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Surface self-diffusivity of TiO, under high-pressure gas
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The surface diffusion coefficient of TiQunder 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 TiG estimated using the present simulation is similar to the value of the diffusion coefficient of
oxygen in TiQ. 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 Uiider a high-pressure argon
gas of 100 MPa is about 30 times higher than that under 1 [86163-18207)07631-3

[. INTRODUCTION of sintering. A kinetic model of sintering that explains the
changes in density and surface area is established to investi-
Hot isostatic processingHIPing), i.e., sintering powder gate the obtained sintering behavior under high-pressure
compacts under high-pressure gas, allows one to produd@ses. Such a model has never been reported, to the best
porous materials with higher open porosity than conventionknowledge of the authors.
ally sintered bodies at the same temperattifesiPed po- In the present work, the effects of 100 MPa of highly
rous materials possess a higher apparent Young's modulugressurized argon on surface diffusivity are investigated by
and higher fluid permeabilifythan conventionally sintered sintering with a calculation using a sintering model based on
ones with the same density. The properties of HIPed porou¥olume and surface diffusion. Changes in the densities and
materials result from a larger neck growth with less densifi-surface areas of a sintered body having random packing with
cation than porous materials sintered conventionally. Thi$pherical particles are calculated. The values of the surface
phenomenon under HIPing implies that high-pressure gaseédd volume diffusion coefficients of TiCare estimated by
enhance surface diffusion, which prevents densification dugsing the sintering results of T§O
to the reduction of the driving force of densification by sin-

tering, i.e., the reduction of the surface area. Materials sin- Il. THEORY
tered partially under high-pressure gases have lower surface | o )
areas than ones sintered under low-pressure gases. Figures 1a), 1(b), and Xc) show schematic illustrations

Previously, we reported that HIPed porous copper ha®f @ neck between two particles. Volume diffusion causes

more grown steps on the surface than conventionally sintere@eCk growth with interpenetration of particlés;n Fig. 1(a),
one® With increasing HIPing pressure, the formed steps bel-€- approaching the center of the particle of the other one. In

come larger. On the other hand, the HIPing for sinteringother words, densification occurs by volume diffusiétOn
abrasive grains with a glassy bonding agent made for the o_ther _hang, surface diffusion causes neck growth with no
smoother pore surface than conventional sintering. In thigensmcatlorf.'_ _ _ _ o
material, the surface is coated by a glassy bonding agent, The following equations derived by using the sintering
which is an amorphous materfalThe differences between model of Kuczynsk are based in order to estimate the neck
pore surface morphologies of the HIPed materials are causgfowth rate controlled by VO"fme diffusiomd X, /dt, and

by the differences of the final equilibrium surface morpholo-that by surface diffusiond Xs/dt:

gies of crystalline or amorphous materials. Due to the en- dx,,_ 8a2y5°D

hancement of surface diffusion, surface morphology be- v (1)
comes an equilibrium state faster under high-pressure gas. In dt — C°X*T

crystalline solids, an equilibrium of the surface morphology

is achieved by the formation and growth of steps which are dXs 32a%ys*Ds

comprised of crystal facets with the lowest specific surface dt | C3X°kT )

Gibbs energy. In amorphous materials, a surface becomes
smoother for a decreasing surface area, i.e., a lower totdthere y, 6°, D, k and T are the surface tension, atomic
surface energy, because amorphous materials have no Cry@lume, diffusion CoefﬁCient, Boltzmann constant, and abso-
talline facets. Thus the enhancement of surface diffusion bjute temperature, respectively. The subscriptandV refer
high-pressure gas is revealed from the observation of surfade the surface and volume, respectively. Here we introduce a
morphology. geometrical constant, which relates radii of the neck,

A simulation of sintering with surface diffusion is useful particlea, and the neck surface as follows:
in order to confirm the increased surface diffusivity by high-
pressure gases. A surface diffusion coefficient under high- p=—— )
pressure gases can also be estimated by using the simulation 4a
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particle

Therefore the interpenetration depthcan be obtained by
. y integrating Eq.(7).
When particle packing is homogeneous, linear shrinkage
/ \ Al/ly can be expressed by

/ 28:
= ==
© Al Y g
- S o a ®
diffusion / grain boundary
N\ .“ Volume shrinkageAV/V, is equal to 3QAl/1g) if Al/lg is
" sufficiently small. Accordingly, the density chandel/d, is
derived formAV/V,, and is represented as
inﬁizz;?:rence
®© Ad  3Y
FIG. 1. Schematic illustrations of the neck part between two d, a-3Y’ ©

particles:(a) a cross-sectional drawing of two connected particles
during sintering.(b) Details of the neck part and mass-transport )
paths of the volume and surface diffusiais) A particle surface Now let us calculate the change in surface area. As shown
disappeared by sinteringurface are®,) and a neck surface cre- in Fig. 1(c), a portion of the particle surfac®, disappears,
ated by sinteringsurface are&,). In these illustrationX, a, andp ~ and the neck surfac8, disappears, and the neck surfege

are the radii of the neck, the particle, and the neck surface. Thés created by sintering. The following equations allow us to
interpretation depth is represented Yy The distance between the calculateS; andS, geometrically:

two inflection circumference planes is defined &s and the angle
20. SurfaceS, disappears an8, generates through sintering.

S,=2ma(h+Y)=2 CxX(a—Y) +Y) (10)

=27ma =27ma| ———=oo ,

The value ofC is equal to 1 in the case of sintering domi- ' 4a*+CXx*

nated by mass transports with densification, and is equal to 2

in the case of sintering dominated by mass transports without 4 _

S S . . CwaX* . [ 4a(a—Y)

densificatior?. In this simulation, the value of is assumed S,=27Xpl=——sin Y| == (11
- PY= 24 C(4a2+x3))

to be equal to 1.5, because of the contribution of both surface

and volume diffusion to the sintering.
The total neck growth ratelX,,/dt during sintering is where the distance between the two inflection circumference
assumed to be the sum of the neck growth rates of volumplanes is defined as? and the angle 2as seen in Figs.(&)
and surface diffusion, as follows: and Xb). The reduction of the surface area during sintering,
As /sy, can be expressed as follows:
dXir dX, dXg

de.dt - dte @ As; N($i—Sp) 12
Particles adhere and form small necks during compaction of Ss0 4ma®
green bodies. Accordingly, the neck radXscan be repre-
sented by wheresg is the initial value of the total surface area, awd
is the mean coordination number of particles. Thus the de-
d Xt pendence of the density and the surface area on the sintering
X:Xt:O“LZ dt At. ) time can be estimated by using E@8) and(12).

The value ofD, and Dg of TiO, during sintering are
The volume diffusion mechanism causes interpenetratiogstimated by this model. In the present estimation, the values
of particles, which results in densification during sintering.of y and 8% are assumed to be constant in both conventional
The following relationship between the interpenetration of asintering and HIPing. It is assumed that the influences of
particle and the neck growth of volume diffusion is derived highly pressurized argon under 100 MPa on surface tension

from the volume balance and atomic volume are negligibly small, because the com-
pressibility of TiG; is small enough and argon is chemically
AdY=A,dX,, (6) inert to surface of the oxide.

o German and Munir reported a kinetic model for the reduc-
where A, and Ay indicate the neck surface area and neckton in surface area during sinterif§Their sintering model
cross-sectional area and are expressedmdf and 27X is pased on the Kuczynski's neck growth mechanism with
X mp, respectively. From Eq(6), the interpenetration rate one dominant diffusion mechanism. According to them, their
dY/dt can be represented as the following equation by usingnodel can be applied until the neighboring necks contact

the neck growth resulting from volume diffusion: each other whers, becomes around half &, .*°
The Kuczynski model can be applied to estimate neck
ay _ A, dX, (7 growth of the initial stage of sinteringwith X up to 0.3.
dt Ay dt’ The present model, however, was appliedxte 0.5a, be-
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TABLE I. Specification of the raw TiQpowder. influences of the cooling period on the sintering.
: : The density and porosity of the sintered materials were
Supplier and grade Ishihara Sangyo Co., EL-CRmeasured by the water displacement method. The specific
Major phase rutile surface area of the samples was measured by the one-point

Brunaver-Emmett-Teller method.

I 0,
Eluer:]imar article size 92.7;: For the calculation of the changes of density and surface
entary p A area, the following values were used. The initial particle size

Specific surface area 72y

of TiO, particles was considered as Qu&1. A powder com-
pact in the present simulation was assumed to have a random
packing of particles and to have 0.52 of the theoretical den-
cause the simulation results drands, as a function of up  sity. The specific surface area of the initial powder compact
to X=0.5a, agreed well with the experimental results. is 4.62 nt/g from the calculation using the particle size. The
values of the density fraction and the surface area were in
good agreement with the measured values of the real powder
compacts(0.52 and 4.8 rfig). According to a computer

A rutile-type TiO, powder is usedsee Table)l. Figure 2 simulation on isostatic compactidﬁa powder compact with
shows the scanning-electron-microscope photograph of thé of 0.52 has am of about 6. Jernot, Coster, and Chermant
raw TiO, powder. This powder is roundish in particle shape,summarized the relationship betwelp andd on the pow-
and homogeneous in particle size distribution. This powdefer compact? According to their work, the value of of
was uniaxially pressed under 7 MPa for 60 s to form a pellef.52 in the present study corresponds to the value of about 6
of 20-mm diameter and about 3.5-mm thickness. The densitfor N.. The value ofN; was assumed to be constant, i.e.,
reached to 0.50 of the theoretical density. The uniaxialljthere was no rearrangement of particle packing during sin-
pressed compacts were cold isostatically pre¢6é@led un- tering. For this calculation of Ti§) the surface tensiom and
der 20 MPa for 60 s. The density of the CIPed bodies in-atomic volume 6* are assumed to be 1 N/m and X.6
creased to 0.52 of the theoretical density. The density of thd 0~ 2° m®, respectively’® The thickness of the surface layer
ClPed body was measured by the toluene displacemeiit assumed to bé.
method.
. The CIPed TiQ compacts were HIPed at 800 °C for pe- IV. RESULTS
riods ranging from 1 to 10 8.6 to 36 k$ under 100 MPa of
total gas pressure with 0.1 MPa of oxygen partial pressure by Figure 3 showsl ands; as functions ot on the sintering
using a gas mixture of Ar and 0.1 vol %,0The conven- TiO, under different sintering conditions. In Fig(&B, the
tionally sintered bodies were obtained by sintering the ClPedlata of the conventionally sintered sample at 800 and at
samples at 800 and at 850 °C for periods ranging from 1 t&50 °C, andb) the data of the HIPed samples at 850 °C, are
10 h (3.6 to 36 k$ under continuous oxygen flow of 1 atm. plotted. The data of the conventionally sintered samples at
Thus, in order to discuss effects of highly pressurized argo850 °C are also included in Fig(I3.
under 100 MPa without effects of oxygen partial pressure, The lines plotted in Fig. @) are the results of the present
the oxygen partial pressure is about 0.1 MPa in both sinterealculation, whereX;_, is assumed to be 5 nm, and is insen-
ing cases. The heating rate was 400 K/h for both cases. Codéitive to the results. The calculated results using the values of
ing processes in both conventional sintering and HIPing ar®,=3.5x 10" 2° m%s andD¢=6.5x 10 ¥ m¥s agree well
carried out rapidly by gas flow and adiabatic expansion fromwith the experimental ones of conventional sintering at
the sintering temperature to about 600 °C in order to reduc800 °C up to 20 ks. The values of K30 ° m%s of D, and
8.0x 10 ' m?/s of D give results close to the sintering be-
havior at 850 °C up to 7.2 ks. These deviations of the calcu-
lation may be due to the approximation @by X anda at
the basis of the model of Kuczynski. This model is for the
initial stage on sintering up t&¥=0.3a. In this calculation,
the values ofX/a after 36 ks at 800 °C and after 7.5 ks at
850 °C are 0.47 and 0.46, respectively. By using the estab-
lished model in the present work, the sintering behavior can
be estimated up t¥=0.5a. The HIPing data agree with the
calculated results ofD,=1.5x10 °*m%s and D =2.2
X10 *m?%s. The value of D, for HIPing, 1.5
X 10718 m?s, is similar to that of the conventional sintering
at 850 °C. Table Il shows the results bf, and D for dif-
ferent temperatures and gas pressures.

lll. EXPERIMENTS

V. DISCUSSION

FIG. 2. SEM photograph of the starting TiPowder. This pow- Evaporation-condensation is also a sintering mechanism
der is homogeneous and roundish in particle shape. The particithout densificatior:® In this experiment, the sintering
diameter is about 0.3m. temperatures are sufficiently lower than the melting point,
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TABLE II. Surface and volume diffusion coefficients of Ti@t

different temperatures under gas pressures. The oxygen partial pres-
0.60 ] sure is about 0.1 MPa for all casés. sintering temperature?,;:
. sintering pressure.
4
o £ T/°C 800 850 850
0.55 1@ P/MPa 0.1 0.1 100
D,/(m?s) 3.5x10°2%° 1.5x10°1° 1.5x10°%°
13 D¢/ (m?s) 6.5<10 18 8.0x10 18 2.2x10° 16
080 —g 3 4o
t/ks evaporation-condensation mechanism is negligible in the
d s present sintering experiment.
O ® 800CCS — p:35X1020mls The values of D, of conventional sintering, 3.5
O m 850CCS Dy: 65%X1071 m?/s X10"2°m?s at 800°C and 1810 ®m%s at 850 °C.
e Dy 1.5%X10719 mYs These values oD, are respectively close to the values of O
@ D 8.0%107 ms ion in TiO, 4.2x10%°m%s at 800°C and 1.7
I . . 5 X 10 1 m?s at 850 °C, extrapolated by using the data re-
¢ 0 ported by Derry, Lees, and CalvértThis means that the
0.60L | /0 | sintering of TiQ is dominated by diffusion of O ion in
- - TiO,. Generally, sintering of compounds is governed by the
| D ej/’/ o diffusion of ions with the slowest diffusion coefficierifsIn
- b /,@’ < 4‘2@ the case of TiQ, the O ion has a smaller diffusion coefficient
(_:'N,\Q/ 2 than the Ti ion, because interstitial*Tiis the dominant de-
0851 iGN . fect in TiO,.1% Accordingly, the calculated value @, for
i/ \“\‘-_\’-\_\ conventionally sintered TiQis inevitably similar to the vol-
i <1> - 8 ume diffusion coefficient of the O ion of TiO Therefore the
s present simulation is a valid method to estimate the sintering
0.50— 20 40 of TiO,.
t/ ks The value ofDg at 850 °C under 100 MPa of high-
d s pressure gas is about 30 times higher than that under 1 atm,
O ® 850CCS -~ D;1.5%X107"m¥s in spite of the same value db,. This means that high-
O @ 850C HIP Ds: 8.0x107€ méfs pressure argon of 100 MPa enhances a surface diffusivity of
- Dy 1.5><1ojz mzls TiO,.
(b) Dg: 2.2X107"° m*/s

Enhancement of surface diffusion by high-pressure gases
FIG. 3. (a) d ands; as a function ot for sintered TiQ under 1 may be QUe to an increase of a ngmber of gas atoms _that
atm of oxygen at 800 and 850 °C. The solid line represents th&ollide with surface atoms per unit time and area. Collu_s|on
calculated result of D,=35x10°2°m¥s and D.=6.5 Of gas atoms or molecules activates surface atoms to diffuse
x 10718 m?s. The broken line expresses the resultf=1.5  €asily. High-pressure gas has more gas atoms or molecules
X 1019 m?/s andD,=8x 1018 m¥s. The circles and squares rep- Per unit volume than gas under ordinary pressure. For ex-
resent the data for sintering at 800 and 850 °C, respectively. Thample, a high-pressure gas of 100 MPa has 1000 times more
solid and open symbols designate the datadaands,, respec- gas atoms or molecules per unit volume than one of 0.1 MPa,
tively. The calculated results ob,=3.5x10"®m%s and D  assuming an ideal gas. Accordingly, a high-pressure gas un-
=5.4x 10 8 m%s agree well with the data for sintering at 800 °C. der 100 MPa has 1000 times more collisions of gas atoms
The result oD, =1.5x10"° m%s andD;=8.0x10 ¥ m%¥s arein  and molecules with surface atoms than one under 0.1 MPa.
agreement with those at 850 °(®) d ands, as a function ot with  This large number of collision frequencies of gas atoms or
conventional sintering of Tigat 850 °C. The broken line expresses molecules with surface atoms enhances the vibration of sur-

the result ofD,=1.5x 10" m’/s andDs=8.0x10 ' m?/s. The  face atoms, and therefore forces them to diffuse on the sur-
one-dot-chain line represents the calculated resultDgF=1.5  fgce.

X107 1® m%s, which is the same value of the HIPing, abd
=2.2x10 ¥ m%s. The squares represent the data of HIPed,TiO
The value ofDg increases 30 times by high-pressure gases of 100 VI. CONCLUSIONS

MPa. Effects of 100 MPa of highly pressurized argon on sinter-

ing behavior were investigated by using a simulation model
2113 K. The equilibrium vapor pressure of i@ very low  that combines the effects of volume and surface diffusion.
(=10 Pa) at 850 °C, according to the thermodynamicThe values of the surface and volume diffusion coefficients
datal* The flux of the mass transport by Ti®apor is neg-  of TiO, under a high-pressure gas of 100 MPa were obtained
ligibly smaller than that of the surface diffusion. Further- by this model using the results of sintering of BiOThe
more, evaporation of TiQwas prevented by high-pressure value of D¢ under high-pressure argon under 100 M2
gas during HIPing. Therefore the influences of thex10 1 m?s at 850 °Gis about 30 times higher than that of
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oxygen under 1 atm(8.0x10 ¥ m%s at 850 °Q. High- ACKNOWLEDGMENTS

pressure gas enhances surface diffusion. The obtained value The authors would like to thank Ishihara Sangyo Co. for
of the volume diffusion coefficient of Tigis in good agree-  supplying the TiQ powder used in the present study. This
ment with the value of the volume diffusion coefficient research was partially carried out under a financial support of
of O in TiO, ie., 3.5<10°%° ms at 800°C and the Japan Society for the Promotion of Science. The authors
1.5x10"*° m?s at 850 °Ct’ wish to express their gratitude for their support.

*Present Address: Tokyo Institute of Technology, Department of ‘K. Hamano and S. KimuraFain Seramikkusu Kiso Kagaku

Metallurgical Engineering, Meguro, Tokyo 152, Japan. (Asakura Syoin, Tokyo, 1990pp. 67-72.
1K. Ishizaki, A. Takata, and S. Okada, J. Ceram. Soc. 98n533 8W. D. Kingery and M. Berg, J. Appl. Phy&6, 1205(1955.
(1990. °G. C. Kuczynski, Trans. AIMEL85, 169 (1949.

2K. Ishizaki, S. Okada, T. Fujikawa, and A. Takata, GermanleR. M. German and Z. A. Munir, J. Am. Ceram. Sds9, 379
Patent No. P 40 91 346(81ay 1996: US Patent No. 5,126,103 (1976.

(June 1992 Japan Patent Pending, Hei 1-20542989. 11y Konakawa and K. Ishizaki, Powder Techn6B, 241 (1990.
3A. Takata, K. Ishizaki, Y. Kondo, and T. Shioura, Rressure  *2J. P. Jernot, M. Coster, and J. L. Chermant, Powder TecBpl.
Effects on Materials Processing and Desigulited by K. Ish- 21(1981.

izaki, E. Hodge, and M. Concannon, MRS Symposia Proceed?®Y. Moriyoshi and W. Komatsu, Yogyo-Kyokai-SBil, 28 (1973.
ings No. 251(Materials Research Society, Pittsburgh, 109®. 140. Knacke, O. Kubaschewski, and K. Hesselmafrermochemi-

133-138. cal Properties of Inorganic Substance&nd ed. (Springer-
4M. Nanko, K. Ishizaki, and T. Fujikawa, J. Am. Ceram. S@¢, Verlag, Berlin, 199}, pp. 2097-2099.

2437(1994. 15D, J. Derry, D. G. Lees, and J. M. Calvert, J. Phys. Chem. Solids
5M. Nanko, K. Ishizaki and T. Fujikawa, J. Am. Ceram. S@8, 42, 57 (198)).

1695(1995. 16K, Fueki and S. Yamauchi, ikagaku-Soron: Reactivity of Sol-
6M. Nanko, K. Ishizaki and A. Takata, i@eramic Transactions, ids, edited by The Chemical Society of Jap@akkai-Syuppan

Vol. 31, Porous Materialsedited by K. Ishizaki, L. Sheppard, S. Senta, Tokyo, 1975 Chap 3, p. 41.
Okada, M. Hamasaki, and B. Huybrechimerican Ceramic 1’K. Hoshino, N. L. Peterson, and C. L. Wiley, J. Phys. Chem.
Society, Westerville, OH, 1993pp. 117-126. Solids 46, 1397(1981).



