163 + 1% CuO. 

Typical sigmoid curves resulted at greatly reduced temperatures. 

Analysis. of these curves in the same manner as for pure R163 resulted 

in the rate constants and activation energies listed in Table V. This 

analysis shows that the activation energy has increased by 50 kcal. It 

does not seem reasonable that the activation energy for the process 

should increase and the transformation temperature decrease. Since 

the process now involves (a) reaction between CuO and Ti0 2 ~ and (b) 

transformation, it is evident that the kinetic expression as developed 

earlier is no longer valid. Probably the activation energy as me as

ured is for a combination of processes involving transformation and 

diffusion of Cu +2 
and oxygen vacancies into titania. 

The DTA curves for mixtures of R163 and varying amounts of 

CuO show two features. First, Fig. 26 shows that the DTA trans for

mation temperature progressively decreases from 1115° to 842°C 

with the amount of added CuO. Beyond 1% there is no further decrease, 

which suggests that some sort of surface phenomenon is occurring in 

which the surface of the grains is gradually being coveredby CuO. 

Approximate calculations show that with the assumption of a monomo

lecular layer of the oxide, 1% CuO would completely cover the surface. 

Secondly, it can be seen from Fig. 27 that the temperature 

interval- -over which the reaction occurs- -decreased with the amount 

of CuO. This interval is generally an indication of the apparent activa

tion energy for the process. Thus it can be concluded that the acti

vation energy gradually increases with the amount of added CuO. 
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Fig. 25. Percent transformation vs time for mixtures of R163 
and io/o CuO. 
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Fig. 26. DTA transformation temperature vs percent CuO 
in mixtures of Ri63-Cu0. 
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Fig. 27. DTA curves showing the exothermic peak caused by 
the anatase-rutile transformation for various mixtures 
of R163-Cu0; heating rate= 12°C/min. 
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This conclusion further supports the results with the R 163-1% CuO 

mixtures in which the apparent activation energy was 17 5 kcal/mole. 

The accelerating effect of the CuO might be caused by one or 

more of the following reactions: (a) a new Ti0
2 

-CuO phase forming 

with possible enhancement of the nucleation rate; (b) oxidation of a 

cuprous compound formed during the decomposition of cupric nitrate; 

or (c) the formation of a solid solution. 

Taylor46 found no evidence of any compound formation in mix

tures ofCuO and Tiq samples quenched from 1000° C. No traces of 

a second phase were shown in x-ray analyses of the mixtures of 1% 

and 30% CuO with R163. This data, however, does not preclude the 

possibility of a high-temperature phase similar to that present in the 

Cu0-Al
2
o

3 
system, 47 but it is unlikely that suc:h a phase \\0 uld de

compose so rapidly on quenching as to completely prevent its detection. 

The CuO was added in the form of Cu(N0
3

)
2 

· 3 H
2
0. The de-

composition of the trihydrate has been found to go through several 

stages. The formation of an oxynitrate Cu(N0
3

)
2 

· 3 Cu(OH) 2 was 

reported to occur at 170° to 230 ° C with decomposition to CuO at 

300°C. 
48 

Although the presence of Cu2p was reported by Lecuir, 
48 

diffraction analysis performed by us on the samples of the trihydrate 

decomposed above 350°C showed no traces of any crystalline material 

other than CuO. Thus, the possibility of oxidation of a cuprous com

pound at the transformation temperatures seems remote. 

No reference to formation of a solid solution of CuO in TiO 
2 

was found in the literature. To test the possibility that solid solutions 

were nevertheless formed, the diffusion couple was prepared. The 

diffusion profile is shown in Fig. 28, in which the Cu content and per

cent transformation are plotted as functions of the distance from the 

Cu0-Ti0
2 

interface. Solid solution of Cu++ in Ti0
2 

at temperaturfi!S 

of 800 to 880°C occurs with the maximum concentration of copper ap

parently 0. 2 to 0. 3 weight-% or approximately 0. 25 to 0. 38 mole %. 

The formation of solid solution precedes the transformation and clearly 

causes the acceleration observed in Fig. 22. The mechanism through 
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Fig. 28. (a) Percent copper vs distance from the CuO-Ti0
2 interface. The sample was a pressed disc of R163 

heated in CuO powder for 6 hat 880°C. (b) Percent 
anatase vs distance fromthe CuO-Ti0

2 
interface. 
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which the rate of transformation increases is, however, open to 

several interpretations. ·The. copper ions dissolved in Ti0
2 

· must 

occupy either (a) substitutional, or (b) interstitial sites. Case (a) 

implies the formation of oxygen vacancies or an increase in titanium 

interstitials to preserve- electrical neutrality, while (b) indicates a 

reduction in oxygen vacancy or titanium interstitial <;:oncentration. It 

would seem that only (a) with the formation of oxygen vacancies is 

likely to promote the transformation. Any increase in the number of 

interstitial ions should reduce the rate of transformation. Although 

(b) involves a decrease in titanium interstitials, this decrease is 

more than compensated for by the copper interstitials. We concluded 

that solid solution of copper with the concomitant formation of oxygen 

vacancies is the cause of the accelerated transformation, although 

this conclusion was su-bject to the same consideration as the reduction 

of Ti02 in hydrogen, namely, that formation of oxygen vacancies 

could lead to the formation of a second Ti 0
2 1 

phase. The single-
n n-

phase region in rutile extends down to TiO 
1

. 
991

• We assumed that 

the single-phase region in Ti 1 Cu 0 2 2 
· extends to the same oxy--x X - X 

gen content. Since the maximum amount bf copper dissolved corre-

sponds to Ti0•
996 

Cu0. 004 01.
992

, the possibility of a second phase 

was rejected. 

A curious feature of the diffusion profile is the increase in 

copper concentration as the amount of anatase increases. This may 

indicate a higher solubility and/ or diffusivity of Cu + 2 in anatase. 

Such a result is not surprising when one considers the expanded and 

more defective anatase structure. A significant point is that diffusion 

is evidently proceeding against a positive concentration gradient. The 

existence of this solid solubility region points to the probable forma

tion of oxygen vacancies at the level of 1.2X10
21 

vacancies per mole. 

lpnic size is important consideration in solid-solution formation. 

Wells
17

lists the ionic radiiof Ti+4 and Cu+ as 0.68A and 0.96A, 

respectively, but fails to give a value of Cu + 
2

. 
0 

An estimate of 0. 57 A 

was made from nearest-neighbor distances in a number of cupric 
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compounds as _listed in Table VIL Thus, on the basis of ionic radius, 

the assumption of solid solubility appears valid. These data, inter

preted in conjunction with the rates in hydrogen and vacuum, strongly 

suggest the formation of solid solution and the res.ulting oxygen va

cancies as the most important factor in the accelerating effect of CuO. 

3. General Considerations of Impurity Effects 

It is interesting to compare the DTA transformation temper~ 

atures for the three varieties of Ti0
2 

already st1.1died, R163, ZSD, 

and U -110, in light of the impurity contents shown in Table IV. By 

assuming that only those impurity ions of the proper size coulci form 
. . +3 +2 +2 +2 +5 +6 +5 !?Ohd solutwn (A1 , Mg , Ca , Fe Nb , S , and P ), and 

that ions of valence less than four increase the vacancy concentration 

while those of valence greater. than four reduce the vacancy concentra

tion, it is possible to arrive at a speculative estimate of the change in 

vacancy content from the equilibrium value. No studies of the equili-

brium concentration of vacancies in anatase have been made but Bues

sem and Butler;9 by assuming reaction {1), were able to determine 

the vacancy concentration in rutile by measuring the change in weight 

as a function of the oxygen pres sure: 

( 1) 

Table VIII shows the equilibrium numbe;r of vacancies in rutile 

in the temperature range used for the study of U -110, ZSD, and R 163, 

as calculated in Appendix B. The vacancy concentration in anatase 

would not be identical to that in rutile, but because of similarities in 

bond strength and coordination these concentrations should be of the 

same order of magnitude. Table IX shows the correlation between 

the change in vacancy concentration from the equilibrium value and the 

DTA transformation temperature. The change in vacancy concentration 

caused by the nature of the impurities is significant in comparison to 

the equilibrium value ancl should be expected to affect the transformation 

rate. 
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Table VII. Interionic distances in some cupric compounds. 

Compound Distanceabetween Cu +2 

CuC1
2 

4 Cl 

CuBr
2 

4 Br 

CuC1 2 · 2 H 20 2 Cl 

20 

CuCsC1
3 

4 Cl 

K
2

CuC14 • 2 H 20 2 0 

2 Cl 

CuF 
2 

{distorted 2 F 
rutile structure) 

Ti0
2 

(rutile) 2 0 

2.30 

2.40 

2.28 

1..93 

2.30 

1. 97 

2. 32 

1. 93 

1.946 

alnteratomic distances taken from Wells. 17 

and ionic radius 

0.58 

0.48 

0.56 

0.61 

0.58 

o. 55 

0.60 

0.57 

0.62 

Average: r Cu ++ = 0. 57 A 
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Table VIIL Equilibrium concentration of vacancies in rutile.a' b 

K 
Temperature e:Xp 

(atm 1/ 2 ) ( o C) 

950 7.26 X 10- 8 

1000 2.39 X 10- 7 

1050 9.43 X 10- 7 

aSee Appendix B for calculations, 

bFrom reference 49. 

nl\.V NAV 

X10 
:..3 

(vacancies/mole )XiQ-
1 

3.4 2.1 

5.1 3.1 

8.1 4,8 

'• 
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Table IX. Transformation temperature; change in vacancy 
concentration, and activation energy for various 
samples of anatase . 

Material DTA Ttr 
( oc) 

u -110 1190 

ZSD 1138 

R163 1115 

R163+1% GuO 842 

Change in vacancy concentration 
per mole from the equilibrium Activation 

concentlfition . energy 
(X 10 ) (kcal/mole) 

-2.0 190 

+1.8 

+1.6 

+7. 7 

115 

100 
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Although the data obtained in this study indicate that the nature 

of the impurities and the transformation environment toa large de

gree .control the transformation temperature, it would also seem 

reasonable to expect the total impurity level to affect the transforma-

tion temperature and the activation energy. Table X shows that a 

high level of impurities seems to raise the transformation temperature. 
. . 8 27 

The specimens prepared by both Rao and Knoll and Klihnhold in 

ammonia solutions transform in the range 600 o to 700 oc, while most 

TiO 2 precipitated from sulfate solutions seems to transform in the 

range 800 ° to 1000 ° C. Rads TiO 
2 

was· spectroscopically pure, 

while Knoll and Klihnhold did not provide any indication of the purity 

of their material. It is not clear why the effect of the ammonia solu

tions is to allow a low transformation temperature. Impurities 

entering into solid solution could easily occupy the large interstitial 

positions in the anatase structure and would by stuffing the structure, 

tend to prevent collapse of the structure. Besides stuffing the struc

ture, substitutional cations of valence greater than four would tend to 

decrease the oxygen-vacancy concentration. Thus, low impurity 

levels tend to favor a low transformation temperature and a low activa

tion energy. However, even if the impurity level is low, the transfor

mation temperature may still be high if the impurities are those which 

tend to reduce the vacancy concentration. 

Probably the variation in transformation rate among different 

samples of anatase is largely a result of a change in the activation 

energy. The activation energy can be thought of as arising from the 

strain energy developed during deformation of the oxygen close -packed 

structure and from the energy necessary to break the Ti-0 bonds. The 

effect of the addition of impurities would be to increase the strain en-

ergy unless these impurities were such as to create oxygen vacancies. " 

In the latter case one would expect the strain energy to be decreased. 

The presence of the oxygen vacancies would also decrease the number 

of Ti-0 bonds which must be broken. The effects of impurities can be 

summarized: 



Table X. Transformation characteristics of anatase preparations 

Investigator Sample 

Shannon U-110 
ZSD 
R163 
R163 + 1o/oCu0 

Rao 
8 

Sullivan and Cole 
7 

Sullivan and ColemaJ-6 1 
2 
3 
4 

Kuhnhold and KnoLt 7 d 
Tetraethyl ester 
N03 
cf 
so

4
-

F-

ah 0 eahng rate = 12°C/min 
bh 0 eatlng rate = 12. 5°C/min 

cheating rate = soC/min 

Approx. DTA Temp. of Activation 
Percent Ti0

2 Ttr 50% reaction energy 
in 60 min -

99.6 1190oca 1080 190 ± 10 
99.0 1138 1040 115 ± 10 
99.2 1115 1025 100 ± 10 
98.2 842 782 

99.9 :::::650b 700 80 ± 10 

99.8 900c 790 105 ± 5 

99.6 -=- 840 66 
99.6 --- 850 85 
99.6 --- 840 76 
99.6 --- 975 41 

? 655 
660 
735 
775 
900 

dPrecipitated from ammonia solution with the presence 
of the indicated ions. Analysis of the anhydrous precipi
tate showed approximately 0.1%. of the anions shown. 

I 
-J 
-.o 

I 
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(a) Those impurities which enter interstitial positions or 

substitutional ions larger than Ti+
4 

increase the strain ener.gy, unless 

by creating anion vacancies they reduce the number of Ti-0 bonds 

which must be broken. 

(b) The impurities that form substitutional solid solution and 

create anion vacancies reduce the strain energy and the number of 

Ti-'0 bonds that must be ruptured. 

When the transformation takes place in a reducing atmosphere 

or in contact with impurities that go into solid solution, the process is 

cornp~ex. The following steps may take place: 

(1) Formation of vacaneies at the 'surface, 

(2) Nucleation of the rutile phase 

(3}. Diffusion of the vacancies toward the interior 
of the crystal 

(4) Growth of the nucleated rutile crystals 

Rate 

R v 
R nucl 

R 
g 

If we assume Rv » Rd, itispossible that the vacancies could accu

mulate at the surface and eventually nucleate rnicropores which would 

tend to reduce the activation energy for transformation or increase 

the number of possible sites of nucleation. Seitz
50 

has stated that (a) 

vacancies will condense at spherical voids W" inclusions in metals con

taining a volume of ::::: 1000 lattice sites if Nv ~ 2, and (b) in a per= 
v N 

feet crystal vacancies may condense to form 0 voids if~ ~ 100. 
' 3 v 

(Nv = number of vacancies present per ern ; Nv 
0 

= equili"&riurn nurn= 

ber of vacancies per ern 3 . ) If it is accepted that the rate of nucleation 

is increased by the presence of vacancies, whether or not the rate of 

growth R is increased depends on Rd. The diffusion couple· showed 
g + 

that the diffusion of c~ proceeded ahead of the transformation so that 

Rd > Rg. Such a condition should increase the rate of growth, this 

w as observed. 
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If Rv < Rd the vacancies would have diffused rapidly through

out the entire specimen, probably not nucleating voids at the surface. 

In this case one would not expect such a radical change in the nucleation 

rate as was observed. 

From the preceding considerations, the probable sequence of 

events in the CuO or H
2 

accelerated transformation is as follows: 

(1) Vacancies (with or without voids) form via diffusion of Cu++ 

or the reaction of H 2 with Ti0 2. Precipitation of a second phase might 

be possible when reduction by H
2 

occurs. 

(2) Rutile nucleates and vacancies diffuse toward the interior of 

the crystal. Rutile nucleation would be promoted by the formation of a 

second phase. 

(3) Rutile grows and vacancies diffuse further. · 

The corresponding sequence of events in vacuum is: 

(1) nucleation of rutile and formation of titanium intersti

tials --possible reduced rate of nucleation of rutile; 

(2) growth of rutile and diffusion of titanium interstitials 

toward the interior of the crystal; 

(3) reduced rate of growth of rutile • 
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.GENERAL SUMMARY 

In Sec. I the anatase-rutile transformation was fo.und to be 

a case of intermediate topotaxy. Pole figures derived from a ,study 

of the. orientation of the rutile phase allowed an interpretation of the 

mechanism of the transformation on.amic·r:oscopic~• scale, . , The ap

parently diffusionless transformation was shown to involve consid

erab~e distortion o.f the original structure. The pseudo=close-;packed 

planes essentially retain their original spacing while undergoing dis

tortion within the planes. The pseudo-hexagonal planes ( 112) in an

atase are e~tremely distorted and.must up.dergo a large degree of 

movement to attain the more perfect hexagonal arrangement of the 

(200) planes in rutile. The mechanism for the structural change is a 

cooperativemovement of the oxygenand titanium.ionsin :w.hiChthree

fourths of the titanium ions break two Ti-0 bonds in the process of 

reaching their. new sites, while the remaining fourth retain their orig

inal six neighbors. 

The nucleation and growth of rutile as observed under a hot 

stage microscope was described in Sec. II. The nucleation sites were 

principally inclusions and edges and corners of the crystal. Growth 

propagated both over the surface and three dimensionally from a 

single point in the crystal. It was concluded that an interface reaction 

might occur in the later stages of transformation. 

The transformation kinetics of three commercial Ti0
2 

powders 

were determined in Sec. III. Sigmoid-transformation rate curves were 

obtained and these were interpreted in terms of a nucleation-growth 

process in which the activation energy for nucleation was comparable 

to that for growth. Several rate laws were successfully applied to the 

transformation-time curves but no clear interpretation of the mech

anism could be derived from the rate law,s. Activation energies for 

the three powders were 100, 115, and 190 kcal/mole. 

In Sec. IV the effects of impurities and of the transformation 

environment were described. In this study small amounts of CuO and 

a hydrogen atmosphere were found to accelerate the transformation 

while a vacuum of 3 X 10-
4 

-mm Hg inhibited the transformation beyond 
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a = 0. 30. Copper oxide was found to go into solid solution with Ti0
2 

up to 0. 2 to 0. 3 weight o/o. The suggested mechanism through which 

the rate changes occurred concerns changes in the Ti0
2 

defect con

centration. The following are proposed: 

(1) The presence of a hydrogen atmosphere increase:s the 

vacancy concentration, thereby facilitating the collapse of the anatase 

structure, However, the increased rate of transformation can also 

1be attributed to the formation of a second Ti 0
2 1 

phase precipi-
n n-

tate. Precipitation of such a phase could provide nucleation centers 

for rutile. 

(2) Substitutional solid solution of CuO increases the oxygen

vacancy concentration and acts in a similar manner to' hydrogen. The 

amount of dissolved CuO appears to be too small to bring about the 

formation of a second phase. 

(3) In a vacuum of 3 X 10- 4 -mm Hg, interstitial titanium 

ions form and, by means of a structure stuffing effect, reduce the 

rate of transformation. 

The over~all effect of impurities appears to be twofold. First, 

the total impurity content affects the transformation through the struc

ture stuffing effect. Large quantities of most impurities raise the 

transformation temperature, probably by increasing the activation en

ergy. Secondly, the nature of the impurities appears to control the 

stoichiometry of the Ti0
2

. It is assumed that the oxygen-vacancy 

defect mechanism is operative. Ions of valence less than four and of 

small ionic radius which can substitutionally enter the structure, e. g., 

Cu ++, Co++ or Li+, would increase the oxygen~vacancy concentra

tion. This increase in vacancy concentration presumably reduces the 

strain energy that must be overcome before collapse of the structure 
+5 +6 

can occur. Ions of valence greater than four, e. g., P and S , 

would correspondingly reduce the oxygen-vacancy concentration and 

the rate of transformation. Similarly, substitution of two fluoride ions 

for an oxygen ion would reduce the number of oxygen vacancies and 

inhibit the transformation. 
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APPENDICES 

A" Rate Laws for Some Solid State Transformations 

Jacobs and Tompkins 25 have treated .nucleation and growth in 

solid phases extensively. Theyused several laws for nucleation arid 

considered the growth of one, two, and three-dimensional nuclei in 

both single crystals and polycrystalline aggregates. They reviewed 

the development of a series of expressions that have been used to ex

plain the course of numerous reactions. These expressions, however, 

are seldom unambiguous and commonly several expressions fit the 

data equally well. The mechanism of the reaction is, therefore, rarely 

uneq~ivocally determined using these equations and supplemental in

formation is usually required. 

Jacobs and Tompkins explained the general method of formula

ting rate expressions as follows: 

The volume of the reacted material is 

t 

V(t, y) = r v(t, y) ~~ ] dy, 

Jo t = y 

where V(t, y) is the volume of a single nucleus nucleated at time t = y 

and growing up to time t = t,. and ~~ is the rate of nucleation~ 
Then, 

a = 

where V is the original volume of reactant. 
0 

For the three types of anatase studied, the acceleratory period 

is described reasonably well by an exponential law 

( 1) 
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This law is based on the assumption of one-dimensional, linear, 

branching nuclei and a constant growth rate. The concept of these 

branching chains of nuclei is not .explicit but is expressed in the rate 

of nucleation by 

where K
1 

is the nucleation-rate constant, K
3 

· is the branching co

efficient, N is the number of possible nucleation sites, and N is 
0 

the number of active nuclei. 

The fact that the acceleratory period is so long (a = 0.0-:::: 0. 5) 

indicate$ that the activation energy for nucleation is of the same order 

of magnitude as that for growth. Previous considerations of the change 

in unit-cell dimensions and the disruption that must take place on re

orientation indicate this conclusion is justified. 

Numerous expressions adequately describe the deceleratory 

period, thus precluding an exCict analysis of the mechanism. The 

first of these, and possibly the one to be anticipated on the basis of the 

size and shape of the crystals, is the contracting sphere formula. The 

derivation supposes the eventual formation of an interface between re

actant and product. -['his interface then moves from the smrface in

ward in the form of a 11 contracting sphere. 11 The expression, easily 

derived, is 

1/3 ( 1 - a) = Kt + c. (2) 

This law has been used successfully in the decomposition of silver car

bonate, magnesium hydroxide, and calcium carbonate hexahydrate. 

Another equally attractive possibility is the following. In a 

polycrystalline sample there is no reason to believe that all the crys

tals will nucleate simultaneously. Thus, if one allows random nucle

ation of particles according to an exponential nucleation law followed 

by rapid surface growth of any particle nucleated, it is possible to 

arrive at the following expression for the rate of reaction of both par

allelepipeds and spheres: 

... 
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(3) 

where K
1 

= nucleation constant. 

It is also possible to go one step further in sophistication by 

allowing for ingestion of nucleation sites and overlapping of nuclei. 

It is obvious that certain nuclei are no longer effective and that any 

expression for the amount of rea~ted material will give results that 

are too high. The expression derived does not allow solution, but 

if an assumption is made concerning the relationship of the actual 

percent reaction to the percent reaction which would appear if no in

gestion and overlapping occurred, the following equations valid in the 

later stages of reaction may be derived: 

( 4) 

This expression is sometimes known as the Avrami-Erofeyev equa

tion. 

Finally, the case of random nucleation of crystals followed 

by the growth of compact linear nuclei is represented in the early 

stages of reaction by 

2 
a. = Kt + c. (5) 
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B. Calculation of Equilibrium-Vacancy Concentration in Rutile 

Assume the following reaction: 

then, K 
eq 

where K 
eq 

nAV 

nTi+3 

Po. 
2 

&'0 

mo 
and 

..6.S 

= equilibrium constant for the reaction, 

= mole fraction of anion vacancies, 

1 f t . f T.+ 3 . = mo e ·rae 1on o 1 1ons, 

= oxygen pressure, 

= the change in Gibbs free energy for Eq. 1. 
1 

=the enthalpy change = HAV + 2HTi+3 + 2 H0 

= the entropy change . 

0) 

2 

Experimentally, 50 

kcal/mole. 

Assume 

we have ..6.S 0 = 60 cal/°C, L~tP = 83,000 ± 10 
02 

With PO 

calculated ~t 

· then K eq 
4 3 • p 1/2 = nAY 0 . 

2 

= 0.2 atm, the values of n AV listed in Table VIII were 

T = 950°, 1000°, and 1050°C. 

'.~ 
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