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Isothermal pore growth occurs in MgO when polycrystalline compacts are annealed in air 
for long periods of time at temperatures between 1450 and 1650~ Fractographic 
examination of the microstructures demonstrates that the pores are trapped along the 
grain boundaries and at the intersections. The growth occurs as a result of pore dragging 
by grain boundary in combination with transport of atoms by surface diffusion. The 
contribution from lattice diffusion and vapour transport becomes increasingly important 
as the temperature is raised. Finally, as the pores grow in size, they inhibit the normal 
grain growth in MgO. 

1. Introduction 
The phenomenon of pore migration or bubble 
migration in solids was first demonstrated by 
Barnes and Mazey [1 ] in thin copper foils and 
was subsequently observed in other metal [2-5] 
and oxide [6-7] systems. The first theoretical 
treatment of pore migration was given by 
Shewmon [8 ] who generated a series of equations 
for cases of various transport mechanisms under 
an imposed driving force. According to Nichols 
[9], the imposed driving forces include: thermal 
gradient, bowed dislocation, curved grain bound- 
ary, and electrical potential gradient. Examples 
of pore migration under a strong thermal 
gradient are those in copper [1] as cited above 
and in UO2 thin foils [5], as observed in the 
electron microscope by using a pulse annealing 
technique. Pores and bubbles are also known to 
migrate when there is no imposed driving force 
such as the case when migration occurs due to 
random atomic fluxes under isothermal heating 
conditions. In one series of experiments, pore 
migration in solids under isothermal anneal was 
studied following inert gas bombardment or 
radiation damage in solids [3, 4, 6]. In an 
entirely different series of studies, pore migration 
and coalescence were observed during sintering 
of a number of polycrystalline materials in air or 
in inert atmospheres. Examples are: pore 
growth in Cu [10-12], UO2 [13], ZnO [14], and 
MgO [15]. During the last stage of sintering, a 
fraction of the pores containing insoluble gases 
is normally trapped in the solid. As the pores 
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shrink in size, the gas pressure in the pore (AP 
increases, until it equilibrates with the surface 
energy (Tsv) according to the relation 
AP = 27sv/r, where r is the radius of the pore. 
Upon further heating, the pores grow in size 
and decrease in number as the diffusion of the 
gas to the surface becomes negligible compared 
to the diffusion flux between the pores [14]. In a 
polycrystalline material, the pores can also be 
dragged by the boundaries when they are 
located on the plane of grain boundaries and 
finally coalesce. This possibility was first 
suggested by Kingery and Francois [21] and 
following that argument, Nichols [22] subse- 
quently explained the grain growth kinetics in 
UO2. More recently, Brook [32] has discussed 
the conditions under which the interaction of 
pore and grain boundary may occur. 

Analysis of pore migration by diffusion 
control mechanism has been made by a number of 
authors [8-10, 12-14, 17-20]. Nichols has 
recently reviewed the kinetics for various 
driving forces [9]. The possible rate controlling 
mechanisms discussed are: surface diffusion, 
lattice diffusion and vapour transport. In the 
absence of an imposed driving force, the pore 
diffusion coefficient (defined as the pore mobility 
times kT, where kT  is the usual thermal energy) 
for each of these mechanisms has been shown to 
vary as Ds/d 4, D~/d z and Dg/d ~, respectively, 
where d is the pore diameter and Ds, DL and Dg 
are the surface diffusion coefficient, lattice 
diffusion coefficient and diffusion coefficient in 
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the gas respectively and where Og may depend 
on d. Typically, surface diffusion dominates for 
submicron sizes followed by volume diffusion or 
vapour transport for sizes in the range of few to 
10/zm. The dominant mechanism is determined 
by comparing the velocities predicted for these 
mechanisms with those observed experimentally. 

In the analysis that follows, the pore growth 
kinetics in polycrystalline MgO during the late 
stage of sintering (when the specimens are 
partially or completely impervious) are analysed 
following the mechanisms of material transport 
as delineated above. Pore velocities are estimated 
according to each mechanism from a knowledge 
of atomic parameters and compared with the 
experimental velocities. The rate controlling 
mechanism is then determined by a process of 
elimination. Accounts are taken of the possible 
effect of grain growth on the pore growth 
kinetics in MgO. 

2. Experimental Procedure 
The magnesium oxide powder, obtained by 
calcination of hydroxide, was isostatically 
pressedat 21 • 106 kgs/m -~ and annealed between 
1450 and 1650~ for extended periods of time. 
The powder characteristics and the details of 
heat treatment were reported elsewhere [25]. The 
specimens used in the present investigation had a 
bulk density between 90 and 98 ~ of the theor- 
etical and they exhibited partial to complete 
imperviousness. Normally. an expansion of the 
specimens was observed at a given temperature 
when annealed for a long period of time. 

Preliminary examination of the microstructure 
indicated that a large number of pores were 
trapped along the grain boundaries and at 
boundary intersections. In order to estimate the 
size of these pores, the specimens were then 
treated for fractographic analysis in the electron 
microscope. The freshly fractured surface of 
MgO was coated with a heavy layer of carbon 
which was then floated off the samples by 
immersing in 1:1 dilute nitric acid for 2 to 5 rain. 
The replica thus obtained was then examined in 
the electron microscope after proper cleaning. 
Since the fracture was primarily occurring in an 
intergranular fashion, the pores which were 
located on the plane of grain boundaries could 
be easily identified from the examination of the 
fractographs. They were then measured by a 
calibrated magnifying eye-piece placed directly 
over the fractographs. The smallest size that 
could be measured this way was of the order of 
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,-, 0.2 /xm. The number of counts made at a 
given temperature and time normally ranged 
from 50 to 100 or more, depending on the 
nature of fractographs. Special attention was 
directed to measuring those pores which were 
spherical in shape and lying directly in the plane 
of the grain boundary. With elliptical pores, both 
major and minor axes were determined and the 
average of the two was reported as the estimated 
pore diameter. The possible error that can enter 
into pore measurement came primarily from the 
variation of electron beam during examination 
of the replica, and was estimated to be in the 
range of ~z 10 ~. 

The grain size was measured from the optical 
microstructures developed from the polished 
section of MgO by counting the number of grain 
boundaries intersected by measured lengths of 
random straight lines drawn directly on photo- 
micrographs. The grain size reported was 1.5 
times the average intercept lengths thus obtained 
by lineal analysis. 

3. Experimental Data and Calculation 
Fig. 1 illustrates the typical fractographs from 
which the pore sizes were measured. The pores 
which were located only on the plane of grain 
boundary and are not intersected by the lines, 
were counted for the frequency-size distribution 
as shown for a typical distribution in fig. 2. 
Average pore diameters were calculated from 
such distributions. Pertinent data regarding 
experimental temperature, annealing time, aver- 
age pore diameter and grain size are listed in the 
first four columns of table I. The number of pores 
per unit volume, Nv (number/cm3),was calculated 
from a knowledge of fractional pore volume (V) 
and the pore diameter (d) through the relation: 

77 
V = Nv ~ d 3 (1) 

and is reported in column 5 of table I. The grain 
boundary area per unit volume Av (cm2/cm ~) 
was estimated from the photomicrographs by 
counting the number of grains traversed per cm 
(NL) by a random line using the relation [26, 27]: 

Av = 2NL (2) 

and is listed in column 6 of table I. By using the 
above two relations the total number of pores 
per unit area of grain boundary, Ngb (number/cm 2 
of grain boundary) is calculated in column 7. 
The final column gives an estimate of pore-to- 
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Figure 2 Typical histograms of the grain boundary pores in 
p o l y c r y s t a l l i n e  M g O  a t  1 6 0 0 ~  a n d  fo r  v a r i o u s  a n n e a l i n g  
times. 

Figure I Fractured surfaces of MgO annealed at 1650~ 
for (a) 100, (b) 500 and (c) 1000 rain, respectively (• 2700). 

pore spacings, l (cm), calculated from the 
relation: 

1 
/ -  ~/N~ (3) 

It is seen from table I that the pore size and 
grain size continuously increase with time at a 

given annealing temperature. Using the appro- 
priate time exponent as discussed later, it can be 
shown that the pore size at each temperature can 
be extrapolated to zero co-ordinate thus satisfy- 
ing the boundary conditions: size = 0 at 
time = 0. These conditions are used during 
subsequent calculation of pore velocities. 

Corresponding to the observation that the 
pore size increases with annealing time, the 
number of pores per unit volume Nv is seen to 
decrease with increased annealing time except in 
few instances with long annealing times and at 
higher temperatures. This discrepancy may have 
resulted from the averaging of pore diameters 
necessary for such calculation. The greatest 
amount of uncertainty arises in the estimates of 
the number of pores per unit area of the grain 
boundary, Ngb and the pore-to-pore spacing, l. 
Here the primary source of inaccuracy comes 
from the measurement of the grain boundary 
area per unit volume, which depends on the 
accurate determination of the intercept length of  
the representative grain structures. Based on the 
above limitation, the general observation is that 
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T A B L E  I Pertinent data on pore growth in polyerystall ine MgO between 1450 and 1650~ forvariousannealingtimes 

Temperature  Time Average pore  Average grain N u mber  of  Grain  boundary  N u m b e r  of  Pore spacings 
~  rain. diameter (d) size (g) pores area pores l = 1/'v'Ngb 

(/zm) (/zm) number /cm ~ cm2/cm 3 (Av) Nt tmber /cm = (era) 
(Nv) (Ngb) 

1650 

1600 

1550 

1500 

1000 1.41 30.0 4.9 x 101~ 1.00 • 103 4.90 • 107 1.43 x 10 -4 
500 1.25 24.7 7.1 • 1013 1.21 • 103 5.80 • 107 1.31 • 10 -4 
200 1.23 23.1 5.3 • 101~ 1.30 • 103 4.08 • 107 1.56 • 10 4 
100 0.899 20.2 2.1 • 1015 1.48 • 108 1.42 • 103 8.40 • 10 -5 
60 0.791 18.5 3.9 • 1015 1.63 • lO s 2.39 • 108 6.45 • 10 -5 
30 0.628 18.1 4.1 • 1041 1.67 • 103 2.46 • 108 6.37 • 10 .3 

1000 1.33 33.8 5.6 • 101~ 8.93 • 102 6.28 x 107 1.26 X 10 -4 
500 1.22 30.9 1.7 • 101~ 9.71 • 10 ~ 1.75 • 107 2.39 • 10 -* 
200 0.997 25.3 1.4 • 1055 1.18 • 103 1.19 X 103 9.17 X 10 -s 

50 0.599 13.0 2.8 • 1051 2.31 • lO s 1.21 X 108 9.09 • 10 -5 

1000 1.27 28.2 4.7 • 101~ 1.06 • 108 4.44 • 107 1.50 X 10 -4 
500 1.05 25.9 1.1 • 1011 1.16 • 103 9.50 • 107 1.03 • 10 .4 
200 0.849 21.6 1.9 • 1011 1.39 X 10 s 1.37 • lO s 8.55 • 10 .5 

30 0.564 9.1 7.8 • 1011 3.30 • 103 2.36 • IO s 6154 • 10 .5 

1000 1.06 31.8 9.7 • 101~ 9.43 • 102 1.03 • 108 9.90 • 10 -5 
500 0.940 27.3 4.0 • 1015 1.09 • 108 3.68 • 108 5.21 • 10 -5 
100 0.688 10.5 5.6 • 1011 2.86 • 103 1.96 • 108 7.14 • 10 -5 

1450 1000 1.03 30.8 1.2 • 1011 9.70 • 102 1.24 x lO s 9.01 • 10 -5 
450 0.86 19.7 1.8 • 1011 1.53 • 108 1.18 • 108 9.17 x 10 .5 

the number of pores per unit area of the grain 
boundary, Ngb, seems to increase and the pore- 
to-pore spacing, l, seems to decrease with the 
increase in the grain boundary area or with the 
decrease in the pore size. 

4. Comparison of the Experimental Data 
with Calculated Values 

4.1, Estimation of Dp from Experimental Data 
The pore diffusion coefficient, Dp, for an 
assembly of pores executing a random motion in 
the plane of grain boundary can be obtained 
from Fick's law of diffusion. The two- 
dimensional mean square distance x 2 travelled 
by a pore with no driving force in time t is given 
by: 

x 2 = 4Dpt  (4) 

Following Wolfenden and Farrell [24] the 
value of x can be obtained from a knowledge of 
the probability of a pore moving in a straight 
line andcolliding with a second pore at a distance 
x in the plane of grain boundary: 

1 
x - Ngb(2d) (5) 

where d is the diameter of the pore and Ngb is 
the average pore density on grain boundary, 
defined by 1[l 2 where l is the average pore-pore 
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spacings in the grain boundary. Combining the 
two equations and substituting for Ngb gives: 

l 4 
D p -  160dZt (6) 

Thus the pore diffusion coefficient can be 
calculated from a knowledge of average pore- 
pore spacing, average pore diameter and the 
annealing time as listed in table I. Since the 
mechanism of migration enters only through Dp, 
the calculated pore diffusion coefficients from the 
experimental data can be compared directly with 
those calculated for surface diffusion, lattice 
diffusion or vapour transport mechanism from 
atomic parameters. In doing such comparison, 
it is assumed that the mathematical derivation for 
pore diffusivities as related to atomic parameters 
is the same for grain boundaries as for the 
matrix, but it is noted that the grain boundaries 
may exert an influence on atomic parameters. It 
is further assumed that there is no pore migration 
due to an interface control mechanism as 
discussed by Herring [28] and Nichols [9]. This 
assumption is acceptable in view of the fact that 
the pores are nearly spherical and have no 
faceting configuration. Finally, it must be 
pointed out that the single major uncertainty in 
calculating Dp from equation 6 is introduced 
through the term 14, since an error in l will now 
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T A B L E I1 Comparison of pore diffusivities in MgO calculated from appropriate atomic parameters and those calcu- 
lated from the experimental data 

Temperature Time Pore diameter (d) Experimental Dp Surface Lattice Vapour 
~  (min) (t~m) (cm3/sec) diffusion Dp(s) diffusion Dp(L) transport 

(cm3/sec) (cm3/sec) Dp(v) 
(cm2/sec) 

1650 

1600 

1550 

1500 

1000 1.41 2.18 • 10 -14 1.27 • 10 -22 3.92 • 10 -"l 5.20 x 10 -~2 
500 1.25 3.94 • 10 -24 2.06 x 10 .22 5.64 • 10 -22 7.45 x 10 -2z 
200 1.23 2.02 • 10 -1~ 2.21 • 10 -19 5.90 • 10 -31 7.82 • 10 -23 
100 0.899 6.42 • 10 -14 7.66 • 10 -12 1.51 • 10 -3~ 2.00 • 10 -31 
60 0.791 4.78 • 10 -14 1.27 • 10 -18 2.22 • 10 .30 2.94 • 10 -~2 
30 0.628 1.47 • 10 -12 3.32 • 10 -12 4.45 • 10 .30 5.86 • 10 .22 

1000 1.33 1.50 • 10 -14 7.22 • 10 -=~ 2.62 • 10 -21 2.54 • 10 -32 
500 1.22 4.56 • 10 -13 1.03 • 10 -29 3.30 • 10 -22 3.28 • 10 -23 
200 0.997 3.72 • 10 .24 2.30 • 10 .22 6.20 • 10 -~~ 6.00 • 10 -32 

50 0.599 3.94 • 10 -2~ 1.74 • 10 -2s 2.86 • 10 .20 2.78 • 10 -21 

1000 1.27 3.28 • 10 -14 7.15 • 10 -22 1.81 • 10 -31 1.16 • 10 -~2 
500 1.05 2.12 • 10 -l~ 1.53 • 10 -12 3.20 • 10 -31 2.06 • 10 .33 
200 0.849 3.86 • 10 -1~ 3.57 • 10 -1" 6.06 • 10 -~1 3.90 • 10 -33 

30 0.564 1.99 • 10 -2a 1.81 • 10 .23 2.07 • 10 -~~ 1.33 • 10 -31 

1000 1.06 8.90 • 10 -25 7.36 • 10 -2~ 1.60 • 10 -21 8,23 • 10 -22 
500 0.940 1.74 • 10 .25 1.19 • 10 .29 2.29 • 10 -21 1.18 • 10 .32 
100 0.688 5.78 • 10 .24 4.17 • 10 .22 5.84 • 10 .32 3.00 • 10 -33 

1450 1000 1.03 6.45 • 10 -t5 4.07 • 10 -2~ 9.17 • I0 -2~ 3.64 x 10 -2~ 
450 0.86 2.24 • 10 .24 8.55 • 10 .20 1.57 • 10 -21 6.20 • 10 -2a 

be  magn i f i ed  to  a p o w e r  o f  four .  I n  v iew o f  all  
these ,  i t  is r ecogn i sed  tha t  a c o m p a r i s o n  b e t w e e n  
the  e s t ima ted  a n d  the  e x p e r i m e n t a l  D va lues  can  
be  m a d e  on ly  to t he  ex ten t  o f  an  o r d e r  o f  m a g n i -  
t u d e  rel iabi l i ty.  

T h e  e x p e r i m e n t a l  p o r e  d i f fus ion coeff icients  as 
c a l cu l a t ed  f r o m  e q u a t i o n  6 by us ing  the  d a t a  in 
t ab le  I a re  s h o w n  in tab le  I I  a l o n g  w i t h  o t h e r  
e s t i m a t e d  va lues  f r o m  surface,  la t t ice  a n d  
v a p o u r  t r a n s p o r t  m e c h a n i s m s  respect ive ly .  I t  is 
seen tha t  the  e x p e r i m e n t a l  d a t a  fal l  w i th in  the  
r a n g e  o f  10 - la  to 10 -15 cm2/sec, the  m a j o r i t y  
h a v i n g  a va lue  o f  10 -14 cm2/sec. A fu r the r  
gene ra l  o b s e r v a t i o n  is t ha t  as the  t e m p e r a t u r e  is 
ra ised  o r  the  p o r e  size decreased ,  the  p o r e  
d i f fus ion  coeff ic ient  appea r s  to s h o w  a s l ight ly  
h ighe r  va lue .  

4.2. Pore Migrat ion by Sur face D i f fus ion  

T h e  p o r e  d i f fus ion  coeff ic ient  fo r  sur face  
d i f fus ion  m e c h a n i s m  is g iven  by  [9]: 

3Ds As 
Dp(s) - 2rr(d/2) 4 (7) 

whe re  ~ = n o r m a l  spac ings  in the  la t t ice  be-  
tween  dif fus ing ( ra te -con t ro l l ing)  species,  a n d  
s = m o l e c u l a r  v o l u m e  o f  the  m a t r i x  mate r ia l .  
F o r  ca lcu la t ion ,  i t  is a s s u m e d  t h a t  )~ = 3 A,  
s = (mole  w e i g h t / d e n s i t y  x A v o g a d r o ' s  n u m -  

ber)  = 1.83 x 10 -~3 cm a, and  tha t  the  sur face  
d i f fus ion  coeff ic ient  is i so t rop i c  on  all  g ra in  
bounda r i e s .  I n  the  absence  o f  a k n o w n  s lower  
d i f fus ing species fo r  sur face  d i f fus ion  in M g O ,  
the  va lues  used  fo r  ca l cu l a t i on  are  those  o b t a i n e d  
by  R o b e r t s o n  [29]: 

D s = 2 . 3  x 1 0 ~ e x p l  9 0 ~ - a ! l c m 2 / s e c  

U s i n g  the  a b o v e  d a t a  in c o n j u n c t i o n  wi th  the  
ave rage  p o r e  d i a m e t e r  in t ab le  I, the  ca l cu la t ed  
va lues  o f  Dp~s) are  r e p o r t e d  in t ab le  II.  T h e  
ca lcu la t ed  p o r e  diffusivi ty  Dp(s) at  all  t e m p e r a -  
tures  is seen to  be  several  o rde r s  o f  m a g n i t u d e  
smal l e r  t h a n  the  expe r imen t a l  diffusivi t ies  Dp. 
H a d  the  ca l cu la t ions  been  de l ibe ra te ly  based  on  
the  fas ter  sur face  di f fus ing species in M g O ,  the  
va lues  w o u l d  be  r educed  by the  se lec t ion  o f  the  
s lower  di f fus ing species in M g O .  C lea r ly  fo r  the  
p o r e  sizes invo lved ,  the  k inet ics  o f  m i g r a t i o n  a n d  
coa lescence  is n o t  con t ro l l ed  by a m e c h a n i s m  o f  
r a n d o m ,  t w o - d i m e n s i o n a l  m i g r a t i o n  o f  po res  by  
sur face  d i f fus ion  m e c h a n i s m .  This  o b s e r v a t i o n  is 
fu r the r  subs t an t i a t ed  by  the  fac t  t h a t  a p lo t  
Do versus  d 4 does  n o t  y ie ld  a s t ra igh t  line, even  
wi th in  the  l imits  o f  uncer ta in t ies .  

4.3. P o r e  M i g r a t i o n  by L a t t i c e  Diffusion 
T h e  p o r e  d i f fus ion  coeff ic ient  fo r  la t t ice  d i f fus ion  
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mechanism is given by [9]: 

3DL [2 
Dp(L) - 4~r(d/2) a (8) 

The lattice diffusion coefficient DL is obtained 
from that determined by Lindner and Parfitt [30] 
for magnesium in MgO. 

[ 79 kcall 
DMg--,Mg0 = 0.249 exp �9 R T  J cm2/sec 

The calculated values of pore diffusion coeffic- 
ients, Dp(L) are reported in table II and are found 
to be smaller by several orders of magnitude than 
the experimental diffusivities. Using the values 
for the lattice diffusion of oxygen in MgO as 
reported by Oishi and Kingery [31 ], the disagree- 
ment between the experimental and calculated 
diffusivities is further widened, since the oxygen 
diffusion in MgO is several orders of magnitude 
lower than the magnesium diffusion in MgO. 
Furthermore, a plot of Dp versus d z does not 
yield a straight line within the experimental 
uncertainties. In view of this, the possibility of 
lattice diffusion as the rate controlling mechan- 
ism, assuming random migration and coalesc- 
ence of the pores, has been ruled out. 

4.4. Pore  M ig ra t i on  by V a p o u r  T r a n s p o r t  

The pore diffusion coefficient for vapour trans- 
port mechanism is given by [9]: 

3Dg ~ a v P v  
Dp(v) - 4~ kT(d/2)3 (9) 

where Pv is the equilibrium vapour pressure of 
the rate controlling species and ~v(_< I ) i s  a 
measure of the departure from the equilibrium. 
The value of Pv for MgO is obtained from the 
literature [33] and ~v is assumed to have a value 
equal to 1, bearing in mind that this is the 
maximum possible value of ~v. A reasonable 
value of Dg from the kinetic theory of gas [34] 
is estimated to be 1 cm2/sec with extremes of 0.1 
and 10 cm2/sec. Assuming that Dg is independent 
of temperature within the range of measurement 
made, the pore diffusivities due to vapour 
transport are calculated in table II. The results 
are found to be in wide disagreement with the 
experimental values. When compared with the 
pore diffusivities due to surface and lattice 
diffusion of atoms, vapour transport data give 
values which are smaller by one to two orders of 
magnitude. By having lower values of ~v (< 1) 
and Dg (< 1 cm2/sec) than those assumed in the 
calculation, pore diffusivities are correspond- 
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ingly reduced and the disagreement with the 
experimental results is further widened. By using 
higher values of Dg (_  10 cm2/sec) the conclus- 
ion remains essentially unaltered. In view of this, 
the vapour transport is not considered as a rate 
controlling mechanism assuming random motion 
of pores. 

4.5. Pore Migration due to Boundary 
Migration 

Since there is a certain amount of grain growth 
during pore growth as shown in table I, the 
possibility exists that the pores are dragged by the 
grain boundaries as grain growth proceeds [21]. 
The normal grain boundary mobility will there- 
fore be reduced as a result of the presence of the 
pores on boundaries. Fig. 3 shows the log-log 
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Figure 3 Log-log plot of pore size and grain size versus 
annealing time in polycrystalline MgO for various anneal- 
ing temperatures. 

plots of the grain size versus time and the pore 
size versus time for the same specimens. Within 
the range of experimental data shown, the time 
dependence of pore growth can be approximated 
by an exponent equal to n = 0.25 while the time 
dependence for grain growth changes from 
n = 0.50 (which is the time dependence for 
grain growth during sintering [25]) to n = 0.15, 
the latter exponent clearly reflecting the pro- 
nounced dragging effect [35] of porosity on the 
rate of normal grain growth in MgO. The effect 
is most pronounced at the highest temperature of 
measurement and least pronounced at the 
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T A  B L E I I I Pore velocity in MgO: comparison of the experimental data with those estimated from atomic parameters 

Temperature Time Pore diameter Experimental 
~ C (rain) (d) (/zm) pore velocity Vv 

(cm/sec) 

Estimated pore velocity due to boundarymigration and 
Surface diffusion Lattice diffusion Vapour transport 
Vg(s) (cm/sec) Vp(L) (cm/sec) Vp(v) (cm/sec) 

1650 

1600 

1550 

1500 

1000 1.41 2.35 • 10 -9 4.16 X 10 -9 1.28 x 10 -9 1.71 x 10 -1~ 
500 1.25 4.17 X 10 -0 6.00 X 10 -s 1.64 x 10 -9 2.17 • 10 -~~ 
200 1.23 1.02 x 10 -9 6.34 X 10 -s 1.68 • 10 -9 2.24 x 10 -1~ 
100 0.899 1.50 X 10 -s 1.60 X 10 -7 3.14 • 10 -9 4.17 x 10 -1~ 
60 0.791 2.20 • 10 -s 2.34 X 10 -7 4.08 x 10 -9 5.41 X 10 -1~ 
30 0.628 3.50 x 10 -s 4.85 x 10 -7 6.50 • 10 -~ 8.58 x 10 -1~ 

1000 1.33 2.22 • 10 -9 2.30 X 10 -s 8.35 X 10 -1~ 8.10 x 10 -11 
500 1.22 4.07 • 10 -9 3.02 • 10 -s 9.66 X 10 -1~ 9.56 • 10 -11 
200 0.997 8.30 X 10 -~ 5.50 X 10 -s 1.49 X 10 -9 1.44 • 10 -1~ 

50 0.599 1.98 x 10 -s 2.50 • 10 -7 4.10 • 10 -9 3.98 • 10 -1~ 

1000 1.27 2.11 x 10 -9 2.24 x 10 -s 5.67 x 10 -1~ 3.63 • 10 -11 
500 1.05 3.50 x 10 -0 3.96 x 10 -s 8.32 x 10 -l~ 5.34 x 10 -11 
200 0.849 7.06 • 10 -9 7.50 x 10 -s 1.27 x 10 -a 8.15 x 10 -11 
30 0.564 3.13 • 10 -s 2.52 x 10 -7 2.88 x 10 -9 1.85 x 10 -l~ 

1000 1.06 1.77 x 10 -9 1.98 x 10 -s 4.30 x 10 -1~ 2.21 • 10 -11 
500 0.940 3.14 x 10 -9 2.84 • I0 -s 5.45 x 10 -1~ 2.80 x 10 -11 
100 0.688 1.15 x 10 -s 7.30 x 10 -s 1.02 x 10 -9 5.25 • 10 -I1 

1450 1000 1.03 1.72 x 10 -9 1.09 x 10 -s 2.47 • 10 -1~ 9.75 x 10 -la 
450 0.86 3.18 x 10 -9 1.92 x 10 -s 3.51 x 10 -1~ 1.39 • 10 -11 

lowest tempera ture  o f  measurement .  Apparent ly ,  
at 1650~ the pore  en t rapment  occurs within a 
few minutes of  sintering [25] while at 1450~ 
pore  en t rapment  occurs only after sintering for  
1000 min. The  result thus indicates that  with the 
pore  en t rapment  at the boundary,  the pore  
velocity controls  the grain growth rate in MgO.  
Had  the pore  and boundary  velocities remained 
the same, the pores would  not  have inhibited the 
grain growth as il lustrated in fig. 3. 

The interact ion o f  pore and grain boundary  is 
treated theoretically by Nichols  [35] and Brook 
[32] and fol lowing their analysis the pore  
velocity (Vp) is calculated f rom the relat ion:  

Vp = M p F p  (lO) 

where Mp is the mobi l i ty  o f  the pore  and Fp is 
the force on a pore  exerted by an at tached 
boundary.  F r o m  Nichol ' s  analysis, the driving 
force, Fp, is given by the relat ionship:  
Fp = ~rrTgb sin 20, where r is the radius of  the 
pore, 7gb the grain boundary  energy in M g O  and 
0 the half-angle of  a cone having its apex at the 
pore  centre and its base defined by the inter- 
section o f  the boundary  with the pore. The 
m a x i m u m  force Fmax can then be est imated 
using 0 = 45 ~ and 7gb ----- �89 where 7sv  is the 
sol id-vapour  surface energy in MgO.  Gi lman  
[36] givex ysv  = 1200 ergs/cm z for M g O  at 
r o o m  temperature.  Dur ing  calculation, the same 

value is used at higher temperatures,  because the 
effect o f  temperature  on 7sv is considered negli- 
gible when compared  to the uncertainties 
in t roduced by use o f  other  data. The mobil i ty  
Mp is est imated f rom the relat ion:  Mp = D p / k T  

and the appropr ia te  mechanism of  material  
t ranspor t  (e.g., surface diffusion, lattice diffusion 
or  vapour  transport)  is in t roduced in Dp 
th roughou t  its relat ion with a tomic  parameters .  
The pore  velocity thus calculated, is then 
compared  with the experimental  velocity as 
shown in table I I I  for  t ransport  processes 
involving surface diffusion, lattice diffusion and 
vapour  transport .  It  is seen that  the experi- 
mental  data  lie, within an order  o f  magnitude,  
between the velocity calculated for  surface 
diffusion and lattice diffusion mechanisms.  The  
data  for  the vapour  t ranspor t  mechanism is not  
in good agreement  with the experimental  data. 

5. D i s c u s s i o n  

Ent rapment  o f  inert  gases during the last stage 
o f  sintering has been demonst ra ted  for a number  
o f  materials.  Deacon  et al  [15], have shown that  
when polycrystall ine compacts  o f  M g O  are heated 
at 1800 ~ C, the t rapped gas exhibits a pressure o f  

1.7 a tmospheres  for  a typical pore  size o f  
10/zm. Bubble fo rmat ion  and gas generat ion 

in M g O  are also shown to occur f rom internal  
sources, possibly due to the presence o f  O H -  
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ions in the crystal [37]. When heated above 
1000~ in a reducing atmosphere, certain single 
crystals of MgO are found to develop cavities 
with diameters up to ~ 100/zm and gas pressure 
up to ~ 250 arm. [37]. In the present series of 
experiments, for the pore sizes involved, the gas 
pressure is estimated to be in the range of 38 to 
68 atm. (assuming that the solubility of gas is 
negligible in the matrix or in the boundary). The 
nature of the gas is not identified, but since the 
specimens are heated in air, some inert gases are 
expected to be present in the pores. In addition, 
there may be some trace of chlorine and hydroxyl 
ions originating from magnesium chloride and 
the magnesium hydroxide respectively. 

During the course of analysis of the results, 
various theories in the literature were evaluated 
in order to find an agreement with the data. An 
analysis of pore migration involving solution 
[24] and diffusion [10, 14, 32] of gases and 
vacancy in the matrix or boundary yields results 
in disagreement with the theoretical prediction. 
The solution is therefore achieved in terms of 
random motion of pores in solids. For the pore 
sizes studied, this seems to be the most likely 
mode of migration and coalescence of pores as 
borne out by the literature data of pore sizes in 
the range of one micron or less [9]. 

From the data presented in table II it is clear 
that surface diffusion, lattice diffusion or vapour 
transport alone cannot account for the pore 
migration in MgO. From the grain size and 
pore size data presented in fig. 3, it is also clear 
that an additional contribution to pore migration 
must come from the dragging of pores by the 
boundaries. Table III shows that when the pore 
growth is caused by boundary migration in 
conjunction with random motion, the experi- 
mental data can be adequately described by a 
combined process involving surface and lattice 
diffusion mechanisms. In view of the fact that the 
calculated values give an upper limit of velocities 
with Fp = Fmax, the agreement is in fact better 
with surface diffusion as the rate controlling 
mechanism. Nevertheless, thereis an indication in 
table III, that at higher temperatures, the 
contribution from lattice diffusion is consider- 
ably higher than that from surface diffusion and 
vice versa at lower temperatures. The vapour 
transport process appears to compete with the 
lattice diffusion process only at the highest 
temperature of measurement (e.g. 1650~ This 
is in accord with the theoretical prediction [9] 
that as the temperature is raised or the pore size 
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increased, lattice diffusion and finally vapour 
transport become more and more important, 
assuming two-dimensional random motion of 
pores. 

A further check on the possible rate control- 
ling mechanism can be made by plotting pore 
velocity against diameter of the pore. Equation 
10 gives: Vp = MpFp = ( D v / k T ) F p ,  and since 
Fp is directly proportional to the diameter d, and 
Dp is proportional to d -4 and d -3 for surface and 
lattice diffusion respectively, it follows that 
Vp o~ l /d  3 for surface diffusion and Vp c~ 1/d 2 for 
lattice diffusion. From a plot of the pore velocity 
versus diameter as shown in fig. 4, the pooled 
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ID.-7 0.01 O. 1 1.0 10 

10-8 

1o 4 
~ 

n=4.1 

n=3.4 \ 
11650%1 

i0  - I O  1 I I T I , , I ] T I .  } 

O. I 1. O I0 IO z 
Diameter, micron 

Figure 4 Relation between pore velocity and pore diameter 
in MgO at various annealing temperatures. 

average value of the exponent is estimated to be 
3.36 from individual values taken at five temper- 
atures between 1450 and 1650~ Within the 
limits of the accuracy of these measurements, the 
values of the exponents are considered to be in 
satisfactory agreement with the surface diffusion 
mechanism. However, it is also possible that 
minor contributions from other transport mech- 
anisms may be present. Because of the complex 
process involved in the pore movement as 
delineated above, similar difficulty is also 
encountered in interpreting the activation energy 
as obtained from a plot of pore velocity versus 
reciprocal absolute temperature. The value of the 
activation energy thus calculated lies in the range 
of 48 to 50 kcal/mole. This is less than that 
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expec t ed  fo r  e i the r  su r face  o r  la t t ice  d i f fus ion  o f  
a toms .  

6. Conclusion 
(1) W h e n  po lyc rys t a l l i ne  c o m p a c t s  o f  M g O  are  
h e a t e d  in air,  t he  p o r e s  are  g e n e r a t e d  o n  the  
p l a n e  o f  g r a in  b o u n d a r i e s ,  wh ich ,  on  fu r t he r  h e a t  
t r e a tmen t ,  g r o w  in size a n d  inh ib i t  the  n o r m a l  
g r a in  g r o w t h  in  M g O .  
(2) P o r e  g r o w t h  in M g O  c a n n o t  be  exp la ined  by  
m e c h a n i s m s  i n v o l v i n g  r a n d o m  t w o - d i m e n s i o n a l  
m o t i o n  o f  po re s  due  to  su r face  di f fus ion,  la t t ice  
d i f fus ion  o r  v a p o u r  t r a n s p o r t  o f  a toms .  
(3) P o r e  g r o w t h  in M g O  can  be  e x p l a i n e d  by  a 
m e c h a n i s m  i n v o l v i n g  p o r e  d r a g g i n g  by  b o u n d a r y  
m i g r a t i o n  in c o m b i n a t i o n  wi th  a t w o - d i m e n s i o n a l  
r a n d o m  m o t i o n  due  to  sur face  dif fusion.  A t  
h ighe r  t e m p e r a t u r e s ,  c o n t r i b u t i o n s  f r o m  la t t ice  
d i f fus ion  a n d  v a p o u r  t r a n s p o r t  b e c o m e  increas-  
ingly i m p o r t a n t .  
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