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Abstract

The sintering of zinc oxide power compacts has been investigated at constant
rates of heating of 0.5 - 15°C/min. For samples with the same initial
relative density (0.50), the temperature derivative of the densification
strain versus density fits a common curve. At low temperatures the
densification rate as a function of temperature increases almost linearly
with the heating rate. The data, covering a wide density range of 0.5 - 0.98,
are consistent with an analysis that accounts for the coarsening (defined

as an increase in the mean pore separation) in terms of two classes of
microstructural coarsening processes: those associated respectively with

densifying and with non-densifying mechanisms.



I. INTRODUCTION

An important processing goal for technical ceramics is obtaining a uniform
microstructure, at high density with desired grain size. To obtain this goal
a range of experimental techniques, such as hot pressing or varying the time-
temperature schedule of the sintering process, are available. In this paper
the effects of particular time-temperature schedules, constant heating rate
sintering, are examined. Such non-isothermal processing steps are quite
important since they occur, to vafying degrees of approximation, in all
sintering processes. Even the so-called isothermal sintering has a heat-up
period in which considerable microstructural development and densification can
occur; frequently, more than half of the possible densification of a ceramic
compact is reached at the end of this heat-up phase, regardless of how rapidly
it is executed. 1In several instances, very rapid heating, also called fast
firing, has produced beneficial effects in maintaining relatively fine

microstructures at high sintered densities. The heating rate is thus an
intrinsic part of sintering, either used as a parameter to influence the

course of microstructural evolution or as a contribution to the starting

conditions for conventional, constant-temperature processing.

Much work on the effect of heating rate on sintering was conducted fifteen

to twenty years ago. Typically, data for the initial stage sinteriﬁg of
amorphous or polycrystalline powder compacts were correlated with data obtained
under isothermal sintering conditions. Only limited success was achieved for
polycrystalline systems. This was primarily due to the difficulties in
analyzing sintering data when several transport mechanisms were active
simultaneously. Cutler3 studied the initial sintering of spherical glass
powder compacts at constant rates of heating from 0.4-2.9°C/min and compared
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the data with the predictions of Frenkel’s model.a Good agreement between
theory and experiment was obtained if the viscosity of the glass was
described by a thermally activated process with a fixed activation energy.
The initial stage sintering of polycrystalline powder compacts has been
studied by Young and Cutler5 who analyzed their data in terms of an equation
developed by Johnson6 for the sintering of two spherical particles by
simultaneous volume, grain-boundary, and surface diffusion. Young and Cutler
suggested that, in constant heating rate experiments, there may be distinct
femperature regions in which grain-boundary or volume diffusion may dominate
over surface diffusion. This behavior was, however, not readily apparent from
the data. Woolfrey and Bannister7 formulated techniques for analyzing the
initial stage shrinkage during constant heating rate sintering and concluded
that, in principle, their techniques permit the determination of all Ehe
sintering parameters normally obtained from isothermal sintering data. Data
for the rate law, diffusion coefficient, and activation energy obtained from
constant heating rate and isothermal sintering of UO2 and ThO2 showed good
agreement. Woolfrey and Bannister’s results might be considered to be
fortuitous since, as in the work of Young and Cutler,5 a central issue, i.e.
the simultaneous occurrence of more than one sintering mechanism was not
addressed.

Recently, Lange8 studied the sintering of Al 03 powder compacts with the same

2
initial density at constant rates of heating of 2.5-20°C/min up. to 1500°C. For
each heating rate, the shrinkage strain rate increased to a maximum and then
decreased. The maximum densification strain rate occurred at approximately the
same relative density of 0.77 for each heating rate. Lange suggested that
sintering kinetics dominated the densification process up to a relative
density of 0.77 after which coarsening kinetics dominated. In contrast to the

earlier work discussed abo#e that studied the initial stage of sintering only,
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the data of Lange covered almost the entire densification process. It is
interesting to note here that the maximum densification rate occurred at
densities where under isothermal conditions logarithmic densification is

observed.

It is frequently documented and generally acéepted that the critical issue in
microstructure development is the interplay between densification and
coarsening. Usually coarsening is described by the evolution of grain size.
While for dense materials this is undoubtedly the feature of importance,
model-based descriptions of densification rates must be based on the mean
interpore separation. A convenient assumption is to put the grain size about
equal to the pore separation, but a microstructural examination of most
partly-sintered compacts reveals that this is not a very accurate assumption.
With respect to the densification rates, it is proposed that the relevant
coarsening parameter is the increase in the mean pore-separation, X. With
this definition, and with a distribution of pore sizes in a given matrix, two
classes of processes can be recognized as contributing to cbarsening: non-
densifying processes, such as ones governed by surface diffusion and
evaporation/ condensation, and densifying process, such as the ones brought
about by the disappearance of the smaller pores in the distribution as a
consequence of densification. It must then be expected, if the temperature
dependence of these two classes of coarsening mechanisms are considered, that
at least two different activation energies should be needed to describe the
temperature dependence of coarsening. One objective of the paper is to show
the influence of the heating rate under conditions where the two coarsening

processes are effective.

Earlier work by De Jonghe and coworkersg’lo indicated that ZnO0 and Cd0 can be
useful as model oxides for isothermal sintering studies. It should again be
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noted that logarithmic densification was obéerved up to at least .92 of the
theoretical density. It was found for these, as well as for a number of other
ceramics and glasses, that the ratio of the densification rate to the constant-
stress creep rate, from the onset of densification to sintered densities in
excess of 0.9 of theoretical remains constant. For ZnOlO, this constancy of
the ratio was also observed under conditions of a constant heating rate of
4°C/min. Subsequent.experiments following the same procedures with heating
rates of 2°C/min and 8°C/min also showed a constant ratio of the densifi-
cation rate to the constant stress creep rate (Fig. 1). This leads to the
conclusion that the sintering stress, which is related to this ratio, is
likely to be constant under similar conditions. The present paper examines
the non-isothermal densification behavior of Zn0 powder compacts at constant
heating rates between 0.5 and 15°C/min. All compacts had the same initial
dehsity of 0.50+0.01 of theoretical, and the experiments were terminated at
1100°C when the sample reached relative densities in excess of 0.96 of
theoretical. The analysis, using relatively simple and model unspecific rate
expressions, predicts qualitacivély the major effects of the densification
behavior, such as the insensitivity of both the densification strain and the
temperature derivative of the densification strain to the heating rate. In
addition, the analysis shows the need to include separate coarsening processes
with different activation energies to account for the data obtained at various

heating rates.
II. EXPERIMENTAL PROCEDURE

Zn0 powder compacts (6mm diameter by 6mm) of the same initial density (0.50
*+ 0.01 of theoretical) were made by uniaxial compression of the powder
at ~20 MPa in a tungsten carbide die. Constant heating rate sintering was

performed in a dilatometer at five imposed heating rates ranging from 0.5 to
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15°C/min. The same procedure was used in all sintering runs; the sample was
heated at 10°C/min from room temperature to 500°C (below which temperature no
densification could be detected) followed by a controlled heating rate to
1100°C, after which the sample was cooled rapidly. The shrinkage of a standard
quartz sample was measured under identical conditions in order to correct for
differences in shrinkage between the dilatometer* push rod and the sample
holder. The density of the ZnO sample was determined from its initial density
and the measured shrinkage. The microstructure of selected samples was observed

by scanning electron microscopy of fracture surfaces.

ITI. RESULTS

Figure 2 shows results for the relative density, p, vs. temperature, T. For
sampies with the same green density of 0.50 + 0.01 and sintered at constant
rates of heating ranging from 0.5 to 15°C/min. The data for any heating

rate are reproducible to within +1%. The curves have the familiar sigmoidal
shape and, generally, are shifted to higher temperatures with increasing heating
rate; the final densities are high (0.96-0.§8). It can be noted that the
achieved sintered densities at any temperature showed a systematic, although not

very pronounced dependency on the heating rates.

The temperatures derivative of the densification strain, (1/p)dp/dT, is
plotted in Fig. 3 as a function of temperature for the different heating rates.
Each curve increases to a maximum and then decreases; the maximum.shifts
slightly but systematically to higher temperatures as the heating rate

increases.

*Harrop Industrieé, Inc., Columbus, OH

7
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Figure 4 shows the data for (1/p)dp/dT plotted as a function of p. The data
fit a common curve for the relatively wide range of heating rates used. Much
higher heating rates could not be used with the existing equipment; in addition,
higher heating rates can be expected to lead to problems with thermal gradients
in the sample. Much lower heating rates are very time-consuming and difficult

to control accurately.

Figure 5 shows the data for the densification strain rate, (1/p)dp/dt, plotted
as a function of temperature for the heating rates used. The maximum of the
curves shifts slightly to higher temperature with increasing heating rate.
Above ~700°C the densification strain rate at a fixed temperature increases
approximately linearly with heating rate; however, below this temperature the_
increase in densification rate is lower. It can also be noted that in the
early stages of sintering (~550°C) the densification strain rate is not
independent of heating rate; moreover, if the curves are extrapolated to 500°C
(at which temperature measurable shrinkage begins) they do not converge to a

single densification strain rate.

Scanning electron micrographs of fracture surfaces of samples sintered at
constant heating rates of 15°C/min (referred to as sample A) and 0.5°C/min
(sample B) are shown in Fig. 6(a) and (b), respectively; both samples were
heated to 1100°C and then cooled. Sample A shows a uniform, equiaxed
microstructure with an average grain size of 4um. The grain size of the Zn0
star;ing powder was 0.1-0.4 um.. The microstructure of sample B is less
uniform and there appears to be appreciable trans-granular fracture; the

average grain size of the sample is ~10 um.



IV. DISCUSSION
Model -

A striking feature of the data is that the temperature derivative of the
densification strain, (1/p)dp/dT, plotted as a function of density,

Fig. 4, fits a common curve for the wide range of heating rates used (Fig. 4).
Similar data have been obtained recently by Lange8 for AléO3 powders. The
A1203 data also showed that the shrinkage strain rate increased to a maximum
at p = 0.77 and then decreased, from which Lange concluded that the sintering
kinetics controlled densification below p = 0.77 after which coarsening
kinetics dominated. As seen from Fig. 4, the present data for Zn0 do not show

a sharp maximum at p = 0.77; instead a relatively constant, plateau region

between p values of 0.60 and 0.80 is observed.

As a first step in the analysis, it is instructive to determine how well the
present Zn0 data can be explained by existing sintering models. Rahaman and
De Jonghe9 showed that the densification strain rate of the same Zn0O powder
under isothermal conditions followed a relationship based on a Nabarro-Herring

11,12

model for volume-diffusion controlled densification strain rate, e,

i.e.,
. 3/2 2
e = (1/p) dp/dt=H D Z ¢/ 7/ (X"KT) Eqn. 1*
where p is the instantaneous density, H is a geometrical factor, D is the
volume diffusion coefficient, I is the sintering stresslB, ¢ is the stress
*
In previous publications the sintering stress was either denoted as % or as

2/¢; for uniformity the symbol T is now adopted for the sintering stress.
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intensification factor , X is an average interpore distance, k is the

Boltzmann factor, and T is the absolute temperature. The sintering stress, Z,
. . 14 . . . 415
has also been referred to as the sintering force™ , the sintering potential ~,

: ; 16 . .
or the sintering pressure. The mean boundary stress for free sintering is

Z¢. The term ¢ is of geometrical origin17’18

factor introduced by DeHofflg.

, and is akin to the efficiency

Equation 1 is generally held to describe adequately only the early stages of
sintering, but recent work by Chu et al.lo, using the same Zn0 powder, has
indicated that it is applicable over a much wider range of sintered densities:
from the onset of densification to as high as 0.92 of theoretical density.
Within the same range, it could be inferred from the constancy of the
densification rate over the constant-stress creep rate that the sintering
stress, X, was nearly constant for any given specimen, even under conditions
of constant heating ratelo. Thus, the sintering stress in Eqn. 1 may be

regarded, with some confidence, as a constant when interpreting the data.

If the sintering stress is constant, then the only terms in Eqn. 1 that can
explain the change in the densification strain rate are the microstructural
terms, X, the average interpore spacing; and the scale insensitive factor, ¢.
In general the assumption is made that if a pore is present on each corner of
the grain then the pore spacing is approximately equivalent to the grain size.
Therefore the grain size is frequently substituted for X. For simplicity a
microstructural factor, M, including both X and ¢ will be used, to describe

the combined effects of X and ¢.

The general observation of logarithmic densification during isothermal

sintering is
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p « t Eqn. 2
where p is the instantaneous density, t is the time, or the equivalent
Ae « log(t) Eqn. 3
and A¢ is the densification strain
This well-documented experimental observation requires that
€ x 1/t Eqn. &4

For Eqn. 1 to conform to the commonly observed isothermal logarithmic

densification the microstructural factor M must therefore be in the form of
M =M + C.t Egn. 5

where Mo is the initial microstructural pore spacing, n is an integer that
depends on the transport mechanism, and C is a constant, in view of the

. n
constancy of =, H, and D at constant T. Note that the expression for M (t),

Eqn. 5, has the same format as the usual grain-growth relationships.

Under non-isothermal conditions, Eqn. 1 can still be used if it is modified to
take into account the temperature dependence of the coarsening factor, M(T,t),

and of the diffusion coefficient, D:

¢ = [1/p]dp/dt = K D(T) /[ M™(T,t)] kT Eqn. 6

where K = H £ and M* = x%/g(7+1)/2

11

(n depends on the transport mechanism). It will



assumed, as discussed before, that £ is a constant, so that K is also a
constant. D(T) is the diffusion coefficient for the densifying transport -

mechanism:
D(T) = D° exp(-Qd/kT) Eqn. 7

where Do is a constant and Qd is the activation energy associated with
densification. Equation 5 may be rewritten as

M" - Mon + C(T).t Eqn.8

where Mo’ is the initial microstructural parameter at t=t°, and C(T)t is the

coarsening function, with
C(T) = Coexp(-Qc/kT) Eqn. 9
Co is a constant, and Qc is the activation energy associated with coarsening.

At high density, when the stress intensification factor ¢ approaches 1, M
becomes equivalent to the pore spacing, X. At lower densities, however,

M = X/45(n+1)/2n

, becomes significantly smaller than the mean pore spacing.

In any system the mean pore spacing will increase when a pore disappears. The
removal of a pore can be accomplished by either densifying mechanisms, or by
non-densifying mechanisms. These two processes are distinct and are likely

to have different activation energies and different relative importance at
different sintering stages. Processes with low activation energies must
dominate at the low temperatures and conversely processes with high activation

energies will be dominant at the higher temperatures. Since constant heating

rate experiments sample a wide temperature range the coarsening function will

12



be more appropriately described by including two temperature dependent
components:one relating to densifying processes, and the other relating to
non-densifying processes. Eqn. 8 is therefore rewritten as

Mt - MO“ + A(T).t + B(T).t Eqn. 10

A(T)t is associated with densifying mechanisms,

A(T) = Aoexp(-Qd/kT) Eqn. 11

where Ao is a constant, while B(T)t is associated with non-densifying

mechanisms,

B(T) = Boexp(-Qnd/kT) Eqn. 12

where Bo is a constant, Qnd is the activation energy associated with the
non-densifying processes, and n is characteristic of the transport

mechanism. In principle, more than one term of this type would need to be
included; for the present, however, only one dominant term for non-densifying

mechanisms will be considered sufficient.

The expression of Eqn. 10 rests on the assumption that coarsening rates are
simply additive; it is, at present, not based on a detailed micromechanistic
analysis of the transport processes involved but has the merit of conforming,
under isothermal conditions, to the form of the usual coarsening expression.
Eqn. 10 also asumes that the effects of the various transport mechanisms

on coarsening are simpply additive. Clearly, this assertion will require
further study. For now, it is examined how well the expression serves in
analyzing the data. Eqn. 10 expresses clearly the dependence of the coarsening

13



on the two different classes of transport processes. The constants Ao and

Bo will determine the relative importance of the two processes. Typically,

it should be expected that an activation energy for non-densifying coarsening,
Qnd’ would be significantly lower than Qd’ when these processes involve
surface transport in a continuous pore network. A general statement can,

however, not be made, and actual values are likely to be system specific.

For non-isothermal conditions, where the temperature changes with time, as in

the case of constant heating rate experiments, Eqn. 10 can be written as

n

t t
Mn(T,t)- Mo + Aofo exp(-Qd/kT)dt + Bofo exp(-Qnd/kT)dt Eqn. 13

In- constant heating rate experiments, for which T = To + at, with a as the
heating rate, the increment of time, dt, is related to the temperature

increment, dT through a, i.e.
dt = dT/a Eqn. 14

Then Eqn. 13 becomes

n n T T
MA(T,€) =M = + (A /a)f Toexp[-Qd/(kT)]dT + (B /a)f Toexp[-Qnd/(kT)]dT Eqn. 15
Limiting cases of no coarsening and extreme coarsening

a. no coarsening

The limiting cases, of extreme coarsening and no coarsening, can be examined
using Eqns. 6 and 15. First, consider the case where little or no coarsening
is observed, M = Mo, so ¢ is independent of a, then upon integration, at a

given temperature, T = To + at:

14



Ae = [edt Eqn. 16
t
(o]
or
T
be = (1/a)[edT Eqn. 17
T .
(o]

so the incremental densification strain at a fixed temperature is inversely
proportional to the heating rate. This means that at a given temperature, T,
the density of the sample with the slower heating rate will be higher than for

the sample with a faster heating rate.

b. extreme coarsening

In the other extreme, where significant coarsening -has occurred:
n A
M << Aof exp(-Q,/kT)dt + Bof exp(-Q_,/kT)dt Eqn. 18

Now Eqn. 6 can be written as

€ = a[K.D(T)]/[Aof(exp(-Qd/kT))dT + Bof(exp(-Qnd/kT))dT] Eqn. 19

here ¢ at a given temperature depends both on that temperature and the heating
rate, a. Upon integration, Ae, at a given temperature is seen to be independent

of the heating rate and depends only on the temperature.

It can be noted that the precise form of the coarsening relationship is
actually not important in obtaining the dependence of the sintered strain
increment Ae¢ on the heating rate for constant heating rate sintering. For

n . . .
M >> Mo, M~ can be expressed in a general form, conforming to logarithmic

15



densification, as
M® « [ £(T)dt Eqn. 20

and the same conclusions would follow: when M >> Mo, the densification strain
is only dependent on the temperature and is independent of the heating rate,
a. This is simply a consequence of the system following isothermal
logarithmic densification kinetics, when C in Eqn. 8 is some function of

temperature only.

More generally, if the coarsening relationship, for constant heating rate o
Eqn. 15 would be approximated by

M® = o UE(T) Eqn. 21

the densification strain rate, ¢, becomes:
. u )
€ = a F(T) Eqn. 22

The parameter u ranges from O for‘very fast heating rates (M = Mo) to 1 for
very slow heating rates (M >>> MO). Numerical calculations, using some
reasonable values for the various activation energies, readily show that Eqn.
22 is an.adequate approximation of Eqns. 6 and 13, with a maximum error of
about 20 percent, within about one decade of heating rates. In other words,
extrapolations ranging over about one decade of heating rates around a
particular heating rate experiment may be made with u constant, when u has

been determined for that heating rate.

From Eqn. 22 it follows immediately for the temperature derivative of the

16



densification strain, de/dT, that

de/dT = % 1F(T) Eqn. 23

and for the incremental densification strain, Ae, that
u-1
Ae = o [F(T)dT Eqn. 24

so that a plot of the temperature derivative of the densification strain,
de/dT, versus the incrementél sintered density, Ap, will again be independent
. of the heating rate, at least over a range of heating rates of about one
decade, even if M >> Mo is not satisfied. 1In practice, since Eqn. 21 is
only an approximation, some dependence on the heating rate will remain. This

is quite consistent with the data shown in Fig. 4.
Coarsening versus non-coarsening

It is interesting to contrast the expected consequences of heating rate on
systems that do not coarsen (e.g. monosize particles) and systems that do
coarsen. As evident in Eqn. 17, when coarsening is absent or minimal then at
a specific temperature, the incremental strain, Ae, should depend inversely on
the heating rate. This has, in fact, been observed for a near monomodal

20

system of Ti0, by Barringer et al.” . The relationship is shown in Fig. 7, in

2
which some of the data obtained by Barringer et al. have been replotted to
show the incremental shrinkage as a function of heating rate, at a fixed
temperature of 1156 °C. At the highest shrinkage, at a Al/l° = 0.15, the
corresponding density is about 0.9 of theoretical, and little coarsening was
observed. For the present ZnO system, in which coarsening is significant, the

densification strain rate at a low temperature should be proportional to the

17



heating rate, as indicated by Eqn. 19. This behavior is shown in Fig: 8. For
higher heating rates, where coarsening is less pronounced, it is expected that
deviation from this relationship will be apparent.

In ultra-rapid firing or fast firing, where approximately constant high heating
rates are used and where the final density depends mostly on the temperature
reached, Johnson2 pointed out that this process is very effective for small
particle powders. Due to the high ratio of surface area to volume, coarsening
is increasingly difficult to suppress for compacts of particles with
decreasing average size, and it should be expected that for submicron, non-
monosized powders the condition M >> M° is likely to be established as soon as
densification is significant. As the discussion here indicates, under this
condition Ap just depends on the temperature and is independent of the heating
rate. This particular characteristic of fast firing, according to this
analysis, resides in the use of fine particles which coarsens easily rather

than in avoiding coarsening while dwelling at low temperatures.
Numerical calculations

The complexity of the expressions for the dependence of the densification
strain rate, ¢, on temperature, even in the experimental limits of low and
high temperature, precludes a straightforward extraction of meaningful
activation energies from the data. In the case of negligible coarsening, as
expected with large or monosize particles at high heating rates, it should be
observed that ¢ at a given temperature is independent of the heating rate. At
that point the activation energy for diffusional transport can be obtained
with some confidence from the low-temperature region of the constant heating
rate data. In other cases the qualitative profiles of the densification strain
rate versus temperature can be reproduced by numerically integrating Eqns. 6

18



and 15 and adjusting the values of the various constants.

Assuming only one coarsening process to be active, the one associated with
densifying processes and characterized by Qd’ Eqns. 6 and 15 will predict a
densification behavior as shown qualitatively in Fig. 9. This plot was
generated by using Qd = 50 kcal/mol, with values for the prefactors and

Mon such that M" at 600°C is equal to twice Mon. The densification

strain rate at heating rates of 10°C/min and 2°C/min will be initially
independent of the heating rate, a, as long as little coarsening has occurred.
When coarsening starts to become significant, the densification rate reaches

a maximum, and then decreases in spite of the increasing temperature.

The maximum densification strain rate increases with increasing heating rate.
On the one hand, it must be noted that computations assuming a single
activation energy for coarsening, Qc’ as in Eqn. 8, do not lead to a

maximum in the densification strain rate if Qd-Qc is larger than = 5kcal/mol.
If QC-Qd is larger than = S5kcal/mol, on the other hand, the densifiéation
strain rate decreases monotonically with increasing temperature, a behavior
that is cleafly contrary to normal sintering behavior. The profile of the
densification strain rate versus temperature for various conditions using a
single activation energy for coarsening is shown in Fig. 10. If the prefactor
C(T) in Eqn. 8 is chosen such that coarsening dominates at low temperatures,
with chQd then a large pore spacing would develop rapidly with increasing
temperature, causing a maximum in the densification rate close to the onset of
densification. The major feature of the ZnO data, Fig. 4 and Fig. 5, is that
the densification strain rates are proportional to the heating rate at the
onset of observable densification, while showing a clear maximum under
conditions where Eqns. 10 or 13 still should be valid. This behavior cannot
be described using only one activation energy for coarsening.
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A low temperature coarsening process, such as associated with a non-densifying
mechanism with an activation energy, Qnd’ lower than Qd’ as described in

Eqn. 15, must be included in the calculation to conform, even qualitatively,
to the experimental results. The calculated behavior, shown in Figure 11,
approximating well the observed densification behavior of ZnO under constant
heating rate, was generated using Qnd = 15 kcal/mol and Qd = 50 kcal/mol,

with the prefactors and Mon such that M" at 525°C is twice Mon.

It may therefore be concluded that the description of the coarsening process
in ZnO, under constant heating rate conditions is consistent with a
coarsening process, i.e., an evolution of the mean interpore spacing, that has
two components: a low tempefature one of low activation energy, operating
while the densification rate is very low, and thus associated with non-
densifying processes, and a coarsening mechanism operating at high
temperatures, with an activation energy comparable to that of densification
and therefore associated with densifying mechanisms. It is the latter that

causes the densification rate to decrease before the final density is reached.

While the experimental examinations are limited here to ZnO, it is plausible
that similar processés of coarsening, characterizable by contributions of
densifying and non-densifying processes in coarsening, may be recognized in

most real non-isothermal sintering of ceramic powder compacts.
SUMMARY

The significance of coarsening for sintering is best revealed when the process
is defined as an increase in the mean pore separation. Analysis of the

constant heating rate conditions can then be performed using a modified
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isothermal densification rate equation to account for the changes in the
microstructural spacing as a function of time and temperature. The
modification consists in recognizing that for a sample with a distribution of
pore sizes there are contributions of densifying and non-densifying processes

to coarsening.

For non-coarsening, where Mo = M(T,t), the modified rate equation

predicts that the densification strain rate is, at a given temperature
independent of the heating rate, a, and that the incremental strain, Ae, at a
given temperature is proportional to a-l. This result is corroborated by the

sintering behavior of monosized particles.

For significant coarsening, where M >> Mo, the modified rate equation
predicts the densification strain rate, at a given temperature to be propor-
tional to the heating rate, a, while the incremental strain, Ae, is only

dependent on the temperature.

The sintering of ZnO at various heating rates shows results consistent with
the case where coarsening is significant from the onset of sintering. The
densification strain rate behavior with respect to temperature is consistent
with a coarsening process characterized by two types of activation energies,
one attributed to densifying processes at higher temperatures and the other to

non-densifying processes at lower temperatures.
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Figures

Fig. 1. Axial strain versus radial strain for ZnO: 2°C/min (circle),

4°C/min (square), and 8°C/min (filled square).

Fig. 2. Relative density versus- temperature for ZnO powder compacts with the
same green density (0.50 * 0.01) and sintered at constant rates of heating

shown (in °C/min).

Fig. 3. Change in densification strain per unit change in temperature as a

function of temperature calculated from Fig. 1.

Fig. 4. Change in densification strain per unit change in temperature as a

function of density calculated from Fig. 1.

Fig. 5. Densification strain rate versus temperature calculated from Fig. 1.
Fig. 6. Scanning electron micrographs of fracture surfaces of samples
sintered to 1100°C at constant heating rates of (a) 15°C/min. and

(b) 0.5°C/min.

Fig. 7. Log of the heating rate-1 versus log of the incremental shrinkage at

a constant temperature of 1156°C 20.

Fig. 8. Densification strain rate versus heating rate, evaluated at 600°C.
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Fig. 9. Densification strain rate versus temperature calculated from Egqns. 6
and 15 with heating rates of 10°C/min and 2°C/min using the activation energy
of 50 kcal/mol for both densification and coarsening. Mon and prefactors were

chosen such that Mn = 2Mon

at 600°C for the heating rate at 2°C/min.

Fig. 10. Densification strain rate versus temperature calculated from Eqns. 6
and 15 with a heating rate of 4°C/min using an activation energy for
densification of 50 kcal/mol, and activation energies for coarsening of 50
kcal/mol, 45 kcal/mol, or 40 kcal/mol. Mon and prefactors were chosen such

n

that M" = 2Mo at 600°C for the activation energy of coarsening at 50

kcal/mol.

Fig. 11.- Densification strain rate versus temperature calculated from Eqns. 6
and 15 with heating rates of 10°C/min and 2°C/min using activation energies

for densification as 50 kcal/mol, and activation energies for coarsening as 50
n

kcal/mol and 15 kcal/nol. Mon and prefactors were chosen such that M" = 2Xo

at 525°C for the heating rate at 2°C/min.
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