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SINTERING OF AlZO3 POWDER COMPACT

BY HOT STAGE SCANNING ELECTRON MICROSCOPY

David Nin«Kub Wang
Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering
- University of California, Berkeley, California 94720
ABSTRACT

Previous sintering studies on A1203 powder compacts have
concentrgted on the use of isotheymal techniques. A complete analysis
of sintering kinetics is unattainable due to uncertainties involved in
the initial beating period. This work has used a constant heating

rate technique to study MgO-doped and undoped Al 03 powder compacts with

2
variations in green density. Hot stage scanning electron microscopy was
used to monitor continuously the linear dimensional change of a powder
compact throughout the densification process at various constant heat-
ing rates.

Extensive studies on the»microstructural evolution were made and
correlated with the densification and grain growth kinetics. The maxi-
mum densification rate was found to occur at a critical density which
was independent of the heating rate as long as the green density remain-
ed constant. Microstructural evolution has been correlated with the
densification rate to explain the occurrence of the maximum rate of
densification. The effect of MgO dopant on the densification and grain
growth of A1203 compacts was also studied. It was found that there is
no effect of Mg0 dopant on either pfocess until the critical density is

reached. Before the attalnment of the critical density, the grain



growth kinetics is characterized by grain boundary self-diffusion.
After the critical density, the densification kinetics and grain growth
kinetics are inter-—dependent and characterized by ﬁhe same activation
energy. The gfain growth rate is limited by the pore phase and obeyé
Zener's criterion.

In accordance with the porosity changes, the sintering process can

be divided into four stages.
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I. INTRODUCTION

The sintering of powder compacts is an important prbcessing step in
the production of ceramic materials. Solid state gintering, in. particu-~
lar, is characterized by having no liquid phase present during the heat
treatment. During the sintering process, mass transport occurs when the
compact is heated to a suitable temperature below the melting point.

The compact shrinks, and much of the void volume, which had resulted from
the initial misfit of the powder particles, is eliminated.

According to sintering models, the microstructural evolution during
the sintering process has generally been divided into three stages. The
initial stage of sintering can be defined as the interval from the be-
ginning of the heat treatment to the point at which the necks between
particles impinge upon each other. Subsequently, as sintering proceeds,
the growing necks merge and the so-called intermediate stage of sinter-
ing begins. 1In this stage, pores are continuous and all pores are
intersected by grain boundaries. Many concurrent phenomena govern the
microstructural evolution. Grain boundary migration, and resulting
grain growth, can begin when the porosity becomes sufficiently low.
Depending on the relative rates of densification and grain growth, pores
may migrate along with the advancing boundaries and, therefore, the
average pore size may increase through pore coalescence. Surface diffu-
sion may increase the average pore size by locally redistributing
material from regions of convex curvature‘to reglons of concave curva-
ture. Ultimately, during the final stage of sintering, the pore space
is broken-up into isolated pores. These pores may all remain on grain

boundaries, or alternatively they can become isolated from the grain



boundaries during discontinuous grain growth.

During the past 30 years, a large.number of studies have been made
in an attempt to provide a better general understanding of the sintering
process. Aluminum oxide has been one of the most widely used materials
for these investigations. The influence of surface energy as the driv-
ing force for sintering, the importance of diffusion pfocesses for mass
transport (Frenkel,l Pines,z Kuczynski3)9 and the role of grain bound-
aries as material sources (Kingery and Berg,4 Alexander and Baluffis)
seem well established for the polycrystalline solid state system. How~
ever, attampts to develop a quantitative theory that can predict the
time dependence of densification of a powder compact have not been very
successful., This situation is due primarily to the difficulties in pre-
cisely defining the geometrical changes that evolve during the sintering
process.

In general, six different transport processes have been considered
as contributing to the observed geometrical changes - viscous flow,
plastic flow, evaporation—condensation, volume diffusion, grain boundary
diffusion, and surface diffusion. Since the internal geometry of actual
compacts can not be defined precisely; attempts to establish the mecha-
nism of transport have usually been based on a consideration of ideal-
ized model systems of simple geometry. The first demonstration of mass
flow by volume diffusion was provided by Kuczynsk13’6 in studying metal-~
lic systems. He was able to derive an equation relating the growth of
the neck between a sphere and a plate (Fig. 1) to time, t, at constant
temperature. The well-known relationships betwéen the radii, x, of the

neck, and, R, of the sphere, time, t, and temperature, T, can be
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Fig.

a plate 3 R =
0 = radius of neck.

1. Kueczynski's model for neck gr
R = vadilus of sphere, 2i = diameter of neck, and
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described by one géneral equation

Xn/Rm = F(T)t (1)

where F(T) is a function of temperature only. The dominant flow

mechanism is determined by exponents n and m. Thus

n=2mn=1 for viscous flow

n=3m=1 for evaporation - condensation
n=25%ms=2 for volume diffusion

n=7ms= 3 for surface diffusion

Kuczynski's model for neck growth between the sphere and the plate by
volume diffusion was based on the agsumption that vacancy diffusion
occurred radially from the concave surface of the neck to sinks on the
surface of the sphere. From experimental observations made on copper and
silver, he observed that neck growth occurred primarily by volume diffu-
sion., However, surface diffusion also played an important role in the
early stages, especially when the spheres were small.

Later, Kingery and Berg4 proposed a model consistiﬁg of two
spherical particles with a grain boundary between them which was con~
sidered to act as the vacancy sink. Atoms would then diffuse radially
from the grain boundary to the surface of the neck, causing neck growth,
while at the same time, the removal of material from the grain boundary
would cause the distance between the particle centers to decrease.
Figure 2A shows that neck growth may occur by mass transport from the
particle surfaces to the neck region whilé retaining the separation be-
tween the centers of the ovriginal particles. This could occur by an
evaporation-condensation mechanism, volume diffusion from the convex

surfaces, or by a surface diffusion mechanism. This process will



WITHOUT MUTUAL APPROACH OF CENTERS
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Fig. 2. Two models for initial stage of
sintering of spheres.



produce particle joining, but no shrinkage. Figure 2B shows the joining
of particles with the mutual approach of centers. In principle, this can
occur by plastic flow or by volume diffusion. Matter in the region of
overlap is transported to the neck region by diffusional transport of
individual atoms or ions through the bulk of the material or along the
grain boundary. By extending this simple geometry, Kingery and Berg4

and Coble7 were able to derive an expression in terms of linear shrink-

age of the powder compact. All the results can be put in the form

(2)

where K is a constant whose magnitude depends on the geometry selected
and D is the volume diffusion coefficient. - The value of m ranged bet~
ween 094 and 0.5 and that of n is usually 3.

Johnson and Cutler8 have proposed that grain boundary diffasion5
rather than volume diffusion, contributes significantly to neck growth
in the initiél stage. They analyzed the initial shrinkage of aluminum
oxide and concluded that it is controlled by grain boundary diffusion.
In all models, mentioned aboves a single mechanism of material transport
was assumed to be predominant. More recently, Johnson9 has analyzed ak
situation, using sphere~to-sphere and sphere-to-plate contacts, in which
it is assumed that surface diffusion, lattice diffusion and grain
boundary diffusion all take place simultaneously.

For all the above models, neither particle shape nor particle size
distribution was taken into account. Bannisterlo proposed a modification
to Johnson's model (based on concurrent operation of volume diffusion and

grain boundary diffusion) by calculating particle shape effects. His



work accounts for variations in particle contact due to shape. Other
initial stage modeling by Coble11 has considered particle size distribu-
tion effects in volume and grain boundary diffusion models. Of various
possible three-dimensional arrays of interest, only a linear array of
particles with different randomly distributed sizes has been quantita-
tively handled.

Based on the volume diffusion mechanism and simplified geometry for
pores and grains, Coblelz has developed diffusion models for the inter-
mediate and final stage sintering. In these models, he assumed all
grains have the same size and shape. The shape was that of a tetrakai-
decahedron, a space-filling polyhedron, all of whose edges have the same
length. The pores were likewise assumed to be of the same size. In the
intermediate stage, pores of cylindrical shape lying along all grain
edges were assumed and, in the final stage, spherical pores at the
four grain corners were assumed. Considering that the vacancy flow is
by volume diffusion from a single pore to the boundaries of the adjacent
grains, he obtained the following equation for the rate of change of

density, p, for both stages:

do _ Nyb§d
at ~ 3 (3)
1KT

where N is a numerical constant, 1 is the edge length of a grain, and
D is the volume diffusion coefficient.

c 1 . . .
Kingery and Francois, 3 working with U0,, observed an increase

25
in pore diameter if the material was annealed long enough at high tem-

perature. They proposed that pore growth results from coalescence due

. . . , . . L
to porve migration which accompanies grain growth. Coble b conceded that
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the evolution assumed in his ihtermediate stage model is not wvalid
because of pore growth. To understand completely the mechanisms of
intermediate and final stage sintering, one must take into account
changes in pore size, location, and geometry.

KuczynskilS argued that pore growth was caused by a volume diffusion
process by which large pores grow at the expense of small ones. There-
fore, he concluded that the phenomenon of pore shrinkage is always accom-
panied by Ostwald ripeniqga He took a statistical approach in which a
distribution of pore rvadii was allowed and not 3ll edges of the grains
had to contain pores. Similarly, no restriction was placed on the size
and shape of the grains. Assuming a single volume diffusion mechanism
and cylindrical and spherical shaped pores for the two respective stages,
he was able to formulate a relationship between‘grain size and porosity
and an equation for the time dependence of the densification process.

In most polycrystalline materials, at high temperature, grain
boundary migration eliminates some grains and increases the average
grain size. 1In a system where sintering kinetics is determined by a
diffusion mechanism, maintaining a small grain size can increase densi-
fication rates by maximizing the concentration gradient of vacancies
between pores and grain boundaries. The importance of grain growth dur-
ing sintering was first demonstrated by the work of Burke16 on aluminum
oxide which showed that, when exaggerated grain growth occurred, some
pores were trapped in the grains far from grain boundaries, resulting in
residual porosity. Cob1e17 first demonstrated that the addition of small
amounts of MgO (below the solubility limit) would prevent exaggerated

grain growth in aluminum oxide and thus would permit sintering to



proceed to theoretical density provided there is proper control of the
sintering atmosphere. Since the Mg0 also considerably increased the rate
of densification, Coble suggested that its action was to promdte rapid
densification through the critical porosity range in which discontinuous
grain growth occurred.

Further work on the effect of MgO on AlZO has been done by

3
Jorgensen and Westbrooksl8 They suggested that inhibition of grain
growth is accomplished by the segregation of dissolved Mg0 to grain
boundaries, causing a2 decrease in grain boundary mobility. However,
this segregation theory has been denied by Johnson and Steinlg through
their interfacial chemical analysis using an Auger electron spectroscopy
technique. Instead, they proposed that the presence of a nonsteichio-
metric spinel was responsible for the retardation of grain growth. More
recently, PeelenzO also proved that there is no significant concentra-
tion of Mgl in the grain boundary. He found that the essential action
of Mgl was to enhance the pore removal rate. At higher dopant levels,
when second phase particles are present, grain growth is slowed but the
densification is negatively influenced.

With the "exaggerated grain growth inhibitor™, the study of grain
growth kinetics was made possible. Coblesl7 Jorgensengzl and Bruchzz

have found, during their sintering studies with MgO doped AlZO that

39
. . . , 22
the grain growth kinetics followed a cubic law. Bruch = also observed
that the rate of grain growth was independent. of the initial density of
2
the compact. Greskovich and Lay 3 found that grain growth occurred

even in a very porous aluminum oxide compact. They have proposed that

the mechanism which governs grain growth is that of surface diffusion
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for neck formation. The grain boundary then moved through the particle.
Several rate laws have been suggested for grain growth in oxide ceram-

8924’25’26 and several mechanisms have been proposed by which the rate

of grain growth is limited to the observed values,27’ 28, 23

Because of
incowpletely understood complexities, such as the impurity effect,
sintering atmosphere, and pore-grain boundary interaction, our knowledge
of this subject is still on an empirical basis.

In spite of the extensive research activity on the theory of
sintering, there has been little translation of'theory to practical
application. Mechanistic studies have relied heavily on simple modgls,
However, in a real powder system, particles rarely have regular forms
and they are never simply distributed. In addition, there are fluctua-
tions in density originating from powder agglomeration and uneven com-
paction. At this point in time it seems unlikely that a precise pre-
diction of a density - time ~ temperature relationship can be achieved
for the whole course of the Sintering.process° Therefore, & thorough
phenomeno-logical study of the densification kinetics and the micro-
structural evolution kinetics as well as their correlations from the
start to the completion of the sintering process is important.

Previous sintering studies have concentrated on the use of
isothermal techniques. A complete analysis of sintering kinetics is un-
attainable due to uncertainties involved in the initial heating period.
The type of heating program that can be treated analytically and which
approaches practical application is a constant rate of heating. This
work has used a constant heating rate technique to obtain a detailed

analysis of the kinetics of sintering aluminum oxide powder compacts.
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Kinetics of both densification and microstructural evolution were
studied with variations in AlZO3 powders and in initial compact density.
Correlations between the two kinetics were made and the validity of

various existing theories was examined. Tt is hoped that the work will

assist in developing a better theory for sintering of powder compacts.
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I1I. EXPERIMENTAL
A. '§ngratus

1. Hot Stage Scanning Electron Microscope

A commercial hot stage for the JEOL JSM~U3 was modified to give a
device capable of magnifications from 50 to 4,000X and long-time opera-
tions at temperatures up to 1750°C. The design changes centered around
the construction of a reliable heater, increased radiation shielding, and
modification of the thermal electron suppression grid to allow a shorter
working distance and, hence, greater resolution. A turbo molecular pump
was used in place of an oil diffusion pump for the vacuum system. This
change greatly reduced the surface contamination of the specimen during
high temperature operation. A detailed description of the principles of
operation of this instrument has been reported by FulrathaBO

Hot stage scanning electron microscopy has been successfully used

1,32 and liquid phase sintering,33’34

for the studies of both solid staﬁe3
This technique has several advantages when compared with other methods:
(1) It provides a means to monitor continuocusly the dimensiounal changes
>of a specimen during the sintering process. (2) The temperature gradient
across the specimen is negligible during heating bacause}of the small
size of the specimen. (3) It makes possible a statistical analysis of
the densification results. A limitation exists, however, in that thére
is a necessity for a vacuum environment {(about 3x10m5 torr) in the oper-
ation of the SEM.

The specimen stage carrier for the scanning electron microscope is

shown in Fig. 3. The heater was made by winding a 15 wmil thoriated

tungsten wire on a high purity threaded aluminum oxide core. A slorted
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aluminum oxide sleeve was jacketed over the core to hold the tungsten
wire in position during high temperature operation. The molybdenum
crucible was supported within the heating element by a molybdenum stand.
The temperature measurements were obtained with a 5 mil, W57Re-W267%Re
thermocouple spot welded to the bottom of the stand. Molybdenum radia-
tion shields surrounding the heating element and plaéed above the speci-
men allowed increased temperature capability. The electrical connections
for the heater and thermocouple were isolated from the metal frame by
aluminum oxide plates.

2. Temperature Calibration Device

Since the thermocouple wire was not positioned closely enough to
the specimen being heated, the thermocouple temperature was calibrated
to give the true specimen temperature., The set-up shown in Fig. 4 was
used to accomplish this purpose. During the operation, the stage was
placed in a vacuum chamber that had the same environment as the column
of the microscope except for the absence of an electron beam. A cali-
brated optical pyrometer was used to record the specimen temperature by
viewing the specimen surface through the hole in the top radiation
shields. For each optical pyrometer reading, the thermocouple tempera-
ture and the power input to the heating element were also recorded.
Figure 5 shows the heater power input—-thermocouple temperature relation-
ship'for four rates of heating. It shows that approximately 80 watts
were required to heat the specimen to 1700°C, and this power was inde-
pendent of the heating rate. Figure 6 gives the temperature calibration
curves.  The specimen tewperature was always higher than the thermo-

couple temperature and the temperature difference changed with changing
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temperature. For example, at thermocouple temperatures of 1200°C and
1600°C, the specimen temperatures were 1230°C and 1660°C, respectively.
The greater deviation at higher temperature apparently resulted from
conduction heat loss through the thermocouple wires at the junction.

The deviation of the 13°C/min heating rate curve from those of lower
heating rates is thought to be caused by thermal non-equilibrium of

the specimen when heated at this fast rate. Hereafter, all the reported
temperatures will‘be based on the corrected (i.e. calibrated) specimen

temperatures.
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B. Material and Sample Preparation

Four different types of aluminum oxide powders were used in this
study. The material that was used for most of this work was autoclaved
high purity aluminum oxide. This material was obtained from the General
Electric Company din the form of plates with a diameter of 2 inches and a
thicknessg of 0.125 inch. The compact was made by cold pressing submicron
alumina particles (0.2um), to which 0.1 wt% of MgO and 8 wt% of an or-
ganic binder were added. This compact was prefived at 650°C in air for
one hour to decompose the organic binder. After this treatment, the
outer and central portions of the compact were discarded and the rest of
it was broken into pieces of approximately one centimeter square. Speci~
mens used for the sintering experiments were then cut and shaped from
these pieces. The green density was determined for each pilece by mercury
displacement. This method of specimen preparation minimized the varia-
tions in the green density caused by any pressure gradients during
powder compaction. All the specimens had a diameter of 0.2 inch and a
thickoess of 0.125 inch with the same green density of 40% of
theoretical.

The other three types of aluminum oxide were processed and formed
into compacts from powders in this laboratory. Alcoa A-14 alumina
powder was wet ground for 16 hours with isopropyl alcohol as the milling
medium and sapphire balls as the grinding media in a high purity (99.98%)
alumina lined rotating steel mill. This procedure was used to break up
agglomerates. The wet ground A-14 material had aun average particle size
of 2.5um and a very narrow size distribution as determined by scanning

electron microscopy. Union Carbide Linde-A alumina (0.3pm) powder



(Lot No. 1006) and W. R. Grace & Co. high purity alumina (0.1 m) doped
with 0.1 wt%Z of Mg0O (Lot No. 2156A~52) were used as received.

Each of these three powders was mixed with isopropyl alcohol and a
polyvinyl alcohol-saturated water solution in the alumina lined mill for
12 hours. This was done to ensure a uniform distribution of PVA binder
in the final compact. The amount of PVA added depended on the surface
area éf the powders. It ranged from 1 wt¥% to 8 wt%. 1In the study of
Mg0O doped alumina, the appropriate amount of Mallinckrodt A~R grade
magnesium nitrate was dissolved in distilled water and added to yield
0.1 wtZ MgO in the alumina powders. The sluryy after the mixing process
was dried, screened through a 44um sieve and cold pressed in a steel die.
To obtain variations in green densities, the powders were compacted in
steel dies at various pressures, but the bulk specimen volume was kept
constant by adjusting the amount of powder used.

In most cases, igsostatic pressing in rubber tubes was subsequently
used. All the pressed specimens had approximately a 0.2 inch diameter
and a 0.1 inch thickness. The green densities of the specimens were
determined after the prefiring treatment at 650°C in air for 1 hour.

To study the linear dimensional change of the specimen during
sintering experiments, tungsten microspheres (10-20um) were placed on
the specimen surface to serve as reference points. This was done by
lightly tapping a small spatula, on which a small number of tungsten
spheres were held, over the specimen surface. A random distribution of
the spheves was obtained. A glass slide was lightly pressed on the micro-
spheres to ensure their stability oo the surface. The specimen was then

placed in the crucible of the stage carrier and inserted into the SEM.
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C. Shrinkage Measurements

The specimens were heated rapidly to 800°C in the SEM and held at
that temperature. The central avea of the specimen was located and
brought into focus. 100X magnification was used in order.to cover a
large area of the specimen surface to give better statistical shrinkage
measurements. The specimen was kept in focus during dimensional chang-
es by raising and lowering the specimen stage to keep the working dis-
tance constant. This technique eliminated any magnification changes
accompanying focal adjustments.

Constant heating rates, ranging from 1° to 13°C/min were used.

In some cases, specimens were heated with a constant heating rate to
temperature and held at temperature for a period of time to obtain
isothermal densification results. During the sintering runs, a 16 mm
movie camera monitoring the TV screen was used to record continuously
the movement of the tungsten markergc Images obtained from the time
lapse films were projected on a paper through a reflecting mirror system.
From these images, linear dimensional changes were obtained by measur-
ing distances between specific microspheres. At least seven measure-
ments at each temperature were used to provide an average shrinkage.
Figure 7 illustrates how these dimensional changes between microspheres
provide a measure of specimen shrinkage. The lower left corner of the
TV monitor shows the temperature in degrees centigrade and the right

corner shows the time in minutes. Since the fractional shrinkage

L ~L
O . R
- Jat all temperatures were determined with the same low tempera-

o
ture value of LOs a thermal expavsion™ ~ correction was made for each of
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Tungsten microspheres on the compact surflace as
gseen on the TV monitor before aud alter sintering.
Temperature in “C is indicaved in the lower left

cornetr and elapsed time in wminute 1o indicated in
the lower vight corner.



-2 3

the measurements. In the analysis of experimental resulﬁs9 most data
were presented as relative density (p) instead of as fractional shrink-
age (AL/LO)a In order to make this conversion, let us consider an aggre-
gate of powder particles of arbitrary shape, size, size distribution,
and stacking. Select a macroscopic sample from this aggregate that is
cubic in shape. Let the weight of this sample be W, its volume VO, its
density po, and its edge length L09 where

3

- .
Vo LO (4)

After undergoing a certain degree of sintering, its volume decreases to
some value Vi, its density increases to 045 its weight does not change.
If shrinkage is macroscopically isotropic the sample is still cubic in

shape, although its edges have shrunk in length to some value Li’ where

Vi = Lj (5)
3
Eé;‘: Yi,: (EWA (Em) = fli (6)
3 v v v, o, .
Ly o o i i
The density is therefore given by

| S T )

i 3, . 3 AL, 3

Lo/ Ly (l“‘i:i

Since n measurements were taken for each temperature or time, the
relative density value used in this study was actually

n
AL, 3
Lo /-1y
p = F (8)

¢
{

where p = average density at any time or temperature.

©
1t

green densityv of the specimen
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fraction shrinkage in each measurement after thermal expansion
correction at any time or temperature.

number of measurements at any time or temperature.



D. Microstructure Study

1. Sample Preparation

Compacts of the different types of powders with varying green
densities were heated in the hot stage at programmed heating cycles to
desired densities and cooled by quenching. The sample density was
determined by the same procedure as described in Section II-C. These
sanples were used to study the microstructural evolution during the
sintering process and to correlate it with densification kinetics.
Samples used to study the effect of firing atmosphere on the final micro~
structure were obtained by heating in a Brew furnace. Static hydrogen
at 0.8 atmospheresband 1096 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 were used at this temperature.

2.  Polishing and Etching

In order to avold grain pull-outs, uneven polishing, and entrapment
of polishing media in pores, a sulfur impregnation technique was applied
to all low density samples (<95% theoretical). Rough polishing with a
series of SiC powders from 240 to 1000 grit was followed by vibratory
polishing with a series of diamond pastes (6, 1, and 1/4um) on a Syntron
machine.

After being polished, samples were removed from their plastic
mounts and the impregnated sulfur was sublimed. Samples were thermally
etched in air at temperatures from 1100°C to 1250°C for variocus periods
of time up to two hours depending on the sample density. Temperature
and time were selected ‘to avoid any additional microstructural changes

induced by excessive firing during the etching process.
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3. Photography

Cold pressed, fractured and polished surfaces were examined and
photographed by either optical or scanning electron microscopy. Due to
careful preparation, no tilting of the samples was required to give
sharp images of grain boundaries and pore mofphology when examined in
the SEM.

Pressed and fractured surfaces were examined for the characterization
of the green compacts. Polished surfaces were used for studies of poros-
ity distribution and grain size evolution. Due to the inhomogeneous
nature of the microstructure and the fine size of grains, both low and
high magnification pictures were required. Low magnification pictures,
from 500X to 2,000X, were taken for a qualitative study of porosity
distributiogn High magnification pictures, from 10,000X to 20,000%,
were taken for a quantitative study of grain growth. Since higher mag-
nification pictures cover too small an area to obtain an average quanti~
tative value, several pictures were taken in different areas of each
sample. Optical photomicrographs at 1,000X or less were used for samples
of large grain size.

I3

4. Grain Size Measurenment

In order to determine an average grain size for porous samples,
photographs were placed underneath a transparent plastic sheet, on which
parallel lines had been drawn. Segments of lines, formed by the inter—
ceptions of grain edges with those parallel lines, were measured indi-
vidually and 500 to 800 of these segments were averaged to yield a pre-
liminary value. This value was then corrected for magnification factors

and multiplied by 1.5 to give an average grain size,36 For samples
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having densities >957 theoretical, grain size was obtained by counting
the number of grain boundaries intercepting straight lines of known

length. Magnification and statistical (multiplication by 1.5) correc-

tions were also made.
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IIT. RESULTS AND DISCUSSION

A. Description of the Green State

In order to increase the sinterability, ceramic powders of submicron
size are commonly used. The higher total surface area and shorter dis-
tances for the mass transport provided by submicron size powders 1. con-
siderad to increase sintering rates. In contrast, increased agglomera-
tion of particles may reduce the sinterability by causing undesirable
residual porosity in the final micrqstructure°

Particles formed from a salt solution may agglomerate at some point

. A . . 7,38
during the decomposition-calcination process,3 K

If agglomeration
does not occur during powder formation, pre-compaction granulation may
cause agglomeration of particles. Granulation is an essential step for
increasing the pressed density and improving the homogeneity of the com~
pact by improving the inherently poor flow properties of fine particles.

Since voids contained in a green compact are determined by the
packing of particles, the presence of agglomerates will make the pore
size, location and distribution more complex than assumed in models. A
profound influence would be expected on both the rate of sintering and,
more importantly, the residual porosity. Therefore, a complete under-
standing of the green state should be emphasized.

Scanning electron fractographs of a prefired green compact at
different magnifications are shown in Fig. 8. This type of compact,
having an initial density of 40% of theoretical, was used for most of
the present work. As seen in Fig. 8A, agglomerates of about 40 microns

in diameter resulted from the granulation operation. The average

agglomerate size was determined by mecasuring nearly 300 individual
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agglomerates from photographs of the pressed compact surfaces. (See Fig.
9A). The distribution histograms are shown in Fig. 10. These results
can bz used to deduce information about the size and distribution of the

inter-agglomerate voids. In this work, no quantitative measurements

2 made.

have b
The details of particle packing can be seen in higher
magnification photographs, Figs. 88 and 8C. In addition o the large
agglomerates (granules), Fig. 8C shows that there are numerous small
agglomerates formed by several individual particles. These clusters of
particles are generally close packed and contain very fine pores of
nearly uniform size. However, the inter-cluster pores are not uniformly
distributed in size, shape, and location. Whittemore and Sipe39 used
mercury porosimetry to measure the pore size distribution of Linde A
alumina compacts which were pressed isostatically without the addition
of binders. They observed a bimodal pore distribution and found that
this bimodal characteristic was independent of the compaction pressure.

In the present work, quantitative measurement of pore size distribution

wags not made. However, from the photomicrographs, one can see with

bimodal and probably trimodal. This is further illustrated by Fig. 9C
which is taken from a pressed compact surface,

Figure 11 shows the fractographs of three different green density
compacts. Their densities ave 327, 38% and 484 of theoretical for A,
B, and C, respectively. The inter-particle packing is very similar for

all these specimens. It appears that the difference in density results

mainly from the size and number of the inter-agglomerate pores.
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powder9 but must also take into account the particle packing which
affects pore size, shape and distribution.

Figure 9 gives the comparisons of green compact microstructures
formed from two different powders. Figures A and C are formed from
powders which have been granulated as described previously. Figures B
and C are formed from powders which have been granulated as described
previously. Figures B and D ave Union Carbide Linde A alumina. ‘This
powder was granulated by screening through a 44 micron sieve after mix-
ing with PVA binder and drying. Because the binder and powder were
different, granules formed from the Union Carbide powder did not survive
the compaction operation. Though the fact is not as clear as with the
G. E. powder, the granules still keep their identity, as seen from the
green compact (Figs. 9B and D) and as seen in the microstructure of the
final product (Fig. 13). Figure 13 shows essentially the same micro-
structures as seen in Fig. 12. It should be noted that in Fig. 13C,
the area focused upon is a‘white spot on the polished surface of a trans-
lucent sintered compact. White spots frequently have been observed in

densely sintered ceramic oxides; such as MgO and Alzo Greskovick and

3°
Woodséo have found that pore clusters entrapped inside grains of Th02~
doped YZO3 ceramics profoundly reduce the optical quality of this
materialo‘ Their observation of pore clusters can be explained by the
present work in terms of the presencevof agglomerates in the green com-
pact. If the microstructure shown in Fig. 13C is annealed for a long
time at high temperature, the grain growth rate will be increased. The

pores which resulted from the initial agglomeration of particles will

finally become entrapped inside the grains, forming the same type of
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microstructure as observed by Greskovick.

Figure 14 consists of a series of pictures which show the
evolution of an inter-agglomerate pore during the sintering process. The
micrographs were not taken from the same area of one compact. However,
since the powder processing was well standardized, they are counsidered
to be representative for the evolution of a single inter-agglomerate
pore. Two points of speculation should be considered. Firstly, the
final pore geometry seems to be determined by the agglomerate packing in
the original compact and, thervefore, the complex pore shape can not be
approximated as spherical as assumed in common models. Secondly, inter-
agglomerate pores persist much longer than inter-particle poves. Start-
ing with a particle size of 0.3 micron alumina, Coblel7 found pores
having a diameter of 5-10 microns at the onset of the final stages of

sintering. Using 0.05 micron UO Kingerle observed pores of 3-5

2°
microns at the onset of the final stages of sinterings There are at
least two explanations: (1) that many of these large pores existed in
the original compact because of nonuniform particle packing and bridging
between particle agglomerates and/or (2) that pore growth by volume
diffusion or coalescence occurs. The phenomena of pore growth will be
discussed later. At this point, it can be assumed that the large pores
existing in the original compact may not be the sole cause of their
observation, but it is at least one of the causes.

Figure 15 shows the various pore shapes that were randomly selected
from high density compacts. This implies that a simple defivation of

vacancy concentration from the average pore size would be impossible.
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vacancy concentration from the average pore size would be impossible.
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In addiction to the presence of agglomerates, density inhomogeneity
is also important when discussing the effect of the green state on the
sintering kinetics. The deunsity variation caused by die wall friction
during compaction will be referred to here as macro-inhomogeneity since
this inhomogeneity will cause anisotropic shrinkage of the compact on a
large scale. The type of inhomogeneity caused by the particle agglomera-
tion will be referred to as micro-inhomegeneity. As discussed earlier,
the presence of agglomerates causes local variations in pore size and
distribution, but in the absence of uneven compaction, this variation
will be the same everywhere throughout the compact. Therefore, the
density of the compact can be considered as inhomogeneous microscopically
and homogeneous macroscopically. A micro-inhomogensous compact will not
show an anisotropic shrinkage but its rate of densification will be dif-
ferent from that predicted by theoryl The importance of local variations
in pore concentration and_size and their influence on the densification
kinetics will be discussed later.

As described earlier, the hot stage scanning electron microscope
allows the study of linear shrinkage of a compact in two dimensions.
Therefore, this technique is able to demonstrate the effect of macro-
scopic homogeneity and inhomogeneity upon the lipear dimensional change
of a powder compact during sintering. A comparison was made by select-
ing one specimen near the edge and another near the center of a two inch
diameter cold pressed pellet. The one near the edge (W-7) is considered
to be macroscopically inhowmogenecus since it was subjected to die wall
friction. The one near the center (W-t) is considered to be macroscop-

ically homogenecus since it was subjected to a uniform compaction

~
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pressure. Results of these two sintering runs, in which the samples

were heated at a rate of 4°C/min to temperatures of 1350°C and 1380°C,
are shown in Fig. 16. - After reaching the indicated temperatures, the
samples were held isothermally. 1In both curves, every datum point is the
average of nine individual shrinkage measurements. Sample W-5 showed
isotropic shrinkage with little scatter in the data. The statistical
scatter in the measurements indicatés that sample W=7 was inhomogeneous
in its shrinkage. Overlaying a magnified picture of the final marker
positions on the picture of the original positions points this out
dramatically. Although the two samples behaved differently in sintering,
their mean average values of nine measurements at each point coincide

very well.
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B. Initial Stage Siatering

Isothermal studies of linear dimensional changes of powder compacts
in the iﬁitial stage have provided most of the available sintering data.
Isothermal experiments present several problems, of which the most im-
portant is the inability to study the initial portion of the sintering
process where the most rapid shrinkage occurs while thermal equilibrium
is being established. In addition, stresses accompany the rapid heating
necessary for isothermal sintering studies.

To circumvent these problems, sintering has been studied by
measuring densification using a constant rate of heating (CRH) technique.
In particular, Young and Cutler41 have studied elutriated Alcoa A-14
aluminum oxide powders. They found that the CRH technique was extremely
sensitive to the particle size distribution and other characteristics of
the compacts. Because only one heating rate was used in their work, the
sintering rate law could not be determined and, therefore, the true act-
ivation energy for sintering was not obtained. In studying U02 and Th02
gel, Woolfrey and Eanniéteréz have obtained the sintering rate law by
performing CRH experiments at different heating rates. By comparing
results from isothermal experiments performed on the same materials,
they have demonstrated the validity and accuracy of the nonisothermal
technique.

Alcoa A-14 Al O, is generally considered as "dead burned" or '"non-

273

reactive' material while submicron size Al203 powders are generally
considered as "reactive' materials. It was the main purpose of this

work to compare the sintering behavior ¢f these powders. 1In addition,

a study of sintering behavior with variations in green compact density
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was also made. This part of the study was done with Union Carbide
powder in which only one heating rate was used. Figure 17 shows the
pressed surfaces of the green compacts of four different powders.
Compacts of submicron size powders from W. R. CGrace, Ceneral Electric
and Union Carbide Companies are shown in A, B, and C, respectively. A
compact made of Alcoa A-14 powder, which is approximately 2.5 microuns
in size, is shown in Fig. 17D. Except for the Union Carbide powder,
three or four heating rates were used. The fractional linear shrinkage
vs. temperature plots for these powders during sintering are presented
in Figs. 18, 19, 20 and 21.

The differential form of the initial stage sintering equationlo is:

aldhyl = xRt 9
o]

o
The constants K and n depend on the geometry and the material transport
mechanism. For the sintering of spherical particles, when the rate con-
trolling mechanism is volume diffusion:
[~ 3r‘1
K = (l,QJYQDV/r kT) and n = 2.0 (10
For grain boundary diffusion:
, 4
K = (O°48yﬂbDb/r kT) and n = 3.1 (1D
where y is the surface energy, ) the volume of a wvacancy, D the relevant
diffusion coefficient, b the grain boundary width, k the Boltzmann con-
stant, r the particle radius, and T the abosclute temperature. The

temperature dependence of K can be represented by

K = K _exp(~ é%? (12)

where ,K7 is proportional to T
<
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The equation, which applies to CRH conditions, is obtained from

equations (9) and (12):
éii = IR Q. é}i n-1 '

4G5 fae = (oo )] /(L ) (13)

o e}
. , 10 . -

This equation is based on the assumption that, at any condition of
shrinkage and temperature, the isothermal and nonisothermal shrinkage
rates are equal. A mathematical proof can not be offered, but experi-

42,43

mental evidence has supported the assumption. After substitution

. dT .
of the constant heating vate, a = a0’ and rearrangement, equation (13)

becomes
AL '
AL, n-1 dC‘“i// _ _Q
a(LO) L,/ dT = Koexp( RT) (14)

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

and, in the case of n, the geometry, remain constant:

t
Alyn o R
o (o}
, ) . 44
Since Q >> RT equation 15 may be approximated by
ALyn 2.1 R
GO = %ORT <3Q% exp (- =3 (16)

Elimination of-%Zi from equations (14) and (16) provides the shrink
o

rate equation:

dégg) n-1
Lo L aQ n Q9
ECERL VA exp (- Ty an

RT n

Substituting equations (12) and (13) provides the following equation:

(&)
Tz ,(ij_iQ__ a = (,g_) (éji

de nR” 'L
0

) ; (18)
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AL>
Thus a linear-linear plot of T2 d<&2 a vs,€%<should give a straight
. dt o]
Q

line with slope R From this slope, the effective activation energy,
g' can bhe determined. From equation (16), a log~log plot of fractional
shrinkage at a specific temperature vs. heating rate gives a straight

Q

1 ; . . ,
line of slope =~ o Substitution into gﬁ'then gives the apparent

activation energy Q. Another way to obtain the value of %P is from

N

simplified plots of the form In (ZLT) Vs, %vobtained from equation (16) .
o

This type of plot has been used by Young and Cutlerél to determine the

effective activation energy of B-14 AlZO In a real situation,

3°
transient shrinkage, caused either by the formation of new contacts
between the particles or by particle sliding, will be included in the
total shrinkage. This error can be minimized if the equation involving
the derivative of shrinkage is used. Therefore, in the present work, a
differential plot of shrinkage is preferred in determining the sintering
kinetics.

Figure 22 gives the results for all the aluminum oxlide powders.
Two different slopes for each powder are noted. Equation (18) indicates
that the plot should exhibit a single slope if (1) the material contains
particles of a single size and (2) a single diffusion mechanism operates
or if a combination of mechanisms with the same activation energy pre-
dominates over the entire initial stage sintering. A change in slope
could be caused by a particle size distribution, a change in mass trans-
port mechanism (assuming different activation energies), or by a change

in the rvelative importance of competing mechanisms.
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Because the particle size distribution for the powders used in the
present work is so narrow, it should not cause the slope to change. The
problem of multiple mechanisms in sintering kinetics was treated by
Johnson945 He has observed that low activation energy surface diffusion,
acting in counsort with grain boundary diffusion, results in an abnormally
high apparent activation energy for densification. This situation has
been described in detail by (}u‘tler,&"1 Surface diffusion generally has a
low activation energy and it is expected to contribute to material trans-~
port 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 normally would be to the neck, is impeded un-
til a temperature is reached at which flow from the grain boundary pre-
dominates. Because of the lengthened diffusion path and larger neck
radius, the rate of shrinkage is retarded until the higher temperature
is reached. As diffusion from the grain boundary overpowers surface
diffusion, the former reaches the magnitude it would have reached if no
surface diffusion had océurred° The net effect is a steepened initial
slope. The independence of the slopes obtained in Fig. 22 with the
heating rate indicates that surface diffusion as a competing mechanism
is unlikely. The other mechanism that might be confused with surface
diffusion is the volume-to~grain boundary changeover proposed by Johnson
and Berrin946 These alternatives avre difficult to distinguish.

The most remarkable thing found in this experiment is that the
effective activation energies calculated from the slopes are different
for A~-14 A1203 powder and submicron size Al O

&3
Q

activation energy, e for A-14 powder is 75 Kecal/mole below 2.5%

powders. The effective



fractional shrinkage and 42 Kcal/mole above 2.5%. These results give
fairly good agreement with the effective activation energies of 83+10
and 38+3 Kcal/mole, respectively, obtained by Young and Cut:lerl%’1 who
used an Arrhenius -~ type plot. The two effective activation energies
calculated for the submicron size powders are 44 and 30 Kcal/mole with
the break point at approximately 27 fracticnal shrinkage. Green density
did not affect the sintering law or the effective activation energy as
seen in Fig. 22. A decrease in green density, from 38 to 32% theoreti-
cal density, only led to progressively reduced rates of sintering.

Data obtained from Figs. 18, 19 and 20 are plotted in Figs. 23, 24,
and 25 respectively, as the log shrinkage at a given temperature vs. log
heating rate. 1In these. three 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 represént the transitions
between n ¥ 3 and n = 3. The transitions between regions are not as
apparent as the break points in slopes as seen in Fig. 22. However,
they are consistent with the observed variations in effective activation
energies over these ranges of temperature and shrinkage.

Because of the awbiguous nature of the lower portions of the
kinetics in Fig. 22, further analysis will comncentrate oﬁ the upper
regions of the curves.

The value 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 vy and Q in
~23

equation (11) were assigned the values 1,000 ergs/cmz and 10 cm35

respectively. The pavrticle sizes, v, were 0.1, 0.2, 0.3 and 2.5 microns
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for the W. R. Grace, General Electric, Union Carbide and Alcoa A-14
powders,irespectively, The calculated diffusion coefficients by using
equations (9) and (11) are shown in Fig. 26. Diffusion coefficients
given by other sources7°17'47°48“49 are also shown. The ng and Dv
values zre given on the same plot although they are nof directly com~
parable. The discrepancy in the bDb value calculated for Union Carﬁide
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 dif-
fusion 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 Kéal/mole that was observed by Chang49 in his deformation experiments.
However, the activation energy calculated for A-14 alumina is 165 Kcal/
mole assuming grain boundary diffusion. This could be attributed to the
lack of validity of equation (11) when applied to A-14 alumina powder.
In fact, the particle shape of A-14 alumina very much deviates from the
spherical shape assumed in using equation (11).

In studying the shape sensitivity of initial sintering, Bannisterlo
found that n may be affected as much by the contact geometry as by the
material transport mechanism. A value of n = 3 indicate eitﬁer volume
or grain boundary diffusion, depending on the geometry. For the pyramid-
pyramid and pyramid-plane geometries, a value of n = 3 indicates that the
rate controlling mechanism is volume diffusion. The factor K used in
equation (9) is the same as that in equation (10) except that the

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

numerical value in equation (10), the calculated volume diffusion
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coefficients for A-14 alumina is plotted in Fig. 26. This result gives
an activation energy of 150 Kcal/mole which is approximately the same as
previous values obtained by assuming a volume diffusionvmechanisme

| With the absence of further evidence, it appears that in the
initial stage sintering a grain boundary diffusion mechénism is respon-
sible for mass transport in submicron size Al O, powder andva volume

273

diffusion mechanism is responsible in Alcoa A-14 AlZO powder.

3
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C. Post Initial Stage Sintering

1. Densification Kinetics

Powder compacts of different green densities were heated at various
rates in the hot stage scanning electron microscope. In each ruam, the
specinen was first heated to 800°C and then the temperature was increas-
ed to 1700°C or higher at a controlled rate. The fractional shrinkage
was determined and the density was calculated by using equation (8).

The relative density value was obtained by dividing this calculated
value by the theoretical density value of 3.98. The change of density
and densification rate with témperature and time were correlated with
the microstructural evolution during the sintering process.

Figure 27 gives the change of relative density with temperature
for four different heating rates using compacts with a green density
of 407 of theoretical. Two runs were made for each heating rate in
order to generate more accurate experimental results. As indicated
by the curvéss the slower the heating rate used, the higher the density
at any given temperature. By measuring the tangent of the curve at
a given temperature and by utilizing the equation dT = adt, the densi-
fication rate,‘gg , can be determined for a particular temperature. The
results are presented in Figs. 28 and 29.

Figure 28 shows that the densification rate increases with
temperature to a maximum value and then decreases. The temperature at
which this maximum value occurs depends on the heating rate used. Ex-
amination of densification rate versus relative density curves in Fig.
29 reveals that the maximum value occurs at the same relative density,

about 0.74%, which is independent of heating rate and temperature. The
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difference in the values of the maximum densification rate for different
heating rates is attributed to the difference in temperatures at which
the maximum rate occurs, as illustréted in Fig. 28. 1In this svstem,
with a green density of 40% of theoretical, the critical density value,
i.e., the relative density at which the maximum densification rate
occurs, is approximately 73%. 1In a diffusion-controlled sintering
process, densification of a compact is accomplished by a transfer of
mass from grain boundaries to the surface of the pores due to a vacancy
concentration gradient. If the densification proceeds only by the re-
duction of poré size, with no change in the grain structure and pore
distribution, the densification rate should increase with increasing
temperature since the diffusion coefficient is an exponential function
of temperature. The occurrence of a maximum densification rate; there-
fore, indicates that there must be microstructural changes during the
densification process, which are vital to the densification rate.

These changes can be generally divided into three categories: (1)
evolution of grain structure, including changes of grain shape, size,
and distribution (2) evolution of a pore phase, including changes of
pore size, shape, and distribution, and (3) the change of the pore-grain
boundary geometry. The combined effect of the grain structure evolution
and the pore phase evolution on the densification rate will be discussed
later. At this point, it is assumed that the major cause for the occur-
rence of a maximum densification rate at a constant relative density,
independent of the heating rate used, is the distinct change of the pore
phase. Therefore, it is expected that the maximum densification rate

will shift to a dififerent value of relative density as the green deasity
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varies. A variation in green density will cause a change of parti:cle
packing, and as described in Section III-A, pore size and pore distribu-
tion are determined by the packing of particles in the powder compact.

Figure 21 shows the fractional shrinkage vs. temperature for three
different green density compacts heated at the same counstant hesating
rate. The coincidence of the curves up to 5% fractiénal shrinkage for
the 387 and 48%-of-theoretical-~density compacts indicates that the inter-
particle pores are the same in the green compacts. The deviation chser-
ved for the rest of the curves indicates that the inter-cluster and
inter-agglomerate pore sizes and distributions in these two compacts ara
different. The complete deviation of the curve for 327 green density
compact from the other two indicates that not only the inter—cluster
and inter-agglomerate pore phase but also the inter-particle pore rhase
is different. The results on the felative density vs. temperature and
the densification rate vs. relative density for these compacts are pre-
sented in Figs. 30 and 31. Figure 31 shows that the occurrence of the
maximum densification rate shifts toward a higher relative density value
as the green density of the compact increases. The corresponding values
of the relative density for the maximum densification rates are 681, 727,
and 78% for 327, 38% and 487 of theoretical density green compacts,
respectively. Because small pores disappear first, the largéf nunbar of
small pores in a high green density compact will, therefore, lead to a
higher density before the densification rate starts to decrease.

Figure 32 gives further confirwmation of the fact that the critical
density (1) is not affected by the heating rate used as long as the

green density is kept constant and (2) increases with increasing greaen
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density. In this study, the critical densities are 557, 67% and 70%
of theoretical for green compacts of 30%, 37.2% and 42.2% of theoretical,
respectively. However, the observed critical densities are lower than
would be anticipated from the results in Fig. 31. For example, the 42.2%
green density sample in Fig. 32 hés a lower critical densiﬁy value (70%)
than the 387 green density sample in Fig. 31 (72%). Although the absence
of Mg0O as a dopant is one difference between the samples used to generate
the results of Figs. 31 and 32, this is not considered to be the reason
for the above mentioned discrepancy and this point will be illustrated
in a later section. Instead, the lower critical density values are
attributed to the difference in the initial powder compaction. The
results presented in Fig. 31 were made with compacts which were iso-
statically pressed, while those presented in Fig. 32 were made with com-
pacts which were uniaxially pressed. Compacts pressed uniaxially result
in lower green density in the diametrical direction than in the pressing
direction. Therefore, the relative density values were determined from
a section of the sample with a lower green density than that of the over-
all specimen. This explains the discrepancy between Figs. 31 and 32.
Further evidence of the effect of the evolution of pore phase on
the densification rate can be obtalned by examining the development of
microstructure of compacts during sintering. Figure 33 consists of six
microphotographs which were taken from polished surfaces of fired com-
pacts. These 407% green density compacts were heated at a rate of 4.6°C/
min from 800°C until the desired densities were achieved and then they
were cooled by quenching. The number appearing on the upper left hand

corner of each photograph represents the value of relative deunsity. It
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is apparent that the average pore size increases and the number of pores
decreases as density increases. This can be explained in terms of the
existence of a bimodal or even trimodal pore size distribut;on in the
initisl powder compact, as described in Section II1-A. As sintering
proceeds, the pore size distribution will gradually shift to a large
pore size through the elimination and reduction in size of small pores.
This shift, of course, leads to larger average pofe size and a reduction.
in total number of pores as density increases. By examining the shape
and geometry of the large pores in the final microstructure (0.97) and by
tracing their history back to the low density microstructures, it
appears that these large pores result directly from the inter—agglomerate
pores in the green compact rather than as a result of pore growth. A
further study on the subject of pore growth will be presented later.
Figure 33 illustrates a transition region between 70% and 80%
relative density in terms of the uniformity of the distribution of inter—
particle and inter-cluster pores. (The inter-agglomerate pores are ez-
cluded from this observation since the high magnification (2000X) used
for these photographs allows coverage of only a few agglomerates.)
Microstructure developed at or below the relative density of 70%Z have a
fairly uniform distribution of pores since densification to this point
is due mainly to reduction in size and elimination of inter-particle
pores and reduction in size of inter-cluster pores. Microstructure
developed at or above the relative density of 807 do not have a uniform
distribution of pores. 1In this stage of sintering, deunsification
results mainly from a reduction in size of inter-cluster and inter-

agglomerate pores as well as the elimination of some inter~cluster porves.
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As described earlier, there is a size distribution for inter-~cluster
pores and therefore, after the elimination of small inter-cluster pores,
large inter—~cluster pores are left resulting in a non-uniform porosity
distribution,

The non-uniform distribution of pores, i.e., the local variation in
pore concentration, is usually more important than the range of pore
size as far as the rate of densification is concerned. This results from
the fact that pores in the porous region are restrained from shrinkage
by the dense vegion. Transfer of material from grain boundary to pores
leads to a normal tension on the boundary. This lower chemical poten-
tial gradient for diffusion restricts further mass transport. Relief of
these differential strains is necessary before densification can con-
tinue. It is supposed that this local wvariation in pore concentraticn and
the increase in average pore size are the reasons that the densification
rate becomes highly density dependent. The occurrence of the maxinum
densification rate at a relative density of 737% (Fig. 29) coincides with
the occurrence of a transition state (between relative densities of 70%
and 80% in Fig. 33) concerning uniformity of pore concentration.

In addition to the evolution of pores the evolutionvof grain
structure and pore-grain boundary geometry are also important to densi~
fication kinetics. Grain size is generally considered as a parameter
which characterizes the diffusion path length for mass transfer during
sintering. A change of grain size will change the rate of densification.
The site and size of a pore relative to the boundary network affects

both the distance for diffusion and the driving force for the process.



Scanning electron microphotographs taken from polished and
Subsequentiy etched surfaces of compacts which were heated at the same
rate of 4.6°C/min from a 407 green density to different densities are
shown in Fig. 34. 1In order to obtain more representative pictures,
only areas inside agglomerates were selected and, therefore, the pores
shown in these pictures include only inter-particle and inter-cluster
pores. Several features should be noted: (1) the grain (particle) size
increases as density increases and considerable grain growth has occurred
even at the very early stage of sintering; (2) all the pores either
intersect grain boundaries or are located in four grain co_rnérs9 de~
pending on the initial particle packing; (3) the shape of the grains
(particles) changes as sintering proceeds: initially, the particles
appear to be chain-like (Figs. 34B and C), then to be oblong.(Figg 34D),
and, finally, to be equiaxed (Figs. 34E, ¥, G and H); (4) the local
variation in pore concentration allows the growth of particles in the
dense reglon and results in a broader grain size distribution as com-
pared with that in the low density microstructures. In accordance with
the change of particle shape and pore conceniration as shown in Fig. 34,
a transition region occurs between relative densities of 707 to 757
which again agrees quite well with the density fouund for the occurrence
of the maximum densification rate.

A study of the heating rate effect on microstructural evolution
is required before any further quantitative analysis of the densifica-
tion kinetics is possible. Scanning electron micrographs of compacts
of the same relative density obtained by heating at rates of 1.1, 3.8,

8.6 and 13°C/min are shown in Figs. 35, 36 and 37 for the relative
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densities of 657, 77% and 95%, vrespectively. In Fig. 35, all grains
are chain-like and have the éame average size. In Fig. 36, all grains
are equiaxed and have the same average size. The change of grain shape
from chain-like to equiaxial is expected since the two corresponding
densivies (65%, 77%Z) are those which fall below and above the transi-
tion region as has been observed from the evelution of grain structure
shown in Fig. 34. However, as the coﬁpact density increases {(or the
temperature increases), the microstructure developed when using a high
heating rate (13.0°C/min) becomes different from thdse developed when
using lower heating rates. As seen in Fig. 37, for the microstructures
at a relative density of 95%, the average grain size in the compact
obtained by heating at 13°C/min (D) is larger than the average grain
size in those compacts obtained by using lower heating rates (4, B, C).
The early exposure to a high temperature (and consequently the rapid
elimination of the small pores) is assumed to be the cause for the
resulting larger grain size in the compact heated at 13°C/min. The
change in densification rate with changing grain size will be dis-
cusse& later,

A plot of grain size vs. density for compacts with green density
of 40% of theoretical and doped with 0.1 wtZ of MgO is shown in Fig. 38.
The grain size remains the same for a given density irrespective of the
heating rate. This relation indicates that, for this rauge of heating
rates (2.5° to 9.4°C/min), the evolution of microstructure is insensi-
tive to heating rate as long as the green density remains the same.
Figure 39 gives the results which were generated from compacts of three

different green densities (48%, 387 and 32% of theoretical) sintered at
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83—

the same heating rate (4.6°C/min). Previous measurements by Lay and
Greskovich23 using an isothermal sintering technique (1700° and 1740°C
for compacts of green densities of 30% and 50% of theoretical, respec@
tively) are also plotted in Fig. 39 to compare with the present results.
Agrezment is good until the»curves start to bend upward. This agree-~
ment further shows the grain size~density relationship is independent of
heating rate and temperature as long as the green density of the compacs
is kept constant. Figures 38 and 39 also illustrate that the grain sizz
and density are linearly related until a particular density is reached.
The density at which the linearity ends varies with green density. The
densities at the bending points are approximately 75% of theorerical

for the curve shown in Fig. 38 and 652, 757 and 78% for green densities
of 48%, 38% and 32% of theoretical, respectively, in Fig. 39. These
values are about the same values that Have been observed in Figs. 29 and
31 as the densities at which the maximum densification rate occurs.

The reciprocal of the slope of the straight lines in Figs. 38 and 39
represents an incremental decrease in fractional void volume with an
incremental increase in grain size. The decrease in void volume in the
straight line section of these curves results mainly from the elimina-
tion and reduction in the size of the small pores. After the critical
density is reached, local variation in pore concentration is developed
and, consequently, grain growth in denser regions is no longer retavded
by the presence of pores. This is the reason for the upward curve in
the relationship between grain size and relative density after the

critical density is reached.
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At a given density, the microstructural features (such as grain
size, pore size, pore shape, and pore-grain boundary geometry) are
assumed (based on the qualitative and quantitativevevidence presented)
to be fixed during the sintering‘process, independent of heating rate
used; The rate of the densification process can then be described by
the following empirical equation regardless of the detailed mechanisms

and the microstructural evolution with change of density.

9
g%‘: Kexgé; le.Pn (19)

where §%~and 0 are densification rate and fractional porosity (P = l-p)
at any temperature, respectively. Q is the apparent activation energy
for the densification process, n and K are constants, R is the gas
constant, k is the Boltzmann counstant, and T is the sintering tempera~'
ture (°K) at which g%Aand p are determined. Therefore a plot of ln(T%%)
vs. 1/T with relative density, £, kept constant should give a straight
line if the apparent activation energy does not change during the
densification process. This plot can be made by using the results which
were obtained with four heating rates as shown in Fig. 26. For any value
of relative density, there is a densification rate at each temperature.
In Fig. 40 four values of 1n T%%- (one for each heating fate) at four
temperatures are plotted from a velative density of 507 to 98%. For

o = 0.98 only three and two points, respectively, are shown because the

final densities achieved by using 13.0°C/min and 8.6°C/min heating rates

are below p = 0.97 and p = 0.98, respectively.
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The apparent activation energy calculated from the slopes give two
values. For densities below 55% of theoretical, the activation energy
is approximately 90 Kcal/mole, while for densities above 55% of theo-
retical, the activation energy is approximately 150 Kcal/mole. The low
value of 90 Kcal/mole is about the same value (93 Kcél/mole) determined
for the initial stage sintering. The high value of 150 Kcal/mole deter-
mined in the present work agrees very well with the values of 153 Kcal/
mole and 150 Kcal/mole reported by Coblel7 and Bruckgzz respectively.
The deviation of points with high heating rates at densities of 95.5%
and 977 can be explained in terms of the larger average grain size as
compared to those obtained at lower heating rates {gee Fig. 37).

The ohservation of a single valued apparent activation energy for
the whole densification process, except for the initial stage, suggests
that (1) a single diffusion mechanism or a combination of mechanisms with
the same activation energy predominates over the entire tem@erature
range; and that (2) surface diffusion and evaporation-condensation
mechanisms are primarily dependent rather than temperature dependent.
If surface diffusion and evaporation-condensation are primarily depend-~
ent on the firing temperature, then with the present CRH technique,
these mechanisms would cause different microstructural evelution in
compacts of the same relative density. For example, if a slow heating
rate 1s employed, the long timé at low temperatures will favor surface
diffusion. This changes the pore shape, which reduces the driving
force for densification and, therefore, reduces the densification rate.

However, this phenomenon is not observed in the present study as seen. in

Fig. 40.
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By assuming a volume diffusion mechanism and by assuming the
interior geometry of the compact to be represented by a system of uni-
form cylindrical pores situated on all the edges of polyhedra.of uniform

. 12 . . . .
size, Coble derived an equation to predict the time-dependence for
interrediate stage sintering. Based on his assumptions, the equation

is correct if it is presented in the form of

do NDvyﬂ
dc .3 (20)
17kT
Here §%°is the densification rate at absolute temperature T(°K), N is a

. 5 : ~
numerical factor”? having the value of 335, D is the volume diffusion
coefficient, vy is the surface energy,  is the volume of a vacancy, 1
is the edge length of the grain, and k is the Boltzmann constant. Since

Dv =FD0exp(« é%& and 1 ~ G, the equation becomes, after rearrangemenc,

§%~G3f ND_ Y
T constant ' : (21)
&P (= Ry

In order to check the applicability of Coble's equation to the
present results, simultaneoqs measurements of densification rate and
grain sizekG at their corresponding temperature were used. Usiag the
value of 150 Kcal/mole as the apparent activation energy Q, the values
for the left hand side of equation (21) wete calculated and plotted
agaiunst porosity in Fig. 41. As shown in.Figg 41, Coble's equation for
sintering kinetics hoids up to a density of 70% of theoretical {(30%
porosity). The linear relationship between porosities of 307 and 5%
can be explained by the interdependence of densification and grain

growth kinetics which will be discussed in the next section. Because
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~8G-

the occurrence of the breaking point (70% relative density in Fig. 41)
agrees well with the critical dénsity value observed in Fig. 23, the
inapplicability of Coble‘g equation can, therefore, be explained in
terms of the local variation in pore concentration. The reduction of
the total number of pores and the increase of the average pore siza
after the critical density is achieved were not taken into account in
Coble's equation. Figure 42 replots the data from Fig. 41 with the re-
sults for three different green density compacts. As illustrated, the
porosity~independent lines extend to different relative density values
as green density of the compact varies. They are 787, 72% and 63% for
green densities of 48%, 38% and 327 of theoretical, respectively. These
values agree well with their respective critical density values as
shown in Fig. 31

In Fig. 42, the difference in the intercept values for the different
green density compacts made from Union Carbide powders might be attribu-
ted to the difference in their microstfuctures, The ratio {(number of
grains between small pores/pore spacing) is assumed to be higher for
low green density compacts than for high green density compacts because
a higher total number of small pores are present in the high green
density compact. If the densification for this stage, stage II, resul:is
from shrinkage of small pores, then the ratio of effective diffusion path
length to the grain size is higher for low green density compact than for
high green density compact. Therefore, this will change the intercept
value if G is considered to be the grain size instead of the effective

diffusion path length.
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The values of the diffusion coéfficients Dv for compacts of
different green densities and powders are calculated from their stage
11 sintering kinetics using Coble's equation (with y = 1,000 erg/cm2
and §§ = 1.4 X 10“23Cm3 . These values are shown in Fig. 26 along with
previously reported values. The reason for the discrepancy observed
in diffusion coefficients is the same as that described for the dis-
crepancy in the intercept values in Fig. 42.

The activation energy calculated from these results, using Coble°s‘
equation is the same value, 150 Kcal/mole, determined iﬁ Fig. 42 for

shrinkage of pores.

2. Grain Growth Kinetics

Grain boundary migration occurs when a grain boundary is subjected
to a sufficiently high driving force. The resultant boundary migration:

will be such as to cause a reduction in the free energy of the system.

Boundary migration is a thermally activated process and hence the
rate at which a boundary migrates under the influence of a given driving
force is strongly temperature-dependent.

The relationship between the migration rate, V, and thé d:iving
force, P, for a hypothetically "pure material”\is generally given by
the equation |

V = MP | (22)
where M, the intrinsic mobility of a boundar§ in the pure méterial, is
of the form M = Moexp(~*§%) and Qb is the activation energy for grain
boundary selfhdiffusion,24 |

By making a number of assumptionsssl a theoretical expression for

the rate of grain growth in a polycrystalline material can be deduced
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from equation (22).

AMy
dG b
S 0 9
vory; G (23)
or in integral form
2 2
- = N 2’-
G G, 2AM Yyt o (24)

wrere G is the average grain diameter, G0 is the grain size at t = 0,
A is a geometrical constant, and Yo is the dinterfacial energy of the
grain boundary. |

Increasing the temperature should cause the rate to increase
according to the relatiounship

2 2 Q, |
G - Go = AMOYbexp(~ RT)t » (25)

In experimental work, it is common to obtain a series of isothermal
grain growth measurements at various temperatures and to plot log G vs.
log © by assuming Go is negligible. The resultant curves can usually

be represented by the empirical relationship,sz
m o S
G o= koexp( RT)t (26)

Equation 25 predicts that the exponent m = 2 and Q = @ In fact,

b’
values of my2 and Q>Qb are commonly found. These values may ocecur for
several reasons: (1) GO is not negligible when compared with G and (2)
a second phase (solid inclusions and pores) and/or solute impurities are
commonly present in polycrystalline materials.

Solute effects have been considered by Liucke and Detert53 and
Cahn¢26 These authors suggested that there are two types of boundary

migration. At low temperatures and with small driving forces, solute

atoms will be sufficiently bound to a grain boundarv so that the rate-
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determining factor for boundary migration will be the rate at vhich

solute can diffuse through the bulk lattice while 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 atmos-

.
ne

=1

pheres of solute atoms and migrate independent of the solute.
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 diffusion
of solute through the bulk lattice.

Gordons4 was able to show that the nature of the transition between
migration in the impurity-bound state to migration in the broken-away
state would depend on the magnitude of the driving force. For low
driving forces, such as in the grain growth, the transition between the
solute~dependent and solute-independent migration would be characterized
only by a change in slope of an Arvhenius plot of velocity versus
inverse temperature.

The effect of second phase inclusions on grain growth has been
discussed by BeckSS who points out two‘basic interaction mechanisms:
(1) At very small driving forces, the grain boundaries are pinned by
inclusions which must be dragged along if the bdundary is to migrate;
and (2). If the driving force for grain boundary migration exceeds the
pinning force exerted by the inclusions, then the boundar§ is pulled
free from the inclusions and passes through thé lattice without changing
the distribution of the inclusions. The temperature dependence of the
mobility of the boundary in the bypassing process (case 2) will be

sinilarly characterized by grain boundary self-diffusion as in the case
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of the broken-away solute-independent migration process. In the
sweeping of inclusions (case 1) material transport, either in the sur-
rounding matrix or in the inclusion-matrix interface, is required. The
activation energy observed for the grain growth would then depend on tha
possihlie rate controlling process iovolved. Since the sweeping of
inclusions is limited to low driving forces and the bypassing process
is only possible at high driving forces, a migration mode exists at
interuwediate driving forces where the transition from sweeping to bypass-
ing occurs.
56 . e e .
Zener 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.
, 57 . , .
Hillert™ found that if the second phase grows due to a diffusion
controlled mechanism the average grain size is predicted to increase as

¢ = ke 27)

Moreover, this derivation assumes a constant volume fraction of pinning
particles, and therefore, does not strictly apply to pores during
sintering.

Kingery and Francoi329 considered grain growth controlled by
migrating pores. Their assumptions were (1) the driving force is in-
versely proportional to the average grain size, (2) the grain boundary
migration rate is the same as the pore migration rate, (3) the pore
migration rate is inversely proportional to the pore size, and (4) the
pore size is proportional to the grain size. With these assumptions,

they found G?@t,
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Following the idea of pore migration along the grain boundary,
Nich01527 showed that the cubic law must be interpreted as being con-
troiled by wvapor transport through the pore with the pressure naintained
at 2y/r, where y is the surface temsion and r the pore radius. The
calculzted activation energy for grain growth is therefore the heat of
vaporization for the material. This theory predicts that the compact
should show a decrease in density during grain growth. This behavior
has been ohserved in the case of UO2 but apparently has not yet been
reported fof AlZOSG

Previous studies on the grain growth kinetics in Al compacts

0
2°3
] +
have concentrated on the 90-99 7 density range. A cubic growth law and

an activation energy of approximately 150 Kcal/mole were determined by

17,2122 Recently, Greskovich and Lay23

using MgO~doped A1203 compacts.
have studied the grain growth in very porous MgO-doped A1203 compacts.
The temperature dependence of the process was not determined since only
one temperature was used.

In the present work, a more extensive gstudy of grain growth kinetics

was made. Mg0 was added to the Al powders to prevent exaggerated

2%
grain growth. The amount of MgO added was 0.1 wt%Z which is eguivalent

to 1000 ppm MgO. Roy and C.o‘ble)8 found the solubility of Mgl in A1203

in vacuum was given by the equation
InX = 8.1 - 30,706/T (28)

where X = atomic fraction Mg/ (Mg + Al) and T = absolute tewperature.

Since this means a solubility of 680 ppm MgO in A1203 at 1750°C in

vacuum, the amount of Mgl used in the present work should result in the
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formation of a second phase. In order to study this prediction,
compacts doped with 0.1 wt% of Mg0 were sintered at 1750°C in Hy for 1
hour and in vacuum for 10 hours. Metallography established the presence
of second phase particles at the grain boundaries (See Fig. 43 A and B).
Figure 43C shows the EDAX analysis on one of the particles in which the
presence of Mg is confirmed by the peak furthest to the left iIn the
spectrum. The other two peaks show the presence of Al and Au which were
from the AlZOB and Au coating on the specimens, respectively. However,
the second phase particles were not found in low density or fine grained
compacts. This fact indicates that the distribution of second phase
particles has changed during the grain growth process. This change
further implies that the grain boundaries are pinned by the second phase
inclusions and consequently, the inclusions are dragged along with the
migrating boundaries. This effect is expected particularly in the later
stage of grain growth when the driving force is small. Once particle
dragging starts, the boundary collects practically all particlés in the
volume which it sweeps and, therefore, the region behind the boundary

is almost free of inclusions. Thus, particles collected in the bound-
aries coalesce movre rapidly than those in the grains. If a small grain
shrinks, all the particles collected in its boundary will cluster to-
gether and form one large particle as has been illustrated in Fig.

43A and B.

The functions of second phase inclusions in the sintering of A1203
powder can be understood by comparing the densification and grain growth

behavior of doped and undoped compacts. Figure 44 gives the relative

density vs. temperature plot for compacts with a 407% green density which
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Fig. 44. The relative density as a function of temperature for 0.1 wtZ MgO-doped
and undoped AlZO3 powder compacts heated at a rate of 4.6°C/min.
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were heated at 4.6°C/min. There is no effect on the densification
kinetics until the critical dénsity of 75% is reached. After the attain-
ment of the critical density, a deviation in the rate of densification
occurs between doped and undoped compacts. Comparison of the micyo-
structures for doped and undoped A1203 at differcut densities shows that
there is essentially no difference in grain size and pore distribution
for the compacts of 70% relative deunsity at 1450°C (¥Figs. 45A, B, C

and D). When thebdensity increases to a value above the critical density
(Figée 45E, ¥, G and H), the micvrostructures for doped and undoped com-
pacts become different. This can be understood by considering that the
driving force for grain boundary migration undergoes a transition from
bypassing to sweeping the inclusion particles, and this transitién
occurs at the critical aensitys Grains in the compacts with densities
below the critical density will have a large driving force for boundary
migratién and, therefore, the boundary bypasses the inclusions. As a
result, there is no effect of the Mg0 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 the grains. As has
been described (see Fig. 34), grain shape becomes equiaxed when the
density of compact is above the criticél 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 pinuning effect by the second phase particles while the béundaries

in the undoped compact will move at a high rate. This is illustrated in

Figs. 45G, H, and J. The high boundary migration rate in the undoped
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compact results in an exaggerated grain growth in which pores are
entrapped in the grains (see Fig. 45H).

In the present work, since a CRH technique was used, a modification
of equation (26) is needed in order to analyze the experimental results.

After differentiation at constant temperature, eguation (26) bacomes

m-1 dG Q
e m o o - —ten 2
¢ dt 1o exp ( RT ( ?)
' a6 .
or : {(m-1) 1In G + 1In a9t lnko BT (30)

M

From equation (30), a plot of 1In 46

dt at a specific grain size, G, vs.

%~gives a straight line of slope - %7 The activation energy for the
grain growth process, Q, can then be determined. Avlnwln plot'of grain
growth rate, %%, at a specific temperature vs. grain size, G, gives a
straight line of slope -{(w~1), thereby determining the growth law.
Figure 46 gives the results obtained from G. E. 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 Kecal/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 inclusion particles. This results in a temperature
dependence of the mobility of the boundary which is characteristic of
grain boundary self-diffusion. The activation energy of 95 Kcal/mole
observed indeed approximates the value of 93 Kcal/mole observed for the
initial stage sintering process in which a grain boundary diffusion

mechanism was assumed.
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Greskovick and Lay23 proposed a grain growth mechanism for very
porous A1203 compacts (which are equivalent to the compacts below the
critical density in the present 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. Therefore,
the grain growth mechanisms must involve the growth of a neck between
two particles (principally via surface diffusion) and the migrétion of
the boundary which may be followed by sphercidization of the remaining
single particles. If the boundary migration is controlled by the forma-
tion ofra neck, one should expect to find the same value of activation
energy for the simultaneous densification and grain growth whiéh occurs
during this interval (30 to 75% relative density). In contrast, this
study found an activation energy of 150 Kcal/mole for the densification
process 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 migration in which
boundaries always move toward their centers of curvature, strain-induced
boundary movement occurs in such a manner that the boundary may well

move away from its center of curvature. One of the interesting aspeétsSg
of strain-induced boundary migration is that the total surface energy of
the boundary may actually increase by an increase it its area. 1In

0,61

- . . . 6
addirion, It has been suggested by several investigators that the

rate of boundary migration can be affected by the vacancy concentration.
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The intrinsic mobility of a grain boundary is a function of the supply
of vacancies to a migrating boundary. This further supports the idea
that grain boundary migration may be independent of ncck formation.

The activation energy of 150 Kcal/mole for the later stage grain
growsly process égress well with the values of 153 Kcal/mole and 153.7
Kecal/mole obtained by Coble17 and Bruch,zz respectively, in high density
compacts using isothermal sintering techniques. This high value of
activation energy indicates that the boundary migration is (1) controlled
by the pores present in the microstructure and/or (2) controlled by the
solid inclusion particles.

A In~1n plet of growth rate vs. grain size at specific temperatures
is presented in Fig. 47. Solid circles in this figure represent a
transition region. Values of 2.5 and 3.2 for the exponent m in equation
(26) are determined for the region below and above the critical density,
respectively.

A plot of grain size vs. temperature for Union Carbide powder
compacts with green densities of 327, 38%, and 48% of theoretical,
heated at a rate of 4.6°C/min, is presented in Fig. 48. TUnlike the
observation by Br.’uch,'22 who found no effect of the green density on the
sintered grain size, the grain size in the present work has been foﬁnd
to increase as the green density increases at any temperature (Fig. 48).
Microstructures obtained for compacts with green densities of 32%, 38%
and 487 of theoretical heated at the rate of 4.6°C/min to 1640°C are
shown in Figs. 49A, B, and C, respectively. In these microstructures,
all pores are intergranﬁlar and the grain size varies with green denaity.

It is assumed that the difference in the microstructural development in
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this study from Bruch's work is attributed to the difference in
sintering atmosphere used. Iﬁ the present work, a vacuum atmosphere
was used while in Bruch's work a HZ atmosphere was used. In order to
understand the effect of firing atmosphere on the microstructural de-
velopment, compacts with different green densities (327, 38%Z,and 487
of theoretical) were rapidly brought to 1750°C in 10M6 torr vacuum and

0.8 atmosphere H,. and held for one hour and 10 hours (Figs. 50 and 51).

2
Examination of these microstructures reveals the following: (1)

Extensive pore~grain boundary separation was developed in the vacuum
sintered compacts with low green densities (32%, 38% of theoretical),
{(2) No effect of green density on the sintered grain sizevfor those

compacts sintered in H, atmosphere (further confirming the observations

2
by Bruch), (3) Although there is a variation in grain size with green
density for vacuum sintered compacts, this difference is not as notice~
able as that observed for compacts sintered with constant heating rate
(see Fig. 49), and (4) No effect of firing atmosphere on either the
densification or the grain growth was found for compacts of 487 green
density.

These observations can be best explained in terms of the mobility
of pores. 1t is supposed that pores are immobile in a vacuum atmos-

phere but wobile in H, atmosphere. Pore migration can be accomplished .

2 .
by mass transport processes (such as evaporatiocn-condensation, surface
diffusion, or volume diffusion) as a result of different in curvature
of the pore surfaces which is usually determined by the pore-boundary

geometry. Pore mobility might be expected to change with different

firing atmospheres since Yy (and the resulting dihedral angle)
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Tlg. 51. Optical micrographs of MgO-doped Al203 compacts of different
green densities after sintering at 17507C in vacuum and 1o for 10
hours., Vacuum: A (32%), C (38%), 1k (48%), and Hy: B (327),

d (387), 1 (48%).
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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 HZ sintering), the pores
will gradually become concentrated at boundary intersections and
coalesce into large pores as grain growth proceeds (see Figs. 508, D,
and F, and ¥igs. 51 B, D, and F). 1If 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 boundavry driving force and the boundary mobility. When
the compact 1is brought up rapidly to a high temperature, the large grain
boundary volocity (due to the large mobility term) allows the boundary
to overcome the forces exerted upon them by the small pores and, there-
fore, pore-grain boundary sepavation can occur {(see Figs. 50A, B, and
Figs. 51 A, B). 1In this situvation the boundary may bend around the pores
which results in the formation of a corrugated boundary. This effect
can be seen in Fig. 524 and B. When the MgO dopant is absent, the
velocity of the grain boundary also becones large {(due to the high driv-
ing force term) and, even at low tempervatures, the boundaries can over-
come 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 ocecur (see Tig. 45H). However, in the
constant rate of heating, the gradual temperature increase 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.
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Fig. 52. Optical micrographs showing corrvugated boundarvies
resulting from the pinning effect of pores for MgO-doped Aly0,
compacts of green densitles of (A) 327 and (B) 38% after sinter-
ing at 17507C in vacuum for 10 hours and one hours, respechively.
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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 den-
sity 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
the reduction in size of pore) it is not surprising‘that the activation
energies for densification and grain growth are bdth 150 Keal/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
grain growth kinetics of these compacts obey the same rate law which was
determined for compacts made of G. E. powder.

Figure 53 gives the results for compacts with green densities of
327%, 38%, and 48% of theoretical in the form of 1n Gmwl g%-vsu %'plot
in which m = 3 is used. It shows that the grain growth kinetiés above
their respective critical density values obey the same rate law as
determined from G. E. compacts aﬁd the activation energy is also the
same value. By using m = 2.5 in equation (29), Fig. 54 gives the
kinetics for the grain growth in cowmpacts of densities below their
respective critical density values. Again it shows the activation
energy (94 Keal/mole) is in good agreement with the value (95 Kcal/mole)
deternined for the G. E. compacts. The deviation in the intercept value
shown in Figs. 53 and 54 ds not veadily explainable. It might be caused
by the differgbce in the geometrical constant (as in equation' (35)) for

different green densiti

D

S .
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The values of m(2.5 and 3.2) found for the two stages of the grain
growth 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. Thercfore, the grain size distribution,
porosity distribution, pore shape, and pore size must all be considered
before any growth rate léw can be theoretically derived. Because the
exact morphology of any real system will be quite complex, the develop-
ment of a quantitative theory of the process is probably not possible.
3. Correlation

It has been found in the previous sections (IITA and B) that the
densificatién and the grain growth kinetics depend on the porosity of
the compact after the attainment of the critical density. The rate of
grain growth at a constant tempevature is controlled by changes in
volume fraction and size of pores (i.e. densification) and, in turn, the
rate of these porosity changes is determined by the grain growth rate,
since the rate of vacancy flow is, in part, governed by the grain size.
The exact rate laws for both processes and their interdependence rely
on the mathematical solution of the diffusion process. For densifica-
tion, this involves a precise calculation of the time~dependent flow of
atoms to pores from adjacent grain boundaries. Therefore, the pore-
grain boundary geometry and the local values of the driving forces have
to be known. For grain growth, the driving force for the boundary mi-
gration, and its dependence on the size and the shape of pores and
grains, has to be calculated. Since geometrical changes involved in the

sintering process are enormously complicated, the theorctical
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formulation of the rate laws in terms of specific values of processing.
paraneters, such as the sintering time and temperature, is virtually
impossible.

However, the mic;ogtructural features which govern the mass
transport rate are 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 kinetics in terms of porosity and grain size.
This relationship abqve the critical density can be obtained from the
empirical equations which were formulated in the preceding sections

from the densification and the grain growth processes.

For densification dp _ g;gzzﬁzégi) pn : (19
dt T
: ' . Q
For grain growth Gmﬁl %%,: §M§§E§%~§EQ~ (31)

It has been observed that the temperature dependences of thesé two
processes are charvacterized by the same value of activation'energy

(150 Kecal/mole) after the critical density is reached; Thus, after -
combination of equations (19) and (31), and rearrangement, the relation-
ship between grain size and porosity is:

m “?lwn

G = K (32)

. . . P . k I-n
This equation predicts a straight line with a slope of —5—~ in a plot of

in G vs. 1nP.

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

. : dp s .
lines from a plot of InT q%*vs, InP at specific temperatures according
dt :

to equation (19). Results generated from constant rate of heating and
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isothermal treatment for G. E. compacts are presented in Fig. 55. The
isothermal densification data were obtained by heating the compacts at a
rate of 13°C/min to tem?eratures (1350, 1450, and 1550°C) and holding at
respective temperatures for 100 minutes (see Fig. 56). Figure 55 shows,
in accordance with the porosity change of the compact, the densification
precess can be divided into three stages in addition to the initial
density change from 40%Z to 507 of theoretical. The slope, n, of the
straight lines for the fractional porosity range of 25 to 5% is deter-
mined to be 2.5. Using n = 2.5 and m = 3 in equation (32), a plot of
InG vs. 1nP should give a straight line with a slope of - 1/2. 1Indeed,
as seen in Fig. 57, the results for G. E. aoﬁpacts shows a straight line
with a slope of - 1/2. This grain size- pofosity relationship explains
the linear relatioﬁship observed between porosities of 30% and 57 in Fig.
41. |

The time dependence of the densification process for compacts made
of Union Carbide powder with various green densities and for MgO-doped
and undoped compacts were obtained by plotting In T<%% !/ exn{- é%) Vs,
1nP according to equation (19), using Q = 150 Kcal/mole. The results
are presented im Fig. 58 and 59. As shown in Fig. 38, a value of n =
3.25 was calculated 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 and ~0.5 for the In G vs. 1InP plots for 327 and 387 green

densities and 487 green density, respectively (Fig. 60).
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A more general form of equation (19) can be deduced by

integrating at constant temperature. The equatrion is

R T T '
- = == = K Vexp (- »M)} {(t=t.) . . (33)
ph P§ i K ' .

where P is the fractional porosity after sintering; t is the sintering
time, Pi and tj are the porosity and time at the beginning of each of
the stages, T is the isothermal sintering temperature, N and K are
constants 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

.15 A o R . , . .
Kuczynski who. 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 pofé_shape geometry (cylin-
drical and spherical) which can not properly represent the complex shape
of pores as they exist in a real powder. compact. 1In addition, the
assunption that there is always Ostwald riéening accompanying pore
shrinkage is not valid ip 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.

, . ; . R . 17
Equation {(33) has been tested by using data of Coble, and
18 22 . , .

Jorgensen, and Bruch. Logarithmic plots of their data have been
made and are shown in Figs. 61-64. Lines with slopes equal to one
have been drawn for each set of data. This indicates that the time
dependence of the sintering process as deduced from the present non-

isothermal study can describe the behavior of the process under
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isotharmal sintering.

Since equation (19) has the same form as equation (9), a

relationship between porosity and heating rate at specific temperatures

can then be deduced by following the same procedure as has been done
for the derivation of equation (16). The results obtained from G. E.
compacts with four heating rates are presented in Fig. 65 in the form

of 1InP vs. 1n heating rate. The results indicate that the sintering

process can be divided into four stages in accordance with the change of

compact porosity.



-131-

00 T I e R N L e
- - " STAGET.

oy

Te1360%c 13801450 ]
1960 STAGE I _

STAGE TI

1640 ' -

2 1670

Al,03 DOPED WITH
0.1 WT. % MgO
GREEN DENSITY: 40% o,

INITIAL PARTICLE SIZE~O2um

AN | R |
| 0 D ’ 100

HEATING RATE (T /min)

- XBL 7687343

Fig. 65. Effect of heating rate on porosity change at a specific
temperature for -post initial stage CRH sintering of MgO-doped

G. E. A1203 powder compacts.



-132-

IV. CONCLUSIOXN
Utilizing a coustant heating rate technique, densification and
grain growth processes for A1203 powder, compacts from the green state to
nearly theoretical density have been studied. Analysis of the densifi-

cation process for MgO-doped AIZO has shown that the process can be

3
divided dinto four stages in accordance with the porosity changes.

In the initial stage, there is essentially no grain growth and the
activation energy obtaingd for the sintering of submicron particles is
about 90 Kecal/mole. Assuming the validity of current models, the
kinetics of sintering in this stage is controlled by grain boundary
diffusion, | |

The second stage is accompanied by grain growth which is linearly
dependent on density. The activation energies for densification and’
grain growth are 150 Kcal/mole and 95 Kcal/mole, respectively. In
this stage there is no effect of MgO dopant on either the densification
or grain growth kinetics. The temperature dependence of the grain
boundary mobility is characterized by boundary self-diffusion. This
stage terminates at a critical density which is strongly dependent on
the green density. Critical density, iQe«, the density at which the
maximum densification rate 6ccurs, was correlated with a transition in
the microstructural evolution.

In the third stage, the total number of pores decreases and the
average pore size increases due to the elimination of small pores. In
contrast to the previous stage, the densification rate is highly porosity
(density) dependent as a result of the local variations in pore concen-

tration. The densification kinetics and the graim growth kinetics were
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found to be interdependent and chavacterized by the same activation
energy {150 Kcal/mole).

In the final stage, the densification process is essentially the.
shrinkage of closed pores. Microstructural observations indicate there
is no characteristic geometry for pore shapes and the densification rate
is stfongly dependent upon the particle packing in the green compact.
During the last two stages, the grain growth rate is limited by the size
and the’volume fraction of”pofgs in accordance with Zener's criterion.
Coalescence of pores was not obseyved during sintering due to the low

mobility of pores in a vacuum environment.
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