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Abstract

The simultaneous creep and densification of glass powder compacts
was studied as a function of applied uniaxial stresses between 0 and 30
kPa and at temperatures between 580°C and 615° C. A strong interaction
between creep and densification was observed. This type of interaction
has not been found in similar experiments on polycrystalline oxide
ceramics. At a fixed temperature, the observed cree% rate, de/dt, may
be expressed as the sum of two terms, i.e. de/dt = €,  * oe , where
¢ and é€; are constants for a part1cu1ar powder system at fixed
temperature o 1is the relative densification rate and o is the applied
stress. For the low stresses used, the volumetric densification rate
is almost 1ndependent of g. The effect1ve viscosity for creep,nc,
defined asl/a has a strong exponential dependence on porosity, P, and
may be expressed as n. = exp(-11.2P). If the effective viscosities for
creep and den51f1cat1on are the same, then the sintering stress, r, may
be evaluated. L reaches a maximum at p ~ 0.82 then decreases at higher
values of p. For a constant applied stress, the ratio of the creep
rate to the densification rate is independent of temperature. This
indicates that both creep and densification in glass powder compacts
have the same temperature activation energy.

Supported by the Division of Materials Sciences, Office of Basic Energy
Sciences, U.S. Department of Energy, under Contract No. DE-ACO03-
76SF00Q98.



1. INTRODUCTION

The early work on the sintering of glass originated from the
theory of viscous sintering by Frenkel.l Using a simple energy
'balancé,i.e.that the energy dissipated by viscous_f1owis‘equa1 to
the energy gained by the reduction of surface area during sintering,
Frenkel derived equations for the neck growth between two g]aés spheres
and for the shrinkage of a row of glass spheres. A numerical error in
Frenkel's analysis was corrected by Eshe]by.2 The predictions of
Frenkel's aha]ysis have been supported by the experimental results of

4 and Kuczyski and Zaplatynskyj.5 Using

Kuczynski,3'Kingery and Berg,
Frenkel's energy balance concept, Mackenzie and Shutt1eworth® developed
a theory for the sintering of glass based on a simple model consisting
of isolated, spherical pores of the same size in a dense matrix.
Mackenzie and Shuttleworth's analysis is therefore strictly applicable
to the final stage of sintering. Experimentally, Cutler and

7

Hendrickson’ have pointed out the effects of particle shape on the

sintering of glass.

Recent work on the sintering of gTass is due mainly to Scherer. 8-

12 Using Frenkel's energy balance concept, Scherer8 considered a mode]
that applies to the entire densification process but assumed a
particular geometry consisting of cylinders connected into a cubic
array. This model clearly does nof resemble to microstructure of an
actual powder compact but it is beTieved to provide a reasonable
representation of the structure of such materials as flame oxidation

performs,8 phase-separated and leached g]asse59’13 and inorganic



gels.l4 In spite of the peculiar geometry of model, the predicted
sintering kinetics agree very well with the predictions of Frenkel's
ana]ysisl.for neck growth between spheres, and with Mackenzie and
Shuttleworth's analysis6 for the sintering of closed, isolated pores.
Scherer's model appears therefore to have broad applicability. The
model has also been applied to the sintering of a body with a bimodal
pore size distributionl and to the sintering of a porous glass layer
on a rigid Substrate.lz Recently, Rabinovich!S has compiled a review

of the sintering of glass.

The effect of small stresses on the sintering behaviour of glass:
powder compacts has not been studied before. This paper seeks to-
address this problem. It describes the simultaneous creep and
densification behaviour during the sintering of glass powder compacts
using the loading dilatometer technique16 in which a small, measured,
uniaxial stress is applied to the sintering compact. The dependence of
the creep rate and the densification rafe on applied stress and
temperature is explored. A subsequent paper17 considers thé effect of
the particle size of the glass powder. In addition to providing a
better understanding of sintering and c¢reep phenomena in glass, this
work will also be relevant to glass systems in which transient stresses
develop during sintering, such as substrates and composites. The
loading dilatometer technique has been developed and applied by the
present authors to the sintering of polycrystalline oxides, such as
Cd018'20, Zn021vand Mgo,zz in which matter transport occurs by

diffusion. Comparisons between the glass and the polycrystalline oxide



systems will be pointed out where appropriate.
II. EXPERIMENTAL PROCEDURE

A commercial soda-lime glass powder* was used in this work. The
powder was air-classified into narrow size fractions and these were
examined using a scanning electron micoscope to determine their_aVerage
particle sizes. A size fraction with a 4um average particle size was
chosen for these exberiments (see Fig. 1(a), Reference 17). The
powders were uniaxially pressed at ~20 MPa into cylindrical compacts
(6mm diameter by 6mm) with relative densities of 0.55%0.01. About 10

* % .
v% of Carbowax  was used as binder.

Compacts were sintered in air for~ 2 to 3 hours in a loading
dilatometer.l6 Loads can be held constant to within 0.5% for the
duration of the'experiment. Typically, the glass compact was placed in
position, and, after the furnace had reached the working temperature,
the sample was introduced into the outer zone of the furnace (at ~350

°C) to allow burnout of the binder. After ~30 min, the sample was
quickly introduced into the hot zone of the furnace. The load on the
compact was applied rapidly and the axial shrinkage and the temperature
were recorded continuously. The mass and dimensions of the compacts
were measured before and after they Qere sintered, and the final

densities were measured using Archimedes' principle. In a separate set

*Owens-Illinois, Perrysburg, OH 43551
**Union Carbide Corporation, New York, NY 10017



of experiments, sintering was terminated after times between 0 and 3
hours. The dimensions of these compacts were measured using a
micrometer and the fracture surfaces were examined using scanning

electron microscopy.

Genera]ly, to explore the effects of small applied stresses,
experiments were performed at a constant temperature of 605°C and for
stresses between 0 ahd 30 kPa. To study the effect of temperature,
experiments were performed at two temperatures, 580°C and 605°C, at an

applied stress of 9 kPa.

X-ray diffraction measurements were performed on the glass powder
and on the sintered materia]. For these, the sintered compacts were
crushed and ground to a fine powder using a mortar and pestle. CuK,

radiation was used at a scanning rate of 1° 26 min=1.

The density of the bulk glass was also measured. About 10g of
glass powder was placed in a p]atinum_boat and heated to 1300°C at a
rate of ~15°C/min, in a nitrogen atmosphere. After ~20 min at this
temperature, the sample was slowly cooled to room temperature. The
glass sample was then,rehoved and its density measured using

Archimedes' principle.

ITI. RESULTS

The X-ray diffraction results showed no difference in phase

compostion between the starting glass powder and the sintered samples.



The complications of phase changes during sintering can therefore be
eliminated from the considerations of this work. The density of the
bulk glass obtained by melting the gass powdér was 2.43%0.01 Mgm‘3, and
this figure will be used as the theoretical density. Friction between
the push rods and the sample led to a small deviation from cylindrical
geometry in a narrow region of the sample near its contact surfaces.
The diameter near the contact surfaces was slightly larger than that
along the rest of the sample. These deviations from cylindrical
geometry were small in all experiments and deéreased with increasing
applied load. The difference between the diameter at the‘contact
surfaces and the average diameter of the sample, obtained from the
length of the sample and its density, was less than 3% at the end of
any experiment. Frictioné] effects between the push rods and the
sample are therefore relatively insignificant. The effects.of applied

stress and temperature are now discussed separately in the following

sections.

III. (a) EFFECT OF APPLIED STRESS

Fig 1 shows the axial shrinkage, AL/Lo, vs time, t, at 605°C for
applied loads between 0 and 0.75 N (L, = initial sample length and AL =
L-L,, where L = instantaneous sample length). A load of 1IN represents
a stress of 35kPa on the green, unsintered compact and t = 0 represents
the beginning of shrinkage. The load was applied quickly 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



byt

‘reproducible to within +2%. It is seen that at any time, t, the axial

shrinkage increases with inceasing load.

In these loading dilatometer experiments, the shrinkage of the

compact is anisotropic, as shown inAFig. 2 where the axial shrinkage, .

A/Ly, is plotted vs the radial shrinkage, AD/D, (D, = initial sample
diameter and AD = D-Do, where D = instantaneous sample diameter). The
A/L, values are approximately proportional to AD/D, and the slopes of

the lines increase with increasing load.

A key benefit of the loading dilatometer technique is that the
creep strain, ¢, can be separated from the volumetric strain due to
densification. To accomplish this, a methodology described by Raj23
and the results of Figs. 1 and 2 were used. Fig. 3 shows therelative
uensity, 0, vs time for zero applied load and for the maximum applied
load of 0.75 N. The curves for loads of 0.25 and 0.5 N have been
omitted for clarity. Within the l1imits of experimental error,'the
small loads cause no change inp. Fig. 4 shows the effect of applied
load on the creep behaviour. It is seen that the small loads give rise
to extensive creep and, at any time, the creep strain, e, increases

with load.

By fitting smooth curves to the results of Figs 3 and 4, and
differentiating, the relative densificationArate, de/dt, and the creep
rate, d€/dt, were obtained as a function of po(or t). However, two

small corrections have to be included for a more rigorous analysis of

these results., First, the cross-sectional area of the compact

%"

P



decreases during sintefing (Fig. 2), causing an increase in the applied
stress. Second, the small load applied by the sbring of the linear
voltage displacement transducer to keep the sample in position,
decreases slightly, frpm 0.IN to zero. This small change in Toad can
be measured as a function of AL/L, in a separate experiment, using the
sensitive load cell in the loading dilatometer. With these

corrections, the curves of de/dt vs were evaluated at constant stress,

taken as the initial stress on the green compact. A similar correction

in do/dt is negligible.

Fig. 5 shows the resu]ts fbr dp/dt and de/dt vs p at éonstant
applied stresses of 9, 18 and 27 kPa. As noted earlier forp, the
small applied stresses have almost no effect oh do/dt. On the other
hand, at anyp, de/dt increases with increasingg. In fact, a small
increase ing of 18 kPa (fromg =9 tog = 27 kPa) causes an increase
in de/dt by a factor of . 2. Similar to the observations for Cd0,17_it
is seen that small uniaxial (or shear) stresses cause extensive shape
changes (creep) but have relatively little effect on the volumetric

densification rate.
[I1. (b) EFFECT OF TEMPERATURE

Fig. 6 shows AL/L, vs time for two temperatures, 580%C and 605°C,
under an applied load of 0.25 N. As for many g]ass.systems, it is seen
that a small change in temperature causes eitensive changes in the
shrinkage (or densification). The need for precise temperature control

during studies on the sintering of glass is therefore emphasized.

v



Both dp/dt and de/dt at the two temperatures were calculated using
the same procedure as that outlined in Sectioﬁ III(aj above.
Generally, dpe/dt and de€/dt, at any p, increase with increasing
temperature. The most important result is shown in Fig. 7, where the
v ratio of the creep rate to the linear densification rate, i.e.

(de/dt)/ (1/3p)dp/dt 1is plotted vs p at 580°C and 605°C. It is seen
that this ratio is almost independent of temperature. This indicates
that both the creep process and the densification process have the same
temperature activation energy. Such a finding is quite plausible since
it is believed that both creep and densification in glass occur by the

same mechanism of viscous flow.

It is worth noting the contrasting effects of uniaxial (or shear)
stress and temperatﬁre on creep and densificdtion in glass. Creep
processes are more easily activated by stress compared to densification
processes. On the other hand, temperature activates both processes
equally. Therefore, temperature cannot be used to vary the ratio d¢/dt
to do/dt. To accomplish this, applied stress and/or particle sizel? of

the powder should be changed.

IV. DISCUSSION

To explore the functional dependence of de/dt on o, the resg]ﬁs Qf,

W T T Fig. 5 may be fepiottéd as dé/dt-vé.o a£ diffeéent‘va1ﬁes of p. This
is shown in Fig. 8. It is seen that d¢/dt increases linearly withgo,

in agreement with the predicted stress dependence for a Newtonian

viscous flow mechanism. A remarkable aspect of the creep data is that

9



they extrapolate to a significant total creep rate ét zero applied
stress. This extrapolated creep rate depends on the compact density.
In fact, if the extrapolated creep rate is plotted against the relative
densification rate, p(=de/dt), a linear proportionality is evident,
Fig. 9. Thus, at applied stresses above 10 kPa, the observed creep

rate can be written as

de/dt = p& + ot ~ Ean. 1
where e: and a: are constants for a particular poWder system at a fixed
temperature. This equation clearly can not hold as the app1iea stress
approaches zero and implies a strong non-linear relation between the
creep rate and applied stress for stresses much lower than those used
in these experiments. It must therefore be concluded that there is
considerable interaction between the densification process and the
creep process during the sintering of glass. This type of interaction
has not been observed in the creep-sintering of polycrystalline oxide
ceramics,18 for which the creep strains afe somewhat smaller than those

reported here.

As a consequence of the interaction between creep and
densification, we should also write
L . Eqn. 2
dp/dt = p(z) = + (o)
where p(Z) and o(0) represent the contributions to do/dt from the
sintering stress, £, and from o, respectively. The sintering stress is

equal to YK, where Y is the surface tension and K is the average

10



Nt

" be written as

curvature of the pore surfaces. For the glass powder used, 5(;) is
not observed because the equivalent hydrostatic stress due too, i.e.

o/3 is much less thany. Further considerations regarding the

interaction between the creep and densification processes in glass are

contained in a subsequent paper.17

o

Both ép and £ were found from Fig. 8 by using a simple least-

squares fitting technique. Fig. 10 shows the component of the creep

o

rate due to applied stress,i.e.céc, vs porosity, P (= 1-5), foro=9
*

kPa. Now, the effective viscosity,nc, for creep of the glass compact

is defined as |

* .0 o Egn. 3
e = c/(ceo) = 1/¢,

*

The results of Fig 10 show that Ne

has a strong exponential

dependence on P (orp) i.e.n: = n exp (-aP), where a = 11.2%0.2, and.
n is the viscosity of the bulk glass. It should be pointed out that

onlyoéd and not de/dt should be used in Eqn. 3, since the total creep
rate, de/dt, contains a significant contribution from the densification

process. n was found by extrapolating the data of Fig. 9 to zero

porosity, yielding n = (1.3+0.1) x 1010 Nm=2s,
By analogy to the creep process, the linear densification rate may

_ . . % - —-Eqn. 4
(1/30) do/dt = I/ny 9

11



- *
where ¢ is the sintering stress and ndis the effective viscosity for
the densification process. Since both creep and densification occur by
* *
the same mechanism, it may be reasonably assumed thatnC =ny. With

this assumption, then
Egn. 5

D = (do/dt)/(&_30)
£can then be calculated as a function of p, and the results are shown
in Fig. 11. It is seen thatZ reaches a maximum at o - 0.82. An
‘explanation of the decrease inZ at higher gmay 1ie in the elaborate
pore microstructure as shown in Fig; 12(a) for a compact si;tered to
0~0.8. Collapse of the elongated pores as the microstructure moves
from the interconnected to the closed pore situtatioh,méy give rise to
this decrease in ¢ above s~ 0.82. The variation ofz;wifhp for glass

is markedly different from that for polycrystalline CdO,19 where

extensive grain (pore) growth causesy to decrease slightly with

inceasingp. As shown in Fig. 12(b), for a compact sintered top~ 0.85,

the pore microstructure in CdO is much more rounded.

Regardless of the actual variation of z withp, it is seen that
g 11e$ in the range 140 to 180 kPa during the experiment. The
negligible effecf of gon d/dt is noQ clear since the equivalent
applied hydrostatic'stress, equal too/3, isonly 9 kPa even for the

maximum stress used.

12
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CONCLUSIONS

The application of the loading dilatometer technique to study the
simultaneous creep and densification behaviour of g]éss powder compacts
has led to the observation of extensive interaction between the creep
and densification processes. This is the first time that such an
interaction has been observed.

The observed total creep rate, de/dt, can be expressed as the sum

[+] o] =]

of two terms, i.e. de/dt = bép + ot , where bép represents the
o
contribution. from the densification process and aég is a linear

function of the applied stress,o .

The effective viscosity for creep,nz, defined as the ratio o/
(oé? has a strong exponential dependence on porosity, P, and can be
expressed asn:= exp (-11.2P). The bulk viscosity of the glass is 1.3
x 1010 Nm=2s,

The assumption that the effective viscosities for creep and
densification are the same Teads to the measurement of the sintering
stress, Z. It is found that £ inceases to a maximum at o -~ 0.82, then
decreases at highero. The magnitude of £ is in the region of 140-180

kPa for- 0.65 < p <0.9.

~ The ratio of the creep rate to the densification rate is
independent of temperature, indicating that both creep and

densification in glass have the same temperature activation energy.

13
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