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INITIAL SINTERING OF Al203 POWDER COMPACTS 

BY HOT STAGE SCANNING ELECTRON MICROSCOPY 

D. N. K. Wang an~ R. N. Fulrath 

Materials and Molecular Research Division,. Lawrence Berkeley Laboratory 
and Department of Materials Science and Mineral Engineering, 

University of California, Berkeley, California 94720 

ABSTRACT 

Initial stage sintering of different types of MgO-doped Al2o3 

.·powders was ,studied by measuring powder compact densification at various 

constant rat_es of heating .. Hot stage scanning electron microscppy v;as 

used to_ monitor continu~usly the linear dimens~onal.change of the powder 

compact_during sintering. Using a theoretical model for the initial 
l . . . ··(. 

stage. as an interpretative tool in the analysis of sinte;ing 9-a.ta, it 

has been, f?und tha;t "non-reactive" A-14 Al2o3 powder sinte7ed with a 

high~.r activation energy than "reactive" submicron Al2o3 p9wt:1ers. 
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INTRODUCTION 

Isothermal studies of linear dimensional changes of powder compacts 

have provided most of the available sintering data on the initial stage 

process. Isothermal experiments present several problems, of which the 

most important is the inability to study adequately the initial portion 

of the sintering process,because the most rapid shrinkage occurs while 

thermal equilibrium is still being established. 

To circumvent this problem, sintering has been studied by measuring 

densification using a constant rate of heating (CRH) technique. In par-

1 ticular, Young and Cutler have studied elutriated Alcoa A-14 alumina 

powders. Because only one heating rate was used in their work, the true 

activation energy for sintering was not obtained. In studying uo
2 

pow-
i . . 2 

ders and Th02 gels, Woolfrey and Bannister obtained the sintering rate 

law by performing CRH experiments at different heating rates. By com-

paring results from isother.mal experiments performed on the same materi-

al, they have claimed that they demonstrated the validity and accuracy 

of the nonisothermal technique. 

Alcoa A-14 Al
2
o

3 
powd·er is generally described as "dead burned" 

or "non-reactive" material,while submicron size Al
2
o

3 
powders prepared 

by heating decomposable salts are generally described as "reactive" 

materials. It was the main purpose of this work to compare the initial 

stage sintering behavior of these powders. In addition, a study of 

sintering behavior with variations in grP.en eompact density was also 

made. Hot stage scanning electron microscopy was used to monitor the 

linear dimensional change of a powder compact at various constant heat-

ing rates. This technique has several advantages when compared with 
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other methods: (1) It provides a means to monitor continuously the 

dimensional changes of a S?ecimen during the sintering process, (2) 

The temperature gradient across the specimen is negligible during heat-

ing because of the small size of the specimen. (3) It makes possible 

a·statistical analysis of the sintering results. 

It is generally accepted that the theoretical models derived from 

idealized geometries may not truly describe the sintering kinetics of 

a real powder compact. This is due to the fact that a real powder com-

pact normally consists of a random distribution of particles varying in 

shape, size, packing geometry and surface geometry. Nevertheless, the 

theoretical models have proved to be valuable as an interpretative tool 

in the analysis of sintering data3 and will be used in the present work 

to study the difference in the sintering behavior of different types of 

Al
2
o

3 
powders. 

Following Bannister, 4 the differential form of the initial stage 

sintering equation is 

K 

(~~) 
n-1 (1) 

where constants K and n depend on the geometry and the material trans­

port mechanism, L\L is the fractional shrinkage, and t is the time. For 
Lo 

the sintering of spherical particles, when the rate controlling mechani-

ism is volume diffusion: . I 3 K = (1.95ynDv r kT) and n=2.0 (2) 

For grain-boundary d~ffusion: 

T\ I. 4 K =(0.48ybr.!by r kT) and n=3.1 (3) 
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where y is the surface energy, Sl is the volume of a vacancy, Db is the 

grain-bbundary diffusion coefficient, b is the ~ffective grain-boundary 

width , D is the volume diffusion coefficient, k the Boltzmann constant, 
v 

r is the particle radius, and T is the absolute temperature. The temp-

erature dependence of K can be represented by 

K = K0 exp(- R~) 
1 where K0 is proportional to r· The equation, which applies to CRH 

conditions, is obtained from equation (1) and (4): 

d_~} Jo exp(- fr~ 
dt (~~)n-1 

(4) 

( 5) 

This equation is based on the assumption that, at any state of shrinkage 

and temperature, the isothermal and onisothermal shrinkage rates are 

equal. After substitution of the constant heating rate, a= :~, and 

rearrangement, equation (5) becomes: 

= K 
0 

(6) 

If Q and n, which.are characteristic of the rate controlling mechanism 

remain constant and e is the temperature: 

n T - d8 

( ~~) = (~) [ K0 exp(- R~) (7) 

Since Q>>RT equation (7) may be approximated by 

(8) 

~L Elimination of from equation (6) and (8) provides the shrinkage rate 
L 

0 

equation: 

(9) 
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Substituting equations (4) and (5) into (9) provides the following 

equation: 

(10) 

Thus a linear-linear give a straight 

line with slope ~· From this slope, the effective activation energy, 

Q can be determined. From equation (8), a trt-£n plot of fractional 
n 

shrinkage at a specific temperature vs. heating rate gives a straight 

line of slope of ~ l. Therefore, the apparent activation energy, Q, can be 
n 

determined. Another way to obtain the value of n1 is from the simplified 

6L 1 
plot of the form ~n 

1 
T vs. 1· This type of plot has been used by 

. .. 1 0 

Young and Cutler to determine the effective activation energy. In a 

real situation, transient shrinkage, caused either by the formation of 

new contacts between the particles or by particle sliding, will be in.,-

eluded in the total shrinkage. This error can be minimized if the equa-

tion involving the derivative of shrinkage is used. Therefore, in the 

present work, a differential plot of shrinkage is preferred in determin-

ing the sintering kinetics. 
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EXPERIHEt'i1AL PROCEDURE 

Four different types of aluminum oxide powders \-Jere used. They 

were Alcoa A-14 Al
2
o

3 
and three submicron size pm,;ders prepared by 

* heating decomposable salts from different sources. The compacts were 

made by cold pressing the powders, to which 0.1 wt% of NgO and appro-

priate organic binder (PVA) were added. The amount of binder added 

depended ~n the surface area of the powders. The greater the surface 

area of the powders the larger the amount of binder needed. It ranged from 

1 wt% to 8 wt%. All the cold pressed specimens had a diameter of 

0.2 inch and a thickness of 0.1 inch. Alcoa A-14 Al 2o3 powder was wet 

ground for 16 hours in a high purity (99.98%) alumina lined rotating 

mill, dried and pressed. This procedure was used to break up agglome-

rates. The powder had an average particle size of 2.5~m. The size of 

the submicron Al2o
3 

powders were determined by scanning electron micros­

copy to be O.l~m for the Grace powder, 0.2~m for the Ceneral Electric 

powder and 0.3~m for the Union Carbide powder. The Alcoa A-14 powder 

particles were prismatic in shape and the submicron powders were more 

cylindrical in shape with no crystallographic morphology. These com-

pacts were prefired at 650°C in air for one hour to decompose the 

organic binder. The green densities of the specimens were determined 

after the prefiring. 

* Union Carbide.Linde-A alumina (Lot No. 1006). W. R. Grace & Co. high 
purity alumina (Lot No. 2156A-52). General Electric Company Auto­
claved high purity alumina. 
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To study the linear dimensional change of the specimen during 

experiments, tungsten microspheres were placed on the specimen surface 

to serve as referrence points. The compacts were then heated in the 

hot stage of the scanning electron microscope under· programmed heating 

r·ates, ranging from l°C to l3°C/min. The vacuum in the hot stage 

chamber was about 3 x 10-S torr. During each sintering run, a 16mm 

movie· was made of the TV screen and recorded continuously the movement 

of the tungsten markers. Linear dimensional changes were ma~e by meas-

uring the distance, an average distanceof 1,000 to 10,000 particle 

diameters, between specific .microspheres. At least eight measurements 

' 
at different directions on the sample surface provide an a'lferage 

L -1 
._o_ 

L 
age for each temperature. Since the fractional shrinkage 

0 

·temperatures were determined with the same low temperature value 

shrink-

at all 

of L • 
0 

a thermal expansion correction6 was made for each of the measurements. 

A detailed description of the principles of this technique has been 

7 reported elsewhere. 
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RESULTS AND DISCUSS ION 

The fractional shrinkage vs. temperature plots for two of the four 

powders during sintering are presented in Figs. 1 and 2. Figure 3 gives 

the results for all the aluminum oxide powders which were plotted accord-

ing to equation (10). Two different slopes for each powder are noted. 

Equation (10) indicates that the plot should exhibit a single slope if 

(1) the material contains particlesof a single size and (2) a single 

diffusion mechanism operates or if a combination of mechanisms with the 

same activation en~rgy predominates over the entire initial stage. 

The problem of multiple mechanisms in sintering kinetics was 

8 treated by Johnson. He has observed that low activation energy surface 

diffusion, acting in consort wi~h grain-boundary diffusion, results in 

an abnormally high apparent activation energy for densification. This 

situation has been described in detail by Cutler1 . Surface diffusion 

generally has a low activation energy, and it is expected to be the 

predominant mass transport mechanism at temperatures at or below the 

initial shrinkage temperature. If a neck is formed by surface diffused 

material, the flow of material.from the grain-boundary, which is normally 

to the neck, is impeded until a temperature is reached at which flow 

from the grain-boundary predominates. The net effect is a steepened 

initial slope. The independence of the slopes obtained in Fig. 3 with 

the heating rate for the submicron powders indicates that surface dif-

fusion as a co~peting mechanism is unlikely. The other mechanism that 

might be confused with surface diffusion is the volume-to~grain boundary 

changeover proposed by Johnson and Berrin9 . These alternatives are 

difficult to distinguish. 
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The most significant thing found in this experiment is that the 

effective activation energies calculated from the slopes ar~ different 

for A-14 Al
2
o

3 
powder· and the submicron size Al2o

3 
pm.;rders. · The effec­

tive activation energy, Q, for A-14 powder is 75 Kcal/mole belmv 2. 2% - n 

fractional shrinkage and 42 Kcal/mole above 2.2%. These results give 

fairly good agreement with the effective activation energies of 83±10 

and 38±3 Kcal/mole, respectively, obtained by Young and Cutler1 who used 

an Arrhenius - type piot. The two effective activation energies calcu-

lated for the submicron size powders are 44 and 30 Kcal/mole with the 

break point at approximately 2% fractional shrinkage. Green density did 

not affect the sintering law or the effective activation energy as seen 

in Fig. 3. A decrease in green density for Union Carbide powder com-

pact, from 38 to 32% theoretical density, only led to progressively re-

duced rates of sintering. This phenomenon was also observed by Woolfrey 

- 10 
with uo2 material. 

Data obtained from Figs. 1 and 2 are plotted in Figs. 4 and 5 

respectively, as £n shrinkage at a given temperature vs. £n heating rate. 

In these plots, the values of n calculated from the slopes indicate that 

n increases from -1.5 and levels off at a value of 3. The dashed lines 

drawn in these figures represent the transitions bet~veen n-=/= 3 and n = 3. 

This sarne result was also observed for the other two powders. The trans-

itions between regions are not as apparent as the break points in slopes 

as seen in Fig. 3. However, they are consistent with the observed vari-

ations in effective activation energies over these ranges of temperature 

and shrinkage. 
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Because of the ambiguous nature of the lower portions of the 

kinetics in Fig. 3, further analysis will concentrate on the upper 

regions of the curves. 

The vglue of n (:::::3) observed for the upper portions of the curves is 

that expected for grain boundary~diffusion and indicates that this is 

probably the rate-controlling mechanism. The parameters Y and r2 in 

equation (3) ~ere assigned the values 1,000 ergs/cm
2 

and l0-
23 3 em , 

respectively~ The particle sizes, r, were 0.1, 0.2, 0.3 and 2.5 microns 

for the W. R. Grace, General Electric, Union Carbide and Alcoa A-14 

Al
2
o

3 
powders, respectively. The diffusion coefficients, calculated by 

using equations (1) and (3), are shown in Fig. 6. Diffusion coefficients 
. . 11-15 . 

given by other sources are also shown. The bDb and Dv values are 

given on the same plot although they are not directly comparable. The 

discrepancy in the bDb value calculated for Union Carbide powder from 

that of the other two submicron size powders may arise from difficulties 

in determining the actual particle size and/or from the differences in 

grain-boundary width. The. activation energy for the diffusion process 

obtained for all these submicron size powders has the same value of 93 

Kcal/mole. This agrees very well with the value of 90 Kcal/mole that 

14 was observed by Chang in his deformation experiments. However, the 

activation energy calculated for A-14 Al
2
o

3 
is 142 Kcal/mole assuming 

grain-boundary diffusion. This could be attributed to the lack of 

validity of eq;Jation (3) when applied to A-14 Al2o
3 

powder. In fact, 

the particle shape of A-14 alumina strongly deviates from the spherical 

shape assumed in using equation (3). 
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In studying the shape sensitivity of initial sintering, Bannister
4 

found that n oay be affected as much by the contact geometry as by the 

reaterial transport mechanism. Depending on the geometry, a value of 

n = 3 may indicate either volume or grain-boundary diffusion. For the 

pyramid-pyramid and pyramid-plate geometries, a value of n = 3 indicates 

that the rate controlling mechanism is volume diffusion. The factor K 

used in equation (l) is the same as that in equation (2) except that the 

numerical value changes with changing apex angle. Using 11.4 ·as the nu­

merical value 4 in equation (2) , the calculated vo1u1ne diffusion co-

efficients for A-14 Al
2
o

3 
is plotted in Fig. 6. These results give an 

activation energy of 150 Kcal/mole which is approximately the same as 

. 12 15 prev1ous values ' obtained by assuming a volume diffusion mechanism. 
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CONCLUSIONS 

Hot stage scanning electron microscopy has proven to be useful for 

the study of the sintering process. This work has provided the first 

experimental results on the initial stage sintering of HgO-doped Al
2
o

3 

powder compacts in a vacuum environment. With the absence of further 

evidence, it appears that in the initial stage sintering a grain-bound­

ary diffusion mechanism is responsible for mass transport in submicron 

size Al2o
3 

powders and a volume diffusion mechanism is responsible in 

Alcoa A-14 Al
2
o

3 
pmvder. 
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FIGURE CAPTIONS 

1. Denstfication profiles of Alcoa A-14 Al 2o
3 

powder compacts at 

various constrtnt heating rates. 

2. Densification profiles of H. R. Grace Al 2o
3 

pm.;der com?acts as 

various constant heating rates. 

3. 
? 

Plot of T-[d(LL/L )/dt]/a vs. (~L/L ) for initial stage sintering 
0 0 

of four different types of 0.1 wt% MgO-doped Al
2
o

3 
powder compacts 

with various constant heating rates. 

4. Effect of heating rate on shrinkage at a specific temperature for 

initi~l stage CRH sintering of Alcoa A-14 Al 2o
3 

pmvder coi'lpact. 

5. Effect of heating rate on shrinkage at a specific temperature for 

initial stage CRH sintering of W. R. Grace Al
2
o

3 
pmvder compact. 

6. Diffusidn coefficients calculat~d from initial stage sintering data 

compar~d with directly measured (tracer) values in A1
2
o

3
. (a) Ref.' 

11. (b) Ref. 15, (c) Ref. 12, (d) (e) Ref. 13 and (f) Ref. 14. 
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