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The surface diffusion coefficients of MgO and

P. SAJGALIK, Z. PANEK, M. UHRIK

Institute of Inorganic Chemistry, Centre for Chemical Research, Slovak Academy of Sciences,
Dubravskd cesta 9, CS-842 36 Bratislava, Czechoslovakia

From the measurement of neck size and neck curvature during the sintering of two spheres
the surface diffusion coefficients of MgO and Al,O; were determined. The spheres of both
materials were machined from single crystals. The following values of surface diffusion coef-
ficients were found: for MgO, D,6, = 3.7 x 107* exp (407.8kJmol™"/RT) m*sec™"; for Al,0,,
D6, =15 x 1072 exp (518.7kJ mol™"/RT) m*sec™".

1. Introduction

Most ceramic bodies are fabricated by sintering. One
of the aims in ceramic technology is the achievement
of a certain relative density of the final product. To
accomplish this, a knowledge of the diffusion data of
particular materials is desirable. Mass transport to
the necks by surface diffusion is not accompanied by
densification of the sintering powder compact. That is
the reason why the rate of surface diffusion is studied
in connection with sintering processes.

The rate of the sintering process is often used for
determination of diffusion data [1-6]. This method
gives reliable results only if (i) the conditions of the
experiment guarantee the absolute dominancy of the
particular diffusion, and (i) the equation used for
calculation of the respective material property fully
represents the experimental model used.

These two conditions are not always fulfilled in the
determination of surface diffusion coefficients from
sintering data. Sintering experiments with two spheres
under certain experimental conditions which guarantee
the dominancy of the particular sintering mechanisms
can overcome the problems mentioned above.

2. Procedure for surface diffusion
coefficient calcuiation

Sintering maps are useful aids in the determination of
the dominant mechanism during sintering, provided
all the necessary material characteristics are known
[7, 8]. The map for a given sintering temperature, time
and particle size (for a two-particle model) depicts the
neck size and simultaneously determines the regions of
dominancy of individual sintering mechanisms. The
area of the diagram, limited by the coordinates log
(x/a) and T/Ty (x is the neck radius, a is the spheri-
cal particle radius, T is the sintering temperature and
Ty is the melting temperature of the material) is
divided ‘into fields. Each field represents the mech-
anism contributing dominantly to the neck growth.
Using the procedure suggested by Sajgalik et al. [9],
it is possible to specify the areas on the map where the
contribution of the particular sintering mechanism is
exceeding some given value, e.g. 99%.
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Figs 1 and 2 show such maps for two spheres of
MgO and Al,O,, respectively. The material constants
listed in Tables I and IT were used in the construction
of the sintering maps. The region limited by a dashed
line facing the higher temperatures, represents a more
than 99% contribution of surface diffusion to neck
growth. The contributions of other mass transport
mechanisms are negligible within this area. If the
conditions of the sintering experiment (particle radii,
sintering temperature and time) are set according to
the requirement of more than 99% of surface dif-
fusion, then the kinetics of neck growth between
the spheres can be expressed by the following equation
[7]:

X0t 2D.6, yQ

2= g (aCy M

where D, is the surface diffusion coefficient, J, is the
surface thickness where surface diffusion occurs, y is
the square density of the Gibbs energy, Q is the
volume of the diffusing particle, & is Boltzmann’s
constant, x,, is the rate of neck growth and C is the
curvature difference between the positions of the
source and sink of matter flux. C can be expressed as

c-2o(L] o

X 0

&

where x is the neck radius and ¢ is the radius of
the neck curvature. The curvature difference C is
responsible for a concentration gradient of vacancies,
according to the Kelvin equation. Material flow to the
neck region (neck growth) at elevated temperatures
is the consequence of this gradient. The function
C = C(1) can be obtained by measuring the values of
x and ¢ during the sintering run. Thus, the only
unknown constant in Equation 1 is the surface dif-
fusion coefficient D,d,. The surface diffusion coef-
ficient determined in this paper includes the value J,,
and both values (D, and §,) together represent one
material characteristic, marked as Dé,.

3. Experimental procedure
The evolution of the neck during sintering was
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Figure [ Sintering map for two spheres of MgO. Radii of spheres
are 22 x 10 *m.

observed in a heating microscope. Single crystals of
MgO and Al,O were used for the preparation of the
spheres. Spectral analyses of the materials studied are
in Tables IIT and 1V. The sample holder was made of
the same type of material as the spheres under study.
The sintering experiments were performed under
isothermal conditions. The sizes of spheres, sintering
time and temperature were set to fulfil the condition of
dominancy of surface diffusion according to the sin-
tering maps (Figs 1 and 2). The radii of the spheres
were 2.2 x 107*m for MgO and 1.7 x 10~*m for
Al,O,. Sintering temperatures were 1450, 1500 and
1600° C for MgO and 1400, 1550 and 1600°C for
Al 0. According to the sintering maps, which were
calculated for the sphere radii used in the experiments,
surface diffusion is dominant also at lower tempera-
tures, but there are two reasons to select them rela-
tively high:

(i) the duration of the sintering process would be
extremely long at lower temperatures, and
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Figure 2 Sintering map for two spheres of Al,Q;. Radii of spheres
are 1.7 x 107*m.

TABLE 1 Material constants of MgO used in the construction
of the sintering map

Volume of diffusing particie, Q 1.87 x 1067¥m’ [10

Melting temperature, Ty 3125K [10]

Pre-cxponential for lattice 2.5 x 107 m?sec™!  [10]
diffusion, D,

Activation energy for lattice 261.3kimol™! [10]
diffusion, Q,

Pre-exponential for boundary 25 x 107" m?sec™!  *
diffusion, D, 4,

Activation energy for boundary 172.5kImol ! [i0]

diffusion, @,
Pre-exponential for surface
diffusion, D, J,

i T

23 x 107 m’sec”

Activation energy for surface 376.8 kJ mol ™ [i1]
diffusion, Q,

Surface density of Gibbs energy,y 1Jm™? {12}

Theoretical density, A, 3.58 x 10° kgm® [12}

Pre-exponential for vaporization, 1.75 x 10° MPa {12}
Pl)

Activation energy for vaporization, 0.5kJmol™" [12]
Qvup

*D,, from [10]; 6, inferred from data for materials of the same
structure and comparable melting point as §, ~ 107" m.
D, from [11]; 8, the same as §, above.

(it) the sintering maps were constructed using litera-
ture values for material constants. Some of these were
only estimates and those determined experimentally
were measured on different materials. If the values of
boundary and volume diffusion coefficients used in
constructing the sintering maps were higher, the
region of the surface diffusion would be smaller [17].
The relatively higher sintering temperatures ensure
surface diffusion dominancy also in the case when the
material data used were slightly different.

No centre-to-centre approach of the spheres was
observed. During the sintering process the neck
growth was accompanied by the creation of an under-
cut region in the vicinity of the neck, shown by arrow
in Fig. 3. Both observed phenomena indicate the
dominancy of surface diffusion.

TABLE Il Material constants of AL, O, used in the construc-
tion of the sintering map

Volume of diffusing particle, Q 210 x 107%m’ {6]

Melting temperature, 7}, 2325K {13]

Pre-exponentia!l for lattice 0.19 m* sec™! [14]
diffusion, D,,

Activation energy for lattice 636.4kJmol ! [14]
diffusion, Q,

Pre-exponential for boundary 20 x 107" misec™! %
diffusion, D,, 6,

Activation energy for boundary 460.5kJ mol ™! [15]

diffusion, Q,
Pre-exponential for surface
diffusion, D, 4,

2.83 x 107 mPsec™’  [6]

Activation energy for surface 4773k mol~! {6]
diffusion, @,

Surface density of Gibbs energy, y  0.9Jm™? {6}

Theoretical density, A, 3.97 x 10 kgm® {6]

Pre-exponential for vaporization, 1.66 x 10" Pa {16}
Py

Activation energy for vaporization, 540.1 kJ mol™' [16]
Qvap

*D,, from {15}; 6, inferred from data for materials of the same
structure and melting point, 6, ~ 10~ " m.
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Figure 3 Effect of undercutting on neck curvature. Two spheres of
MgO single crystal (radius 2.2 x 107* m) sintered 145h at 1550°C.

Two Type B thermocouples were used for tempera-
ture measurement and control. The temperature was
controlled with an accuracy + 5K. Sintering spheres
were photographed at particular time intervals (Figs 4
and 5). Fig. 4 shows sintering MgO spheres at 1500°C
after 50, 143 and 213h and Fig. 5 shows ALO,
spheres at 1550° C after 119, 183 and 206 h. Values of
x and ¢ were measured on enlarged photographs
and from these data the function C = C(f) was
constructed according to Equation 2. In the case of
(x/a) <0.1 the approximate formula [18§]

% ~ 0.26 <f>4/3 3)

a

was used for determination of the ¢ value.

4. Surface diffusion coefficients of
MgO and Al,O, single crystals

Figs 6 and 7 show the log (X/a) against log {(aC) curves

at different temperatures for MgO and AlLO; single

crystals. The experimental results were approximated

by least-square fittings as follows:

MgO: 1450°C  log(x/a) = 2.95 log(aC) — 10.06
1500°C  log(x/a) = 3.09 log(aC) — 9.70
1600°C  log(x/a) = 3.00 log(aC) — 9.19

4)

ALLO,: 1400°C
1550°C
1600°C

log (%/a) = 3.03 log(aC) — 11.70
log (%/a) = 2.97 log(aC) — 10.51
log (x/a) = 3.05 log(aC) — 9.98

)

The surface diffusion coefficients, calculated accord-
ing to Equations 1, 4 and 5 are listed in Table V.
The folowing y and Q values were used during the
calculation:

MgO: y
Q =

(12 t0 2.8 x 1074T)Jmol ' [19]
1.86 x 102 m?*[10]

TABLE IIl Spectral analysis of MgO single crystal

Element Concentration (wt %)
Mg Main element

Al 0.l to0.S5

Fe 0.1 to0.5

Si 0.05 to 0.1

Ca 0.05 to 0.1

B 0.01 to 0.05

Cr 0.01 to 0.05

Mn 0.005 to 0.01

Cu 0.001 to 0.005

TABLE 1V Spectral analysis of Al,O; single crystal

Element Concentration (wt %)

Al Main elerﬁent

Fe 0.05 to 0.1

B 0.01 to 0.05

Mg 0.005 to 0.01

Ca 0.005 to 0.01

Mn 0.001 to 0.005

Cu 0.001 to 0.005
ALO;: 7 = 09Jmol ' [6]

Q = 2.11 x 1072 m’ [6]

The surface diffusion coefficients for MgO and
Al, O, are shown in Fig. 8. The present values for
MgO and Al,O, are marked as 1 and 6, respectively.
Robertson [11] measured the surface diffusion coef-
ficient of MgO by a thermal grooving method, marked
as 2 on Fig. 8. These results are approximately one
order of magnitude lower than the present ones. The
difference can be expressed by a higher content of
impurities in the MgO single crystals used in the
present experiments. Line 3 represents the results
of Robertson and Chang [20] for Al,O, and Line 4
those of Kitazawa ef al. [21], obtained by a surface
flattening method. The present results for AL,O; are of
the same order as these and some other results [10,
22, 23]. Surface diffusion coefficients obtained from
the sintering data [2, 3, 5, 6] are on Fig. 8 represented
by Komatsu’s results, marked as 5 [6]. All these results
differ by a few orders of magnitude from the set of
results mentioned above. The difference indicates a
possibility that some of the conditions mentioned in
the introduction were not fulfilled during the deter-
mination of surface diffusion coefficients from the
sintering data.

A problem can arise during the application of the
present procedure when the surface diffusion coef-
ficient used for constructing the sintering map
deviates substantially from the right one. Thus, the

Figure 4 Spheres of MgO single crystal sintered at 1500° C for (a) 50 h, (b) 143h and (c) 213 h. Radii of spheres are 2.2 x 107* m.
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Figure 5 Spheres of a-Al,O, single crystal sintered at 1550°C for (a) 119h, (b) 183 h and (c) 206 h. Radii of spheres are 1.7 x 107 m.

experimental conditions selected according to the cal-
culated sintering map can lie outside the region of
surface diffusion dominancy. In this case, the surface
diffusion coefficient obtained is set for the calculation
of a new map and a new model experiment is carried
out. This cycle is repeated until surface diffusion
dominancy is proved by experiment (no centre-to-
centre approach or undercutting in the vicinity of the
neck, etc.).

5. Conclusions

Sintering maps offer a possibility for finding the
experimental conditions where surface diffusion is the
dominant sintering mechanism.
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Figure 6 The log (x/a) against log (aC) dependences measured on
MgO spheres sintered at (W) 1450°C (¥) 1500° C and (0) 1600°C.
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Figure 7 The log {%/a) against log (aC) dependences measured on
Al, O, spheres sintered at (O) 1400°C, () 1550° C and (@) 1600°C.

A model experiment (sintering a pair of spheres)
gives a possibility of achieving the conditions resulting
from the map.

The surface diffusion coefficients obtained in the
present paper are as follows:-

MgO: D6, = 3.7 x 107*
X ox (407.8k1mor‘ misec!
P\T™ rr
ALO;: D&, = 1.5 x 1072
518.7kJmol ™! 1 sec!
p RT €C

These results are in good agreement with the resulis
obtained by different methods.

TABLE V Surface diffusion coefficients for MgO and AlLO;,
single crystals

MgO ALO,

T(CC) D6, (m® sec™!) T(C) D.§, (m®sec™!)
1450 1.98 x 107'¢ 1400 1.03 x 10718
1500 480 x 107 1550 1.74 x 1077
1600 1.50 x 1071 1600 592 x 107

KN Y
£y

I 1™~

06 103/7(K)

Figure 8 Surface diffusion coefficients for MgO and ALO,. MgO:
(1) this work, (2) thermal grooving [11]. ALO;: (3) thermal grooving
[20], (4) surface flattening [21], (5) sintering of powder compact

[6]. (6) this work. The surface diffusion coefficients for (2) to (5)
include the value 8, = 1077 m.
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