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latter stages by growth. The overall activation energy was 65 kcal/mole.’
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I INTRODUCTION

“Titanium dioxide exists in three principal crystalline forms--anatase, -

brookite, and rutile. Anatase and rutile are synthesized commercially_ N

but brookite is found 6n1y in the form of natural single crystals. -
Brookite énd anatase are both metastable forms and transform exother-
mally and. irreversibly to rutile over a range of temperatures but usually
at ®750° C and = 1000° C, respectively. The freé energy of the anatase
transférmatioﬁ must be negative at least above 400° C since the trans-
formation has beén found 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 solubiliiy data for the two crystalline forms, anatase and

rutile, is known.

Barblan et al. 2 studied the crystallography and mechanism of the

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

netics of the transformation. An oriented transformation was found
which allowed Barblan-et al. 2 to postulate a mechanism involving
shifting of some of the titanium ions to new sites and a general re-

arrangement of the oxygen ions. The kinetic study indicated that the

‘reaction was controlled in the initial stages by nucleation and in the

3

The anatase-rutile transition is of greater interest to the ceramist

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

and a raw material in ceramic systems. The crystallography of the

anatase transformation was studied and a mechanism similar to the
] ' o .

. : . y 4 . - b
. brookite transformation was derived. © The mechanism involves re-

‘tention of the ;(11,23 pseudo-close-packed planes in anatase and

D



} ';'»'s1tes brcak two of thelr or1g1na1 six Ti- O bonds
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. rearrangemcnt of the tltamum and o‘cygen 1ons w1th1n tho planc AT :‘
KN cooooratlve movoment of the tltanlum and oxygen ions was péoooétd ? :‘ D R

in Whl(‘h thL maJorlty of. the tltanlum ions, 1n or der to roach tnur ncw

The kinetics of transformatlon of synthetlc anatase were dctermmed
. :

' - :by Sulllvan and Cole” and Rao. 6 ‘As in the t_ransforrnatlon of bro'oklte,-_ 'f‘ P

..the process was found to'be a nucleation-growth phenomenon. The

.aetivation energy per mole varied from 80 kcal for pure TiOzvto 110

“keal for relatively imoure commercial TiO,,.

The rate of the anatase- -rutile transformation is strongly dependent

upon 1mpur1t1es 7 8 9,10, 11 The transformatlon temperature has been

- shown to vary from 400° to 1200° C, dependmg upon the method of
... synthesis, the atmosphere, and the presence of foreign ions, but the . : o v:‘ P
role“these factors play in inhibiting or accelerating the transformation

had not been’ explained. In this paper a critical Hteratufe survey and

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

and vacuum-reducing atmospheres on the transformation are used to

show that this role is primarily that of controlling the stoichi—ometfy of

the Tio'z.

- oxidation of gaseous halides

The synthesis of TiO2 is generally carried out by high temperature' o |

12, 13 ‘ T C
-7 or by precipitation from an aqueous .

14,15 The condltlons for precipitation of both anatase and

solution.
rutile have been summarlzed by Nodop. 16 Iida and Ozakl- studled the . -
v effect of vreparation 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. 17 prepared some

high purity anatase by precipitation from an ammonia solution. The




. as much as 9% SOB' 5 Sullivan and Colemang. found that, upon heating,
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low temperature of transformation exhibited by this material could be

attributed to the high purity of the TiO,, although it might have been

caused by the presence of the ammonia ion during precipitation. The

1'atter' explanation is supported by the work of Knoll and KUhnhoIle vw’ho'
prepared, ‘by precipitation from ammonia solutions, some anatase which
transformed et 650° C.

It is generally found-thaf if large quantities (> 5%) of the sulfate or
phosphate ion are present, anatase is the predominant crystalline form.
It was oroposed by Reeves and Blouin18 that the foxjmation of soluble
short chain linear polymers in the sulfate,solutions leads to preference
for the anatase structure. : The precipitate has been found to be amorphous '
or of small particle size (less than 100A ) and has been found to contain
803 is given off progressively up to the transformation region. They
were unable to find any clear correlation between the rate of sulfur loss
and transformation, although the removal of the last traces of sulfur did
coincide with the beginning of the transformation. It appears that the
sulfur atoms are effective in the formation of the anatase structure and,
as will be shown later, that they help determine the stoichiometry of
the TiOz. »

. Conflicting data exist relating the effect of the atmosphere to the
rate of transformation. Czanderna et al, 17 reported that the rate is
unaffected when the transformation takes place in vacuum. Iida and
Qzak1 found, however that the rate was dependent upon the partial

\

pressure of oxygen, becoming slower under greater part1a1 pressures

: of oxygen .

e i b
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Thc effccts of a.ddlthF‘S havc been studled by nurncr‘ous mvestlo‘ators ,' f

Thccsc cffectq and some cxperlmental results obtamed in thls mvcstl-

: gqtlon are summamzed in Table I.. The addltlves havmg thc most pro-'* ,

'nounccd mh1b1tmg action : are WOB’ and the chlorldc sulfate, fluorldc

3

"€

. and phosphate 1ons in the order of 1ncreasmg 1nh1b1t1ng effect - The , R

; advd»itives which effectively accelerate the transformation are CuO, CoO, ' ..

.‘Ll O and Na O

The most s1gmf1cant effects appear to be: (1:) the accelerating .

“action accompanying (a) the addition of CuO,;-‘CoO, and the alkablvil ions .
. and (b) the presence of a reducing atmosphere, and (2) the inh\ibiting‘ -

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

o suggested that the defect néture of TiOz‘ may be responsible for the

varying rates of transformation. The defect structure of TiO, and how .

it may affect the transformation are considered in the discussion.

Although much data exists on methods of preparation, on the effects .

, of additives, am:i on the kinetics of transformation, no general under-
standing of the transformation has yet evoived. |
This study was undertaken in ofder to ascertain'mo_re 'baéic info'r’-(
mation about the mechanism of the transformation and the factors which
control the rate of trgnéformation. The kinetics of transfcrmation of
three commercial variéties of ana;:ase were determined. " This data
provided rates and activation.energics .and a basis for studying the -

effects of impurities and atmospheres on the transformation. The

effects of CuO and of vacuum- and hydrogenQreducing atmospheres on .

the rate of transfor_'matiori were inveStigated by differential vt‘hermalv

“analysis and by compariﬁg rate curves obtained under the influence of PR

- CuO and atmospheres with those obtained in air from "pure" TiO,,.
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S VEXP.ERIMEN'»’TAL
'(L) .Materials |
| v."Three comrneArciaIY varieties of anatase were obtained. (1)' Bavkei‘
and Adamson reagent TiOz, lot R163; (2) The Glidden Company,. Zopaqué.
SD, lot 1-—K-1;‘and (3) The American Cyanamid Co., Uriit'ane 0-110, |
lot 401887. Table II gives a summary Pf some of the properties of these
materials, and Table III gives the results of spectrographic and chemical
‘analyses.

(2) Procedures

For the kinetic runs, 400-500 mg samples were loosely packed in
small platiﬁum crucibles ax;d heated in a tube furnace. A Pt-Pt-10% Rh
thermocouple in contact with thve platinum crucible was used to measure
temperature. The time was measured from the instant the sample
- reached temperature, which was generally in the ordé‘r of two minutes.
The samples were éir quenched after heat treatment. Material heated
in platinum crucibles transformed at the same rate as that in alumina
.crucibles, showing that catalytic effects were absent. -

To determine whether the transformation was being initiated at' the
surface of each grain and/or merely at the surface of the powdered
mass, powder discs were compacted at 8, 000 psi and partially trans-
formed. Analysis.of the crystalline content showed 31 % rutile at the
surface and 27% in the interior of the disc. This slight difference in
amount of transformed anatase could probably be attributed to the
pressure gradient in the disc, the higher oressures inducing more-defecfs_ '
in the anatase. It was concluded from this data that the tra‘néformatiqn_ ‘_17'- ..
was not beginning at the surface of the disc but at the surfaces of the

individual grains. This conclusion was supported by the fact that the
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o transformcd dlSC was rot observcd to crack at the surfacc Slncc the
transformatlon 1nvolves an elght percent shrlnkage sevc-re crackmg

: 'would be expected to occur m the transformed layer 1f the transfor atlon

" were to procced from the surface 1nward

Sulllvan and Cole5 1ndlcated that gram growth and s1ntermg ofw e e
anatase powder occur several hundred degrees below the transformatlon R
temperatures Electron m1crographs of the transformed R163 powder"

::',"'..A”showed that smtermg occurs during the transformatlon It is not clear '. ,

' 'what effect this sintering had on the kmetlcs of the react1on but certamly
“if extensive sintering had occurred before the surface of the grams were 77
,:.,,}'transforrned, thedecrease in area would have retarded the reaction rate

_ at higher;temperatures. ‘Such an effect generally results in apparent' -

1

B

In order to compare the t}ransfor.‘mation kinet_icsv in hydrogen atmos- - o
pheres with those in air and with 1% CuO additions, the R163 material |
.'was heated in mixtures of H:'z“-Nz. The samples were brought-to re.acti'on -
,- temperature in a vacuum of 2 x 10-4 mm Hg. _TheSe temperatures were-”f,’: |
belo'w those at which the transformation could occur .in air or racuum. -
‘The reaction was timed from the point at which the hydrogen atmosphere N 'l
. was introduced and was carried out for 30 mm for all samples at tem~" o
peratures of 925 to 1025° C. The temperature was measured by a
' Pt-Pt-10% Rh thermocouple in contact with the platinum crucible. A IV: ks
'liquid »nitroge_n cold trap was used to collect.the water produced by the . :.} ,; -
‘reduction reaction. (a): T

TIOp * xHy = TIO, 4 XHLO. @

* The electron mlcrographs were prepared by the Gl1dden Company,

Pigments and Color D1v1s1on Baltxmore, Maryland
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' Hydyrogcn—‘nitrogen atmospheres with S%f '10%, and 20% H2 wcrc used.
| The samples welre“coolyed with the furnacé in thé-hydrogén -r'litrogen)
mixtures. | '
Sa‘mples. were also heated at 1017° C under vacuum ( 3 x 10-4V»mm Hg -
obtained by an oil diffusioh pump in conjunctio'ri with a liquid nit‘rog‘en |
cold trap).- The specimens were first held inl vacuum at 600° C for
30 min until they .had outgassed; then, they were placed in the hot zone
of the tube furnace for the desir;ed amount of time and quenched.
The kinetics of transformatio of the mixture R163 + 1% CuO were
studied in the same way as for pﬁre R163. The CuO was adcﬁed by making
- a slurry with cupric nitratg solution, and drying slowly in an ovén at
95° C. The nitrate had cor;lpletely decomposed to CuO at 350° C.
Differential thermal analyses were obtained for mixtures containing
0.0 to 1.0% CuO and 30% CuO. The samples were also prepared by
making é slurrLy with éupric nitrate solution. |
The analysis of the anatase-rutile mixtures was perform4ed according
to a standard x-ray diffraction method using intégrated peak heights and
described fully in Klug and Alexander. 19 A rotating sample holder was
used to minimize 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 anatase content. | The absence
of orientation of the anatase was confirmed by agreement of the relative |
peak intensities with those given by the National Bureau of _Sténdards. 20
Diffuse reflectahce spectra were obtained from the_hydrogen;reduced
specimens on a Cary 14 spectrophotometer to obtain a measure of the

degree of reduction of the TiO,.
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I“mallv dlffusmn couples of R163 CuO were Dreparcd .D'iscsof“
:'1 in. dlam x 1/4 in. thlck were pressed at 10, OOO pSI The dlS(.S were u
' immcrscd in CuO powder and reacred at 800 to 880° C, thc temperature |
range over whlch the transformatlon of the CuO T10 m1\tures could be |
expected to go to completlon The samples were then analyzed for copper
content by X = ray fluorescence at varying dlstances from the CuO- T1O o

| “interface. The analyS1s was made using a General Electric XRD 3

spectrometer equlpped with a pulse-helght dlscrlmmator‘. The mten51ty

Qf'the _CuKa peak‘at' 20 = 45.2° was measured at the surface of the dlsc.
' This method yielded only _aporolcimate diffusion profl_les since the depth R
o of pe'netr'ation b.y"'the Xx-ray beam was approximat_ely 1 mm Standard
curves were prepared usin‘g mixtures .of cupric nitrate and T_i‘O2 with
_the CuO content Varylng from 0.0 to 1. 0%. , R '
1I. RESULTS AND DISCUSSION

(1) Klnet1cs of Transformatlon of Commerc1a1 Varletles of Anatase

‘Solid state reactlons are characterlzed by two distinct processes--‘»"
‘nucleation of the new ohase and the propagation of this new phase into o
| the old. These reactions generally result in a sigmoid percent reactlon-' ;
-time (@-t) curve. The most intensely studied reactions of this type have'v’
‘been thermal decompositions, a broad survey.of which has been made -
by Garner. 21 Probably an even simpler case ot‘ thes.‘e reactions is the
’ phase transformation, since nucleation and movement of the mterface
‘are not complicated by evolution of gaseous products as are decompos1- T
" tions and dehydratlons | |

The anatase rutile transformatmn is character1zed by the formatlon o
of a smgle new phase of dlffermg volume and or1entat1on. The tr-ansforf

mation has been shown to begin .so_metimes at the surface of macroscopic. i

.o
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crystals and to nrogress toward the center. 4 Since a volume shrink_ég\e.

~ of approximately 8% occurs, a large strain energy must be overcome

for nucleation to take place. This strain ‘en‘e‘rgy will probably bé the A
largest c‘ontributir‘lg factor to the activation energy for nucleation, AGI‘.'_ o
~ After stable nuclei have formed, they contimie to grow with a diff.ef‘Ent :
activation energy for growth, AGZ. The relative magnitudes of these
two energies determine to some degree the shape of the o-t curve.‘ Ir
we have AGl >> AGZ, a 1ong acceleratory period will result, assum‘ing _
of course, that the rate constant for nucleation, K1 >> K2, the rate

. constant fof growth. If we have M}z >> AGl, nucleation is rapid and a
minimum acceleratory pefiod results. In the case of the TiOz trans-
formation, the inflection voint occurs at @ = 0.5, indicating an activation
energy for nucleation comparable tothat for growth. | '

In a separate study it was indicated that in the 1a.'.cer stages of
reaction the transformation might take place as an interface reaction.
The possibility of the presence of the interface reaction and the fact
that c‘ommercial polycrystalline‘anatasé exists in the shape of almost .
spherical particles suggested the study of the kinetics of various |
commercial powders. Ideally, the kinetics of the transformation should
be determinedAon single crystals but no large crystals of high purity or
quality were available.

Sullivan and Cole5 studied colloidal titania produced by a commercial
process and concluded that the transformation was a fifst~order process

“with an activation ‘energy of 100 to 110 kcal. Rao6 prepared highly
vpurified anatase and also found a first-order kinetic law but a' lower
~activation energy of 80 kéal. However, no attempts}fgwere made to

~ interpret their data in terms of the geometry of the crystals’or to
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snggest mcchamsm ' It is Generally accepted that sohd state rc'lctlons

L hould not be consldered apart from the deometry of thc partlcles under-",

:gomcr rcactlon and the type of nucleatlon Wthh occurs

Jacobs and Tompk1n822 have treated nuclcatlon and growth m sohd

phascs cztcnswely usmg several laws for nucleatlon and cons1der1ng the PR

'. growth of one, two and three d1mens1ona1 nuc1e1 in both smcle crystals

- and polycrystalhne aggregates They rev1ewed th\. development of a |

series of expressions which have been used to e\:plam the .course of

" numerous reactions. In this study we used several of these expresmons_'”-;_

to anatyze'the reaction curves'obtained for the three anatase samples,.vn,
U-110, R163,and ZSD. o

The acceleratory perlod was descrlbed reasonably well by an

lne = Kltv'f c Sy

a = percent transformation
K= the rate. constant
t = t1me

where;

This law is based on the assumption of one-dimensional, linear,
- branching nuclei and a constant growth rate.
Three expressions described adequately the deceleratory'period'.

The first of these and possibly the one to be'a'nticipated on the basis of -

" the size and shape of the crystals is the "'contracting sphere' formula.

The derivation suppos'es the eventual formation of an inte'rfa'ce between
reactant and product Thls interface then moves from the surface

mward in the form of a contractmg sphere''. The expressmn is

1
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L\nothcr law assuming random nucleatlon of particles according to an
oxponontldl nucleation 1aw and rapid surfacc growth of any partlcle
| nucleated is | v 7 | 7
In(l-a) = Kgt +¢c I )
Finally, .the' Ayraﬁi-E‘rofeyev equation whicﬁ allows for overlappin'g of
nuclei is.
rln(l-a)-l = Kt +c @
}v 1gures 1-3 show typical sigmoid ¢ ~ t ¢urves for:the U- 110 R163,
and ZSD materials. The acceleratory period was described by the ex-
pon‘ential law (15 and was valid from @ = 0.0 toa = 0.50. The decel-
eratory period was described reasonably‘well by expressions (2), (3),
and (4). The activation energy plots for each of these rate laws are
given in Fig. 4. Table IV shows a compilation of activation energies,
rate constants based on the Arrhenius relationship, and the region of
validity for each of the rate laws. |
It does not appear possible to distinguish the correct rate law frdm
the expressions (2), (3), and (4) éince the experimental points fit each
expreséion equally wéll. This is an inherent difficulty in studying
powder reactions, 21 partigularly those in which the geometry of the
crystals is not certain and the particle size is not perfectly uniform.
However, the fact that the rate expressions give an ambiguous: inter- _
- pretation of the mechanism does not prevent these rate curves fx_jom :
being used as a basis for studying effects of other variables. |
The DTA tranlsformati()n temperatu;‘es taken as the maximum in
.the éxothermic peak and also shown in Table IV, differ for the three.

materials and roughly correspond to the a_ctivation energies for growth.’,“

"This correlation suggests that DTA transformatioh témperatures might '



- attempt w111 be rnade to relate these dlffercnces m kmetlcs and DTA

o transformatlon tcmpcratu1 cs to the nature and amount of 1mpux 1t1es m ’

- rnater1a1
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e »:'lm:;_:bc used to charactcrlzc thc stablllty of dlfferent anatase samples An

- 'the T10 and thercbv to the st01ch1ometry of the TlO

(2) ' "Alv‘ranvsforrnation in Vacuum - and Hydrogen'—reducind:A\tr'nos‘p'her'es ‘
It was shown in the 1ntroductlon how an ana1y51s of the effects of

"'blmpurltles led to the conclusmn that the defect structure of '1‘10 rmght

_-'Jlnfl_uence the rate of trans_forrnatlon Unfortunately the defect nature of 8
"I‘iO2 is not yet fully understood. There is con51derab1e ev1dence for o
the forrnation of both titanium interstitials and oxygen vacancies. Welﬂ‘ht
loss data as a function of okygen pressure23 have been used to cOnflrm -

the presence of o,xygen vacanc1es while certaln studles of the ox1dat10n ‘ ‘

- of t1tan1um24 and mternal frlctlon studies of vacuum- reduced rutllez” 26_”.'_'..‘2" } ;5

havefled to the suggestion of a defect structure mvolvmg 1nt_erst1t1a1

titanium ions. Electrical resistivity data27’ 28

have provided evidence

for both the interstitial. and vacancy rnechanisms An important factor
seems to be the atmosphere in Wthh the defecfs are formed In hydrogen B

at all pressuresz5’ 29 and oxygen pressures greater than 10 mm Hg the o
presence of oxygen “vaca_nc1es seems to be predommant. 30 At oxygen

- pressures less than 10 mm Hg30 and in.CO -CO2 mixtures, 28 titanium

interstitials have been found. At least two authors suggested that the - vv;ﬂt
~defect structure .for vac'uum-reduced and hydrogen-reduced rutile-are - |

25, 29

different, with the interstitial mechanlsm predommatmg in: vacuum-. i

- reduced TlO and the oxygen vacancy mechanlsm in hydrogen reduced

One would expect the defect nature to strongly’ affect the chemlcal

and phys1ca1 propertles of TlO In. the case of the anatas‘ei_-rutlle
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transformation, on the babls of the pr‘OpOSCd mechamsfn 4 oxygen
vacancies would tend to accelerate the collapse of the anatase str uctur'c
vwhlle formatlon of mterst1t1als would tend to pr‘eserve the structulre of
larger volume. If formation of oxygen vacanc1es_ is assumed to be tixe
predominant méchanism in the reduction» of rutile» in'Hz.,. then the_‘_
acéelerating effects of a hydro.gen-reducing atmosphere would be explai.r;:éd. |
In addition, the accvelerating effect of Cu+2 and Co+2 becomes uﬁder- :
'standable, if one assumes diffusion of ions whose valence is 1es‘s_ than
fou-rland consequent substitution for Tit4 ions with the formation of
oxygen vacancies. Conversely, the preséhce of ions such as S+6 and
P_*-5 substituting for Ti+4 would tend to reduce the number of vacancies
and inhibit the transforrr;ation.

In Fig.5 the percent transformation is plotted vs the tempefatu\re
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 hydrbgen ) |
present in the atmospheres. .

The samples heated in vthe I-IZ-N2 atmospheres varied- in color from
light gray'to a dark blue-gray, the dark color appearing in s‘ampleé '
“treated at the higher temperatures. The inténsity of the Cpl_o'%‘ has been
shown to be a measure of the reduction of the TiOz;31 _Figures 6a and 6b
show the effects of both transformation and reduction on the color of
anatase R163. In Fig.7 the difference in reflectance at 6500A for non-
reduced and reduced Samples (RStd. - Rx) is plott"gd vs thg percent . A
transformation. The figure shows a direct propor:i;onality b_etWeenl the L

\ _

‘degree of reduction of TiO, and the amount of anata‘Fe transformed. ce '



- would probably be in such small quantltles as to be undetectable
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. The acccle atmg effect of hydrogen could rcasonably be attrlbuted

-"vto thc formatlon of a sccond phase as well as to the pz osonce of oxygcn

:Vacanc1es MaO‘nell phases of comp051tlon T1 O -,1 where n =4,5,
7 8 9 or 10 have bccn shown to exlst in 1ut11e32_ and mlcht be L\pcctcd
- to also form in anatase The prec1p1tates of these lower ox:lde phases
'l would probably form nucleatlon 81tes for rutlle Although no second

. phase ‘was detected by X- ray ana1y51s the prec1p1tatlon of such a phase

- StraumanlsS; showed a correlatlon between-the color_ of_'reduced _rutile i
‘and cornposition.' He indicatedvthat. t'ne_ second phase appeared only when
-the samples had attained a dark blue color. 'Recent‘data byiBlumenthai‘

- andthitmore33 show the"'_'homogeneity region' of rutile to be "even narrower ‘.j..:
~ than that given by Straumanis. Cell measurements showed .that the homo-;““-’.i‘-’ :

g-eneityvregio_n of the rutile phase TivOX extends from x = 2.000 to 1.991 o

1 'i'nstead of x = 2.000 to 1. 983, At x = 1.991 the samples prepared by

vStraumanis were light gray in color. Thus“ the presence of a second

o phase in our samples heated in H2 N mlxtures appears almost certaln.

- "'is the formatlon of t1tan1um 1nterst1t1als The reductlon in rate of

However, the presence of a second phase still does not rule out the
presence of oxygen vacancies. -From the evidence cited earller it will
be assumed that they are present and that the increase in 'rate of trans-.
'formatlon in a hydrogen atmOSphere is caused either by the formatlon of
a second phase or by the presence of oxygen vacancies.

Figure 8 shows the results of runs in air and vacuum at. 1017° C. 'v
The rate in vacuum follows that in air up to about 30% reactlon and then"v"-: I

begins to rapidly decrease. The defect mechamsm proposed in'vacuum, =

transformatlon observed in Fig. 8 strongly supports the mterstltlal :
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‘mechanism. We would expect intersti'tials't'o affect both nuclcation

and growth rates but the e\:perlmcntal data do not prov1dc any mformatlon o

concerning thls pomt. Such a case is not mcons1stent with the fact that
g the retardativon‘cvioes-not occur untll 30% transformatlonf Smce the.
formation of inferstitials_ is probably also‘tgmper_ature activated, it

' might be assumed that the point at which t-he'rate begins to deéx‘eas'e
cofresponds to the point at which the rate of formation of .interstitials
'becomgs measurable. On the othér hand, it is also possible that interf
stitial formation inhibits the rate of growth more than the rate of nu- .
cleation in which case the early stages of the transformation would not .

be affected.

(3.) Effects of CuO on the Transformation

Figure 9 shows the transformation curves for R163 + 1% CuO.
Typical sigmoid curves resulted at greatly feauced temperatvures. We
: anafyzed these curves in the same manner as for pure R163 and obtained
the rate constants and activation energies listed in Table IV. This
analysis shows that the activation energy has increased by 50 kcal. It
does not seem reasonable that the activation energy for the\brocess
should increase and the transformation terx;perature decrease. Since
the process now inyolves (1) reaction between CuO and TiO2 and (2)
‘transfofmation, it is evident that the kinetic expression as developed ,

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

-is for a combination of processes, involving transformation and diffusion-. - :

+2 ‘ '
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. 10 shows .th;at the DTA transformation

temperature progressively decreases from 1115° to 842°C with the



S calculauons show that ‘with the asSumptlon of a monomolecuhr la\cr of

. the o~<1de /o Cu() would cornplctely cover the surface ) BRER _
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. amount of added CuO. Beyond 1% thcrc is no fm thcx decr ase,. which R 3

suggests that somc sort of surface phenomcnon is ou:urrmnr in wlnch thc oy

surface of thc grains is gr adually belng covered by CuO Aoproumatc

Secondly, it can be seen Irul“ Fig.11 that the temperature m'cr'ml :
' over Wthh the rcactlon occurs decreased w1th the amount “of CuO.. Th1s
. mterval is gencrally an 1nd1cat10n of the apparent actlvatlon energyh for .
-the process. Thus 1t can be concluded that the apparent actlvatlon S
‘energy gradually increases'w1th the amount of added CuO. The conclusion
further supports the results W1th the R163-1% CuO mlxtures in whlch the ‘f.:r.i‘if
 apparent actlvatlon energy was 175 kcal/mole | | |

The accelerating effect of’ the CuO mldht be caused by one or more
| of the following reactions: (1) a new _TiOz_-CuO phase formmg w1th<
possible enhancement of the nucléation rate, (2) .oxiidationaof a cuprous
compound formed during the decomposition of cupric nitrat,e, or (3) the g
formation of solid solution.. | |

Taylor34 found no evidence of ‘any c'ornpound_formation\in rnixtur.es'"_v‘ o
of‘CuO and TiO2 samples quenched from 1000° C. X-ray analyses of :
the mixtures of 1% and 30% CuO with R163 showed no traces of a second . "i ,
phase.v This data, however, does not preclude the possibility of a high'
" temperature phase similar to that present in the CuO-Al,0, 35 gystem, e
but vit“is'unl'ikely“that sucha"phase-would decompose--s‘o-rapi’dly_'-on—_______vs: { .

quenching as to completely prevent its detection..\___

The CuO was added in the form of Cu(NO 3 H O The decom- .

3)
position of the trlhydrate has been found to go through several stages '

The formation of an oxymtrateyCu(NOS)z. . 3 Cu(OHQ was reported to [EAET:
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occur at 170° to 230° C with decompositjon to CuQ at 300° C. 36 A.ithAough
the presence of Cu‘éO was reported by Lecuir, 3Gvdiffraction analysis g
pér‘formed in this laboratory on the samples of the trihydrat‘e decomposed
above 350° C showed no traces of any crystalline material other ‘than
CuO. Thus, the possibility of oxidation of a cuprous compound at the '
transformation temperatures seems remote. |
No'.reference to formation of a solid solution of CuO in ’I‘iO2 was -
found in the 1iter_aturev. To test the poséibility that solid solutions were .
nevertheless formed, the diffusion couple was prepared. The diffusioln' B
profile is shown in Fig. 12, in which the Cu content and percent'transfor-»‘
" mation are plotted as a func:t'ion of the distance from the CuO--'I‘iO2
' ‘interface. Solid solution of Cu++ in TiO2 at temperatures of 800-880° C
occurs with the maximum concentration of copper apparently 0.2 to 0. 3
wt. % or approximately 0.25 to 0. 38 mole %. The formation of solid -
solution precedes the transformgtion and clearly causes the acceleration
observed in Fig.5. The mechanism through which the rate of transfor-
mation increases is, howevei‘, open to several interpretations. The
copper ions dissolved in TiO2 must occupy eithelr (a) subst.i'tutional or
| (b) interstitial sites. Case (a) implies the formation of oxygen vacancies
or an increase in titanium interstitials to preserve electrical neutrality
while (b) implies a reduction in oxygen vacancy or titanium interstitial
concentration. 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 'de'creas‘e.'--; . ’ o
is more than compensated for by the copper 'interstitials. We concluded .

that solid solution of copper with the concomitant formation of oxygen
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vacanuos is the cause of th(, acgcleratcd transformatlon dlthourrh thlb T

-COI‘I(‘lUblOﬂ was squect to the same con51derat10n as’ thc r cduc’uon of

Tlo,) m hyd rogcn namely, that fox matlon of oxygcn vacanmos Lould

1cad to the fofrnz;t;qn of a _second-Tln,'.an_l phaSe. The smo‘le phdse
‘region irla'bruti.le extends down to TiO; goq and we assumed that the |
sin’glev phase region .in ‘Til : Cu 02 9% extends to the same.ibx;v_ge'r.x
' content. The maximum amount of copper dissolved cqrresponds ’co '

Ti Cu ., O ; thus, formation of a second phas'e is»possib"le'.‘f:‘f- o

. 996 OO 1.992°

A -curious feature of the d1ffus1on proflle is the 1ncrease in cooper

.concentration as the amount of anatase mcreases.v This effect may
ihdicat'e a higher solubility and/or diffusivity of Cu *+2 in anatasé which . "
is not surprising iﬁ light o;f the Amore open anatase structure. A _signif o
'fican’cvpoint is that diffusidn is evidently proceeding againét a positi\)ef Lo PE
concentration gradient. The existence of this solid sc_>luloil_ity= rfegion

poinfcs to the probable formation of oxygen vacancies at the l.evel ‘of

1. 2'3: 1021' vécancies pér mole..

Ionic size is an important con51derat10n in solid solution formatl.oni.._»_- e

Weits® lists the ionic radii of Ti'~ and Cu" as 0. 684 and 0. 964,

reISpecti\'/ely,, but fails to give a vélue of Cut?, An estimate of 0. 572&

was nﬁade from nearest neighbor distances in a number éf cupric com-   -
pounds as liéted_in Table V. Thus, on the basis of ionic radiiis,_' the
assumption of solid solubility appears valid.  These data intérprete_d :

in conjunction with the rates in hydrogen and vacuum strongly suédest o s
the formation of solid solution and the resultmg oxygen vacancies as the .-

most 1mportant factor in the acceleratmg effect of CuO

(4) General Considerations on Impurity Effects

It is interesting to compare the DTA transformation temperatures /- .
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" for the'thrr—\e‘samnlcs of TiO in ligt ht of thc impuritv.contontq c,;hown in :

Table III. Assummg that only those 1mour1ty 1ons of the proper size :

+9 + 45 _+6 S
could form sol1d solutlon (Al *+3 , Mg 2, Ca 2, Fe -, NbD O,‘ S 7, and_.‘

pts e
3) and that ions of valence less than four mcreasc the vacancy con-

centration, while those of valence greater than four reduce the vacancy

concentration, it is possible to arrive at a speculative estimate of the

change in vacancy content from the equilibrium value. No studies of

the equilibrium concentration of vacancies in anatase have been made

 but Buessem and Bu'cler38 by assuming reaction (b) were able to determine _

the vacancy concentration in rutile by measurmg the change in wcwht as

a function of the oxygen pressure

+3

Mi0% = (av)y +2Ti”

2 Ti + 5 0,(@ N

Table VI shows the equilibrium number of vacancies in brutile in the
tempefature range used for the‘study of U-110, ZSD,and R163, as cal-
culated in the Appendix. The vacancy concenfration in anatase would
not be identical to that in rutile but because of similarities in bond
strength and coordination should be of the same order of magnitude.
Table VII shows the correlation between the change in vacancy concentra--
tion from the equilibrium value and the DTA transformation tcmpe.rat'ure.‘
The change in 'vacancy concentration caused by the nature of the impu- "
rities is significant in comparison to the equilibrium vallue and should
b‘e expected to.affect the transforrnation"'rate .

Altnough the data obteined in this study indicate that the nature of )
the »impurities and the transformation environment control to a large

degree the transformation temperature, it would also seem reasonable

to expect the total 1mpur1’cy level to affect the transf«brmatlon temperature 2 .
R

and the activation energy. Table VIII shows that a hlgh level of

B T
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1mour1tlos secms to raise the transformatlon tcmperature The"’

- spec1mens orepared by both Rao6 and Knoll and I\uhnhold O in arnmoma |

solutlons transform in the range 600° to rOO° C whllc most T109 pre- o

l upltated from sulfate solutions transforms in the rango 800° to 1000° 'C

The low ternoerature of transformatlon ev1dent1y arises from the pur 1ty

- of the TiO,, or precipitation from the ammonia solut1ons. Rao's ’I‘1O2

2
was spectroscopically pure, while Knoll and Kihnhold did not provide .- '

any indication of the purity of their material_'. It is_novt-clear how preci- =

pitation from ammonia solutions might allow a low transformation Lo

¥ temperature. Impurities entering into solid solution could easily OC{CUpy":v_b‘b_‘.Z“,‘fv_ L
}V,the targe interstitial posj.tions in the anatase structnrea_nd would,. by '
stuffing the structure, tend to prevent the eollapse of the structure.
" Besides stuffing the structure, substitutional cations of valence greater
' than four would tend to 'decreaee the oxygen vacaney, concentration. Thvus,z”u-
low impurity levels tend to favor a low transformation temperature and.
2 low activation energy. _ l‘However, evenv.if the impurity level is low, |
the transformation temperature may stili be high if the impurities are
those which tend to reduce the vacancy concentration (e. g. anatase
U-110). '
Probably the varlatlon in transformatlon rate among different samples
of anatase is largely a result of a change in the actlvatxon energy. - The “ S
activation energy can be thought of as arlsmg from the strain energy |

' developed during deformatlon of the oxygen close-—packed structure and Sete

from the energy necessary to break the Ti¥O bonds'. The effect of the

_ addltlon of 1mpur1t1es would be. to 1ncrease the stram energy unless

‘these impurities were such as to create oxygen vacancies. In the latter i
. v B

. L i . . . . o
case one would expect the strain energy to be decreased. The presence . . - . .



UCRL-11001 Rcv.v

- 921 -

-

S of the oxygen vac’a}nc\:iés wvoulc’l'.alsd_de_c_r'cv—;ase thépuimb(:zi‘bf Ti-..O. b‘oh‘c.isl -
which must be,broken.. | Th‘e‘eff_‘ects of irhpur‘ities can be 'summafiéed‘:f‘ co
(a) Those imputrities which enter interstitial pﬁsiti‘ons'or
“substitutional ions larger than Ti-'-4 increase the strain
.energy unless they reduce thé number of Ti-O bonds - . : f R
which must be brokenkb)‘r creating anion vacancies. | E
(b) " The impurities which form substitutional solid so-lutvion .
and create anion vacancies reduce the strain energy and
" the number of Ti-O bonds which must be ruptured. |
When the transformation takes place in a reducing.atmosph‘er‘é or
in contact with impurities yyhich go into solid solution, the following

processes may occurs:

_ Rate - -
1. Formation of vacancies at the surface ‘ RV
2, Nucl‘eatlon of the rutile phase ._ ‘ " Rouel
3. Diffusion of the vacancies toward the interior of Rd
the crystal
4. Growth of the nucleated rutile crystals . Rg

Assuming that Rv >> Rd it is possible that the vacancies could accumulate
at the surface and eventually nucleate micro-pores which would tend to

reduce the activation energy for transformation or increase the number

39

of possible sites of nucleation. Seitz”~ has stated that (a) vacancies

will condense at spherical voids or inclusions in metals containing a
_ N ‘ '
\(olume of ~ 1000 lattice sites if N—Z 2 2, and (b) in a perfect crystal
v _
o Nv
vacancies may condense to form voids if N 2 10C. (NV =:number of
v v _

. 3 : o |

-vacancies present per cm”; NV = equilibrium number of vacancies per
3 s N ‘ | |

em”). If itis accepted that the rate of nucleation is increased by the
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'.'.prcscncc of vacanmes whethor or not the rate of drowth Rg" is

-'-._-.;‘of Cu procecdcd ahead of the transformatlon so tnat Rd > Rg | Such a
condltlon should 1ncrease the rate of growth and thls was. observed

. If R < Rd the vacanc1es would have dlffused rapldly tnroug 1out
.thc entlre spec1men orobably not nucleatmg v01ds at the surface “In::..__
th1s case such a rad1ca1 change in the nucleatlon rate as was observed

' wculd not be_ expected,_ | | | H |

" A possible sequence of events in'the vCuO‘i-orle;é.ccele_'reted trans-

formation is:

1. Vacancies form (with or 'with'o.nt vcid formafion) xv/'ia_'
diffusion of Cu-*f+ or the reaction of .Hz with O. Pre-':;'f_ e
cipitation of a second phase might be possible.v’ _ ' ;
2. Rutile nucleates and vacancies diffuse toward the L LT
interior of the crystal. Rutile nucleation would be_. '
- promoted by the formation of a second phase. |

3.. Rutile grows and diffusion of vacancies continues. R

IV. SUMMARY
“The transformation kinetics of three comm_ercial TiQ2 pow'dv_ers'
were determined. Sigmoid transformation rate curves were _obtained
and these were interpreted in terms of a nucl’eation-‘grow:th process in
'which the activation energy for nucleation was comparable-tc that for

growth. Several rate laws were successfully applied to tvhe' tr_ansfor—‘:-.-

mation-time curves but no clear interpretation of the mechanism ,could--b':'.f'_'f. .
be derived from the rate laws. Activation energies for the three_pow_dervs) L

were 100, 115, and 190 kcal/mole.
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The cffects of 1mpur1t1e€ and. of the traﬁsformatlon env1ronmcnt |
wére descrlbed " In this study small amounts of CuQ and a hy drocen -
atmospherc were found to- accelcrate the transformatlon whlle a vacuum
of 3 x 10 -4 mm Hg 1nh1b1ted the _transfo_rmatlon beyond a = 0.30. CuO
~ was found to go into solid solution with TiO up to 0. 2'to 0.3 wt. %. ‘- N ;o
The su«gcsted rnechamsm through which the rate changes occurred
concerns changes in the T102 defect concentratlon. It is prOposed that

1. The presen‘c:evof a hydrogen atmosphere increases the
vacancy concentration, thereby facilitating collapse of
the anatase structure. However, the increased rate of
transformation could also be attributed to. the formation
of a second ’I‘inozn'__1 Magnéli phase precipitate. Pre-
cipitation 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 dissolved CuO may bring
about the formation of a second phase. |

3. In a vacuum of 3 x 10*4 mm Hg interstitial titaﬁium

"structure stuffing' effect,

ions form, and through a
reduce the rate of transformation.
The overall effect of impurities appears to be twofold. First, the

total impurity content affects the transformation through the "structure

stuffing"' effect. Large quantities of most impurities raise the trans- .

formation temperature, probably by increasing the activation energy. -

Secondly, the nature of the impurities appears to con’;trol the stoichio- = =~

\

metry of the TiOz. It is assumed that the oxygen va&ancy defect" AP




mechambm is. operatlve. _ Ions of'valencev1e,ss_’than’four and.:of small. S

'1on1c radlus Wh](‘h can substltutlonally enter the structure e. ., Cu s
: Co_ ,' or Ll -',' would,_’inc"rease theovxygen vacqncy’r\c,onlcentratlon.-;f Thl'-;

' incr‘ease in’ vacancy conc'en'tratiori"presum”abl'y' »re'duces the strain.energy S

Tons of valence greater than four, e. g. , P

mgly reduce the oxygen vacancy concentratlon and the rate of transfor- e

_would reduce the number of oxygen vacanc1es and 1nh1b1t the transformatlon.'_e

UCRL-11001 Rev.
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S _. ;

nch must be overcome bcfore collapse of the structure can occur.__

» S
and S . would correspond—-

_matlon Slmllarly, substltutlon of two fluorlde 1ons for an oxygen ion
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. APPENDIX.

.' C‘alculatlon of Equ1hor1um Vacancv Concentratlon in. ‘%utlle

- If we' assume the following reaction

+4 = At s oit3

L

o *+ o0 —t (AV) + 2Ti + 02 S (c) ST
. :—_ﬂ 2 ) % -r_" -AF° AS
Keq ™ Pav - ;“r,i+.3 - Fo, T o AT - PR
Wher_‘e Keq' ) = equlllbrmm constant for the reactlon,’;
nA_V; = mole frac'clon of anion vacanc1esv
np.+3 = mole fraction of'Ti 3 ions,
PO = okygen pressure.
2 ’
AF° = the chance in Gibbs free energy for reactlon (c)
OHe | = vthe entnalpy change = HAV + 2hTi+3 +,_2_ Ho2 T
A5 = the entropy change
lExpe.rimentally-38 it is found that
883 = 60 cal/°C  AH® = 83,000% 10 Kcal/mole,
| and if we assume _
o a3 5 -
Nps+3 -.znAV s _then Keq = 4nAV .. P02 ,
Letting PO = 0.2 atm, the values of hAV listed in Table VI were
2 : AR
+ calculated-at T = 950°, 1000°, and 1050°C.
o .
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TABLE T

Compilation of Data Concerning the Effect:
of Impurities on Transformation of Anatase

Ivestigator ~ Additive DTA T, °C o Remarks
~ Knoll and Kiihnhold!® None 655 Impurities added ‘clu‘r'ing o
'_ : . - ‘ _ . precipitation ' '
~0.1% NO3 660 s e e e e s e . e
0.1% Cl~ 735 Inhibited transformation
0.1% SO,~ 775 Inhibited transformation
0.1% F~ 900 Inhibited transformation
Shannon?. o None 1115 CuO added to the crysvtél.é_
' o . . . line anatase as a solution
0. 1% CuO 1113 of the nitrate and in all -
N ’ - : cases served to inhibit the -
0. 2% 1091 transformation. - '
0.3% 1047
0. 4% 1003
0.6% 932
0. 8‘710 872
1. 0%_ 842

uon

-

"'A0Y 1001 1-71




TABLE I (cont.) -~ *

Investigator | Additive

DTA T, °C =

Jtr

‘Remarks oo e

Flb‘rkell

e »500L%0

5.0% Na,0

- 5.0%K,0
 5.0% 'cao
5 0% SrO
5. o% BaO "

None- ;'g_
" Rao, "I_‘urngr, z'ind-Horlli,g;?3

_None'-" L

‘5 Oat %Zn

5. Oat %Al +3

5. Oat%SO

5.0 at;% PO4': 3

S s.0at%hCl

After 3 days at 850°C

%Anatasé - % Rutile

0 100 -

30 70

50 50

9 . 10.:
100 - 0

90 - 1o

80 20

% Anatase % Rutile -
‘1 hour at 708°C

24 76

Cos1 0 age

1 Hoﬁf at 870° Cr-:

S100 o

: Acceler"ttor‘_l:

o _Accelerator; e

* Inhibitor .

fprczclpltatlon R

- Inhibitor

" Inhibitor-

'Inhibitor"

' Ondcq added to cr> stallmei-

anwtaso as mtz dte solutlon .

.A’cc elera’tdr s

Impm 1t1es aclded durmg

3 L
R

et e s wsss et

s b Pt s #4Y

CAYTIgOTI=TDN

e i R L s e s Rt A
AR A : I i K
e Toaos : e

il w2 2o et
eslepeaptagheoe)

sl e e
co Lo
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TABLE I (cont.)

Invesfigator ‘Additive DTA Ttr o C Remarks
. ‘ -7 3 hours aE SOOO.C at 500° C . Impurities added to
Iida and Ozaki % Anatase Y% Rutile % Anafase % Rutile crystalline TiO, as
- None 100 0 18 82 ‘solution of soluble salt
1.0 mol.% Na,O 100 0 86 14 Inhibitor
1. 0 mol. % CuO 0 100 0 | 100 Accelerator
1.0 mol.% CoO 79 21 0 100 Accelerator
1.0 mol. % NiO 97 3 0 100 Accelerator -
1.0 mol.% MnO2 100 0. 0 100 » Accelerator
1.0 mol. % Fesz3 | 98 2 ) | ' 0 100 Accelerator
. 1 0 mol.,% C]If'203 ‘ 88 12 ' 4 96 Acce}gra’to-r
‘1'. 0 mol. % MoO, 84 16 . | 20 - 80 ‘Accelerator
1.0 mol. % WO, 100 0 85 15 Accelerator

Flowing O,

.Fl_owir.l'g air

Flowing air

~Vacuum -

 Flowing H,

"~ Static air

3 hours at ' 900° C

% Rutile

52
70
, B . 85
' 94
L .48

The authors concluded”
that the transformation
was inhibited by increas-
ed oxygen partial '
pressure.. '
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4 Table Il

~ Some 'Ch'_arac':teri_stifcs_ of Three Commercial Anatase Powders.

U o . . *’.?: - ; £
Percent TiO, Percent - Particle : Mcthod 0

: Type ‘ - anatase = size o prcoaratlon

" B&ARI63 - - 99.0 9.0 - -

' Zopaque SD  97.3-99.2 . 100.0 0.05-0.25 * Hydrolysis = . ..
R 5 . " microns . of titanium
o - sulfate o
" solution

 Unitane 9904 997 - 0.25-0.30 " oo
0-110 L T e mlCI‘onS ‘ S

Cx Tne purlty of the. T10 samples was’ dctermmed by Spectro-” :
graphlc and chemmal analyses Table III. TR

%% The crystallme content was determmed in th1s laboratory by
- x-ray analysm

- %% A particle size dlstrlbutlon performed by The Glidden Company }' 8
. indicated that the ZSD titania had a mean diameter of 0.14
- microns and that 85% of particles had diameter of 0.05 to 0. 25

microns. Electron micrographs showed the partlcles to closely'ff o
approx1mate spheres. , . S AT UL ¢
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Spectrograohw and Chemical Anal\sos of e
Three Anatasc Powders '

Uno_"'

R163 ZSD ‘
Wt.% - Mole % “Wt.Y% Mole % Wt. Y Mole %
Spectrographic analyses of TiO, samples -7 T

A SiO2 0. 05% 0.067 0.04 0. 053 0.075 0.100.
ALZO3' 0. 20 0.157 0. 33 0.274 - -

. MgO - 0.09 0.179 0.09 0.179 0.005 0.010
CaO 0.035 . 0.050 0.017 0.024 0.003 0..004
FeO - - 0.025  0.028 - -

SnO2 - - 0.01. 0.015 - -
szO:.3 - | - 0.17 0.051 - -

_'ZrO2 - - - - . 0.08 -
BaO - - - - 0.001 o
PbO 0.005 - 0. 006 - - -
Chemical analysis i
SO, ©0.018  0.018 0.014 0.014 0. 075 0.075

A PZOS 0.526 0.296 0.620 0. 350 - 0.370 0. 208"

* These figures are the average of results obtained ffom 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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T Kmetlc Data _for;_"}vltﬁ'é' VT'féns”formatlovn‘_ of
.U-110, R163, ZSD, and Ri63 + 1% CuO.;

L Lo “Trans. - ~.© . Region.of - al
-~ Material’ i Temp. - Expression Validity . E."1 c )
ER S T (Keal) o

S v-1i0 . C11s0°C () . 0.0 -0.5 148 7.9 x 10

(@ o5 ' ,— 091 86 6.2x 107
S (3 003509 194 576 2 x10%0
@ 0.3 -1.00 204 . 4.1x10
CRIs o dus M 00 o 100 L2
B (2 - 0.45-0.90  94.6  1.1x10%% -
(3 0.45-1.007 101 7 8.4 x 10

(4 0:70-1.00 <108 .. 3.1x 10

(@ 0.40-0.95. 113 6. 7x10'%
(4)  0.70-0.95 © 116 . 2.4x10° o C
CRIGIHI%GCUO 842 () 0.0 -0.60  15¢  47x10%

B

U@ 00 0.30-.0.807 180 2.2x 1077 T
e (3) .v_';"!-_‘,_o.f30_ 0. 90',‘,:_',; 170 1 8.5x f1o3_1 g

@ 0.30-0.80 7180 . o




TABLE V'
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Interionic Distances in Some Cupric Compounds

Distance®* bhetween

Compound | Cutg and: ' .Iénicol.%.ac‘i.ﬂ'ts
v (A) ’ (A)
CuClé 4 Cl1 2.30»-  0.58
CuBr, 4 Br 2. 40 0. 48
CuCl,. 2 H,0 2 Cl 2.28 0.56
20  1.93 0.61
CuCsCl, .4 Cl 2,30 0.58
K,CuCl, . 2 H,0 20 1o 0.55
2 Cl | 2.32 0.60
CuF2 (distorted rutile 2 F § 1.98 0.57
structure)
TiO, (rutile) 20 - 1.946 0.62
Average rCu+;*- = 0 57 A o
* Interatomic distances taken from Wells. 37

e et
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.-:Equlhbrlum Congcntratlon of Vacanm 8 ‘Rutil
' (from Buessem and Butlcr3 ) T

: _‘;.\Tem‘pvexfav‘_curefé‘c_.j_v__.,. B KeXp (atm™’ ) Ny

710000 2,39 x1070 B 1

S1050 . o 9.43 x 107081 L

Y See appen‘dixv'fo‘r‘ calculations S

TABLE VII
Transformation Temperature, Change in Vacancy Concentration,
and Activation Energy for Various Samples of Anatase.

' : ' Change in vacancy concentration L
_Material - DTA Ttr per mole from the equilibrium  Activation .-

o concentration energy ‘_-
S .. x102l - Kcal/mole.. |

U-110 1190 200 190
28D S8 +L8 113
CRI6S . c1ms . wn6 . 100




TABLE VIII - _ .

Transformation Characteristics of Anatase Preparations

‘ Temp. of - Activation
_ . . Approx. DTA 50% reaction encrgy
Investigator Sample Percent 'I‘iO2 Ttr °C in 60 min  Kcal/mole
Shannon U-110 99.6 1190% - 1080 190 # 10
~ ZSD 99.0 1138 1040 115 % 10
R 163 99. 2 1115 1025 100 % 10
R163 + 1% CuO 98.2 842 1782 |
Rao® 99. 9 '~ 650 700 . 80 % 10
Sullivan and Cole® 99.8 900 %% 790 105 %5
Sullivan and Colemang 1 99.6 , - 840 66 | w0
2 99. 6 - gso 8 .
3 99.6 - 840 16
4 9.6 - 975 41
o , 0 N ' : X o | o
Kiihnhold and Knoll Tetraethyl! ester ? - . 655 . - o -
. NOg 660 Lo
o s - <
SO 715 | - -
4 | e T 3
F 900 - oy =
" heating rate = 12° p/min TPrecipitated from ammonia solution with the presence of the =3
::‘* hgat%ng rate = 12, 3° C/min indicated ions. Analysis of the anhydrous proclr)ltato showcd e
#*%  heating rate = 5° C/min approximately 0. 1% of the anions shown > )
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| Fig.

”ﬁ_Fig.

" for samples of R163 heated in hydrogen-mtrogen mixtures.

. 10.

S11.
o anatase rutlle transforrnatlon for various mlxtures of R163 CuO

Heatmg rate = 12° C/mm

12

d :'Perce‘nt anatase vs. distance from the CuO*-Tioz.in"Céf‘féCé-; o

- 'Porc ent transformatmn VS. tlme anatase U-A: i e
. ;':_1:'Pclx~ccnt transforrnatmn Ivs tlrne :
;-.Pcrcent transformatlon us t1mc anatase Z%D
.’."‘1'A.1Act1vatlon enerdy plot ln k vs. 1/T for the ratc laws (1)
: (2), (3), and (4) f01 anatase U 110
. ‘-Perecnt transformatloq VS. temperature m H2~\T = m*xturcs
_'.-\and for TlO -l/o CuO transformatlon tlme _= 30 mfn

_anatase R1€>3

._ and partlally transformed 1n alr Curves show how

-;“__vthe transformatlon affects the color of TlO

_:'.Percent transformatlon vs. time for mixtures of R163.and 1% CuO;
DTA transformatlon temperature vs. percent CuO in’ mlxtures
 of R163- CuO |

DTA curves showmd the exothermlc peak caused by the

'3»? Percent copper vs. dlstance from the CuO T102 1nterface

AR o
g it T e

B eI bt s o

RPN TRV REPEPS ..-:v..-v;.;slc:u.

40 - -_ UCRL 11001 Rav.. |

1 IGURE C-XPTIONS

xanatase R 1 6'3

Reflectance curVes for TlO R163 untransformed

i_)iif"Reflectance Cul"VeS for T10 R163 untransformed ‘
) and partlally transformed in ‘1 O%H -90%N2 mfxtures:'g_--:,," e !
'.7 - for 30 min at varlous temperatures o o '.‘b
7 "Percent transformatlon vs. absorptlon at 6500A (R d-Rx)’ :

. Per.cent transformati'on vs. tim'e for R163 vtransformed in 3

air and vacuum (3 x 10 "% mm Hg)_at 1017° C. P I -

v
The sample was a pressed dlSC of R163 heated in CuO
powder for 6 hours at 880° C. . . ' ;
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of -the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





