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Abstract

Electron 'microprobe analysis was used to measure the distribution profile of nickel ion in and on the spinel
layer during the spinel formation reaction from nickel oxide and alumina single crystals in the temperature

range from 1260° to 1470°C. The volume and surface diffusion coefficients of nickel ion(Dv, Ds) obtained are:

D,=8.54X107* exp(— 48. Gis'g,},{cal/md ) cm?/sec,
D,=2.7X107" exp(— 20. Sil.}%’;{cal/mol ) cm?/sec.

A confits model was proposed for measurement of surface diffusion coefficient under free sintering of powder

and the application was carried out for free sintering data of zinc oxide.

surface diffusion is very faster than the volume diff-

1. Introduction usion and the particles of the minor component are

quickly covered with the other component making a

Studies of diffusion on and in solid oxides are -spherical shell as was proposed by Jander. However,

important for the understanding of rate processes such no study has been made for the concurrent measure-

as grain growth, sintering and solid state reactions. ment of surface and volume diffusion coefficients in

In the solid state reaction, Jander’s model Y has the reaction.

been used for the analysis of kinetic data. Jander’s
model neglected the topochemical character of the
reaction. However, Jander’s and the similar equations
can describe the kinetic data from the initial stage
of the reaction. The discrepancy between Jander’s

and Komatsu’s model »® may be dissolved if the

In the past decade considerable interest has been
paid for the measurement of surface self-diffusion in
metal oxides. Most of the studies have used mass
transfer techniques-e.q. observing the variation with
time of (a) the rate of growth of grain boundary

grooves 9> (b) the rate of decay of single or multiple
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scratches ® and (c) the rate of shrinkage of compacts
in the combined sintering .

In general, volume diffusion coeflicients obtained
have been shown to be consistent with each other.
However, surface diffusion coefficients obtained are
widely different and no decisive result has been ob-
tained. Especially, in the thermal grooving method,
different observers using nomirally similar experi-
mental procedures have produced widely different
results. This seems to be due to the difficulty in pre-
paring a sample. The initial sintering technique was
ambigious in determining the pre-exponential term.

The object of the present paper is two-fold the first
the determination of internal surface and volume
diffusion coefficients in the spinel formation reaction
from nickel oxide and alumina and second is the
determination of activation energy for surface self-dif-
fusion from the BET surface area change of zinc

oxide during the initial sintering.

2. Experimental Procedure

Alumina single crystals (99.9 9% Al, 10 mm in
with <001) face,
supplied by Shinkosha K.K.) and nickel oxide single

diameter and 1 mm in thick,

crystals (99.9 9% Ni, 10 mm in diameter and 1 mm
in thick, with <100) face, supplied by Nakazumi
Crystal Co.) were used as diffusion couples in this
experiment. The experimental setup of the diffusion
couple is shown in Fig.1. Nickel oxide single crystal
was shaped by diamond cutter in 1 mm square with
a length 10 mm. After polishing the surface with the
polishing paper and alumina powder (0.3xm), the
alumina-nickel oxide diffusion couple was annealed in
a SiC resistance furnace. The fluctuation of tempera-
ture was about +5°C. The diffusion couple was placed
in Pt crucible and annealed for the desired length of
time in an atmosphere.

Two Pt-PtRh thermocouples were attached to the
crucible. One thermocouple was connected to an auto-
matic controller and the other was used for recording
the temperature. After annealing, the couples for
measuring Dv was bisected with the diamond cutter
parallel to the x-axis at the origin and the bisected

surface was polished by a standard method, and for
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Ds the alumina plate was cleaned ultrasonically
without polishing for the subsquent electron micro-
probe analysis. The electron microprobe x-rav analyzer
(Shimazu model ARL) was used in this study. The
excitation conditions of the excitation potential=15
KV and the beam current=0.01 ¢A were chosen for
minimizing the analysis time. An adequate count was
obtained during this time(10 sec). The spot size was
3 #m under this condition and the spot moving velo-
city was 96 um/sec for obtaining surface diffusion
profiles and the 8 um/sec for volume diffusion profiles.
The data output from the electron probe was con-

verted to concentration by using the calibration curve.

3. Matkematical Analysis

3-1 Internal velume and surface diffusion in solid
state reaction with line source

A diffusion couple consisting of nickel oxide and
alumina single crystals was used for measuring the
internal volume and surface diffusion coefficients in
the solid state reaction. A schematic model of the
couple is shown in Fig.1. In Fig. 1,2a is the width
of a line source of nickel oxide, & is the thickness
of the surface layer, z and z are coordinates as are

given in Fig. 1. When a material balance is setup

Fig. 1 Schematic geometry of diffusion couple setup with

NiO line source

in a volume element of the surface layer, the differ-
ential equation describing the concentration change of

nickel ion in this layer 7 is



oC, _p oC, '%D”( 9, )'_0 ¢y

%~ 25 @

(9

Assuming that the concentration distribution of
nickel ion on the surface layer is quasi-stationary

after annealing for time, #;, we obtain
Cs (.I, t) :Cs ($, tf) (3)
Combination of Egs. (1), (2) and (3) and solution

of the resulting differential equation gives the concen-

tration of nickel ion in alumina as follows,

_ C;(I, tf) N (_
C,,(x,Z,tf)——_v,ﬂDuE»-~ Dezp\ Z*/Dyts) dZ
z
=Co(a.tp) erfe 57 57=) @

From Eq. (4),( g% )._0 in Eq. (1) is given by

( aC, )_ C.(z, t5) ©)

0Z x/TEthf

Combining Egs. (1) and (5) and assuming a quasi-
stationary state, we obtain

oC, _p o°C. DG,

at, " ax*  o4/=Dig; ©
The solution of Eq. (6) is
C,(z, t;) =Ae **+Be** )

Upon inserting the boundary conditions of C, (»,
t)=0 and C, (0,¢5)=C, into Eq. (7), the result is

C, (l‘, Zf) =Co€_a1 (8)

where a= / DL.“
D /zDitys

and Dv and Ds are the
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volume and surface diffusion coefficients of nickel

ion, respectively. Eq. (8) describes the concentration

of nickel ion in the surface layer at time ¢y
3-2 Free sintering at surface

As one of the methods for measuring the surface
diffusion coefficient, we have studied the free sintering
of oxide powder in which the surface diffusion is
thought to be dominant ©.

In the free sintering, the sintering rate was
estimated by measuring the decrease of the BET
area of power (not compact) as a function of time.
However, no effort has been made for deriving the
kinetic equation of the free sintering.

In this study, the kinetic equation was derived on
the following assumptions;

(1) The shape of powder particle is a confits form.

(2) The surface of the confits is smoothed by the dif-
fusion and no neck growth occurs between the
particles.

(8) The surface diffusion is predominant in the very
initial stage of the sintering.

(4) The surface diffusion coefficient and the surface
free energy are independent of the crystallographic
orientation.

The model used for deriving the kinetic equation
was shown in Fig.2. In the model (Fig.2), the de-

crease of the surface area is calculated on the assump-

Fig. 2-a Model of confit-surfaced spherical particle
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No

Fig. 2-b Schematic illustration of the thermal smoothing
of the cone
; original cone

; after annealing
tion that the pointed head of a cone is blunted by
the diffusion from the top to the bottom of cones.

The surface area decrease, 4s is given by

AS=zr v/ ¥k —car® ©

where the term czr? is the correction term for the

curved head. Assuming the following relation among

ko, h, 7o and r
h r
BT (10

and combining Egs. (9) and (10), we obtain

C
45 e r \2 11
5=l /1+(£)]( =)
Ty
where S, is the surface area of 2 cone at time
equal to zero. Next, assuming
h0>ro, r=r (12)
we obtain

Bpet@st X113 K 3% 197314 6 ¥

48 zroh—Crr?

Sy =™  awreh,
-k r
=7, = oy (13)

We assume that surface diffusion is the only pro-
cess operating and gradients of chemical potential
along the surface will be associated with gradients of
curvature on the surface of confits. Such gradient
will produce a drift of surface atoms with an average

velocity (%) given by the Nernst-Einstein relation®

D,
k} 4K (14)

F=—

and the surface flux of atoms Js is the product of

v by the number of atoms per unit area .

where

J, ; the surface flux of atoms (atoms/cm sec)

7 ; the surface energy (erg/cm?)

Q ; the volume of the diffusion species (¢cm3/atom):
v ; atoms per unit area

s ; the arc length along the profile

K ; curvature of the surface

% ; Boltzmann constant

The assumed diffusion path 7 then

K=t
r’

b
I AL 16)

— or 7
The rate of volume change is

av d
7t—=3C'm‘2 d; 17

Upon combining Egs. (15), (16) and (17) and rear-

ranging, the result is

SC’T:rz—g;—= —2:r0J,



D,Q®
=27rr~—;% (18)

Integration of Eq. (18) gives

r*=6C'Bt
where
2y
p=-22r. 19

‘Combining Egs. (11), 113) and (19), we obtain

45 z[l_ﬁjzf—gf]b%z_)(w&ﬁ (20-2)

L

45 _ L¥(gerpyt
0

or (i’_)‘=H: 2 (ho>70)

S, (20-b)

4. Results and Discussion

4-1 Volume and surface diffusion coefficients
of Ni ion in NiAl,O,

-Volume diffusion-

Typical volume and surface diffusion profiles of nic-
kel ion are displayed in Fig. 3-a, and 3-b. Volume
-diffusion coefficient was obtained by Eq. (4). Erf-!
(1—-—%—) were plotted versus the volume diffusion
depth Z in Fig. (4). From the least-squares-fits of the
slope of these straight line, the volume diffusion coef-
ficient Dv can be estimated. Log Dv were plotted

versus the reciprocal absclute temperature in Fig. 5.
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Fig. 3 Typical EPMA diagrams showing concentration
gradient in (a) and on (b) the spinel layers
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Fig. 5 Arrhenius plots of the volume diffusion Dv and
surface Ds diffusion coeficient. The left-hand scale
applies to Dv, the right-hand scale to Ds.
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1/T gives the activation energy of 48.6 5.8
Kcal/mol and pre-exponential value D,=8.54%X107*
cm?/sec for the volume diffusion of nickel ion in

NiALO, and

. 615.
D,=8.54X107* exp(—-—*——~48 6“'5182,}{93—1@—01 )

This activation energy 48.6 Kcal/mol for volume dif-
fusion of nickel ion in NiAlLOQ, is in good agreement
with that of 40.2 Kcal/mol obtained by initial sinte
ring method® and 52 Kcal/mol by tracer method'”
within experimental error.
-Surface diffusion coeffici ent-

In the calculation of surface diffusion coefficient by
Eq. (8).
with Cs (0, t;) were plotted versus the surface diffu-

logarithmic concentrations normalized

sion length z, in Fig.6. By measuring the slope of
Iog%Lvs. z at different temperature (Eq. (8)), the
0

surface diffusion coefficients can be calculated as a

function of temperature. A plot of log Ds vs. %(Fig.

5) gives the activation energy (Es=20.5%1.2 Kcal/

mol) and frequency factor (Dso=2.7X107" cm*/sec).
The surface diffusion

coefficient as function of temperature is presented in

. 5+1.
Fig. 5 and given by D,=2.7X107" e:rp(—ggflsz—?l*—z
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Fig. 6 The plot of log(—cct—:-)va x (1 div. =96 um)
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Kaal/mol

_The surface activation energy 20.5 Kcal/
mol is slightly different from that of the free sin-
tering data of 29,6 Kcal/mol,® however, this activa-
tion energy 20.5 Kcal/mol agrees fairly good with.
that of sintering data 20.8 Kcal/mol®.
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Fig. 8 LogHuvs. -:}.— for ZnO

4-2 Application of confits model

Assuming the surface diffusion is predominant



throughout in the free sintering process of the pow-
der particle, we can calculate the activation energy
for the surface-self diffusion by measuring the change
of BET surface area of powder particles as a function
of free sintering time. A plot of log(—zg—) vs, log ¢
for ZnO'" is shown in Fig. 7. The activation energy
for surface diffusion of ZnO can be estimated by Eq.
(20-b). Log H was plotted vs, % in Fig. 8. The acti-
vation energy for surface diffusion of ZnO could not
be shown in reference. However, the ratio of Es/Ev
(Ev=79 Kcal/mol)'® obtained in this study was re-
ported equal to % As a consequence, the activation
energy 31 Kcal/mol for ZnO might be a reasonable

value.

5. Conclusions

(1) During the spinel formation reaction in tempera-
ture range from 1260° to 1470°C, the volume and
surface diffusion coeflicients of nickel ion (Dv, Ds)

obtained are:

6:+5.8 Keal/mol
D,=8. 54107 exp( 28158 Feal/mol) )

D,=2.7%10" exp(— 2 5212 Keal/mol

)cm’/sec

(2) Assuming the surface diffusion is predominant
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throughout in the free sintering process, the activa-
tion energy 31 Kcal/mol is sbtained by measuring
the change of BET surface area of zinc oxide pow-

der particles.
References

(1) W. Jander, Z. Anorg. Allg. Chem. 163, 1 (1927).

(2) W. Komatu; “Reactivity of solids” (G. M. Schwab,
ed.) p. 182 (1965).

(3) W. Komatsu and T.Uemura; Z. Physfk. Chem.
Neue Folge 72, 59 (1972).

(49) V. M. Robertson and R. Chang; “Materials
Science Research” Vol. 3, Ed. by W.W. Kriegel
and H.Palmour, Plenum Press, N.Y.p.49 (1966).

(5) B. Mills, P.Douglas and G. M. Leak; Trans,
TMS-AIME 245, 1291 (1969).

(6) Y. Moriyoshi and W. Komatsu; to be published
in Yogyo Kyo Kai Shi (JAPAN).

(7) J. C. Fisher; J. Appl. Phys. 22, 74 (1951).

(8) Y. Moriyoshi and W. Komatsu; The 5th Sympo-
sium on Basic Ceramics (Tokyo) p.72 (1967).

(9) W. Jost; “Diffusion in solids, liquids, gases”
Academic Press, Inc., N. Y. (1952).

(10) R. Lindner and A°. AC°kerstrom; Z. Physik.
Chem. (Frankfurt) 18, 303 (1958).

(11) T. J. Gray;, J. Amer. Ceram. Soc. 37, 534
(1954).

(12) E. A. Secco and W. J. Moore; J. Chem. Phys.
26, 942 (1957).

J. KIChE. Vol.11, No.3, June 1973



