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SINTERING OF AL2o
3 

POIIDER COMPACTS 

II. GRAIN GROHTH KINETICS Al'ID THE CORRELATION 

TO THE DENSIFICATION KINETICS 

D. N. K. Wang and R. M. Fulrath 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and ~lineral Engineering, 

University of California, Berkeley 94720 · 

ABSTRACT 

Grain growth kinetics of MgO-doped and undoped Al
2
o

3 
po,.,der 

compacts with variations in green density were studied and correlated 

with the densification kinetics. It was found that the grain growth 

process undergoes a transition at a critical density. Effect of firing 

atmosphere on the microstructural evolution was also studied by.using 
. . 

vacuum and hydrogen environments.· The difference in microstructural 

. evolution is discussed in terms of the difference in molulity of pores 

in the microstructure. 
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INTRODUCTION 

In most polycrystalline materials, at high temperature, grain 

boundary migration eliminates some grains and increases the average 

grairi size. The importance of grain growth during sintering was firs~ 

demonstrated by the work of Burke1 on aluminum oxide which showed that, 

when exaggerated grain growth occurred, some pores were trapped in the 

grains far from grain boundaries, and this resulted in residual porosity. 

2 
Coble first discovered that the addition of small amounts of MgO would 

prevent 'exaggerated grain growth in aluminum oxide; this permitted 

sintering to proceed to theoretical density, provided there was 

proper control of the sirrtering atmosphere. 3 Jorgensen and l-lestbrook 

extended the studies on the effect of dopants on grain growth. They 

suggested that inhibition of grain growth is accomplished by the segre-

gation of dissolved MgO to grain boundaries which would cause a decrease 

in grain boundary mobility. However, this segregation theory has been 

challenged by Johnson and Stein4 through their interfacial chemical 

analysis using an Auger electron spectroscopy technique. They 

proposed that the presence of a nonstoichiometric spinel was responsible 

for the retardation of grain growth. 
5 More recently, Pleen also provided 

evidence that there is no significant concentration of MgO in the grain 

boundary. He found that the essential action of MgO was to enhance the 

pore removal rate. At higher dopant levels, when second pbase particles 

are present, grain growth is reduced,but the densification is negatively 

influenced. 

With the "exaggerated grain growth inhibitor," studies of grain 

growth kinetics were made possible. Previous studies on the kinetics. in 

v 
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Al
2
0j compacts have concentrated on the 90-99+% density range. During 

their sintering studies with MgO-dop~d Al
2
o

3
, Coble

2
, Jorgensen6 , and 

7 Bruch found that the grain grott~th kinetics followed a cubic law and an 

activation energy of approximately 150 Kcal/mole. 
7 

Bruch also observed 

that the rate of grain growth was independent of the initial density of 

the compact. 8 
More recently, Greskovich and Lay found that grain growth 

occurred even in a very porous Al
2
o

3 
compact. ·They have proposed that 

the mechanism which governs grain growth is that of surface diffusion 

for neck formation. The grain boundary then moves through the particle. 

However, the tempera.ture dependence of the process was not determined, 

since only one temperature was used. 

Several rate laws have been suggested for grain growth in oxide 

. 9 10 11 . ceram1cs ' , ,and several mechanisms have been proposed by which ~he . : .. ',., 

12 13 14 rate of grain growth is limited to the observed values. ' ' .. B~.c~use 

of incompletely understood complexities (such as the impurity ~ff~ct, 

sintering atmosphere, and pore-grain boundary interaction), this subject 

is still not well understood. 
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THEORY 

The relationship between the migrating rate, V, and the driving 

force, P, for a hypothetically "pure material" is generally given by 

the equation 

V = MP (1) 

where M, the intrinsic mobility of a boundary in the pure material, is 

of the form. M = M
0 

exp(- R~) and Qb is the activation energy for grain 

boundary self-duffusion9 . 

By making a number of assumptions 15 , a theoretical expression for 

the rate of grain growth can be deduced fro~ equation (1) in an 

integrated form. 

2 2 Qb 
G - G =AMy exp(- RT)t 

0 0 b 
(2) 

where G. is the average grain diameter, G is the grain size at t = o, 
0 

A is a_.geometrical constant, and Yb is the interfacial energy of the 

grain boundary. 

l!J experim~ntal work, it is common to obtain a series of 

isothermal grain growth measurements at various temperatures and to plot 

Q.n G vs . .l!.nt by assuming G is negligible. The resultant curves can 
0 

11 b d b h . . 1 1 . h. 16 usua y e represente y t e emp1r1ca re at1ons 1p 

exp(- _g_)t 
RT (3) 

Equation (~) predicts that m = 2 and Q = Qb. In fact, values of 

M>2 and Q>Qb d.re commonly found. These values may occur for several 

reasons: (1) ~~ is not negligible when compared with G and (2) a 
0 

second phase (solid inclusions and pores) and/or solute impurities are 

commonly present in polycrystalline materials. 

\) 

• 
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17 
Solute effects have been considered by Lucke and Detert and 

·11 Cahn . These authors suggested that there are two types of boundary 

migration. At lm..r temperatures and with small driving forces, solute 

atoms will be sufficiently bound to a grain poundary so that the rate 

determining factor for boundary migration will be the rate at which 

solute atoms can diffuse through the bulk lattice \..rhile moving along 

with a migrating grain boundary. At high temperatures and with large 

driving forces, grain boundaries will be able to break away from their 

atmospheres of solute atoms and migrate independently of the solute. 

The activation energy for this break-away solute - independent migration 

is that of grain boundary self-diffusion while the activation energy for 

solute - dependent boundary migration is very close to that for diffu-

sion of solute through the bulk lattice. 

The effect of second phase inclusions on grain growth has been 

d . . d b B k 18 h . . b . ' . h . 1scusse y ec· w o po1nts out two as1c 1nteract1on mec an1sms: 

(1) At very small driving forces, the grain boundaries are pinned by 

inclusions which must be dragged along if the boundary is to migrate; 

and (2) If the driving force for grain boundary migration exceeds the 

pinning force exerted by the inclusions, then the boundary is pulled 

free from the inclusions and passes through the lattice without chang-

ing the distribution of the inclusions. The temperature dependence of 

the mobility of the boundary in the bypassing process (case 2) will be 

similarly characterized by gr~.in boundary self-diffusion. Material 

transport, either in the surrounding matrix or in the inclusion-matrix 

interface, is required in the sweeping of inclusions (case 1). The 

activation energy observed for the grain groT·Tth would then depend ori the 
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possible rate controlling process involved. Since the sweeping of 

inclusions is limited to low driving forces and the bypassing p-rocess 

is only possible at high driving forces, a migration mode exists at 

intermediate driving forces where the transition from sweeping to by-

passing occurs. 

Zener19 showed that as a result of pinning by a second phase 

(solid inclusions or pores) the grain size should be limited by the 

volume fraction and the size of the second phase. 

K. d F · 14 "d d . . h 11 db 1ngery an ranco1s cons1 ere gra1n growt contro e y 

migrating pores. 

proportional to t. 

3 Based on several assumptions, they found C is 

•.J 
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EXPERIMENTAL PROCEDURE 

MgO-doped (0.1 wt%) and undoped Unipn Carbide Company Linde-A 

Al
2
o

3 
and General Electric Company autoclaved high purity Al

2
o

3 
compacts 

with variations in green density were used in the present study~ 

The procedures for the sample preparation, shrinkage measurement, 

d . t 1 d h b ' · p I 20 an m1cros ructura stu y ave een presentea 1n art . 

Samples used to study the effect of firing atmosphere on the final 

microstructure were obtained by heating in a Brew furnace. Static hy-

-6 drogen at 0. 8 atmospheres and a vacuum of. 10 . torr were used. The 

compacts were heated to 1200°C slowly and then brought to 1750°C in 

approximately 20 minutes. Holding times of one hour and ten hours, 

respectively, were used at this temperature. 

I 
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RESULTS ~~D DISCUSSION 

According to Roy and Coble's observation of a bulk solubility of 

680ppm HgO in Al
2
o

3 
at 1750°C in vacuum, the amount of MgO (1000 ppm) 

used in the present work should result in the formation of a second 

phase if the solute does not preferentially segregate in the grain 

boundaries. In order to study this prediction, compacts; doped with 

0.1 wt% of HgO were sintered at 1750°C in H2 for 1 hour and in vacuum for 

10 hours. Ceramography established the presence of second phase parti-

cles at the grain boundaries (See Figs. lA and B). Figure 1 C shows 

the EDAX analysis on one of the particles in which the presence of MgO 

is confirmed by the peak furthest to the left in the spectrum. The 

other two peaks show the presence of Al and Au which were from the Al2o3 

and Au coating on the specimens, respectively. However, the second 

-phase particles were not found in low density or fine grained compacts. 

Therefo"re, this indicates that the formation of a second phase depends 

on the 'ratio of the total grain boundary volume to the total bulk 

volume. 

The functions of MgO in the sintering of Al
2
o

3 
powder can be 

understood by comparing the densification and grain growth behavior of 
., 

doped and undoped compacts. Figure 2 gives the relative density vs. 

temperature plot for compacts with a 40% green density which were heated 

at 4.6°C/min. There is no effect on the densification kinetics until 

the critical density (the density at which the maximum densification 

rate occurs) of 74% is reached. After the attainment of the critical 

density, a deviation in the rate of densification occurs between doped 

and undoped co~pacts. Comparison of the microstructures for doped and 
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tindoped A1
2
o

3 
at different densities has showri that there is essentially 

no difference in grain size and porosity distribution for the compacts 

below critical density. When the density increases to a value above 

the critical density, the microstructures for doped and undoped compacts 

becocie different. This can be understood by considering th'at the driving 

force for grain boundary migration undergoes a transition from bypassing 

to sweeping the solute atoms in .the grain boundaries, and this 

transition occurs at the critical density. Grains in the compacts with 

densities below the critical density will have a large driving force 

(due to the small radius of.curvature of individual grain) for boundary 

migration and, therefore, the boundaries bypass the solute atoms. As' a 

result, there is no effect of the MgO dopant on the densification and 

grain growth kinetics. Grains in the compacts with densities above the 

critical density will have a small driving force due to the large grain 

size and, more importantly, to the shape change of grains. As has been 

described (see Fig. 9 in Part I), grain shape becomes equiaxed when the 

density of compact is above the critical density which thereby reduces 

the boundary curvature. Therefore, with the small driving force, the 

boundaries in MgO doped compacts will migrate with a slow rate due to 

the pinning effect by the second phase particles,while the boundaries 

in the undoped compact will move at a high rate. The high boundary 

migration rate in the undoped compact results in an exaggerated grain 

growth in whic:"l. pores are entrapped in the grains. 

In the present work, since a CRH technique was used, a modification 

of equation (3) is needed in order to analyze the experimental results. 

_\.fter differentiation at constant temperature, equation (3) becomes 
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or 
. dG 

(m-1) QnG + Q,n -d = .Q,nK 
t 0 

_ _9_ 
RT 

dG From equation (4), a plot of £n dt at a specific grain size, G, vs. 

(4) 

(5) 

i gives a straight line of slope - ~- The activation energy for the 

grain growth process, Q, can then be determined. A £n-£n plot of grain 

dG 
growth rate, dt' at a specific temperature vs. grain size, G, gives a 

straight line of slope -(nrl), thereby determining the growth law. 

Figure 3 gives the results obtained from General Electric powder 

compacts which were heated with three heating rates (2.5, 4.6 and 

9. 4°C/min). ' The activation energies were calculated as 95 Kcal/mole and 

150 Kcal/mole for grain growth kinetics below and above the critical 

density, respectively. As discussed previously, the large driving force 

for boundary migration in the compacts below the critical density allows 

the boundary to bypass the solute atmosphere in the grain boundary. 

This results in a temperature dependence of the mobility of the boundary 

which is characteristic of grain boundary self-diffusion. The activa-

tion energy of 95 Kcal/mole observed indeed approximates the value of 

22 
93 Kcal/mole observed for the initial sintering process in which a 

grain boundary diffusion mechanism was assumed. 

8 Greskovick and Lay proposed a grain growth mechanism for very 

porous Al 2o
3 

compacts (which are equivalent to the compacts below the 

critical density in the preseut study). They suggested that the grain 

boundary cannot migrate from the neck region because increases in inter-

facial area and total interfacial energy would be required. Thergfore, 
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the grain growth mechanisms must involve the growth of a neck between 

two particles (principally via surface diffusion) and the migration of 

the boundary which may be followed by spheroidization of the remaining 

single particles. If the boundary migration is controlled by the forma-

· tion of a neck, 6n~ should expect to find the ~arne value of activation 
.... 

; 

energy for the simultaneous densification and grain growth which occurs 

duting this interval (50 to 75% relative density). In contrast, this 

study found an activation energy of 150 Kca:l/mole for the densification 

process (see Part I) and 95 Kcal/mole for the grain growth kinetics. 

The independence of grain growth from neck formation might be due to the 

fact that there are non-equilibrium defects in the initial powders,since 

the powders were :chemically prepared and subjected to a low temperature 

decomposition~ In contrast to surface tension.;.induced grain boundary 
j ... · 

migration in which boundaries always inove toward their centers of curva-

ture; strain-induced boundary movement occurs in such a manner that the 

boundary may well move away from its center of curvature. In addition, 

. . h b d b 1 . . • 23 ' 24 h h ' f lt as een suggeste y severa 1nvest1gators . t at t e rate o 

boundary migration can be affected by the vacancy concentration. The 

intrinsic mobility of a grain boundary is a function of the supply of 

vacancies to a migrating boundary. 

The activation energy of 150 Kcal/mole for the later stage grain 

growth process agrees well with the values of 153 Kcal/mole and 153.7 

2 7 Kcal/mole obtained by Coble and Bruch , respectively, in high density 

compacts using isothermal sintering techniques. This high value of the 

activation energy indicates that the boundary migration is (1) control-

led by the pores present in the micrustructure, (2) controlled by 
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the solid inclusion particles,or (3) controlled by the drag effects of 

solute atoms. 

A Q,n-Q.n plot of growth rate vs. grain size at specific temperatures 

is presented in Fig. 4. Solid circles in this figure represent a trans-

ition region. Values of 2.5 and 3.2 for the exponent min equation (5) 

are determined for the region below and above the critical density, 

respectively. 

7 Unlike the observation by Bruch , who found no effect of the green 

density on the sintered grain size, the grain size in the present work 

has been found to increase as the green density increases at any temp-

erature. Microstructures obtained for compacts with green densities of 

32%, 38% and 48% of theoretical heated at the rate of 4.6°C/min to 

1640°C are shown in Figs. SA, B, and C, respectively. In these micro-

Structures, all pores are intergranular, and the grain size varies with 

green density. It is assumed that the difference in the microstructural 

development in this study from Bruch's work is attributed to the differ-

ence in sintering atmosphere used. In the present work, a vacuum atmo-

sphere was used,while in Bruch's work a H2 atmosphere was used. In order 

to understand the effect of firing atmosphere on the microstructural 

development, compacts with different green densities were rapidly 

-6 brought to 1750°C in 10 torr vacuum and 0.8 atmosphere H
2 

~nd held for 

one hour (Fig. 6). Examination of these microstructures revealed 

following: (1) extensive pore-grain boundary seperation ~as developed 

in the vacuum sintered compacts with low green densities (32%, 38%), 

(2) no effect of green density on the sintered grain size for those 

compacts sintered in H
2 

atmosphere (further Lonfirming the observations 
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by Br~ch), (3) · although there is a variation in grain size with gre~n 

density for vacuum sintered compacts, this difference is not_ as notice~ 

able as that observed for compacts sintered with constant heating rate, 

and (4) no effect of firing atmosphere on either the densification or 

the grain growth was found for compacts of 48% green density • 

These observations can be best explained in terms of the mobility 

of pores. It is supposed that pores are immobile in a vacuum atmos-

phere but mobile in H
2 

atmosphere. Pore migration can be accomplished 

by mass transport processes (such as evaporation-condensation, surface 

• 
diffusion, or volume diffusion) as a result of differences. in curvature 

of the pore surfaces which is usually determined by the pore--grain 

boundary geometry. Pore mobility might be expected .to change with dif-

ferent firing atmospheres,sip.ce the defect structure andy (there
sv 

sulting dihedral angle) may change. 

If the mobility of the pores is sufficient to .permit them to keep 

up with the boundary (such as in the case of H2 sintering), the pores 

will gradually become concentrated at boundary intersections and coalesce 

into large pores as grain growth proceeds (see Figs. 6B, D, and F). If 

the pores are not mobile (such as in the case of vacuum sintering), the 

boundary will be either pinned by the pores or will pull away from the 

pores, depending on the relative values of the boundary driving force 

;.~d the boundary mobility .. When the compact is brought up rapidly to a 

high temperature, the large grain boundary velocity (due to the large 

mobility term) allows the boundary to overcome the forces exerted upon 

them by the small pores, and, therefore, pore-grain boundary separation 

can occur (see Figs. 6A and B). In this situation the boundary may bend 
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arourid the pores tvhich results in the formation of a corrugated boundary. 

\men the MgO dopant is absent, the valocity of the grain boundary also 

becomes large (due to the high driving force), and, even at lm-1 

temperatures, the boundaries can overcome the forces exerted upon them 

by the pores. This results in a pore-boundary separation,and, if the 

compact density is not homogeneous, exaggerated grain growth will occur. 

However, in the constant rate of heating, the gradual temperature in-

crease does not allow the boundary migration velocity to become high 

. enough to overcome the binding force of the immobile pores. These pores 
(!' 

are normally larger than the average size,since smaller pores have been 

eliminated. 

Therefore, in vacuum sintering, the boundary is completely pinned 

by the' pores,and the grain size becomes limited by the pore size and 

the volume fraction of pores. As a result, there is an effect of green 

density on the sintered grain size. Since the boundary migration rate 

is controlled by the rate of shrinkage (i.e., the rate of the removal 

and th~ reduction in size of pores), it is not surprising that the acti-

vation energies for densification and grain growth are both 150 Kcal/mole. 

Grain growth kinetics on compacts made of Union Carbide powders 

with different green densities were also studied. Since one heating 
'-

rate was used, the rate law could not be determined. It is assumed 

that the g~ain growth kinetics of these compacts obey the same rate law 

which was determined for compacts made of General Electric powder. 

Figure 7 gives the results for compacts with green densities of 

m-1 dG 
32%. 38%, and 48% of theoretical in the form of £n G dt . 1 1 vs. T p ot 

in which m = 3 is used. It s~ows that·the grain growth kinetics above 
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their respective critical density values obey the same rate law as 

determined froci.General Electric compa~ts,and the activation energy is 

~lso fhe same value. By using m = 2.5 in e~uation (4), Fig. 8 gi~e~ 

the kinetics for the gr<1in grmvth in· compacts of densities belm-1 their 

respective critical density values. Again it shows the activat(6~ ener-

gy (94 Kcal/mole) is in good agreement with the value (95 Kcal/mole) 

determined for the General Electric compacts. The deviation in the· 

intercept value shown in Figs. 7 and 8 is not readily explainable. It. 

might be caused by the difference in the g·eometric~l cbnstant (a:s. in 

equation (2) J for~ different g.reen densities. 

The values.o(.m (2.5 and 3.2) found for the two stages of the grain 

gtowth are empirically based. The pinning effect must be considered for 

.each grain boundary separately. Those boundaries having high curvature 

(very large or very small grains) will be free to move while those with 

low curvature will be pinned. Therefore, the grain. size distribution, 

porosity distribution, pore shape, and pore size must all be considered 

·before any. grain growth rate law can be theoretically derived for porous 

materials.· Because the exact morphology of any real system will be 

quite complex, the development of a quantitative theory of the process 

would be extremely difficult, if not impossible. 

Correlation Between Densification Kinetics and Grain Growth Kinetics 

It has been found that the densification and the grain growth 

kinetics depend on the porosity of the compact after the attainment of 

the critical density. The .r&~e of grain growth at a constant temperature 

is controlled by cha_nges in volume fraction· and size of pores (i.e·., den-

sification). In turn, the rate of these porosity changes is 
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determined by the grain growth rate, since the rate of vacancy flow is, 

in part, governed by the grain• size. The exact rate lm.,rs for both 

procesires and their interdependence rely on the mathematical solution 

of the diffusion process. However, the microstructural features which 

govern the mass transport rate was found (in part I) to be fixed at a 

given density independent of heating rate and temperature used. As long 

as the green density of the compact is the same, there must be a certain 

relationship between the densification kinetics and grain growth kineti~s 

in terms of porosity and grain size. This relationship above the criti-

cal dertsity can be obtained from the empirical equations which were 

formulated in the proceeding sections from the densification and the 

grain growth processes. 

For densification dP -= 
dt 

Kexp(- _Q_) 
RT pn 

kT 
(6) 

For grain growth 
K' exp(- _g_ 

Gm-1 dG = RT 
dt kT 

(7) 

It has been observed that the temperature dependence of these two 

processes are characterized by the same value of activation energy (150 

Kcal/mole) after the critical density is reached. Thus, after combina-

tion of equations (6) and (7), and rearrangement, the relationship be-

tween grain size and porosity is: 

Gm = K" pl-n • (8) 

1-n 
This equation predicts a straight line with a slope of --- in a plot of 

m 

i.nG vs. inP. 

The value of n can be obtained by measuring the slopes of straight 

dp 
lines from a plot of inT dt vs .. inP at specific temperatures according 

to equation (6). Results generated from a constant rate of heating and 
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isothermal treatment for General Electric compacts are presented in Fig. 

9. The isother-mal densification data were obtained by heating the com-

pacts at ~ rate of l3°C/min to temperature~ (1350, 1450, and 1550°C) and 

,. 
holding at respective temperatures for 100 minutes. The slope, n, of the 

straight lines for the fractional porosity range of 25 to 5% was determined 

to be 2.5. Using n = 2.5 and m = 3 in equation (8)! a plot of _Q.nG 

vs. inP ~hould give a straight line with a slope of -1/2. Indeed, as 

~een in Fig. 10, the results for G. E. compacts shows a straight line 

with a slope of -1/2. This grain size-porosity relationship expla.ins the 

lin~ar relationship observed between porosities of 30% and 5% in 

Fig. i~ (part I). 

The time dependence of the densification process for MgO-doped 

compacts made of Union Carbide powder with various green densities were 

. d Q 
obtained by plotting inT d~ I exp(- RT) vs. inP according to equation 

(6), when Q = 150 Kcal/mole. The results give a value of n = 3.25 for 

compacts of 32% and 38% green densities and n = 2.5 for the 48% green 

density compact. The difference in n values is attributed to variations 

in the pore phase with changing green density. Together with the value 

of m = 3, these n values should give slopes of -0.75 for the 

inG vs. inP plots for 32% and 38% green densities and 0. 5 for the 48% 

green:.density, (Fig. 11). 

A more general form of equation (6) can be deduced by integrating 

at constant temperature. The equation is 

1 1 - --·= (9) 
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~1ere P is the fractional porosity after sintering, t is the sintering 

time, P. and t. are the porosity and time at the beginning of each of 
l. l 

the stages, T is the isothermal sintering temperature, N and K are con-

stants which vary for each stage, and Q is the activation energy for 

the process. This equation has the same form as the one derived by 

K .k.25 uczyns 1 He used a statistical approach in which a distribution in 

size and location of pores was considered. However, the values of N 

determined in the present work do not agree with those predicted by 

Kuczynski's theory. A possible explanation for this discrepancy is the 

oversimplified assumption pertaining to the pore geometry (cylindrical 

and spherical) which can not properly represent the complex shape of. 

pores as they exist in a real powder compact. In addition, the assump-

tion that there is always Ostward ripening accompanying pore shrinkage 

is not valid in the present investigation. The agreement in the form of 

both equations implies that the sintering kinetics is not only a function 

of grain size but also a function of porosity. 

. 2 
Equation (9) has been tested by using data of Coble, 

6 7 
Jorgensen, and Bruch. Logarithmic plot of their data has been made 

and is shown in Fig. 12. Lines with slopes equal to one have been drawn 

for each set of d~ta. This indicates that the time dependence of the 

sintering process as deduced from the present nonisothermal study can 

cescribe the behavior of the process under isothermal condition. 
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CONCLUSIONS 

'It has been observed that th~re is no effect of MgO dopant on 

either the densification or the grain grmvth kinetics for the compacts 

below the critical density. When the density increases to a value 

above the critical density, the microstructures for doped and undoped 

compacts become different,and a deviation in the rate of densification 

occurs. This has been explained by postulating that the driving force 

for grain boundary migration undergoes a transition from bypassing to 

sweeping the solute atoms. This transition occurs at the critical den-

·' 
sity'with the change of shape and radius of curvature of grains. The 

' ' 

activation energies were calculated as 95 Kcal/mole and 150 Kcal/mole for 

grain gro~vth kinetics below and above the critical density, respectively. 

The activation energy of. 95 Kcal/mole closely approaches the 

22 
valu~ of 93 Kcal/mole obse~ved for the initial stage sintering process 

in which a grain boundary diffusion mechanism was assumed. The activa-

tion energy of 150 Kcal/mole for the later stage grain growth process 

agrees well with the values of 153 Kcal/mole and 153.7 Kcal/mole ob-

2 7 tained by Coble and Bruch , respectively, in high density compacts 

using isothermal sintering techniques. Thishigh activation energy, 
20 . ' . 

which is the same value observed for the shrinkage of pores, indicates 

that the boundary migration is controlled by the pores present in the 

microstructure, and, thus, an empirical relationship between grain size 

and porosity has been established for the sintering process after the 

attainment of the critical density. 

The effect of firing atmosphere on the grain growth can be best 

explained in terms of the mobility of pores. In vacuum sintering, the 
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bou~dary is completely pinned by the pores, and the grain si~e becomes 

l~nited by the pore size and the volume fraction of pores. As a result, 

there is an effect of green density on the sintered grain size. In hydro

gen sintering, mobile pores can migrate with the adva~cing boundaries 

and coalesce into large pores as grain growth proceeds. Therefore, there 

is no ~ffect of green density on the sintered grain size for compacts 

sintered in H2 atmosphere. 

An empirical equation, tested with the data of previous 

investigations, has been deduced to describe the porosity change as a 

function of temperature and time during the sintering process. This 

indicates that the time dependence of the sintering process, as deduced 

from the present nonisotherrnal study, can describe the behavior of the 

process under isothermal conditions. 
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FIGURE CA.PTIONS 

1. Scanning electron micrographs of second phase in 0. 1 \-lt% HgO~doped 

Al2o
3 

compacts sintered (A) at 1750°C in H
2 

for 1 hour and (B) at 

1750°C in vacuum for 10 hours. EDAX spectrum for a second phase 

particle is shown in (C). Hg is the small peak to the left, the 

center peaking Al, and the right hand peak is Au fromthe 

rionductive coating on the specimen. 

2. The relative density as a function of temperature for 0.1 wt% NgO-

d·oped and undoped Al
2
o

3 
pm-1der compacts heated at a rate of 4. 6°C/ 

min. 

J .. Arrhenius plot of grain growth rate vs. 1/T for 0.1 for 0.1 wt% 

HgO-doped G. E. Al 2o3 compacts with a 40% green density. 

4. Plot of ln grain growth rate vs. ln grain size for MgO-doped G. E. 

A12o3 compacts of 40% green density. 

5. Scanning electron micrographs for MgO-doped Al2o3 compacts with 

green densities of (A) 32%, (B)_ 38%, and (C) 48% of theoretical 

after sintering at the rate of 4.6°C/min to 1640°C. 

6. Optical micrographs of MgO-doped AI
2
o

3 
compacts of different 

green densities after sintering at 1750°C in vacuum in H
2 

for one 

7. 

hour. Vacuum: A (32%), C (38%), E (48%), and H
2

: B (32%), D (38%), 

F (48%). 

2 1 
Arrhenius plot of G (dG/dt) vs. T for MgO-doped Union Carbide 

Al
2
o

3 
compacts of various green densities. 

8. Arrhenius plot of Gl. 5 (dG/dt) vs. -¥ for MgO-doped and undoped 

Union Carbide Al2o
3 

compacts of various green densities. 
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9. Plot of ln T(d c/dt) vs. lnP for MgO-doped G. E. Al
2
o

3 
cowpacts 

heated with various constant rates and isothermal treatments. 

10. ln Grain Size vs. ln porosity for MgO-doped G. E. Al2o
3 

compacts 

of 40 % gree n density heat ed at various rates. 

11. ln grain size vs. 1n porosity for MgO-doped Union Carbide A1
2
o

3 

compacts of various green densities heated at 4.6°C/min. 

12. Densification data by previous investigators and this wor~ for 

Linde-A A1
2
o

3 
with MgO dopant (Refs. 2, 6, and 7). 
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Figure 5. 
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Figure 6. 
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