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ii.
ABSTRACT

Rutile powders in flaked form were pressed and heated at different
temperatures (1000°C to 1300°C) under reducing (Hp/Hp0) atmospheres to

study the rate of weight loss, the grain growth and the densification.

The weight loss measurements for reduction of rutile to two non-
stoichiometric compositions of TiO;.go and TiO,;.gg yielded an activation
energy for weight loss of 82 # 2 kcal/mole. No attempt was made to identify
the rate-determining step. - Previous weight loss. measurements carried out
in equilibrium conditions produced an enthalpy of 83 # 10 kcal/mole for the
formation of an oxygen ion vacancy. This could suggest that the rate-

determining step might be the formation of an oxygen ion vacancy.

. The grain growth study revealed that the non-stoichiometric
composition of TiO;.g- did not obey the theoretical relation of Burke.

. The results can be expressed by the following

D? --Do2 =K t°°% exp (- SRgOQ)

This activation energy for grain growth is equal to the activation energy
for oxygen ion diffusion. in TiOs. - This suggests that the oxygen ion

diffusion may be the rate-controlling step for grain growth.

-The densification on sintering was evaluated from linear shrinkage
meaéurements of the compacts during reduction to TiO;.gp. A few models were
tried, to find the best fit for the present data. While the photomicro-
graphs suggest the Coble model for bulk diffusion, and the values fof the
diffusion coefficients are of the right order of magnitude, the activation
energy for the rate determining step is about 118 kcal/mole, which is not

in agreement with the previous sintering study on rutile.



iii.

-From grain growth data for those compacts reduced to TiO;.gg
-at 1200°C and those sintered in open air, it was seen that the
diffusion coefficient was not significant%y affected.byvvariétion of.
the oxygen partial pressure. -This discrepancy in the activation energy
value may be explained by a.possible error in measurement and other

-unknown variables which may control the densification proéess.
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INTRODUCTION

Because of the very high-mélting temperature of most oxide ceramics,
densification by sintering of powder compacts. is a common fabrication tech-
nique. - Although this technology may be as old as the arts of ceramics, an
understanding of the mechanisms involﬁed during the sintering processes is

only a recent development.

. The term "sintering" as used by the powder metallurgists,. means
an operation by which a mass of compacted powder is transformed into a more
dense product-by the application of heat alone. . Observation of the increased
cohesion between the particles suggests that the process may be divided into
stages. In the first stage, the growth of bridges between adjacent particles
occurs, but with very little densificatipn. -In the subsequent stages, the

interparticle necks grow bigger producing a noticeable shrinkage. Further

neck growth would result in the formation of isolated pores.

The most successful determinations of thé kinetics of sintering‘
have been made utilizing systems of simplified geometry, where the study bf
the neck. growth is quite feasible by simple experimeﬁtal techniques. . For
this reason, experiments in this field have been mestly confined.to the
measuremenﬁ of the rate of neck growth between a sphere and a plane, between
two spheres, between a wire and a plane or between two wires as a function
of time and temperatﬁre. -Such systems  have the distinct advantage that their
geometry is well known, but they have limited applicability to the densific;; 

tion of powder compacts.



Farlier Théories of Sintering (Spherical Models)

1 v
Kuczynski was the first to attempt to derive the rate expressions

for the growth of the neck at the point of contact between two spherical

particles. ' According to him, the first stage of sintering may be character-

ized by the formation of a neck between. two particles as shown in-Figure.ik';

‘Figure 1. Schematic Representation ofvthe'Contact‘Area.Between
‘Two Partially Sintered Spheres.

. (a) Center-to-center distance constant,

‘ 1
(b) Center-to-center distance shrinks, (after Kuszzynski ).

-This can be brought about by one or more of the following processes: the
viscous or plastic flow; evaporation and condensation; and volume sorisurface
diffusion. The well-known relationship between the radii x of the neck and

a, of the spheres, time t, and temperature T can be described by one general
\

equation n

X _ F (T)t
m
a

where F (T) is a function of temperature only.
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The different mechanisms involved.in the sintering process are related

by the following numerical values:

n=2 m.-= 1 for viscous or plastic flow
n=3% . m=1  for evapbrafion,énd condensation
n=5% m=2 for volume diffusion

. n£= 7 -m-=3 for surface diffﬁsion;

-Although it has been recognized that the decrease of total
surface energy of the compacts is a motivating force for sintering, this
excess surface enhergy in actual compacts has never been very great. For
instance, the net decrgase in free energy occuring on sintering a 1 pn
-ﬁarticlé sizé material correspondé to an energy decrease of abeut 1 cal/gm.
-However, in the neck area there exist: stresses due to the curvature which
‘may produce maés flow or.a'lowering of the vapour pressure in. the neck
region. . The vapour pressure over a flat surface po-and lﬁp, the lowering
of the vapéur pressure due to the fadius of curvature p,are related by
the following expression, first derived py Kelvin2

4p - _ ¥V e (2)
.Po ) RTp ‘ ’

where J'Iig the surface enefgy and Vg the molar volume of the
solid. .Thé;evaporation-cohdensatiOn~mechanisﬁyfor material transport during
sintering can be easily understood from this relationéhip° . If the vapoﬁr
pressure over the flat éurface (or éyé;'the convex surface in thé spherical
model, Figure 1) is highef_fhan that of the neck regien (radius p), part-
icularly at high<teﬁperatures,-evaporaﬁion from the convex région and sub-
sequent condensatien in the cavity of the neck can be expected to eccur,

resulting in neck growth.



Lo

Andther consequence of thé éxistenee of the stresses in the neck
can.be’defermined by Qonsidéring the vacuum surrounding the neck as a fluid
composed of Qacancies which evaporate into the solid. .For these vacancies,
the cavity of the neck will be a convexity and consé&ﬁénﬁly the pressure
of vacancies in the neck:area;will be greater than under the surfaces:of
the other parts. 'Assumiﬁg thaf the vacancy pressure is'prOpértional to

~their concentration in the solid, equation (2) may be rewritten as

bc . Sve )
- Ce RTp '

where C, is the equilibrium.vacancy concentrafion under a flat

surface. Due to the excesé cohcenﬁration‘of vacancies A C in the neck

area, tﬁere exists a gradient of vac;ncies between £his area andvthe interior

of the system. . This will résult in the wvacancy migratiog alonthheir gradient
--accoﬁpaniéd by the volume or surface diffusion of atoms in the opposite

direction. - The excess of vacancies have to be removed from the system.by

depositing them at the possible sinks,‘which may be the nearby surface or

the grain boundaries. The vacancies deposited.in the érain boundaries can

either be diffused rapidly to the solid'vapour'inﬁerface, because the rate

of diffusion is much larger in- the grain beoundary than in the bulk of the

ﬁody; or if the fluidity-of the material in the grain boundary is high (as

in the case of the viscous flow) the vacancies will collapse, as any void

will  in a liquid of low viscosity.  In any caéé, the elimination of

vacancies. via grain boundaries will. result in ‘the shrinkage accompanied

by center-to-center approach of the particles. . On the other hand, if the

elimination of vacancies occurs at thg f?ee surface,. the center—to-center

“*distance of the spheres will not change as would be the case in densification


http://can.be
http://would.be

by the evaporation and condensation mechanism.

. . From the derived expression for AC, equation (3) and by using
the first Fick’s diffusion equation, the equation for volume diffusion

mechanism can.be obtained. . Its final form is

»
]

S K6VO th,
va2 RT

-where D 1s the volume self-diffusion coefficient; - Kiis a -

numerical constant and'has a value of about 100.

.Densification- of Powder Compacts

The increase in densify.of a ﬁowder'cémpapt during sintering is
of the greatest practical importanée,.but due to the number of unknown
variables or poorly defined paraméters invelved in the sintering process,
it is difficult'to evaluate the basic-mechanisms of material transport.

The earlier measurements of powder compacts consisted mostly of determining
theif dénsity as a function of temperature, although fhe time variable is

of great significanee ‘from the point of view of the kinetics of the process.

~Kingery and Berg5 tried to apply the volume diffusion equation
for neck growth bepwéen two particles. to powder compacts of oxides. . They
assumed - that the volume of the neck at any time is equal to the volume of
the pore space removed.from. the system, and obtained the following relation-
ship by using equation (4)

h/5  h/s
} t ... (5)

Av - -30 | 408V, Dy
Vo, - 8 a3 kT

where AV-and- -V, are the change of veolume with time and initial



volume respectively, n is the number of'points of contact determined by

- the coordination state of the pafticles, From the experimental observations
they havé found that this equation'has;vefy,limitéd applicability. - Although
it can_be applied for a volume shrinkage”of up to 2%, it failed completely
for a shrinkage greater than 6%. .Ku'czynski)‘L approached the ﬁroblems of
densification.of compacts from the pOint'of view of pore shrinkage and
considered two possible mechanisms for material transport into the pores:

viscous or plastic flow and volume diffusion.

The End-Point Density

Earlier studies on densification of powdered metals and oxides
indicated that it was not possible to reach the theoreticalvdensity‘by
sintering-élone and this led-tbe powdér_metallurgists to believe that there
is an "end-point denSityﬁ for allfmatériéls. | |

In a recent stﬁdy,»eéble? showed that the end-point deﬁsiﬁy is
the result of gfain'growth, which takes place simultaneously‘dﬁring sintering.
- He postulated-a model and derived an equation to support this hypothesis that
as long as the grain growth is continuous and the pores are connected by the
grain houhdaries, complete eliminatién of pores in the boundaries can be
achieved, and this will result in-complete densification. - Only when dis-
continuous grain growth,took plaée in a systenrwould the bores be trapped
inside the grains. . These trapped pores would. not shrink any fufther. In the
latter cése, the powder compact would reach an end-point density which would
be below the theoretical limit of densification. Coble, using doped alumina
(to contrel grain growth) showed experimentally:that it is possible to

achieve theoretical density only by sintering. < On the other hand, undoped



Alo0g with its unrestricted grain growth reached an end-point density after
a certain period of sintering.  This phenomenon of exaggerated grain growth
- and appearance Qf‘trapped pores after a few hours of sintering occursonly
at orvabove a certain temperatureAcalled“the'Sauerwaldvtemperature ,ATS.

This is generally 2/3 to 3/4 of the melting peoint of the material.

. Pore- Structiire

vThe‘change»in shape and size of the pores is very difficult td
study in real compacfé as the pores are of different sizes and shapes. In
the fifst stage; the necks grow between adjacent particles and the grain
boundary does noﬁ move, begause aﬁy displacement towards the center of
the pérticle would mean an increase in boundary area and thus, an increase
in grain boundafy energy. - Afterwards, as sintering-proceeds and as the
vacancy flux is inversely proportional to the pore radius, the larger pores
may increase in size as a result of the condensation. of vacanciés'originating
from the smaller ones. Thus, the pores may e classified as émall ones,
which shrink, and large ones, which increase in éize, during'sintefing. . The
smaller pores are much more numerous and may‘include the bulk of thevporosity
in the compact. When they disappear gradualLy the overall density of the
compact increases. .On the other hand, the pores of the second group may

control the grain growth by anchorihg.thé grain boundaries.

The criticaldiameter (§ ) of the pores of radius r, which is most
effective in inhibiting gfain grovﬁh, and the volume fraction porosity f

in the material are related, according to'Zener7 by the follewing relationship

y =

(NE=
Fo|R



As soon as the larger pores: reach the critical diameter, exaggerated

grain growth will occur and the trapped pores will not shrink any more.

Model for Complete Densification

_Cob-le5 waﬁfthe first to formulate bulk diffusion models for the
total course:of shrinkage‘in powder compacts, leading,td theoretically dense
produéts. He assumed that there are three stages of densification. In
the initial or first stage, interparticle contact area increased from zero
to 0.2 of>the cross-sectional area of the particle. . This stage,also re-
‘fered:gpfm’the.neck growth stage,fuéually is acéompanied by an increase in
relati?e aensity of pdeer compacts from 0.5 te 0.6. This is shown in
Figures2s and.Eb.‘ During. the initial stage of sinterihg, grain growth cén'
nq£ éccur, as it wouid,require‘migration pf the grain boundary from the
minimum.area'position which in turn would result in an increase in area

-and energy.

In the second or intermediate stage, grain growth begins and
pore shape changes to produce a:matrixvof pores and grain boundary. .The
eQuilibrium'angles formed between them -are dictated by surface téngion such
that the three interacting surfaces form a spatial force balance. . This stage
can be‘reﬁfesenfed'by Figure 2c. . The pore phase is very similar tovaﬂcon-F

tinous channel and is assumed to be cylindrical in shape.

The final stage begins when thepmme becémés discontinuous and the
chapnels are feplaced by the grain:bqundaries. -The pores only oécugy the |
four grain corners and are néarly spherical in shape as shown in Figure 2d.
These pores gt thé four grain corners Vill gradually shrink to zero size and

the sintering will proceed to theorefical density of the compact. - An

Al
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alternatiye final stage would be when discontinuous grain growth occurs
before all the porosity is removedf In this case complete elimination

of pores would be impossible. Coble supported his arguments by cdmparing
his hypothetical model with,thé microstructures of the. specimens at

different stages of sintering. .These stages are shown in Figure 3.

.The final equation relating:the réte,of pore shrinkage with

~ other parameters has the fdllowing»form

ég - lyggya2' , ceees(6)

dt KT
where N.= numerical constant: for cylindrical pore. case N = 10
‘ for closed pore case N = 6T
V2

Dy= bulk diffusion coefficient

¥ = surface energy
ag = vacancy: volume

1l = average grain diameter

k =:Boltzmann’s constant

T. = absolute temperature

- Sintering of Oxides

a) Neck Growth Experiments

To test the kinetics of sintering}(particularly the'initigl stage)
spheres_of‘A1203,~Ti02 and Zn0 have been used by several workers. vﬁiczynski
Vpartiqularly used spheres of sapphire tb test his volume diffusion model of
neck growth, . Parravano and Norri59 used spheres of Zn0O to study the rate of
neck growth as a function of temperature. Their resﬁlt supported the model
of evaporationvand'condensation for material_transport in that system.
:O’Bryan and~Parravanolo studied the gintering of single cfystals of rutile
in air and in reduéing atmosphere in the temperature range of 900-1350°C,
using a sphere-to-sphere model. - Their work indicated thét the predominant

mechanism of material transport for sintering was volume diffusion and they



(a)

(b)

Fi

= 10 =
Figure 2. (a) Initial Stage of Sintering,

(b) Near End of the Initial Stage; spheres have
begun to coalesce. (c) Intermediate Stage; dark
grains have adopted shape of tetrakaidecahedron,
enclosing white pore channels at grain edges.

(d) Final Stage; pores are tetrahedral inclusions

at corners where four tetrakaidecahedra meet.
(after Cobled).

)

(d)

(4)

) Typical Intermediate Stage Structure

) Typical Final Stage Structure

) End Stage at Theoretical Density

) Final Stage After_Discontinuous Grain Growth
(after Cobles).
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-obtained an activation energy of 70 # b4 kcal/mole for the process. Kawai
and Whitmorell also indebendently studied the sphere-to-plate bonding
- of vacuum-reduced monocrystalline fu£ile over the temperature range of
1200-1275°C. - The rafe law.go#ernihg thé interfacial growth indicated
algo thaf the volume diffusioﬁ was the predeminant mechanism of material

transport in the sintering process,

b). Densification of Powder Compacts

The densification of powder compacts of oxide was studied by

Coble12 as -discussed previously. .He used alumina as the standard material

13

to test his hypothésis. .Very recently, Johnson and Cutler also carried
abut investigationson the linear shrinkage rate of alumina powder compacts.
Both of these investigations indicated that bulk diffusion, and not the
graih boundary diffusion Qas the basié-mechanism.of densification. .Clark
and Whitelh used magnesia bowder coﬁpacts to study the réte of densificatien
and expléinéd their results'on.the basis of a piastic.flow model, . The
effect of non-stgichiometry on the'ratg_of densification has. been stﬁdied

15

by several workers ~ with UOpiy.

. No results. have been reﬁortedron the densification of TiO, powder
compacts, although sintered TiOo discs are being widely used in thé micro-
wave guide tubes at the present time.

16
.Crystal Structure of Titania

Titanium dioxide can crystgllize in three forms. Mineralogically
they are known as rutile, apatase and brookite. . Rutile is the stable form

above 820°C but metastable at room temperature and exists in all commercial

~titania. products.
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‘Rutile has a_tetrégonal structure with a .= 4 ho23 A and

¢ =.2.8930 A. From a consideration of pgrely ionic structure, the
radius ratio»of éitaniam to oxygen ion predicts a six-fold coordination
of titanium with oxygen. - The rutile structure may be described as
built up from distortediTioetéctahedra) the octahedra forming chains
in the c-direction and each octahedrén~sharing»an edge with the adjacent‘
members. of the chains. The crystal density 13-5.26 gm/cm;; as determined
from the X-ray measurements. . In the rutile structure titanium and oxygen

. : : a .
are presentfin their highest valence state +4 and -2. .Titanium is a
transition ﬁetal Df‘fhe irén group and its normal electronic configuration
)2

is (4s)"(3d

outside the argon core.

.Defect Reaction in Rutile

_Straumanis17 et al. recently measured the density and lattice
-parameter of rutile peowders for the oxygen deficiencies from 0.5 to 0.8
atomic per cent. .Their results indicate that the size and shape of the
unit cell in this range’dé not change appreciably 50 that the change in

density can be attributed to oxygen vacancies alone.

Kinetic studies of the oxidation of titanium, under conditiens
such that rutile is the only oxide.in the tarnish layer, did net provide
unahbigupus iﬁformation covering»either the predominant point defect or
the sié&er moving ionic species in rutile. . The investigations. of Gulbransen
and"Andrew}B, and Kinné ancl--Knorrl9 support the case for interstitial cation

21

. Qiffusion being rate-contreolling, while those of Birchenalleg, Hauffe™ and

22
others .show oxygen ion diffusion contrelling the oxidation of titanium.
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-From the semi-conducting behaviour of rutile it is weil
established that rutile becomes a metal excess n—typé semi -conductor
upon reduction. - The predominant point defects are oxygen ion vacancies
which are capable of trapping electrons and thereby acting as a donor

‘center..

-Aim .of the Present Investigation

This. present investigation has been -mainly concerned with
sintering and. grain growth of nen-stoichiometric titania powder compacts.
-All the experiments were carried out in a. controlled oxygen paftial pfessure
over a‘temperature‘range of 1000 to-1250°C. -This was to maintain a constant
vacanéy concentration of oxygen in the system, i.e.. a constant ratio of

titanium to oxygen in the non-stoeichiometric.titania.

- In addition, the rate of weight loss was also determined in the

specimens used for the investigation of sintering and grain growth.
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-EXPERTMENTAL

.Titania .Powder

All experiments were performed using rutile powders supplied

by the J. J. Baker Chemical Company, Phillipsburg, N..J.

-Two one-pound.:samples were ﬁsed, the chemical.composition of

which is given in the following table.

Table I.
~Analyses of the Two Rutile Powder Samples

" Lot 21303 Lot 28%65
Water Soluble. Salts 0.05% . 0.02 %
_Arsenic 0.0001 0.00005 }
Iron -0.002 - 0.002 ;
Lead ‘ : - 0.008 0.004
-Zinc - ' 0.00k4 0.005 !
- !

To determine the grain size and shape of the powders, three methods were
tried: first, the standard-Tyler sieves; second, a sediméntation technique
.using Andreasen’s pipette; and, third,:measurement: of the:grainwsizesderived

from-pictures taken by the electron microscope.

. Figures -4 and 5 represént the pictures. taken by the electron
microscope with the magnification of 3000 and 4000.  These show that the
grains Were flaked, having two large dimensibns but little thickness,

. The particles were all in sub-sieve range. -Accofding:to the measurements
carried out by the Andreasen’s pipette technique, over 80 % of the particles
are less.than 4 microns. .The particle size was also determined by taking

-the average of the‘particle dimensioﬁs iﬁ“Figﬁfes-h and 5 and is 1.5 n.

.The largest and smallest dimensions are‘h.25‘P and 0.25 n réspectively.
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Figure 4. Electron Micrograph of TiO, Powders Showing the Size
and Shape of the Particles.
X 3000

Figure 5. Electron Micrograph of TiO, Powders Showing the Size
and Shape of the Particles.
X 4000
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‘However, the average grain size of smaller particles, which are the

larger fraction,havé an average diameter of about 0.8 o

.Compaction of the Powder

One cylindrical die having»an"internalvdiameter of 0.5 inchés
and another one of rectangular shape,.having the internal cross-sectional
dimensions of 0.5 X U4 inches were used for compacting the powder. .The
specimen thipkness was_kgpt approximately 0.25 inches because thicker
specimens tended to break down during firing. - Earlier investigations made
. on compacting powders of'brittlefméterials,.such as oxides, used compacting
pressures ranging from 5,000 to 40,000 psi. -In the present investigation
it was found that an increase of pressure from 7660 to 40,000 psi increased
-the initial green density of the compacts from 193 to. 2.30 gm/cms. . However,
'és the compacting'pfessure was increased, laminar cracks apéeared.on the
.épecimens. . These caused the specimensfto break into pieces on sintering.
-As the specimens were also used for weight loss studies, no lubricant of
any kind could be used. . Therefore, a compacting-pressure of 12,000 psi

was adopted for all the weight loss, grain.growth and sintering measurements.

-The‘Furnace-

The furnace used for all experiments was essentially a horizontal
typé tube furnace heated by four globarh.heating.elements. -As shown in
Figure 6, the main tuﬁe consisted of a long Zircotube of 1 1/8 inches in
diameter passing through the heating chamber, which was builﬁ with insulating
bricks. . Both ends of the tube were ¢ooled by circulating water through
copper jackets. - Thus the specimen, while still inside the furnace was cooled

| quickly after it was removed from the heating zone. - A second Zircotube
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of 0.9 inches internal diameter was fitted inside the main one to avoid
any thermal shock on the latter when the hot boat was pulled into the

cool sone, -The inlet of the tube was connected to a heated copper tube
which was joined to a bubbler and which carried reducing atmosphere.

The outlet was directly connected tb a long glass tube bent at right
angles, the end of which was dipped into a water bath;-IBy this arrapgement

the furnace was essentially a closed system.

‘With the help of a string system as shown'in Figure 6 it was

possible to move the boat from the cool zone to the hot zone and vice-versa.

. The temperature was measured by the useofaPt-Pt 10% Rh thermo-
couple inserted into a protection tube and placed just above the main
* Zircotube, - This. thermocouple was connected to a Wheelco temperature

reguiator which controlled. the temperature within % 10°C,.

- There was a temperature gradiéht aléng the length of the main
‘Zircotube and also a temperature difference between the thermocouple and
. the speéimen. For this reason the position of the boat was maintained in
the three inches of hot zone where the temperatufevwas relatively constant
and almost equal to the recorded'temperatufe in the‘hﬁeelco.regulator. . The
temperature of the specimens was Qccasionally measured with a.sepérate

standardized Pt-Pt 10%.Rh thermocouple.

Control of the Furnace Atmosphere

The ratido of the pressures of H, and HoO in the inlet gas of
the furnace was determined by passing hydrdgen slowly into two bubblers,
submerged in a bath of water which was maintained at a fixed temperature.

The flow of hydrogen was kept as low as possible to have an equilibrium-
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-atmésphere inside. the buﬂbiers. . From the early results of reduction it
appeared that flows.of lesé than 70 bubbles a minute gave reproducdble \
results. | |
The bubblers wefe,conneéted-witﬁ the furnace by a copper pipe
which was heafed by a resistance element at a,temperatufe of 70°C, slightly

higher than the_bath.temperature'tb avoid any condensation.

‘Description of a.Run in the Furnace

The alumina specimen holder wésvloaded with five to fifteen

- specimens and was put inside the tube in the cool zone. . The furnace
atmosphere was gradually changed~£o the desired atmoéphere first by

. flashing it with a_flow.op argon for lO minutes and subsequently by a

flow. of predeterminedrHQ/HZO-mixture for 15 minutes.  Afterwards the
specimens holder was pushed into the hotest zone of the tube. The recorded
time for all runs. began when the boats were first in the hot zone. After:

" a definite time of firing.the reverse progédure was followed. The specimen
holder was pulled back into the cooling zone but the same_flqw.was maintained
for several.minutesvto avoid any change in the stoichiometry of rutile.
‘When the specimen temperaturé was sufficiently low the tube was flaéhed

~-with argon for 10 minutes and finally the specimens were taken but for

- measurements.

- After the appropriate measurements were taken the specimens were

replaced in. the boat and the process was repeated.

- Measurements for Weight Loss and-Dﬁmensional.Change

The weight loss and shrinkage measurements.were carried out on
the same specimens, as both of these measurements were needed to calculate

the relative density.
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-From the .weight: : ratio of titanium to titania which is
M7.9/79g9, the weight of titaniumlin the specimen before reduction
was deduced. .The weight of the oxygen was determined by subtracting
the weight of the titanium from the weight of the initial rutile having :
a stoichiometric composition of TiO,. . The loss.of oxygen after reduction
was obtained by subtracting the initial fixed weight of titanium from

the weight of the specimen. .These measurements were taken on a ChriStian

Beckers manual balance.

- The shrinkagexwas calculated by measurdng the length and width
of the specimen with a micrometer having'an accuracy of =* 0.00ivinches.
-The average of these two linear shrinkages was used to deduce fhe volume

shrinkage froﬁ the following,relation_

AV _ o LAL®
oY - [1 (1 51;) J X100

-From the weight measurements and from the dimenéions_of'the specimens
, ' [
after different periods of heat treatment, the volume and the bulk densities

were calculated and recorded.

-Measurements for Grain Growth

a) Polishing and Etching

For the study of grain growth, the specimens were polished first
using- sandpaper of various sizes and then using wheels having suspensions

of fine alumina powder.

The sandpapers used were of the types 1, O,y 00 and 000; the
alumina powder had an average grain size of 0.05 n. - When the surfaces of
the polished specimens were free from any visibleseratches, they were

etched by immersing them in a bath of concentrated boiling HpSO4 for 2 to
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! .
3 minutes. . Some specimens were subjected to a thermal etch for three’
minutes at 650°C before acid etching. .This is to make the grain boundaries
more apparent. In this case however, the time for the H5504 immersion was

reduced to 30 seconds.

b) Grain Size Measurements

~Several pictures of known magnification of these specimens
-were taken with a-Reichert metallographié microscope using reflected
light. - A magnification of 1500 was used for the specimens having
.smaller grains whereas a .magnification of 600 was used for those having
‘larger grains. - The average grain size measurements were made using

25

~the intercept (or Heyn) procedure
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-RESULTS

. X-Ray Investigation

To investigate the stability range of rutile on reduction the
following preliminary experimént was carried out. -Compacts of rutile were
reduced. to afiXed,ratio of titanium to oxygen by heating in the furnace
already described and by using different ratios of Hz/Hzo partial pressures

over the temperature range of 1000 to 1300°C.

- The specimens were scanned in a-.Norelco X-ray diffractometer for
the Bragg angles of 10° to 80°. .The "d" values were calculated from the
corrésponding diffractométric peaks and compared with the standard'A.SQT.M.
cards for identification-of the oxides present. . It was established that the
rutile was stable up to é non-stoichiometric composition of Tioi,gé. .Thé
compound: TizQs was detected only in reduced rutile having a composition

of Ti0y -3

- In the same investigation, the relationship between the bubbling
-rate of Hy, in the water bath and the cérresponding'equilibrium ratio of

titanium to oxygen obtained at the different temperatures was determined,

- These ratios were subsequently used during sintering, weight loss

and grain growth measurements.

Weight Loss Study

The ratesof reduction of TiOs to two well defined noen-stoichiometric
compositions having the rutile structure (Tiol.gz‘i 0-01 and Tifi .98 + 0-01)
were determined by weight”lossvm.easurements° - These experiments were carried

out at 1000, 1050, llOO,bﬁt'll5O and 1200°C under the appropriate Hp/H0
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atmospheres to yield these compositions at equilibrium.

AW

. The fractional weight loss vl of the compacts can be related

to the time of reduction by the following type of generalized equation. -

M- @) (D)
W

>
=
|

= weight loss at time t

W = original weight

= a function of temperature, pressure and geometry of the
sample. :

=
|

In order‘to determine the value of the exponent n, the weight
loss data given in Appendix I, Tablesl and 2 were plotted as log (éLﬂ)
versus log t. .This plot is shown in Figure 7 for TiO;.go and in Fi:ure 8.
for TiO;.gg as équilibrium products. - The slope of the lines produced a
.value of n = 0.54 # 0.1 for TiO;.gp and n = 0.48 * 0.0l in the case of

7

TiO0;.98-
-A literature survey24 revealed that such a reduction process
usually follows either a linear or a parabolic law. Therefore the average

value of n = 0.52 +# 0.01 suggests a;parabolic relation. Equation (T7)

can then be written as

av = a)°?
W

The values of the function A°°S at different temperatures are then the
slopes of the plots of the fractional weight loss under isothermal conditions
versus t°°° as shown in Figures 9 and 10. These figures show that the

weight loss reached the equilibrium value after a period of heating of about
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100 to 300 minutes. . For this reason, only  the data before 150 minutes of
reduction were taken into account for the calcuiétion of the slopes by the
least squares method. .The results are tabulated in’Appendix-I, Tables
1 and 2.

-In order to determine the oxygen partial pressure dependence

of the function A, it was assumed that the relationship took the form

L, |
A=K PO, veeee(9)

o- ‘0 5 ‘ | '

or ~A°®=x""%P02 (10)

’ .
where-K includes the specific reaction rate constant and any

other variables affecting the rate. . In.logarithmic form, the relationship (10)
will be '

0:s s
logA” " =1 logK + x log POy _ , ceee(11)
' 2 ' 2 )
The experimental values of log‘Ao'5 (Appendix I, Tables 1 and 2) have been
plotted against log PO, (Appendix III,  Table 3) for each temperature and are
shown iﬁ-Figure 11. -Although these curves are determined by two points only,
the four plots can be considered as parallel within experimental error. - The

values of x obtained from the slopes of these plots are tabulated in Appendix-I

(Table 4) and give a mean value of - 1.

3

On this basis, K?dcan be derived from the experimental value of

‘/
i/

A°"® using equation (11).;  The calculated values of K’ are shown in Appendix T,

Tables Iéand'E.

W N /
, Provided the only temperature dependent term in K 1is the rate

constant, the slope of an ArrheniusmblOt will correspond to the activation

energy for the rate'determining step. These are shown in Figure 12 for

‘both series of experiments.
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Figure 12,

‘Temperature Dependence. of Weiéht-Loss
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The corresponding value: of the activation energy calculated
_ S :

from the slope is 82 + 2 kcal/mole for both of these equilibrium

compositions.

Grain Growth Study

The variation- of the grain size'aSTg'function of the heating time
was studied under controlled~H2/H20 atmosphere over the temperature range
of 1000°C to 1300°C. - The photomicrographs as shown in Figure 13a, b, ¢, 4,
reveal the different stages bf grain'growth during the sintering process.
These are very similar to those shown in Figure 3 (after Coble5). The
exaggerated grain growth was expected to occur at or above the Sauerwald
temperature Tg which for TiOp (m.p. l900°C) lies,ﬁetween 1250 and 1425°C.

- Exaggerated grain growth was actually observed at 1250fC after QOOO minutes

and at 1300°C after 1200 minutes of sintering as shown in Figure 13d.

. Theoretical Jjustification for results obtained in isothermal grain
- 2 2
growth experiments was made initially by Beck et al. 2 and by Turnbuill 6,
- The average grain diameter correlated with time according to Turnbull is given

as

D® - D

_02 =xgve L (12)

where D is the average éfain digmeter at time t,uDo is.the_average
ogiginal diameter at t = O, K;is a.rate constant and V’is the atomic volume.
,Burke275'however, deduced the following expression for grain growth on the
assumption that the motivating force for grain-baundary migration during
grain growth is the surface tension of the boundary, and that the radius. of

curvature of the boundary is proportional to the grain.diameter

2 n .
D -Doo =Kot exp (-gd) oo e (13)
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X 1500

X 1500

Figure 13.

(d)
X 600

Typical Microstructures of Sintered TiO;.gs.

(a) Initial Stage - fired at 1150°C for 190 minutes,

(b) Intermediate Stage Bhowing @hannel and Spherical
Pores - fired at 1150°C for 280 minutes,

(c) Final Stage - fired at 1200°C for 2800 minutes,

(d) Beginning of Discontinuous Grain Growth - fired
at 1300°C for 1200 minutes.
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where.KO = a rate constant

the time exponent -with a theoretlcal value of unity
the activation energy for grain growth

gas constant

absolute temperature

H2Oos
h i

The graiﬁ size dafafwﬂich;are'tabulated in'AbpendileI were
examined b&'plotting:ﬁhe<1og-of the-diémeteriof the grains versus log time
in Figure 14, From the measufements of the slopes of these‘iines,.it is -
apparent'thatbﬁhe slopes do not edual“the theoretical value of 1/2. There-
fore, a plo% of log,(Dzv-wDoz) versus log -t was done in Figure 15, the slopes
- of whieh indicate aﬁ:average value of 0.6 # 0.1 for n. -In order to derive

the'%&lue of the actiVation-energy for grain growth, a final plot of D? -~DO2

0-6

versus t for each temperature was made, (Figure 16), .the slope of which

was the value of’the_réte‘eonstant,fK, which varies with the absolute
‘temperature (T) as, K = Ko exp (- Rgéfi/The activation energy Q was then
calcﬁlated.from the,sloﬁe of the'Arrheqieslplot (Figure 17), where log K
was plotted agaihst iﬂ - The derived velue?fér the activation energy was

T
78 ¥cal/mole.

Sintering Study

_Experimenfs.were carried. out to study the deneification of rutile
powder compacts inithe temperature range of 1000 .to 1300°C in air and in a
reduciﬁg atmosphere. The reducing aﬁmospheref “was used in the sintering study
~# to obtain the equilibrium compositians for non-steichiometric rutile of
TiO;.g2 and TiOj.gg. - The same atmosphere had also been used previously for

weight loss and grain growth measurements.

The densification data are given in Appendix~III, Table 1, for

the final composition of Ti0;.go. A detailed study of the microstructure

k)
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as already shown in Figure 13a-d, revealed that the pores were in.the form
of chamnels, which partially filled up in the last stage.  The pores . became
almost spherical in'Shape and were present in three--or four-grain-corners,

és was the case with the model propésed,by Coble5.

. The isothermal densification (or shrinkage) data were converted

to the relative density of the compact which wais: plotted against log. time.

. - The following equation derived by Coble5
Q = NDvKao \ o deees (6)
dt 1BKT '

yields on integration

0 ' te

| | .

P = - M¥ay e | e (14)
‘Pg AET to

where P, is the porosity at time to and zero porosity at time tg

and éssuming.ls-='A t, where 1 is- the grain diameter at time t.  The results
are shown in Figure 18a, b, c, 4, e, for the final_composiﬁidn of TiOl,gg;
-Similar investigation on. the dénsification»of TiO;.gg and Tioz was carried
-out, but no detailed study was made on their grain growth. - The.results are

showﬁ in Figure A,III—la,«b, c, d, e, for TiO;.gg.and in-Figure A;III—E for
" TiOp. -The data are tabulated:in‘AppendinIII,rTable 2. The4véfiation of

the composition of noﬁ-stoichiometrié nhtile-as calculated from the weight

loss measurements was also included in Figure 18 and. Figure A.ITI-1 for

the final compoesitions of TiO;.g, and TiO;.gg Trespectively.

.From g1l these figures, it:is quite apparent that the densification
behaviour was completely changed after a certain time of heating. . The

densification was stopped- in most cases, reaching an end-point- density,
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of Ti0i.g» at T = 1050°C.
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approximately at the same time .as.. the equilibrium composition was reached
for non-stoichiometric rutile. ~Thevend-point dgnsity ménotonically increased
withvthe‘increase‘of.temperature of sinteringn -The break in the isothermal
densification curves occurred after a heating time of iOOvto EOO.Q;nutes

form non-stoichiometric rutile and between 10 to 15 minutes for TiOs.

-In order to calculate the diffusion coefficients D, in equation (14)
it is only necessary to know the value Of’A‘experimentally as the value of
the other constants are knoﬁn. ‘While investigating the isothermal grain growth
}goffhanf!_equilibrium.composition of TiOj.g92, it was found that the fol%owing

-expression satisfied the experimental data.

‘D2 -p %= Kt%° e (15)

This equation is almost equivalent to

neglecting D 2, as the initial grain size D, was very small, and A in

3 /2

equation (16) is equal to .

- Therefore, the plot of'DsterSus]time was made -for all temperatures,
as shown in Figure A.III-3 (in'Appéndix-III), the slopes of which give the

values of A. - The results are.recorded.in’AppendiinII, Table. 3.

The slopes.of the plot'of the relative density versus log time at

any. temperature T are equal to

. 5;2-5.NDV‘ZfTTaOS
v AT

B »& }’ a5 . . - _ _18 )
Using N.= 10, § = 1000 ergs/cn®, a® = 1.57 X 102%m®, k = 1.38 X 107-% ..

.ergs/deg. and the value of A (from Figure A.III-3) at different températures,
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the corresponding diffusion coefficients (Dv) were calculated. - The
results are given in Table h,‘Appendix'III.’-An Arrhenius plet (Figure 19)
of log Dy versus (%) produced an activation energy of 118~kcal/mole for

diffusion.
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DISCUSSION

Defect Structures of Rutile

The reduction equation involving the creation of the oxygen ion .
vacancy and its two trapped:electrons may be derived by using a model
i :_ A s
similar to that already advanced by.Greenér,TWhitmOréuandwFinéESﬂ for

: : 11
- Nbz0Os and Whitmore and Kawai  for TiOs. - This equation-is

OZ(g) +Vp2- +20 ; B (17)

Mot

e L s
where Ol is an oxygen ion in a normal lattice position and

Voz- is an oxygen ioﬂ vécancy-in'which the two electrons were trapped

o R s
in the form of two Ti = ions.

. The law.of mass action was applied to equation (17) with the

reé 1t 12 E ‘ -
a K - Po: [VOZ.],[@]2 e..4(18)

! .

as the.concentration of trapped electrons is twiece the concentration of
oxygen vacancies
fel =2 [Vge-]

The eqﬁatiion (18) becomes in terms of the oxygen vacancy concentration
[Voz-q.; (1) Pos ceene(19)
This equation shows that under equilibrium conditions: the coﬁCentratiqn of

vacancies is proportional to the al/6'power of the oxygen partial-pressure.

~

- Equation (19) can be rewritten as

-1/6 SE2E 4+ AsE
[VOZ"],= 0.63 PO2 exp- [ - 3 RT * B3 ) I (20)

where AH°f and AS°f are the enthalpy and entropy of formation for

reaction (17). -After removing the temperature independent term from.the
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experimental function, equation (20) becomes

‘ Aser
where C stands for (0.63 expﬁﬁ%—f).

-Weight Loss Study

Buessem and Butler?Q derived a similar‘expressibn to interprét
the total.weight'loss of rutile on equilibration with various oxygen_atmosbherés.
-Their equation was.

T
omt o+ 0FT = v

of which the équation constant is

+ eHpg3t + L1 g’

Kipy .= C - exp Hav -
(T R kT

o

0 are the enthalpy of the anion vacancy
2

where H

Hyys HTi3+; and H

‘a4t : -
of T13 and of oxygen gas in the standard state.

- From the experimental data, Buessem and Butler obtained an enthalpy
value of 83 # 10 kcal/mole. - By using a.value of f55.75»kcal/mole (for the

change of standard state) they obtained for

Hy + @Hpa+ = 136.65 + 10 keal/mole.

350
. Interpreting Cronemeyer’s data on conductivity of rutile5 in
this manner revealed that

3+ i
CHyy + 217 = 127.05 keal/mole.

~ A comparisen of equation (21) and these data.shows that

AHf = 127.05 (or 136.65 kcal/mole)
or QHE = 42,35 keal/mole for the defect reaction represented
3

by equation (21).
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In the present case, no attempt was made to determine the

detailed mechanism.of reduction of TiO, since this did not fall
within the scope of this investigation. However, the activation energy
of 82 + 2 kecal/mole obtained is identical to the enthalpy of reaction (22)

29

obtained by Buessen and Butler _This would suggest that the rate-

determining step may be the formation of an oxygen-ion vacancy.

Grain Growth

The predicted increase of grain size in a normal grain size
distribution with no inhibiting second phase has been observed to follow the
square root of time. However, impurities in the lattice or nonuniformity im
the grain size distribution and shape in the original material can cause
the grain growth to be a function of a smaller power of time. This can
be expresséd as

"D -Dy”° = Kt 0 {ngl ceee(15)

with n = 1 in the theoretical case. -Another explanation for lower

27

than . theoretical values for n has been advanced by Burke '. - In many grain
growth investigations, the original material contains a disproportionately
large number of fine grains, . Therefore the average radius of curvature of

the grain boundary will increase more rapidly than predictéd by the theoretical

equation where n has the value of 1.

Tn this study most of the measurements plotted in Figures 7 and 8
relate to continuous cylindrical pores interconnected at the grain boundaries.
- The second stage of gmre shrinkage, i:e.,the isolated pore phase, was observed
only at the higher temperatures and after long periods of heating. This is

illustrated by Figure 13d, of a specimen heated at 1300°C for 1200 minutes.
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But this .change in pere shape does not influence the relation (15) which
is. the same as long asfexaggerated'grain growth does not occur. Therefore,
particular attention was given at the higher temperatures used, 1250 and

1300fC to aveid the measurements influenced by exaggerated grain growth.

- The results of the present investigation for Ti0;.go 4 0.01 C2N be

; «Tepresented by the fcllowing expression

t

. 8,000
D -“Dozl.— Ko £9°¢ exp (- Z—L———)

RT

The time exponent n-has the value of 0.6 instead of the theoretical value
n = 1,  For the non-stoichiometric composition of TiO;.gg # .01, & = 0.6

while for TiOs n = l% (Appendix- ITT, -Table 5)'
\ - h

The variation of the value.of:theeefpenent n with the change of
stoichioemetry of the compound has also been.eveluated for«%OZBl’BE. -The
-value. of n changed from'n =1.2 ton = 0.8 for UOs to UOp+4x. . Table IT
compares. the value of n for different ceramic oxides as determined from

- the grain growth data.
: - Table TI.

~Values of Exponent n for Different Ceramic Oxides

,Oxide‘ | .n - - Reference
| U024y 0.8/0.9 51
.YUO2 1.2 52
a0 1.0 33
MgO ’ /1.0 33
Al50s ©.0.66 (0.62-0.7k) 12
| Cao.is;z;g,as 01.85 0.8 3L
Present Work TiO, 0.60 -
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Temperature Dependence of Grain- Growth

Before discussing. the significance of the present value gf the
actiyation energy for the grain growth'of‘Ti92?X it is,informativevto
consider the activation energies for the grain growth process in other
ceramic-éxides. For the purpose of comparison, the energies:for the
self diffusion of the componentslinfsuch~systems are-also included in

- Table III.
- Table III.

4Activation-Energyéf_Data for Different Ceramic- Oxides

Oxides - Activation Energy ' Activation Activation
' for grain growth Energy for self Energy for self
' diffusion of diffusion of
the cation . the anion
4 (Ref.) (Ref . ) . (Ref.)
- Alp03 153 (12) 11k (35) 152 (36)
MgO 60 - (33) 79 - (37) 62.4  (38)
'Cao’("f]_éﬁ: ZI'O .85 O1.85 1.09 fqr
a 80 o(3k)  CcaPzrtT (39) 29.8 (%0
U0z 87 (32) 88 (k1) 60 (k1)
- Ti0z 78 - - - T (43)

."As is evident, the activatien energy for grain growth of oxides
corresponds to the energy required for the diffusional process of either one
of ' the two components. On this basis, it is always considered that the grain

growth of oxides is controlled by a diffusion mechaniém.

1In.theﬂpresent investigation, the activation energy obtained for

- the grain growth study is 78 kcal/mole for TiOy.92 4+ o0-01. The temperature
behaviour of the oxygen sélf-diffusion coefficient has been determined by |
Haul and;Jﬁstug using Linde rutile single crystals and 0'® isetopic exchange

technique. fTheir diffusion data can be represented as follows
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- 74,000, cnt
1.6 exp ‘(‘_fﬁT—_) sec

between the temperature range 850 to 1300°C.

-An expression for the intrinsic oxygen self-diffusion coefficient
for non-stoichiometric.rutile,rDOZ' has been derived in Appendix IV, the
final form. of which is

where Do is the usual frequency factor, AH°f is the energy to
form an oxygen vacancy, -and U is the activation energy for oxygen vacancy

migration.:

\

By comparing the experimental value with the thermodynamic

calculation

§H°f + .U = Th keal/mole

and by taking AH®f = 127.05 kcal/meole from Cronemeyer’s data, the energy

for-?acancy-migration U is about
Th - 127 = 31.6 kcal/mole
3 :

Similar calculatioPs with the present grain growth data produced
a value of 35 kqal/mole for the activation energy‘for'migration of the
oxygen vacancy. -These results are in good agréement and it appears reasonable
enough-to suggest that oxygen ion diffusion is the likely rate-controlling

step in the prbcessqu grain growth of non-stoichiometric titania.
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‘Sintering

The microstructures.as shown in Figure 13a-d, reveal the different
stages. of densificaﬁion, .They are almost similar to thése depicted by Coble
(Fiéurq 3). -The intermediate stage is shown in Figures 13a.and b, which-are
photomicrographs of specimens heated at 1150°C. for 190 minutes and 280 minutes
respectively. - In Figure 13b, the pores are at the junction of three —grain
corners, indicating the presence of continuous porés. .The final stage begins
when the pore phase is eventually pinched off. .The presence of some pores
at the foﬁr-grain corners in Figure 13c, indicates that the specimen had
reached the final stage of sintering. - The microstructures of specimens sintered
at higher temperétures-revealed_both trapped pores in the grains and pores at
the grain boundary corners és sﬁ?Wn in'Fiéure 15d.  Existence of trapped pores
. in the grains in all specimens, which were fired at or above 1250°C. suggests
~ that some degree. of discontinuéus grain growth occurred in all. cases. ;This
is also evident from. the density-time curves (Figure lBa-e),»where in- every

case an end-point density was observed.

Exaggerated grain growth was carefully avoided in this investigation
by carrying out all experiments below 1300°C (:$Séuerwdldtemperature in the
case of TiOz). A comparison of Figures 13b and 13d shows:that the uniformity
in grain and.pore size which-was present at the beginning of the sintering
-process,&éﬁer disappeared. - At the later stage several grains. grew larger
at the expense of smaller ones. .On further heating, shrinkage of the pores
in. the grain'éoundaries was observed, which resulted in some increase. in

relative density of the compacts.

-Annealing twins were observed in the specimens after 2000 minutes
of sintering at or abeve 1250°C; no study.was:made to test the effect of this

on the grain growth or sintering.
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‘Density-Time Curve

Isothermal density-time curves in-Figure 18a-e, present the effect
of temperature only,:as-the effects of atmospheres were not determined,
although the oxygen partial pressure in the system was varied at different
temperatures. .The compacting pressure was found to have a significant -
effect on. . the initial relative density and on the densification rate and
so was kept constant. .The initial relative density of all specimens was
1.96 gm/cms, particularly for the non-stoichdometric equilibrium composition
of Ti0;.go. -The use of compacts: of such low bulk density eliminated to some
extent the presence of the density gradient produced by die wall friction,
although this could not be completely avoided.. Large shrinkage rate

anisotropy was not observed.

: The'initial part of density-time curves never extended to the
'-finél stage of sintering ac¢ording to Figure 15, so that the change of slope
canhot be attributed to the change of pore shape. In adaition, according -
.to Coblele, the change of'pore ppase continuity should occur at about 95%7

-.of fhe theoretical density of £he compact, which, in this investigatian,

‘was never achieved in any specimen. The change of slope in all cases 6ccurf¢d
whén the composition of  the non-stoichiometric rutile under the reducing
atmosphere reached an equilibrium.value. Thus, it appears that the change

of rate is not a function of change of pore shape but is related to the

formation of oxygen vacancies in the system during the pre-equilibrium stage.

O’nyan and Parravanolo measured the rate of neck growth between
rutile spheres in an atmosphere of HZ/H201(= 10) and observed similar breaks
in their isothermal. neck gerth rate curves. - They explained this observation
onvthe bésis of,pélygonization of monocrystalline rutile sphéres and assumed

that the specimens reached equilibrium almost immediately during heating.
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-The significance of the slopes of the density versus log time
curves is not knoWn, -The slope may be affected by the initial particle
size, particle shape and also by inhomogeneities in initial bulk density,
-pore size distribution, and ﬁarticle alignment. .The problem,then, is to
determipe whether the diffusion model is.supported.byfihe;linééfiimef_the'

curves,

-Diffusion Coefficient

The linear region of the density-time curve in the pre-equilibrium
stage of densification was used. to calculate the diffusion coefficient.
The observed increase in densification rate with increasingitemperature is
-typicai,of-thermally—activa£ed.processes in ceramics. - Eaéh éurve has
roughly the same character. . The slopes vary, but cannot be interpreted
quantitatively, and therefore t?e change in slope from one line to another

- 1s not understood.

.The apparent diffusion coefficients calculated from the results
ére shown in Figure iélwhere they were plotted as log D against l/T. .Other
data ploetted in.tﬂis figure are Haul and Just’842 directly measured diffusion
~coefficients for oxygen (determined by isotopic exchange technique) and

Whitmore’sll apparent diffusion-ceefficients calculated for measurements

of neck growth between two spheres.

- The diffusion coefficients.calculated_from.Intérﬁédiaﬁeﬁsfagéemégéure_

léy ”'t@aqgﬁﬁgéﬁﬁfxég}neckvgrowthgﬁ measurements by an order of

magnitude but agrees with the directly measured diffusion coefficients.
'nOnl&rorder-of-magnitudevreliability may. be attached: to the individual models

or results, and therefore the discrepancy does not disprove.the model applied

in. this case. . However, the calculatgd aétiﬁation énergy of 118 gcal/mole in

the present case is not in agreement with other results. .This is reflected
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in the difference of slopes of the lines as shown in Figure 19. . This

- discrepancy ﬁay be attributed to some of the_factors,involvedﬁin.the
calculation of the diffusion- coefficients. - The érror'in the measurement

- of grain size would affect the factor A (equation (16)) -Similarly, the
error in_the measurement of the shrinkage values.would affect the slope
of the dénsity-time curve, - The cumulative effect of these two on the
calculated diffusion coefficients may be cénsiderable. Thié is particularly
'prue for the specimens. sintered below 1100°C. . The changesin'the grain
size and in the dimensions of the specimens with time below 1100°C were
very small, -Any error in.the measuré@ent:of'these two parameters wouid
have a large effect on the value of diffusion coefficients at lower

- temperatures.

.The effect of the initial shape of the grain on the shrinkage
rate is not_knowﬁ. .Coblegé5 original model was based completely on.the
spherical grains. -In the present case, the initial grains are like_flakes.

. These -are expected to change into a minimum. surface area configuration in
the earliest stage of sintering, as these flakes have large surface energy
associated with them. . The steps involved in this change of configuration

aéé_not known an@,therefore, its effect on the overall shrinkage rate cannot

be evaluated.

. The effect of oxygen partial pressures on the diffusion coefficients
was evaluatéd by the:following»procedure. -The isothermai grain growth rates
-0f the equilibrium compositiors of Ti0,.gg and Tioz at 1200°C were determined.
- The data were plotted as.D? (where D = average grain diameter) versus time.

-The slope of the lines pro&pced the values of A for these two compositions.
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Using the shrinkage data.at 1200°C- the diffusion coefficientsifor the
equilibrium compositions of TiO,.gg and TiOs, were calculated. -The results
are tabulated in Appendix III in Tables. 5 and 6. -In the following

~table the difflusion coefficients and their respective xygen partial
pressures are compared. It can be Séen that the diffusion coefficients
were not significantly affected by the change of oxygen partial pressure

in the system.
. Table IV

Calculated Diffusion Coefficients at Different Oxygen Partial Pressures

Composition - Diffusion Coefficient Oxygen
(Dy) at 1200°C -Partial Pressure
cm2 /sec in Atmosphere
Ti0; .92 k.32 X 1071t 1.41 X 10715
Ti0; .98 5.86 x 1071t . 1'X 107
. Ti0s 12,61.X 10711 0.2l

In view of the disagreement between the value of the activation
energy obtained in this investigation and that found in other sintering
studies, attempts have been made to apply other avéiiable models for (&
densification. Two other models are currently available. :Coble5 in
addition to his bulk diffusion model, propésed a grain boundary diffusion
model on.the understanding that densification might proceed by the migration
of the grain boundary. Coble derived the following equation for the grain

boundary diffusion

Db W Faoz3 £ ]2/5

P = 2 e
[ 14K T (23)
where P = volume fraction pores at time t
Dy = diffusion coefficient of atoms in the grain boundary
grain boundary width,and other factors similar to

h =
]

it b equation ((6).
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‘The values:of boundary”diffusion coefficiénf Db'were calculated
- using equation<(23)and the porosity data of the equiiibriumAcomposition

of TiO;.go. - The results and calculations.are given in Appendix-V. These
are plotted in Figure'JSVto compare with the other rgsultsQ -According
.to this figure, the bulk diffusion model gives a better fit for the

present result.

“ l . .
Johnsen and Cutler 3‘Very recently derived an equation to interpret
their linear shrinkage data of alumina compacts. The equation has the

following form o
' K¥a,® Dm m

Lo
where AL == fractional shrinkage
Lo
K. = umerical constant
A = surface energy
D = self diffusion coefficient
ag® = vacancy volume
r = particle radius
-t = time
.m,p - = constants

In thiscequation, the value of the time exponent m varies between
0.25 to 0.50 acéording to the geometry of the contact points, such as
sphérical, paraboloid or 160° cone on‘é,plane efc.v The fractional lineaf
shrinkage daﬁa,in the present investigation were also plotted. against time
in a.log-log scale. . The value of m is found to be less.than 0.1 in. this
case. - The significance -of such a low value is not knowq“and as a consequence
no attempt was made to calculate the diffusion coefficient using this

~generalized equation,
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‘CONCLUSTONS

. The reduction~of rutile was carried out to two final compositions .
~of TiO;@éZ and TiO;.gg using different Ho/Ho0 atmospheres. -The fractional
weight loss with time was found to follow a.parabolic relationship. 'An
--ArfheniUs plot using rates which were corrected for oxygen partial pressure
dependenée produced an activation energy of 82**.2 kcal/mole. The weight
loés-measuremenfs under equilibrium.conditions carried out by other .
invéstigators-produced an enthalpy of 83 * lO,kcal/mole. - This may suggest

.ﬁhat the rate determining step is the oxygen ion vacancy formation.

. Grain growth data for the equilibrium composition of TiOj;.g5. 4+ 0-01

can be explained by the‘following-expression

D> - D2 = K. t°6 exp (- 8R800)

The value of time exponent n was found to be different from the theoretical
. value‘of4unity for Ti0;.g- and TiOj;.gg. It was equal to one for the grain
.growﬁh of stoichiometric rutile. - The aétivation energy for oxygen ion
diffusion. in Ti02 detefmined by oxygen isotopic exchange technique was
‘fduﬁd.to béf7u kcal/mole. . On this basis, it is justifiable to suggest that

- exygen ion'diffusion-is-the likely rate-controlling step for thé grain growth

~of the TiO;.gp non-stoichiometric compositioen.

vDensificatidn of the final equilibrium composition of TiO;.gs was
»exﬁlained using-a”sintering‘model proposed. by Coble. . The values of the
diffusion coefficient calculated in this investigation were of the right
ordervof magnitude but the activation energy for the diffusion process.cai-
éﬁlated from. these dafa did not agree with that of other ﬁorkers. . This
,discréﬁancy is explained on the basis of errors in the measurementé, in-
' homogeneities;in the compact and other possible factors which affect the

densification process.
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;RECOMNENDATIONS'FOR FUTURE INVESTIGATIONS

.This study on grain growth and sintering of rutile compacts
. under reducing,étmospheres'was.the first attempt to apply a:modelnof

densifibatioﬁtonvrufile powder compacts.

. The effect of initial compactipggpreséures on. grain growth and
deﬁéifiéétiop should be carried.out using rutile powders of known and
'“simple ge@meﬁry. yAiso_keeping,the-particle:shape as simple as possible,

initial'grainfsi?e effect on the densification rate should be in?estigated.
.This data_by'éorrelating with.the grain growth~measurements.should:hglp

,fo idenfify'the factors which control théTValue of the time exponent. in

-the generalized expression of the grain growth.  With the availability of

a -plasma, the powdered particle should. be: spheroidized before other experiments
afe undertaken.  This,sh0uld»eliminaté'the heterogeheity in contact angles
,:and,in-number of cbntacts.per particle. : An-observation of the number of
cohtacts per partiéle during.densification, as well as the'measurement of

" surface-area .of the coempacts: would perhaps explain the drop iﬁ rate. of

' densificaﬁioh'once the eqﬁilibfiumlnonéstoichiometric compesition has been
réached'in rutile. The influence of grain growth inhﬁbiting elements should

“be. ihvestigated in order to reach-the theoretical density in the compacts.

- To isolate. the effect of reduction on the densification rate,
the powdered particles should be. reduced: to a non-stoeichiometric equilibrium

1composition.before the sintering study is carried out.
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"APPENDIX I.

- Table 1.

~ Weight Loss Data for TiO;.o» = 0_01 

S 6 -

Temperature AW y 100 Time ¢

-AO5  1og AO-S

) -0.5 1o .
of Furnace W min £0"s (xlf?~5 log POz sz-l 3 log KOS
oC . % m
1000 0.153 15 5.87 6.116 . -l.21k :17.53 - -2.92  -L.13k
(7:.94) 0.260 20 L.,52 X 1072
0.461 50 7.045
0.500 65 8.06
0.648 110 10.53%
1.211 210 14,51
1.250 430 '20.50
1050° 0.173. 10 3,165 7:4677 5 -1.1275 -16.765 -2.79% -3.9215
(7.67) 0.270 15 3.87 X 1072
‘0,430 35 5.90! .
0:646 75 8.66
0.740 100 10.00
1170 240 - 15.50
1.970 1065 32.55 |
1100 0.480 . 25 L.98 12.641 -0.898 -16.16 -2.693 -3.591
(7.35) 0.775 50 7.0% X 1072
1.170 .100 10.00
1.465 150 12.22
1i730 -300 14,50
1.7 1055 32.45
1150 0.678 15 3.87 15.53%6 -0.781 -15.412 -2.568 -3.349
(7.12) 0.871 25 - 4L.98 X 1072 ‘ o
.. 0.990 .35 ©5.90 '
-1.450 75 8.66
1.750 1ko - 11.82
1.775 300 17.30
1,900 470 . :31.05
1.900 1065 = 32.55
1200 . 0.613 10 31.65 22.3%27 -0.651 -14.85 -2.475 -3.126 .
(6.86) 0.890 - 25 L.98 X 1072 S -
"1.693 55 7.40 :
‘1.74%0 .70 9.23
1.750 130 11.42
1.800 250 . 15.85
1.972 780 28.00




Table 2.

3 62 :

- .Weight Loss Data, for TiQy, 08, + 0. 0;

Temperature AW - ‘Time t Lo-s A9'S 15,405 155po, 010,78, o5
of FEgnace‘v- i; 100 min ¢ ~(m%ﬁ§'5 Hoe © 92'P02f1}6 log K
, _
{1000 . - 0.132 20 0 L.y 3.7428  -1l.he265  -16.376 -2.729 -k.2194
' (T.9%) 0.276 55!  7.28 X 1077 , .
0.376 113 = 10.62
- 0.540 233 15.28°
- 0.542 473 ¢ 21.76
-0.542  1L3B 38.00
11050 - 0.20% 15 3.87.5.155 - -1.288 -15.60 -2.60 -3.888
(7.67) 0.265 27.5 5.25 X 107%
0.415 55 T.h2
- 0.486 87 9.33
©0.510 125 11.18
0.510 215 14.65
0.510 . 810 28,45
1100 0.186 10 '3.165 5.667 -l.2h7h -1h.236  -2.373  -3.620L
(7.35) - 0.225 15 3.87 ‘X 1072
o 0.340 35 5.90 '
0.510 55 7.42
0.545 105" 10.26
0.573 490 22,18
0.573 1075 ~ 32.80
1150 . 0.310 15 - 3.87 7.3358 -1.135 -1359 -2.265 -3.400
(7.12) - 0.487 s . 6.72 X 1072
0.555 105 10.26
0.590° 275 : 16.58
0.6k5 2555 - 50.65
0.645 LuLO 66.70
1200 0.140 24 4,13 5.170 . -0.287  -13.00 -2.170 -2.457
(6.86) 0.255 30 5.47 X 107%
0.380 38 6.16 ) 7
0.534+ 60 . T7.75 N
0.534 125 11.18
0.598 2u5 15.65.




Table 3.

Oxygen Partial Pressures

Temperature Temperature = P ) .*PH :
of Furnace of the mmﬁig'Hg ?‘“a log'Ponw_u:{f
o Bubbler oC" , : H2O =t Lil
A. For TiOr.ez oon
1000 ¢ 23 21.068 35.2 -17.53%
1050 . 23 21.068 = 35.2 -16.765
1100 25 23.756 31.0 -16.16
1150 25 23.756 31.0 -15.412
1200 25 23.756 3.0  -14.85
B. For Tiol.gszi 0-01 A )
1000 b5 71.88C 9.60 -16.376
- 1050 L5 71.88 9.60 -15.6
1100 53 107.20 6.06 -1k .236
1150 53 - 107.20 6.06 -13.59

1200 53 107.20 6.06 -15.00




- Table k.

- 6k -

_Determination of the Power Factor of Py,

Temper -

~log A©O°S - log P _
ature  TiOy.es  TiOi.pz . TiOi.gs  C2Ti0,.qn = -0P%® *
°c [ | g
| - ' T '
1000 - --1.hk265 -1.214%0 -16.376- -17.53  -0.2125 —_0.184 - 1.
- - 1.159 2.8
1050 -1.2880 - -1.1275 -15.606 -16.765 -0.16 =-0.137 - 1
: , ; 1.165 .65
1100 -l.247h  -0.898 -14.236 -16.160 -0.35 =_0.182 - L
o 1.93 - 2.75
1150 -1.135 -0.781 -13.590 -15.412 -0.354 = 0,1825 - _1
: ) 1.82 _ 75
1200 .-0.287 -0.651 -13.000 -14.850
| | | |
Average $lope is'apsumed fo,bé - 1

3+ 0.65
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-Table 1.

- Grain Growth Study

Tempera- - Grain :Time t D2 D2 - D2

ture .  Size D min p2 e £0°° log K (cn/min®"
OC. ').l -
1100 - - 0.3 90 0.5329 0 14.83  (2.15:X 10710)
(7.35)  0.93 380 0.8649 0.33%20 35.4 ¥
; 1.40 1055 1.9600 1.k271 65.3 -9.667
1.66 2555 - 2.7550 2.2221 110.8 :
2.08 5315 - 4.3260 3.7031 171.5
1150 : 1.365 120 "1.8630 1.3301 [ 17.7 (5.8 X 10719)
(7.12) 1.50 290 .2.2500 1.7171 30.2
' 1.91 705 . 3.,6481 3.1152 51.3 -9.237
2.50 1980 6.2500  5.7171° 95.1
2.96 3305 - 8.7616 8.2287 .127.2
3,34 6605 11.1806 10.5471  197.0
1200 1.90 110 33,6100 3,0771 16.75 (23.2 X 10°*°)
(6.78)  2.57 280 - 6.6049 6.0720  29.5
L 3.52 1265 12.390k 11.8575 73.0 -8.645
5.50 2820  30.2500 29.7171  117.3 R
5.93 4183 35.3000 34.9771 - 149.3
1250 2.92 100 8.53%29 8.0000 -15.85 (60 X 10710)
(6.50)  3.41 _ 240 11.6280 11.0951 26.8
5.05 500 .25.5329 25.0000 L41.7 -8.222
S 7.02 1270 49.2800 48.7471  73.3
- 8.60 2620 73 .9600 73.4271 112.2
1300 . 7.30 ' 90 53,2900 52.7571 14.83 (250 X 1071°) -
(6.35) ~ 17.80 2150 60.8400 60.3071 20.15 .
12,23 210  149.5300 149.0400 24.80 -7.600
- 8.98 . 250 80.5329 80.0000 © 27.10
- 9.80 415 96.6400 95.5071 * 37.15

10.30 625 106.0900 105.5570 ' L47.60




~

APPENDIX TIIT.

.Table 1.
Temp. Time - W AW Q2 -  Ti0, -Shrinkage Vol. at Weight at Green Density of
°C. min. em w T en Vol. % Time t = Time t  Bulk Nem-steich. = P__

© 100 o , cm® gm Density .Ti0p -Theo. PO
1000 © 0:6911 = 0,777 o277 2 0 k.26 8.3483 1.963 k.25 0.462 -
15 0.6905 0.153 0.27615  1.994 6.5 3.98 8.3k4 2.10 Sl ohl 0.495

20 0.6893 0.26 0.2753  1.986 9 .%.88 8.32 2.15 L.238 0.506

s o _ 11.986 12 3.75 8.32 g.22 4.238 0,52k

50 0.6879 0.461 0.2739 1.972 16.6 . 3.55 8.29 2.34 L 227 0.530

65 0.6876 0.50 0.2760 1.97 -9 .3.88 2.1k 4 225 0.540

110 0.6866 0.648 0.2726 1.96h 12 3.75 8.27 - e.222 b 22 0.530

240 0.68275 l1.211 0.26875 1.94 17.2 3.53 8.24 2.3k - L.20 0.557

430 0.6770 2.05 0.2630 1.905 16.8 '3.54 - 8.18 2.3k L.17h - 0.559
1050 0 0.7500 0. 0.3000 2 0 4.26 8.3483% 1.97 4. 25 0.464
10 0.7487 0.173 0.2987 1.99 . 21 3.36 8.33 2.48 Lok 0.587

15 0.7480 0.27 0.2980 '1.986 = 27.5- 3.08 8.315 2.70 L.238  0.636

35 0.7468 - 0.43 0.2968 1.98 27.8 3.07 8.31 -2.70 4 232 0.632

75 0.7451 0.646 0.2951 1.968 28.6 3.02 8.28 2.75 4 223 0.650

100 0.7445 0.74 0.29445  1.964 " 293 3,005 8.280 2.758 4, 22 0.654

2b0 0.7367 1.77 - 0.2867 1.92 29.6 2.97 8.225 2.75 4.185 0.656°

1065 0.73%60 11.97 0.2880 1.918 30 2.955 8.19 2.78 4,183 0.664
1100 0 0.6909 .0 0.2769 2 0 4.28 - 8.3824 1.96 L.25 0.4g2
10 ' 0 0.2769 2 27.8 3.09 8.382k 2.71 k.25 0.638

10 0 0.2769 2 28.9 3.0k 8.3824 2.76 k.25 - 0.648

30 0.6876 0.48 0.2736 - 1.972 32.8" 2.88 - 8.34 2.90 4. 226 0.682

50 0.6856  0.775 0.27165 1.96 35.3 2.77 8.32 3.00 L.217 0.710

80 0.68399 1.00 - 0.2699 1.95 35.6 2.76 8.305 3,03 - k.209 0.722

2100 0.6828 - 1.17 0.2688 1.94 37.4 2.69 8.28 3,085 4.201 0.734.
150 0.6808 “1.465 0.2668 1.926 . 37.8 2.67 S 8.27 . . -3.105 4.19 0.740

300 - 0.6790 1.73 0.2650  1.918 38.3 2.65 8.26 S 3.12 C 4,183 0.745
1055 0.67885 ~ 1.7h5  0.26485 1.916  38.5 2.695 8.255 .  3.125 4,182 0.745

" continued...
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fTable lfConp;nued...

<Temp..Time

Density of

0.3410

.18

| AW« O -pio. ~Shrinkage Vol. at - Weight at Green P
°C. min. em oW » x Vol. % . Time t Time t Bulk Non-stoichio. =~
, 100 e ) cm> gm ‘Density TiO, Theo. 0
1150 0 -0.6663 .0 0.2664 2 . 0 . 4,28 8.3824 . -1.94. < h,25 -
' 5 0.6663 0 0.2664 -2, 35.2 2.78 8.382k  -3.02 ks o071
10  0.6663 0 0.266k 2 . 36.5 - 2.725 8.3824  -3.08 4.25 0.725
15 0.66178 0.678 0.26188 1.965 36.5 2.73 8.33 3.06 4 221 0.725
25  0,66048 0.871 0.26058 1.956 38.3 2.65 8.31 3.1h h.21k 0.745
35 0.6597 0.99 . 0.2598 - 1.94k 38.3 2.65 8.285 3.13 L.20k  0.745
- 775 - 0.65664 1.45 0.25674  1.928 L0.6 2.55 8.27 3.25 4,192 0.775
140 .0.65465 1.75 0.25475 - 1.912 ko5 2.46 1 8.23 '3.345 4.179 0.80
300 0.65445 L.775 0.25455  1.910 Lz, 7 -2.415 8.22. 3.405 L.176 0.816
L70 . 0.65365 1.90 0.25375 1.905 R TRNG) 2.40 8.22 3.h25 ho17h 0.820
1065 0.6565 1.90 0.25375 1.905 L4 ,3 2.385 . 8.22 . 3.4h5 L1k 0.825
1200 0 0.8967 0 10.3587 2 L. .26 8.3483 1.965 4. 25
5 0.8967 0 1 0.3587 2 37.6 2.66 8.3483 3.145 L.25 0.7k
10 0.8912 0.613 -0.3532 © 1.968 38.6 2.61 8.28 3.18 S b o2y 0.75
20 : o 1.968 41.8 Co2.47 8.27 3.345 4. 217 0.795
25 0.88875 0.89 0.35073 1.952 8.255 4,211
30 ' ’ ST 43.0- 2.43 8.255 3.40 “h.211 0.81
55  0.8815 - 1.693 0.3435 1.916 Li .2 2.375 8.21 3.46 4,186 0.825
70 .0.8811 1.74 0.3431  1.913 45.8 2.3%0 8.20 3.565 4.18 0.845
85 - 46,0 2.30 8.20 3.57 4,18 0.852
120 0:8810 1.75 0.3430 1.913 7.4 2.24 8.20 3.665 4,18 . = 0.875
250  0.8806 1.80 0.3426 1.910 4L8.2 2.21 8.18 3.71 4.178 0.89
780 .0.8790 1.972 1.910 " L8.6 2.185 8 "3.75 4.178 0

.90

_L9_



. APPENDIX III.

continued...

Ta&le.Q.
[Temp. Time W fiﬂ.*x Oz Ti0,  Shrinkage Vol. at Weight at Green Density of
°C. min gm ‘W gm Vol. % Time t Time t Bulk Non-stoichic.
- 100 cm3 gm Density TiO, Theo.

1000. O 0.8315 0 0.3335 2 0 k.06 8.2556 2.04 4.250 0.480
20 0.8394 0.132 0.3324 1.994% 111 23,61 8.2556 2.29 4,250 0.538
53 0.8292 0.276 0.3312 1.992 17 3.365 8.245 2.452 L okl 0.578
113 0.828k4 0.376 0.3304 1.984+ 22.5 3.155 8.24 2.61 4.243 0.616
233 0.8270 0.542 0.3290 1.97+ 26 2.995 8.22 2.745 4 236 0.647
433 0.8270 0.542 0.3290 1.974 24.5 3.055 8.21 2.61 4. 208:: 0.637
1433 0.8270 0.542 0.3290 1.974 26 2.995 8.22 2.745 0.647
1050 0 0.84hk 0 0.3379 2 0 5.44 10.6531 1.96 L.250 0.461
15 0.84269 0.203 0.33619 1.992 22 L 2k 10.62 2.50 L 24o 0.588
27.5 - 0.84215 0.265 0.33565 1.986 27 3.98 10.62 . 2.67 4,238 0.630
55 0.8409 0.415 0.334k 1.984 34 3.60 10.62 2.945 4. 236 0.695
87 0.8403 0.486 0.3338 1.98 37.5 3.36 10.61 13,160 L 234 0.745
125 0.8401 0,510 0.3336 1.978 38.5 3.333°  10.60 3.185 4. 231 0.752
215 0.84k01 0.510  0.333%6 1.978 39 3.32 10.60 3.19 L.231 0.753
810 0.8401 0.510 0.3336 1.978 41 . 3.21 10.60 3.19 4. 231 0.7h3
1100 0 0.8624 0 0.3456 2 0 5.15 9.7650 1.89 L.250 © 0.4hs
10 0.8608 0.186 0.3438 1.99 33 3.80 9.7645 2.57 L.248 0.606
15 0.8604 0.225 0.3436 1.985 32 3,58 9.7645 2.74 4,248 0.646
35 0.8595 0.340 0.34k27 . 1.98 36 3.30 9.7645 2.96 L. 248 0.696
55 0.8580 0.510 0.3410 .1.976 40 3.09 9.726 3.15 4.230 0.743
105 0.8577 0.545 0.3407 1.972 L4 2.88 9.7 3.37 4. 227 0.795
490 0.8566 . 0.573 0.3396 1.970 Uus. 2.82 9.7 3.4l 4. 225 0.815
1075 0.8566 0.573 0.3396 1.970 L4s5.5 2.80 9.7 3.46 h.225 0.818
2336 0.8566 0.573 0.3396 1.970 45.5 2.80 9.7 3.46 L 225 0.818
3650 0.8566 0.573 0.3396 1.970 L6 2.78 9.7 3.49 225 0.827
5121 0.8566 0.573 0.3396 1.970 46 2.78 9.7 3.49 L. 225 0.827
9910 0.8566 0.573 0.3%96 1.970 46 2.78 9.7 3.4kg L 225 0.827

- 89—



Table 2. Continued...

|Temp.. Time

-W - Ti04 -Shrinkage Vol. at Weight at Green Density of P_
°C. min. gn - Time t Time t Bulk Nen-stoich. Pq
cm> gm Density TiO. Theo.

1150 0 0.8832 2 5.41 10.53%65 1. L.25 0.458
15 0.8802 1.986 .2 3.34 10.51 3. L.2u8 0.74

L5 0.8789 1.978 .0 3.245 10.48 3, 4,226 0.76k4

105 0.8783 1.97k4 .8 3.14 10.48 '3, L. 225 0.792

275 0.8780 1.972 .0 2.98 -10.48 3. 4 228 0.83%3.

2555 0.8775 1.97 2.705 10.47 3. 4, 225 "0.915
LLLo 0.8775 1.97 2.705 10.47 3. 4 225 0.915

1200 0 1.7234 2 4.80 .9.5779 1. L.25 0.469

22 1.7209 1.99 2.99 9.5779 3. L. 2ok 0.755

30 1.7190 1.988 2.8k 9.56 3. L.24 0.793

38 1.7168 1.980 2.73 . 95735 3, 4 235 0.825
60 1.71k2 1.976 2.53 g95.2 3. L 23 0.87

125 1.7142 1.976 .5 2.43 95.2 3. L. 23 0.925

245 1.7142 1.976 .5 2.43 95.2 3. L. .23 0.925

755  l.71ke 1.976 .5 2.43 95.2 3. 4.23 0.225
11075 1.71k2 1.976 .6 2.he 95.2 3. 423 0.93
2035 1.71k2 1.976 .6 2.42 95.2 3. L. .23 0.93
3415 1.71k42 1.976 .6 2.42 95.2 3. 4.23 0.93

_69_



Table 3.

- 70 -

.Data for Diffusion Coefficient Calculation for the Final-Compositién““

of Tiol‘.gg

Temperature ~D D3 t log A(T)| -
°C o P min -
» .A(T)gga
1100 0.73 0.389 90 3.13°X 10717 -16.505
(7.35) 0.95 0.804L 380
1.40 2,74k 1055
1.66 b.5733 2555
2.08 8.998 "_55;5
1150 1.365 2.5432 120 1.27 X 107*®  .15.8955
(7.12) 1.50 :3.375 - 290
1.91 6.968 705
2.50 15.625 1980
.2.96 25.934 3305
3.3k4 37.260 6605
1200 1.90 6.859 110 8.25°X 10716 _15,085
(6.78) 2.57 16.9745 280
5.52 43,613 1265
5.50 16.640 2820
5.93 208.530 4183
1250 2.92 25.020 100 L.25 X 10715  -14 .37
- (6.56) 3.41 .39.651k 240
5.05 128.500 500
7.02 345,945 1270
8.60 636.056 2620
1300 7.30 389.017 90 3.67 X 10714 _13,.4355
(6.35) 7.80 Ll 552 150
12.23 210
8.92 708.000 250
9.80 941,190 415
10.30 1092.727 625
1000 : 8.12°X 1071° _18.09
- (7-94) | |
1050 4,36 X 10718 _17.36
(7.67)



http://of-Ti.Ox-.g2

Table Uk,

-Diffusion Coefficient Calculations for the Final Composition

~of TiOl-. <3~

- 71 -

Temperature A(T) cm® - Slopes Py D= S8lope A T

“c. sec Fy) Teeeyioe s D
log t i )

1000 8.12.X 1071® 5,6 X 107 2,21 X 107**  _13.656
(7.9%) ' |

1050 k.36 X 10718 6'x 1072 1.325 X 1073 -12.878
(7.67) _

1100 3,13 X 10717 6 X 1072 9.77 X. 10718  _.12,011
(7-35)

1150 1.27 X 10726 6,1 X 1072 L,22 X 10712  _11.3755
(7.12)

1200 8.25 X 10718 9.3°X 102 L4.32°X 10711  -10.366




-T2 -

 Table 5.
.Data for Diffusion Coefficient Calculations for TiO;.gg and TiOo
at 1200°C
y
"‘Final ‘Time D -D3 X cm3
Composition  min. P! 3 ‘ Sec
Ti01 .98 290 2.16 1. 743 4L.5% X 10716
Sl 2625 4.50 91.125
5625 5.26 145,528
- Ti0s 354 1.92  -7.0779 7.94 X 10716
489 2.26 11.5432
141y 4,20 T4 .01
2790 .5.10 132.20
10640 12.5 -1953.125
Table 6.
- Diffusion Coefficient Calculations
at. 1200°C ,
A Final - CIn3 1 _Slope K T
Domposition sec Slopes (g7x) D T 2.622°X.1078
cm®
BeCT
TiO;.g98 4.53 X 10716 0.23 5.66 X 10712
TiO0o 7.94 X 1071 0.27" i2,51 X 10711
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APPENDIX IV.

.Deféct,Equilibria and~Oxygen‘Ion.Diffusion for Non-Stoichiometric Rutile

If the diffusion rate constants for both 0=~ and Vog— are

measured independently as functions of temperature, the heat of vacancy
» formation and thé.concentration of vacancies at different temperatures

can be determined by the reiatiénship

"Dy~ [0*7] =  DVo2-;ﬁ [Vy2-)

where D indicates the diffusion constants of the respective species. On

simplifying and noting that [0%~] in the lattice is almost unity,

-D

=~ D

Voz-

02 [V02—]

D a® [_VOZ-]v.'e'xp- (‘;f_K-[LT')

{

where Y is the vibrational frequency of axygen ion and a, is the distance
between adjacent oxygen ions, U the activation energy for the motion of an

_6xygen vacancy through: the lattice.

::Sﬁbgﬁituting the vacancy. concentration'[VOz-],of equation (24),.
the diffusion coefficient Dy?~ is:

. -1/6 art -1/6 -
Dm0, 9 e {5 <, o - )

.where C( =C D 32.

~This:qu§§Tbﬁ{can be further simplified by using the usual frequency. factor Dy

'

= _ AHE
Doe- = Do exp-- (3§T RT)
-It is significant to note that the frequeéncy facter in this equation depends
-1/6 '

on POs. and this expression for the oxygen ion diffusion coefficient is valid '

’

-only at high temperatures, so that virtually all the vacancies are completely

~ionized.
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APPENDIX. Vs,

- Boundary Diffusion Model (Coble5)

' 2/3
2p, WY ag®
= Db t
1k T
!
14 = D* = A(T) t
3/2 _
ar . epp MY a1
at AKT t
0 ' +
3/2 . 3
p / . D, WY e 1nt
CATELT ",
Py -

A plot.of: D* versus time produ;ed‘ the values of A shown in the
‘ ' 3/2
Appendix V, Table 1. and a plot of (——f;—) versus log t produced the
0

slopes S at different temperatures. Using the following known value of

the constants the values of D_ of different temperature are calculated and

b
shown in Appendix V, Table 1.
'Db = boundary diffusion ceefficient cmz/sec
¥ = 10° ergs/cn®
‘g -3
2:% = 1.57 X 107" cm
'k = 1.38X 10 *®ergs/deg

W = 258
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APPENDIX V.
Table 1.
Temperature Time D2 D* A(T). .« Slope - _
°C. min.’ 4 '%56 S D, = (8) AT 1.76 X 10 10 log
- 2 - Iu i o em? Db
/Ll TET
1100 . 90 0.5329 0.283 5.7-X 102! 0,101 1.391 X 10 ° - -7.856
 (7435) 380 0.8649 0.748 ‘ '
1055 1.96 3.85
2555 2.755  T1.55
5515 4.326 19.7 |
1150 120 1.863 3.47 3.3%X 102° 0.082 6.77.X 1072 -7.1695
(7.12) 290 2.25 5.1 '
705 3.65 13.3
1980 6.25 39
3505 8,76 T7
6605 11.18 125
1200 110 3.61 13 . 5.0 X 10729 0.132 1.,71-X 10°° -5.767
(6.78) 280 6.6 43,5
1265 12.4 154
2820 30.25 915
4183  35.3 1245
1250 240 11.628 135 3.1 % 1070
(6.56)1270 49.3 2420
2620  T4.0 5480
1500 90 53.3 2820 -
' 150 60.8 3720
210 150.0 ;
415  96.0 9200
625 106.0 11200
1:000 5.75 X 1072 0.0k5 5.8 x 107 -10.237] .
(7.9%) ’ - |
1050 k.56 X 10722 0.073 T7.74 X 107*° . -9.112
(7.67) : ‘
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Comments on Thesis and Oral Examination orf

Jacques Pierre Jean Thiriar

"SINTERING AND GRAIN GROWTH OF NON-STOICHIOMETRIC RUTILE"

This thesis was subjected to criticism due to the treatment of activation
energies and their calculations. - The anomaly is in the use of a rate constant for
Arrhenius plots that involves time to a power other than.unity.

On page 29, Figure l2_the plots are for weight loss in terms of log (m%ﬁ)l/2
versus l/T and the slopes correspond to approximately 42 kilocalories on these

plots. - The quoted activation energy at the top of page 30 is 82 -+ 2 kilocalories per
mole which indicates that the author has doubled the value in recognition of the
effect of using a 1/2 power in the time unit of his rate function. - This treatment

is Jjustifiable since a true rate law based on fundamental mechanisms has not yet

been obtained at this point.

On page 36, Figure 17 the plot is for grain growth and uses a rate function
of dimension (cmZ,0-6, - The slope is estimated at 80 kilocalories from this slope.
The activation énérgy quoted by the author for this is 78 kilocalories per mole
(page 32 line 13 of the first paragraph) which indicates that no correction for the
time function has been made in this case. - This is not justifiable since the

“Arrhenius law is based upon a plot of a fundamental rate constant and the time
exponent is always -1 regardless of reaction order or complexity of the rate law.
Time exponents of other value may be used when the rate law is not really known,
but the activation energy must be corrected by dividing it by the time exponent.
In this case the activation energy is 78/0.6 or 150 kilocalories per mole.

- Arrhenius plots are again shown on page 43 FPigure 19 and use a unit
time dimension in the rate constant. This should yield valid activation energy
values.
ramics

The author has used certain procedures apparently accepted in the cer
ed, but
£

literature in his treatment of Figure 17 and should therefore not he condemne
the procedure is recognizably wrong to those familiar with the fundamentals o
kinetics processes. It is probable that many erroneous conclusions regarding
mechanisms in solid dtate kinetic:iprocesses.ha¥e been:drawh:from the use of this
procedure, and it is recommended that attempts be made to correct them in future
studies where this erroéneous procedure may normally be applied. ‘

E. Peters,
Associate Professor.
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