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ABSTRACT

The simultaneous creep and densification behaviour of glass powder
compacts was studied as a function of the particle size, G, at 605°C
and for an applied stress of 9 kPa. The densification rate at any
density is inversely proportional to G. A very important feature of
the results is that the observed creep rate, de/dt, also shows a
dependence on G. de/dt increases as G decreaseg and may be expressed
as the sum of two terms, i.e. de/dt =¢ /G +oe, , where gjand g5 are
constants for a particular powder system atf1xedtemperature and o
is the applied stress. The term qJG represents a contribution to the
observed creep rate from the densification process, and has the same
1/G dependence as the sintering stress (or the densification rate).
These results provide further confirmation of the extensive
interaction between the creep and densification processes in glass.
Processes that may give rise to such an interaction are proposed.

Supported by the Division of Materials Science, Office of Basic Energy
Sciences, U.S. Department of Energy, under Contract No. DE-ACO03-
765F00098. '



[. INTRODUCTION

A recent study1 has indicated that there is significant
interaction between creep and densification during the sintering of

glass powder compacts. It was observed that the creep rate, de/dt, may

o o [ o]
be expressed as de/dt = éép +0€ , where €

o

particular powder system at avfixed temperature. oég represents a

contribution from the applied stress, o, increasing linearly witho,
whi1e bé:, representing the contribution from the densification
process, is proportional to the densification ratep (= do/dt). The
densification rate is defined by dp/dt =% /n;, where I is the sintering
stress, and n; is the effective viscosity for the densification
process. Since both zand'nz are functions of the density of the powder
compact, the linear dependence of de/dt on p cannot be'used to
determine its actual dependence on eitherzor nz. In view of this
complexity, the main objective of this paper is to explore the
dependence of de/dt on the particle size, G, of the glass powder. At a

»*
fixed density, I scales?s3 as 1/G and ny4 is expected to be constant.

Experimentally, simultaneous creep and densification experimehts
have been performed on polycrystalline oxides; 4-8 in which material
transport occurs by diffusion processes.. For such systems, the
interaction between creep and densification is insignificant,
suggesting that they are independent. These results clarify the
secondary objective of this paper, which is the examination, at a
qualitative level, of various mechanisms that would give rise to an

interaction between creep and densification. Any mechanism will have

2

and €; are constants for a
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to account for the difference in magnitude of this interaction between

glass and polycrystalline oxides.

There is, at present, no theory to account for the interaction
between creep and densification. The models that consider combined

creep-and densification treat such processes as independent modes of

_def"ormation.g’10

IT. EXPERIMENTAL PROCEDURE

A commercial soda-1ime glass powder,* similar to the one used
previous]y,1 was first air-classified to obtain appropriate size
fractions. After determining the average particle sizes using a
scanning electron microscope, three fractions were selected and their
particle sizes determined more accurately by counting the length
intercepted by about 200 particles. Each powder fraction was
uniaxially pressed at ~20 MPa into cylindrical compacts (6mm diameter
by émm) with relative green densities of 0.55+0.01. About 10 vol % of

** .
Carbowax  was used as a binder.

Compacts were sintered in air for 2 to 3 hours in a loading
dilatometer at 605°C and subjected to a constant applied load of 0.25N.
The procedure for sintering the compacts in the ‘1oading dilatometer was
described earlier.l The mass and dimensions of the compacts were

measured before and after they were sintered and the final density was

*Owens-Illinois, Perrysburg, OH 43551

**Union Carbide Corporation, New York, NY 10017



measured using Archimedes' principle. In a separate set of
expefiments, sintering was terminated after times between 0 and 3h.
.The dimensions of these compacts were measured using a micrometer and
the fracture surfaces were examined using a scanning electron

microscope.
ITI. RESULTS

Fig. 1 shows micrographs of the three particle size fractions of
glass powder used in the experiments. They are referred to by the
letters A, B and C and their average particle sizes are 4ym (A}, 8.5 um
(B) and 33um (C). The spread in these values is about + 10%. It is

seen that the particles have angular shapes typical of crushed glass.

Friction between the push rods and the sample led to a sma11
deviation from cylindrical geometry of the sample near its contact
surfaces. This effect is insignificant, however, as outlined earlier,l
Fig. 2 shows the results for the axial shrinkage, AL/Ly vs time, t, at
605°C, at an applied load of 0.25 N for samples A, B and C (L, =
initial sample length and AL = L.- Ly» where L = instantaneous sample
length). The load of(LéSAN is equivalent to a‘stress of 9 kPa on the
green compact and t = 0 represents the beginning of shrinkage. The
load was applied quick]y at t = 0 and the sintering temperature was
reached after t = 8 min. Each curve is the average of two runs under
the same conditions and each is reproducible to within +2%. It is

seen that, at any t, AL/L, increases as the initial particle size, G,

of the compact decreases.
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Since the shrinkage of the combact is aniéotropic, results for the
radial shrinkage are also required during the course of the experiment
in order to determine the creep strain énd the volumetric strain. Fig.
3 shows the results for AL/L, vs 4D/D, (Do = initial sample diameter
and D = D-D,, where D = instantaneous sample diameter). The AL/L0
values are approximately proportional to AD/D0 and the slopes of the
lines increase with decreasing particle size, i.e. the degree of

anisotropic shrinkage is greater for larger particle sizes.

A methodology described by Raj11 and the results of Figs. 2 and 3
were used to separate the creep strain from the volumetric strain due
to densification. Fig. 4 shows the results for the relative density,
p, vs time, t, for samples A, B and C. At any t, the values of
p increase as G decreases. For the range of G used, there is a
significant change in densification behaviour, e.g., for sample A, o

reaches a value of ~ 0.95 after 2.5h, but for sample C, p ~0.8 after 3h.

The results for the creep strain,e, vs time, t, are shown in Fig.
5 for samples A and C. The results for sample B has been omitted for
reasons of clarity of this figure. At any t, the values of are not
very different for samples A and C, but it should be remembered that

the densities for these samples are quite different (at any t).

The relative densification rate, do/dt, and the creep rate, de/dt,
were obtained as a function of p (or t) by fitting smooth curves to the
results of Figs. 4 and 5 and differentiating. As outlined ear]ier,l to

evaluate do/dt and de/dt vs p at a constant applied stress, 0, two



corrections have to be included: a compensation for the changing cross-
sectional area of the sintering compact and for the the small change in
the load applied by the spring of the Tinear voltage displacement
transducer. Fig. 6 shows the results for do/dt and de/dt vsp ato =
9 kPa for samples A, B and C. It is seén that, at any p, both dp/dt
and de/dt increase as the particle size, G, decreases. In addition,

the curves for dp/dt and de/dt appear to have similar shapes. .

Scanning electron micrographs of fracture surfaces of samples A
and C sintered to ~0.78 and ~ 0.82, resﬁective]y, are shown in Fig. 7.
Apart from a change in scale of tﬁe micrographs, the microstructures
appear similar, i.e. the microstructures evolve ‘in the same.way,

irrespective of the particle size of the compacts.
IV. DISCUSSION

As outlined earl ier-,1 for a glass the creep rate,¢ (o) due to an
applied stress, o, and the relative densification rate, dp/dt, may be
expressed by the following equations: _

* Eqn. 1
€(a) = a/n,
and
*
dp/dt = Z/nd : Egqn. 2
* *
where I is the sintering stress and n. and ny are the effective
viscosities for creep and densification, respectively. For glass
: * %*
compacts having similar microstructures, at anyp, both n. and ny are
expected to be independent of particle size, G. Therefore, at constant

o, the observed creep rate should be independent of G. This is clearly

not observed experimentally as the results of Fig. 6 show. It appears
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that a process with dependence on G is influencing and contributing to

creep. An obvious process in these experiments is densification.

The sintering stress, r, is given by Z~Y/r, where y is the
surface tension and r is the averége pore radius; At any,, r is
expected to increase with the scale of the system, i.e. with particle
size, G. According]y, dp/dt should be.proportional to 1/G. Fig. 8
shows a plot of dp/dt vs Gy/G for different values of o, where G, is a
constant. It is seen that dp/dt is indeed proportional to 1/G, except
for small deviations in the data at G,/G~1, i.e. for sémp]e C. These
deviations arise because, for this sample, the hydrostatic componen; of
the applied stress, o/3, is not negligible compared toZ. An estiﬁate
of the contribution to dp/dt from g can be made. From previous résu]ts

(Ref 1, Fig. 10), it is estimated that for sample C, I~ 20 kPa. The

‘equivalent applied hydrostatic sfress, i.e. 0/3 is 3 kPa. Lowering dp

/dt for sample C by a factor o/ (Z + o/3), to remove the contribution

from o, makes the deviations insignificant.

Fig. 9 shows the results for the observed creep rate, de/dt, vs
GO/G for different values of p. It is seen that de/dt increases

linearly with 1/G and may be expressed by an equation of the form

de/dt = ép/G + ¢(o) Egn. 3

o

where ¢ (g) is a linear functionl of the applied stress,o , andeo is
a function of the relative density, o. From Fig. 9, €(o) was obtained
at different @ from the intercepts of the straight lines by using a

simple least-squares fitting technique. The results for (o) vs



porosity, P, shown in Fig. 10 are aimost identical to those obtained
ear1ier (Reference 1, Fig. 9) by varying cat constant G, and this
provides further conffrmation of the validity of Eqn 3. It is now
clear that é:/G has eXact]y the same dependence on G as the sintering

stress, Z, (or the densification rate). We can therefore write

o .9
de/dt = Zép + 0g, Egn. 4
o o v :
where £ and €, are constants for a particular powder system at fixed
: o . .
temperature. Zép represents the contribution to the observed creep
[+}
rate from the densification process, and oéc the contribution from the

applied stress.

It is worth considering the types of mechanisms that would give
rise to an interaction (or coupling) between creep and densification. in
glass. Such mechanisms should also be able to account for the
observation that this interaction is insignificant in po]ycrysta]]iﬁe
oxides. There are a number of important differences between glass and -
polycrystalline Qxides(e.g.CdO), which are relevant to the creep-
sintering behaviour of these two systems. First, there are no grain
boundaries in sintered glass powder compacts. Second, the glass
microstructure observed in this work has a very elongated pore
morphology compared with the CdO system (see Ref. 1, Fig. 11). Third,
the creep strains observed for glass are much larger than those

observed in experiments on CdO.

The large creep strains observed in these creepFSintering

experiments on glass can cause an extensive bias in the pore



morphology; this bias in turn leads to anisotropic densification.l2 In
the methodology described by Raj11 to separate the creep strain from
the volumetric densffication during creep-sintering, such anisotropic
densification gives rise to a measureable creep contribution. Tﬁus,
for glass, in addition to constant volume creep driven by the applied

stress, there may be a significant creep contribution due to shear
induced anisotropic densification. In the Cd0 case, the more rounded
pore morphology, in addifion to the much smaller observed creep strains
would predict that anisotropic densification is not a significant
factor. At present it is not clear whether anisotropic densification
can account fully fot the observed 1inear dependence of the creep rate

on the densification rate.

Another mechanism which may give rise to extensive coub]ing
between creep and densification is rearrangement. A small uniaxial (or
shear) stress may be sufficient to trigger this type of "densifying
rearrangement”, although the overall driving force for the processvis
the sintering stress. The densifying rearrangement 1is constrained by
the matrix and the must be compatible with the overall densification
rate of the sample. Therefore, the rate of such a component of shear
should be controlled by dp/dt. In addition, this type of rearrangement
process would be expected to be severely 1imifed in polycrystalline

oxides after the initial stage of sintering.

The observed coupling mechanism between creep and densification
during creep-sintering of glass powder compacts is, at present, poorly

understood. The available experimental data do not permit a clear

9



distinction between the two processes, i.e. anisotropic densification
and rearrangement, proposed to account for it. Additional creep-
sintering experiments and microstructural measurements are in progress

to resolve this problem.
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