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Surface self-diffusivity of TiO2 under high-pressure gas

Makoto Nanko* and Kozo Ishizaki
Nagaoka Gijutsu-Kagaku Daigaku (Nagaoka University of Technology), School of Mechanical Engineering,

Nagaoka, Niigata 940-21, Japan
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The surface diffusion coefficient of TiO2 under a high-pressure gas of 100 MPa was estimated by using
simulation of a sintering model consisting of surface and volume diffusion. The value of the volume diffusion
coefficient of TiO2 estimated using the present simulation is similar to the value of the diffusion coefficient of
oxygen in TiO2. The surface diffusivity was considered independently of the inert gas atmosphere. The present
work, however, shows that the value of the surface diffusion coefficient of TiO2 under a high-pressure argon
gas of 100 MPa is about 30 times higher than that under 1 atm.@S0163-1829~97!07631-5#
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I. INTRODUCTION

Hot isostatic processing~HIPing!, i.e., sintering powder
compacts under high-pressure gas, allows one to prod
porous materials with higher open porosity than conventi
ally sintered bodies at the same temperatures.1,2 HIPed po-
rous materials possess a higher apparent Young’s modu3

and higher fluid permeability4 than conventionally sintered
ones with the same density. The properties of HIPed por
materials result from a larger neck growth with less dens
cation than porous materials sintered conventionally. T
phenomenon under HIPing implies that high-pressure ga
enhance surface diffusion, which prevents densification
to the reduction of the driving force of densification by si
tering, i.e., the reduction of the surface area. Materials
tered partially under high-pressure gases have lower sur
areas than ones sintered under low-pressure gases.5

Previously, we reported that HIPed porous copper
more grown steps on the surface than conventionally sinte
one.6 With increasing HIPing pressure, the formed steps
come larger. On the other hand, the HIPing for sinter
abrasive grains with a glassy bonding agent made fo
smoother pore surface than conventional sintering. In
material, the surface is coated by a glassy bonding ag
which is an amorphous material.6 The differences betwee
pore surface morphologies of the HIPed materials are cau
by the differences of the final equilibrium surface morpho
gies of crystalline or amorphous materials. Due to the
hancement of surface diffusion, surface morphology
comes an equilibrium state faster under high-pressure ga
crystalline solids, an equilibrium of the surface morpholo
is achieved by the formation and growth of steps which
comprised of crystal facets with the lowest specific surfa
Gibbs energy. In amorphous materials, a surface beco
smoother for a decreasing surface area, i.e., a lower
surface energy, because amorphous materials have no
talline facets. Thus the enhancement of surface diffusion
high-pressure gas is revealed from the observation of sur
morphology.

A simulation of sintering with surface diffusion is usef
in order to confirm the increased surface diffusivity by hig
pressure gases. A surface diffusion coefficient under h
pressure gases can also be estimated by using the simu
560163-1829/97/56~11!/6965~5!/$10.00
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of sintering. A kinetic model of sintering that explains th
changes in density and surface area is established to inv
gate the obtained sintering behavior under high-press
gases. Such a model has never been reported, to the
knowledge of the authors.

In the present work, the effects of 100 MPa of high
pressurized argon on surface diffusivity are investigated
sintering with a calculation using a sintering model based
volume and surface diffusion. Changes in the densities
surface areas of a sintered body having random packing
spherical particles are calculated. The values of the sur
and volume diffusion coefficients of TiO2 are estimated by
using the sintering results of TiO2.

II. THEORY

Figures 1~a!, 1~b!, and 1~c! show schematic illustrations
of a neck between two particles. Volume diffusion caus
neck growth with interpenetration of particles,Y in Fig. 1~a!,
i.e., approaching the center of the particle of the other one
other words, densification occurs by volume diffusion.7,8 On
the other hand, surface diffusion causes neck growth with
densification.7,8

The following equations derived by using the sinteri
model of Kuczynski9 are based in order to estimate the ne
growth rate controlled by volume diffusion,dXv /dt, and
that by surface diffusion,dXs /dt:

dXn

dt
5

8a2gd3Dn

C2X4kT
, ~1!

dXs

dt
5

32a3gd4Ds

C3X6kT
, ~2!

where g, d3, D, k and T are the surface tension, atom
volume, diffusion coefficient, Boltzmann constant, and ab
lute temperature, respectively. The subscriptsS andV refer
to the surface and volume, respectively. Here we introduc
geometrical constantC, which relates radii of the neckX,
particlea, and the neck surfacer, as follows:

r5
CX2

4a
. ~3!
6965 © 1997 The American Physical Society
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6966 56MAKOTO NANKO AND KOZO ISHIZAKI
The value ofC is equal to 1 in the case of sintering dom
nated by mass transports with densification, and is equal
in the case of sintering dominated by mass transports with
densification.7 In this simulation, the value ofC is assumed
to be equal to 1.5, because of the contribution of both surf
and volume diffusion to the sintering.

The total neck growth ratedXtot /dt during sintering is
assumed to be the sum of the neck growth rates of volu
and surface diffusion, as follows:

dXtot

dt
5

dXn

dt
1

dXs

dt
. ~4!

Particles adhere and form small necks during compactio
green bodies. Accordingly, the neck radiusX can be repre-
sented by

X5Xt501(
dXtot

dt
Dt. ~5!

The volume diffusion mechanism causes interpenetra
of particles, which results in densification during sinterin
The following relationship between the interpenetration o
particle and the neck growth of volume diffusion is deriv
from the volume balance

AxdY5ArdXn , ~6!

where Ar and AX indicate the neck surface area and ne
cross-sectional area and are expressed bypX2 and 2pX
3pr, respectively. From Eq.~6!, the interpenetration rate
dY/dt can be represented as the following equation by us
the neck growth resulting from volume diffusion:

dY

dt
5

Ar

AX

dXn

dt
. ~7!

FIG. 1. Schematic illustrations of the neck part between t
particles:~a! a cross-sectional drawing of two connected partic
during sintering.~b! Details of the neck part and mass-transp
paths of the volume and surface diffusion.~c! A particle surface
disappeared by sintering~surface areaS1! and a neck surface cre
ated by sintering~surface areaS2!. In these illustration,X, a, andr
are the radii of the neck, the particle, and the neck surface.
interpretation depth is represented byY. The distance between th
two inflection circumference planes is defined as 2h, and the angle
2u. SurfaceS1 disappears andS2 generates through sintering.
2
ut

e
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Therefore the interpenetration depthY can be obtained by
integrating Eq.~7!.

When particle packing is homogeneous, linear shrinka
D l / l 0 can be expressed by

D l

l 0
5

Y

a
. ~8!

Volume shrinkageDV/V0 is equal to 3(D l / l 0) if D l / l 0 is
sufficiently small. Accordingly, the density changeDd/d0 is
derived formDV/V0 , and is represented as

Dd

d0
5

3Y

a23Y
. ~9!

Now let us calculate the change in surface area. As sho
in Fig. 1~c!, a portion of the particle surfaceS1 disappears,
and the neck surfaceS1 disappears, and the neck surfaceS2
is created by sintering. The following equations allow us
calculateS1 andS2 geometrically:

S152pa~h1Y!52paS CX2~a2Y!

4a21CX2 1YD , ~10!

S252pXru5
CpX4

2a
sin21S 4a~a2Y!

C~4a21X2! D , ~11!

where the distance between the two inflection circumfere
planes is defined as 2h, and the angle 2u as seen in Figs. 1~a!
and 1~b!. The reduction of the surface area during sinterin
Dss /ss0 , can be expressed as follows:

Dss

ss0
5

Nc~S12S2!

4pa2 , ~12!

wheress0 is the initial value of the total surface area, andNc
is the mean coordination number of particles. Thus the
pendence of the density and the surface area on the sinte
time can be estimated by using Eqs.~9! and ~12!.

The value ofDv and Ds of TiO2 during sintering are
estimated by this model. In the present estimation, the va
of g andd3 are assumed to be constant in both conventio
sintering and HIPing. It is assumed that the influences
highly pressurized argon under 100 MPa on surface ten
and atomic volume are negligibly small, because the co
pressibility of TiO2 is small enough and argon is chemical
inert to surface of the oxide.

German and Munir reported a kinetic model for the redu
tion in surface area during sintering.10 Their sintering model
is based on the Kuczynski’s neck growth mechanism w
one dominant diffusion mechanism. According to them, th
model can be applied until the neighboring necks cont
each other whenDss becomes around half ofss0 .10

The Kuczynski model can be applied to estimate ne
growth of the initial stage of sintering,7 with X up to 0.3a.
The present model, however, was applied toX50.5a, be-

o
s
t

e



t
e

de
lle
si
ll

in
th
e

e-

b

e
t

.
go
re
te
o
a
om
uc

ere
cific
point

ace
ize

dom
en-
act
e

e in
der

nt

ut 6
e.,
sin-

r

at
re
at

t
n-
s of

at

-
cu-

he

at
tab-
an

e

g

ism

int,

R

rtic

56 6967SURFACE SELF-DIFFUSIVITY OF TiO2 UNDER . . .
cause the simulation results ond andss as a function oft up
to X50.5a, agreed well with the experimental results.

III. EXPERIMENTS

A rutile-type TiO2 powder is used~see Table I!. Figure 2
shows the scanning-electron-microscope photograph of
raw TiO2 powder. This powder is roundish in particle shap
and homogeneous in particle size distribution. This pow
was uniaxially pressed under 7 MPa for 60 s to form a pe
of 20-mm diameter and about 3.5-mm thickness. The den
reached to 0.50 of the theoretical density. The uniaxia
pressed compacts were cold isostatically pressed~CIPed! un-
der 20 MPa for 60 s. The density of the CIPed bodies
creased to 0.52 of the theoretical density. The density of
CIPed body was measured by the toluene displacem
method.

The CIPed TiO2 compacts were HIPed at 800 °C for p
riods ranging from 1 to 10 h~3.6 to 36 ks! under 100 MPa of
total gas pressure with 0.1 MPa of oxygen partial pressure
using a gas mixture of Ar and 0.1 vol % O2. The conven-
tionally sintered bodies were obtained by sintering the CIP
samples at 800 and at 850 °C for periods ranging from 1
10 h ~3.6 to 36 ks! under continuous oxygen flow of 1 atm
Thus, in order to discuss effects of highly pressurized ar
under 100 MPa without effects of oxygen partial pressu
the oxygen partial pressure is about 0.1 MPa in both sin
ing cases. The heating rate was 400 K/h for both cases. C
ing processes in both conventional sintering and HIPing
carried out rapidly by gas flow and adiabatic expansion fr
the sintering temperature to about 600 °C in order to red

TABLE I. Specification of the raw TiO2 powder.

Supplier and grade Ishihara Sangyo Co., EL-C

Major phase rutile
Purity 99.7%
Elementary particle size 0.3mm
Specific surface area 7 m2/g

FIG. 2. SEM photograph of the starting TiO2 powder. This pow-
der is homogeneous and roundish in particle shape. The pa
diameter is about 0.3mm.
he
,
r
t
ty
y

-
e
nt

y

d
o

n
,
r-
ol-
re

e

influences of the cooling period on the sintering.
The density and porosity of the sintered materials w

measured by the water displacement method. The spe
surface area of the samples was measured by the one-
Brunaver-Emmett-Teller method.

For the calculation of the changes of density and surf
area, the following values were used. The initial particle s
of TiO2 particles was considered as 0.3mm. A powder com-
pact in the present simulation was assumed to have a ran
packing of particles and to have 0.52 of the theoretical d
sity. The specific surface area of the initial powder comp
is 4.62 m2/g from the calculation using the particle size. Th
values of the density fraction and the surface area wer
good agreement with the measured values of the real pow
compacts~0.52 and 4.8 m2/g!. According to a computer
simulation on isostatic compaction,11 a powder compact with
d of 0.52 has anNc of about 6. Jernot, Coster, and Cherma
summarized the relationship betweenNc andd on the pow-
der compact.12 According to their work, the value ofd of
0.52 in the present study corresponds to the value of abo
for Nc . The value ofNc was assumed to be constant, i.
there was no rearrangement of particle packing during
tering. For this calculation of TiO2, the surface tensiong and
atomic volumed3 are assumed to be 1 N/m and 1.63
10229 m3, respectively.13 The thickness of the surface laye
is assumed to bed.

IV. RESULTS

Figure 3 showsd andss as functions oft on the sintering
TiO2 under different sintering conditions. In Fig. 3~a!, the
data of the conventionally sintered sample at 800 and
850 °C, and~b! the data of the HIPed samples at 850 °C, a
plotted. The data of the conventionally sintered samples
850 °C are also included in Fig. 3~b!.

The lines plotted in Fig. 3~a! are the results of the presen
calculation, whereXt50 is assumed to be 5 nm, and is inse
sitive to the results. The calculated results using the value
Dn53.5310220 m2/s andDs56.5310218 m2/s agree well
with the experimental ones of conventional sintering
800 °C up to 20 ks. The values of 1.5310219 m2/s of Dn and
8.0310218 m2/s of Ds give results close to the sintering be
havior at 850 °C up to 7.2 ks. These deviations of the cal
lation may be due to the approximation ofr by X anda at
the basis of the model of Kuczynski. This model is for t
initial stage on sintering up toX50.3a. In this calculation,
the values ofX/a after 36 ks at 800 °C and after 7.5 ks
850 °C are 0.47 and 0.46, respectively. By using the es
lished model in the present work, the sintering behavior c
be estimated up toX50.5a. The HIPing data agree with th
calculated results ofDn51.5310219 m2/s and Ds52.2
310216 m2/s. The value of Dn for HIPing, 1.5
310218 m2/s, is similar to that of the conventional sinterin
at 850 °C. Table II shows the results ofDn andDs for dif-
ferent temperatures and gas pressures.

V. DISCUSSION

Evaporation-condensation is also a sintering mechan
without densification.7,8 In this experiment, the sintering
temperatures are sufficiently lower than the melting po
le
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6968 56MAKOTO NANKO AND KOZO ISHIZAKI
2113 K. The equilibrium vapor pressure of TiO2 is very low
('10218 Pa) at 850 °C, according to the thermodynam
data.14 The flux of the mass transport by TiO2 vapor is neg-
ligibly smaller than that of the surface diffusion. Furthe
more, evaporation of TiO2 was prevented by high-pressu
gas during HIPing. Therefore the influences of t

FIG. 3. ~a! d andss as a function oft for sintered TiO2 under 1
atm of oxygen at 800 and 850 °C. The solid line represents
calculated result of Dn53.5310220 m2/s and Ds56.5
310218 m2/s. The broken line expresses the result ofDn51.5
310219 m2/s andDs58310218 m2/s. The circles and squares re
resent the data for sintering at 800 and 850 °C, respectively.
solid and open symbols designate the data ford and ss , respec-
tively. The calculated results ofDn53.5310220 m2/s and Ds

55.4310218 m2/s agree well with the data for sintering at 800 °
The result ofDn51.5310219 m2/s andDs58.0310218 m2/s are in
agreement with those at 850 °C.~b! d andss as a function oft with
conventional sintering of TiO2 at 850 °C. The broken line expresse
the result ofDn51.5310219 m2/s andDs58.0310216 m2/s. The
one-dot-chain line represents the calculated result ofDn51.5
310219 m2/s, which is the same value of the HIPing, andDs

52.2310216 m2/s. The squares represent the data of HIPed Ti2.
The value ofDs increases 30 times by high-pressure gases of
MPa.
evaporation-condensation mechanism is negligible in
present sintering experiment.

The values of Dn of conventional sintering, 3.5
310220 m2/s at 800 °C and 1.5310219 m2/s at 850 °C.
These values ofDn are respectively close to the values of
ion in TiO2, 4.2310220 m2/s at 800 °C and 1.7
310219 m2/s at 850 °C, extrapolated by using the data
ported by Derry, Lees, and Calvert.15 This means that the
sintering of TiO2 is dominated by diffusion of O ion in
TiO2. Generally, sintering of compounds is governed by
diffusion of ions with the slowest diffusion coefficients.16 In
the case of TiO2, the O ion has a smaller diffusion coefficien
than the Ti ion, because interstitial Ti31 is the dominant de-
fect in TiO2.

16 Accordingly, the calculated value ofDn for
conventionally sintered TiO2 is inevitably similar to the vol-
ume diffusion coefficient of the O ion of TiO2. Therefore the
present simulation is a valid method to estimate the sinte
of TiO2.

The value of Ds at 850 °C under 100 MPa of high
pressure gas is about 30 times higher than that under 1
in spite of the same value ofDn . This means that high-
pressure argon of 100 MPa enhances a surface diffusivit
TiO2.

Enhancement of surface diffusion by high-pressure ga
may be due to an increase of a number of gas atoms
collide with surface atoms per unit time and area. Collus
of gas atoms or molecules activates surface atoms to dif
easily. High-pressure gas has more gas atoms or molec
per unit volume than gas under ordinary pressure. For
ample, a high-pressure gas of 100 MPa has 1000 times m
gas atoms or molecules per unit volume than one of 0.1 M
assuming an ideal gas. Accordingly, a high-pressure gas
der 100 MPa has 1000 times more collisions of gas ato
and molecules with surface atoms than one under 0.1 M
This large number of collision frequencies of gas atoms
molecules with surface atoms enhances the vibration of
face atoms, and therefore forces them to diffuse on the
face.

VI. CONCLUSIONS

Effects of 100 MPa of highly pressurized argon on sint
ing behavior were investigated by using a simulation mo
that combines the effects of volume and surface diffusi
The values of the surface and volume diffusion coefficie
of TiO2 under a high-pressure gas of 100 MPa were obtai
by this model using the results of sintering of TiO2. The
value ofDs under high-pressure argon under 100 MPa~2.2
310216 m2/s at 850 °C! is about 30 times higher than that o

e

e

0

TABLE II. Surface and volume diffusion coefficients of TiO2 at
different temperatures under gas pressures. The oxygen partial
sure is about 0.1 MPa for all cases.T: sintering temperature;Ptot :
sintering pressure.

T/°C 800 850 850

Ptot /MPa 0.1 0.1 100
Dn /(m2/s) 3.5310220 1.5310219 1.5310219

Ds /(m2/s) 6.5310218 8.0310218 2.2310216
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oxygen under 1 atm~8.0310218 m2/s at 850 °C!. High-
pressure gas enhances surface diffusion. The obtained v
of the volume diffusion coefficient of TiO2 is in good agree-
ment with the value of the volume diffusion coefficien
of O in TiO2, i.e., 3.5310220 m2/s at 800 °C and
1.5310219 m2/s at 850 °C.17
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