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CREEP-SINTERING AND MICROSTRUCTURE DEVELOPMENT OF HETEROGENEQUS Mg0 COMPACTS

M. Lin, M. N. Rahaman™ and L. C. De Jonghe*
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

Abstract

Simultaneous creep and densification and the microsructure development
of magnesium oxide powder compacts were studied at 1250°C and for applied
stresses of up to 0.25 MPa. Die pressing the powder into compacts with a
relative green density of ~0.45 led to an approximately bimodal
distribution of pores, with one fraction having sizes of the order . of ten
times the (initial) particle size and the other fraction having pore sizes
of the order of the particle size. The presence of the large pores in turn
gave rise to rather unusual sintering effects. After first decreasing with
relative density, p, the densification rate, dp/dt, and the creep rate,
de/dt, then increased dramatically for 0.6<p > 0.75. This range of o
corresponded to the stage of microstructure development when grain growth
and pore coalescence of the smaller pores have created a more uniform pore
distribution. Abovep n 0.75, both dp/dt and de/dt again decreased with
p. These trends in the densification behaviour are discussed in terms of
material parameters such as the equilibrium dihedral angle and the pore
coordination number.

Presented in part at the Pacific Coast Regional Meeting, the American
Ceramic Society, October 1985 (Paper 14-B-85P). Supported by the Division
of Materials Science, Office of Basic Energy Sciences, U. S. Department of
Energy, under Contract No. DE-AC03-76SF00098.

*Member, The American Ceramic Society.



I. INTRODUCTION

Magnesium oxfde has been the subject of numerous studies on
densification behaviour, creep, and grain growth. Accokding]y, it was
considered a Qood model material for use in experiments involving the

loading dilatometer teehnique.l‘4

In this technique, the application of a
small, controlled, uniaxial stress to a sintering compact allows the
simultaneous creep and densification to be investigated. A key benefit is.
that the creep kinetics, can be separated from the vo]umetric densification

kinetics.

A brief summary of past work on the hot-pressing, creep, and
conventional sintering (i.e. withoﬁt externa], applied pressure) of Mg0 has
been provided by Vieira and Brook.? Basically, the kinetics of these
processes are dependent on a number of factors that include temperature,
applied stress, grain size, and purity. For powder having a purity of 99.8
- 99.9% Mg0, and a grain size less than 1ym,. the kinetics of conventional-
sintering between 1250 and 1650°C are believed to be controlled by lattice
‘ diffusion of the magnesium ion.5-8 The isothermal grain growth during
conventional sintering between 1450 and 1650°C has been found to obey a
quadratic growth 1aw; in which the square of the grain size is preportfonal

to time.7

The effects of grain growtﬁ on sintering and creep kinetics have been
considered in a number of models. The treatments predict that the
densification rate, dp/dt, and the creep rate, de/dt, have a functional
dependence on grain_siie, G, of the form G™™M, where m depends on the

mechanism of mass transport. In the conventional sintering of oxide



ceramics, these mechanisms are usually diffusional processes. The exponenf
m equals 3 for grain boundary diffusionl(cdb1e Creepg) and m equals 2 for_
lattice diffusion (Nabarro-Herring Creeplo’ 11X' Since grain growth causes
an increase in the diffusion paths, according to these kinetic models the
densification rate should decrease monotonical]y with time or density.

This type of behavior has generally been observed in numerous studies.

Lange12 has considered certain aspects of the interaction between
grain growth and densification from a predominantly thermodynamic-geometric
viewpoint,‘bui1ding on concepts first put forward by Kingery and
Francois.13 According to Kingery and Francois, only those pores wfth a
coordinaﬁion number, N, less than a critical value, No, are able to
disappear during sintering. The value of N. depends on the equilibrium
dihedral angle, O, and increases with®. Lange, argded that normal grain
growth can in certain respects be beneficial for sintering since it can
lead to a reduction in the pore coordination number. That is, if the rate
of grain growth exceeds thaf of pore growth, a time (or temperature) can be
found that would reduce the coordination number of pores with N>N. to a

value less than N..

Recently, De Jonghe et a114 have considered the densfficatiOn
behaviour of a system consisting of large pores in a fine-grained,
homogeneous matrix. They found that homogenization of the overall pore
microstructure was possible due to grain growth driven pore coalescence of
the finer pores, while the large pores grow less, thus lTeading to a more
homogeneous microstructure. Conditions on parameters such as the initial

grain size, the grain growth rate and the densification rate, were



~identified for which micostructural homogeneity can be achieved before the

end of the intermediate stage of sintering.

Hsueh and Evansl5 havevdeve1oped a viscoelastic model to descibe the
shrinkage rate of large pores in a fine-grained matrix, and have used it to
predict trends in the densification rates and the pore shrinkage rates. A
rapid rise in the densification rate is ekpected to occur when the pore
size (of the large pores) has shfunk to asize that is of the order of the
grain size, because of a substantial increase in the chemical potential

gradient,

In this study, the simultaneous creep and densificaton behaviour of Mg0

powder compacts was studied using a 1oading dilatometer at 1250°C under
applied stresses of up to 0.25 MPa. Initial experiments had shown that
die-pressing of the powder ‘as received' from the manufacturer resulted in
a green compact containing an appreciab]e‘fracton of large pores in a fine-
grained matrix. The effect of this green microstructure on the creep and
densification behaviour was investigated by correlating the microstruéture

development with the creep and densification kinetics.

IT. EXPERIMENTAL PROCEDURE

Magnesium oxide powder* was uniaxially pressed at 20 MPa into

cylindrical compacts (6vmm diameter by 5mm) with a green relative density

*Reagent Grade, J. T. Baker Chemical Co., Phillipsburg, N. J.
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of 0.45%0.01. These compacts were sintered in air, in a loading

1 capable of operating at temperatures up to 1400°C with applied

dilatometer
stresses of up to 0.25 MPa. After prelfminary experiments, an isothermal
sintering temperature of 1250°C was chosen since, at tﬁis temperature, an
appreciable change in density could be obtained within a convenient time of

%4 hours. Although the duration of most creep/sintering runs was ~4 hours,

a number of experiments were also conducted for times of up to 4 days.

In a typical experiment, the.Mgo compact was first placed in position
in the loading dilatometer, and after the furnace had reached the working
temperature, the sample was quickly introduced into the hot zone. When the

sample had reached the sintering temperature, the load was applied rapidly
(<5 sec.), and the axial shrinkage and temperature were recorded. The mass
and dimensions of the compacts were measured before and after they were
sintered, and the final density was measured using Archimedes' principle.
In a separate set of experiments, sintering was terminated after times
between 0 and 96 hours, and the dimensions of these compacts were measured

using a micrometer.

The fracture surfaces, and po]ished and etched surfaces of samples
sintered between 0 and 96 hr were examined using scanning electron
microscopy. The preparation of polished surfaces involved vacuum
impregnation with an epoxy resin, followed by polishing using diamond paste
and non-aqueous lubricants. After burning off the resin at q350°C, fhe

samples were thermally etched at 1200°C for 30 minutes. Average grain



sizes were measured by counting the number of grains traversed by straight
lines of known length. The average grain size was taken as 1.5 times the
average intercept length. The maximum estimated error in the average grain
size measurements is *15%. Equilibrium dihedral angles were obtained from
a po]ished'surface of a specimen sintered to a relative density of ~0.85.

About 100 measurements were made.

ITI.  RESULTS

Figure 1 shows the smoothed average curvés for the axial shrinkage,
aL/Lgs versus the 1ogarithm of time, log t, for applied loads between 0 and
6N at 1250°C (L, = initial sample length, 4L = L - Ly, where L =
instantaneous sample length). A load of 1IN represents a stress of 35 kPa
on the green compact and t = O represents the time at which the sample was
inserted into the furnacé. The sintering temperature was reached after t =
10 min. and the applied loads could be maintained to within £1%. Each curve
is the dverage of two runs under the Same conditions and is reproducib]e'to

within ¥2%. Weight losses after sintering for 4 hours was ~3%. It is

seen that at any time, alL/L, increases with increasing load.

In these loading dilatometer experiments, the shrinkage of the compact
is anisotrobic. In order to éva]uate the creep strain and the density,
results for the radial shrinkage are also required. These results are
shown in Fig. 2, where the axial shrinkage, al/L,, is plotted vs the radial
shrinkage, 40/D, (D, = initial sample diameter and aD =D - D,, whereD =

instantaneous sample diameter). The AL/L, values are approximately



proportional to aD/D, and the slopes of the lines increase with increasing

load.

A methodology described by Raj16

and Figures 1 and 2 were used to
separate the creep strain, ¢, from the volumetric densification. Figure 3
shows the relative density, p, vs 1og t. Within the 1imits of experimental
error, the values of pare almost independent of'applied load. Figure 4
shows for ¢ vs log t, and it is seen that applied l1oad has a systemafic
and pronounced effect on the creep behaviour. At any t, the values of ¢
increase with increasing'Toad. The creep strains are relatively small
(<5%) compared with those obtained in similar experiments on g¢glass

(17,18)

powder for which creep strains of the order of 20% were observed.

Figure 5 shows the resu]ts‘for grain growth during sintering. The
average grain size, G, normalized to the initial grain size, Gy, Can be
btast fitted by a cubic growth law of the form .

(6/6)° = 1 + kt v
o | (1)

l. This is. different from

where k is a_cbnstént equal to 2.7 x 102 min-
the quadratic growth law observed by Gupta7 but is consistent with the
grain growth dependence observed for a 1arge-number of oxides. The
difference betweeﬁ these results and-those of Gupta may be due to the much
lower temperature used in this work. The mean vaiue obtained for the

equilibrium dihedral angle was 100°.



IV. DISCUSSION

As pointed out earlier in the analysis of the creep and densification
results for CdO,3 a more fundamental understanding of the creep and
densification behaviour may be obtained by exploring thé functional
‘dependence of the creep rate, ¢, and the densification rate,5 , on
relative density,‘o. Two complications are that first, the grain size
increases with density due to grain growth, and second, the ;pplied stress
increases slightly with density due to the Changing cross-sectional area
during sintering. However, both effects can be easily compensated for.
Considéring first the densification results, in order to compensate for

grain growth use may be made of an equation for the densification rate of

the general form3
' ; - BDQ 1
kT 6XD1 (2)

where B is a geometrical constant, ¢ is the driving force, or the sintering
stress, D is the diffusivity, @ is the molecular volume, kg is the
Boltzmann constant, T is the absolute temperature, and m is an ekponent

characteristic of the mechanisin for densification. X, is the neck radius,

0
and provided all grain triple junctions are pores, is.related to the grain

size G by the equation3

Xy = G(Ag/A)1/2 = G/¢1/2 (3)

where A is the total cross sectional area of the specimen and A, is its
actual, internal 1oad-bearihg area. The quantity ¢ is usually referred to

as the stress intensification factor. For very inhomogeneous systems and



when all grain triple junctions do not contain pores, ¢ will contain
additional microstructural information. Equation (2) may be simplified to
give

6 = Klz¢m'1/Gm

(4)

where K1 is a constaht at a fixed temperature. Cohpensation for grain
growth can be made by use of a plot of log (Gmﬁ/Gg) VS p, where the values

for the grain size, G, at any time, t, corresponding to p (at time t)
~follows from Equation 1. For Mg0 the mass transort mechanism is expected
to be Tattice d1‘1’1“usion,6"8 with the exponent m = 2. The correction for
the change in applied stress due to the change in cross-sectional area is

" negligible for the densification results.

Figure 6 shows the results for the logarithm of the grainsize-
compensated densification rate log (626/602) vs p. A striking feature is
that above pv0.6, the grainsize-compensated densification rate increases
with density. This feature is very unusual, and has not been reported

before in the sintering of single-phase systems.

To compensate for grain.growth in the analysis o¢f the creep results,

use may be made of an equation of the form3

€ = Kzozqs(m*l)/Z/Gm | (5)

where K, is a constant,ca the applied stress and p is an eprnent
characteristic of the creep mechanism. For diffusiona1vcreep p=1, and
for these experiments where the applied stresses are small, the creep

mechanism is likely to be the same as that for densification with m = 2.



Figure 7 shows the logarithm of the grain-size compensated creep rate
log (Gzé/GOZ) vs o for the applied stresses shown. To compensate for the
chéﬁge in cross-sectional area of the specimen during sintering, each curve
has been plotted at constanf stress, using the results of Fig. 2 and the
observed dependence of-¢& on stress. Similar to the observation for the

densification results, above ,~0.6 the creep rates increase with density.

To investigate further the feature of the increase in the grain-
size-compensated densification rate (and.creep rate) with p above pn0.6,
experiments were performed for much longer times to cover a wider density
range. Figure 8 shows the logarithm of the observed densification rate, log
p, and the logarithm of the grainsize-compensated densification rate;
1og(G25/G§ ) vs o for an applied stress of 0.2 MPa. It is seen that after
first decreasing with o, 1og(GzyG§) increases withp betweenp~0.6 and
0.75. Above (~0.75, log (G25/G§ ) decreases with increasing ,. The
corresponding curves for the‘creep results, loge¢and log (Gzé/Gg ) vs p are
shown in Fig. 9. The behaviour of log (Gzé/Gg ) as a function of , is

similar to that of log (623/G2).

Figure 10 shows the scanning electron micrographs of the po1ishéd and
thermally etched surfaces of samples sintered for times of (a) 20 min, (b)
100 min, (c) 400 min and (d) 48 hours. A striking feature is the
pronounced change in the homogeneity of the microstructures from Fig. 10(a)
to Fig 10(d). The green compact contains an appreciable fraction of large
pores, similiar to those shown in Fig. 10(a), embedded in a matrix of small
grains. The diameters of these large pores are 10 - 20 times the particle

size of the (unsintered) powder and are thought to arise primarily from the
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agglomeration behaviour of the powder. During sintering, it appears that
the large pores grow relatively slowly, while the small pores in the fine-
grained matrix grow rapidly due to graingrowth-driven pore coalescence.
This behaviour continues for at Teast 100 min, Fig. 10(b), where the pore
diameters are 3-5 times the grain size of the matrix. After 400 min, Fig.
IO(c), the grain and poré sizes df the matrix have increased to the stage
Where they are becoming comparable to the size of the 'large' pores
initialy embedded in the matrix. Thus, in effect, the microstructure has

evolved to a more homogeneous state.

As seen from Fig. 6, the increase in the grainsize-compensated
densification rate with begins at pn0.6, i.e. at t 200 min. At this
time, it is estimated that the average, cross-sectional coordination
number N, of the large pores is ~6 fo 8. It apears that normal grain
growth has decreased the coordination number of the large pores such that
at t~200 min, N is less than the critical value, N., estimated at ~ 6 to 8
in 2-dimensional cross-section. ‘Shrinkage of the large pores can now
occur, and this leads to an increase in the densification rate (and the
creep rate). The value of Ne ¢f ~6 to 8 suggests an equilibrium dihedral
angle of 90 to 110 degrees in good agreement with the value of 100 degrees

12, who

obtained experimentally. These observations appear to support Lange
argued that that normal grain growth might be beneficial for sintering
since it leads to a reduction of the pore coordination number. It appears
that these results cannot be explained by a change in the structure of the
Mg0 grains, since between t = 100 and 400 min, Figs. 10(b) and 10(c), no

change in the grain structure is observed.

11



When the large pores have shrunk to approximately the size of thé-
matrix pores (pv0.75, t~ 600 min), the grainsiie—compensated densification
rate again starts to decrease with density. The compéct microstructure has
reached a much more homogeneous state and this persists even after long

sintering times, Fig. 10(d).

It should be pointed out that for a green microstructure consisting of
large pores in a fine-grained matrix, homogenization can only occur under
specific. conditions of'temperature, graihgrowth rate, and densification

rate.l4

V. FURTHER CONSIDERATIONS

The functional dependence of the stress intensification factor, ¢, on
the relative density, o, may be obtained froma plot of 1og(GZé/Gg) VS p
(Fig. 8). It is seen that ¢ is a complicated function of p , due mainly to
the drastic change in the microstructure for values of o between 0.6 and
0.75. Below p*0.6, when the large pores do not take part in the
densification procesﬁ, ana above me.;S when the microstfucture has
reached a more uniform state, ¢ apears to be a simple exponential function
of p. The nature of ¢ observed in these studies should be compared with
the simple functional dependence observed for Cdo3. For CdO over a wide
density range between 0.5 and 0.9, ¢ is a simple exponential function of
the form ¢ = exp (aP), where a is a constant (=2.0) and P is the porosity.
The difference in the nature of ¢ for Mg0 and Cd0 is a ref]ecfion of the

striking difference in the uniformity of the microstructures of these two

12



materials. Fig. 11 shows SEM micrographs of the fracture surfaces of (a) a
Cd0 compact sintered to pv 0.65 and (b) an MgOlcompact sfntered to
0v0.62. The CdO microstructure is much more uniform and is free of very

.1ar§e pores.

Fig. 12 shows the average size of the large pores in the sample as a
function of time. The sizes of the large pores were determined from
scanning electron micrographs of polished surfaces. For the first part of
fhe densification the average §ize of these 1érge pores is neariy constant;
they start to shrink at the onset of the densification and creep rate
ahoma1y. Thus, the heterogeneous system studied here could, in its early
stages, be considered to consist of inactive large pores, in a densifying
fine pore matrix. If the inactive pore volume is P;, then the overall
stress intensification factor 9q could be considered to consist of the
matrix one, 4y, corrected for the presence of the large pores. Thus, for
the early part of densification, when the system is clearly bimodal

1 1

6 = Y — exp (aa' (P"P‘.i)) (6)
° (1-py) (1-P.)

After homogenization has occured, in the later part of the densification,

the stress intensification factor should again be:

¢b = exp (ab P) | (7)
Thus, . 1
. ¢a/¢b = z}jggs-exp (—aaPi) exp (P(aa— ab)) (8)

An analysis of the evolution of ¢ for the'heterogEneous compact should

reflect this change.

13



¢ deriVed from the data, assuming volume diffusion control, is shown
in Fig. 13. Experimentally, the values for a, and ap are found to be: ay =
17, ap, = 10. The value of P; consistent with Eqn. (7) wou]d'bé 0.25. It
is clear from Fig. 13 that ¢ follows the expedted trend. The ratio of -
¢p/ by derived from the data, is also plotted in Fig. 13. This ratio should
be consistent with the‘amount of inactive porosity, P;. The volume
ffaction of the 1afge pores, P;, determined from sections of the sample ih
the early stage of densification is about 0.25. This agrees remarkably
well with the value expected from the evolution of ¢ shown in Fig. 13. A
further self-consistency in the relation of ¢, and $p should be observed
when comparing the values of ¢, extrapolated to P = P; and of ¢
extrapolated to P = 0. LThe ratio ¢5 (P =P;)/¢p (P =0) should be equal to
1/(1 - P;), as follows from Eqns. 6 and 7. This indeed agrees well with

the data shown in Fig. 13.

The ‘analysis is thus consistent if the anomaly in the densification rates
results from the switching of the microstructure from a bimodal pore
distribution, with the large pores essentialy inactive, to a nearly

homogeneous one.

The values of a, and ap are not equal, as is evident_from Fig. 13. They
are also larger than what would be expected on the basis of the Beer'elg’20
and Viera and Brook5 approximation for the dihedral angle of Mg0. It is
possible that.the anisotroby of thé particle shapes is the reason for these
differences. Shape anisotropy and discrepancies between the pore distance

and the grainsize should be expected to modify significantly the value of

14



a, since the pore shape does then no longer follow from the dihedral angle

only and Eqn. 3 will need to be modified.

The sintering stress calculated from the ratio of the creep over: the
densification rate and from the values of shown in Fig. 13, has been shown
~in Fig. 14. £ continuously decreases with porosity. This is indeed
expected, since the densification is accompanied by significant pore
growth. The results thus show clearly that the approximateley constant
value for £ found for the densification of Cd0 and ZnO should not be

assumed to be constant in general.
VI. CONCLUSIONS

For heterogeneous Mg0 compacts containihg an appreciable fraction of
large pores in a fine-grained matrix, the densification rate, dp/dt, and
the creep rate, de/dt; increase dramatically with relative density,.p,
between pn0.6 and A0.75. This increase in dgdt (and deg/dt) may be
attributed to the shrinkage of the large pores after some graingrowth has
occured and homogenizatibn of the microstructure has developed. Above
‘p«KLG, normal grain gfowth has decreased the pore coordination humber, N,
of the larger pores to a value below the critical value, Nes SO that these
pores can shrink. The critical pore coordination number, No, is estimated
to be 6 to 8, suggesting an equilibrium dihedfa] angle .of 90 to 110

degrees for the Mg0 powder used. This value of the dihedral angle is in

good agreement with the experimentally measured value of 100 degrees.

15



The increase in dp/dt and de/dt at opn0.6 is related to the
disappearance of the microstructural heterogeniety, described by changes in

the stress intensification factor, ¢.

The stress intensification factor, ¢ , may also contain other
" microstructural information, in addition to the change in the load-bearing ‘

area.

Acknowledgment: M. Weiser is thanked for help with the computational

analysis of the data.
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size, (G/GO)3, as a fﬁnction'of time.

The grainsize-éompensated densification rate vs relative
density.

The grainsize-compensated creep rate vs relative density.
The observed densification rate, ¢, and the grainsize-
compensated densification rate, Gzo/G0 ,
vs relative dens1ty for an applied stress of 0.2 MPa.

The observed creep rate, ¢, and the grainsize- compensated
creep rate, G2é/GO, versus relative density for an

applied stress of 0.2 MPa.

: Scanning electron micrographs of polished and thermally

etched surfaces of samples sintered for times of (a) 20 min,

(b) 100 min, (c) 400 min and (d) 48 hours.

: Scanning electron micrographs of the fracture surfaces of

(a) a CdO compact sintered to p0.65 and (b) an Mg0 compact
sintered to on0.62.

The average size of the large pores in the sample vs time.
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Figure 13: The stress intensification factor, ¢, vs relative density.

Figure 14: The sintering stress vs relative density.
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