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Densification by viscous flow - instead of diffusion - may be investigated by comparing densification rates and flow rates without the effect 
of external load, if possible. This is why the sintering of a borosihcate-glass powder was investigated using a hot-stage microscope. The 
samples sintered at 888 Κ showed shrinkage anisotropy, being the ratio of the axial to the radial shrinkage < 1. The flow rate varies linearly 
with the densification rate due to anisotropic densification; and the ratio between flow rate and densification rate may be altered by 
modifying the grade of anisotropy in densification. Scherer's theory has been used to compare experimental and theoretical values and the 
interdependence between densification rate and density. Deviations are discussed. 

Viskoses Sintern von nichtsphärischem BorosiUcatglaspulver 

Die Verdichtung durch viskoses Fließen - an Stehe von Diffusion - kann beim Sintern von Gläsern durch Vergleich der Verdichtungs- und 
Fheßgeschwindigkeiten ohne Druckanwendung untersucht werden. Für Borosihcatglas wurden diese Untersuchungen im Heiztischmi
kroskop durchgeführt. Proben, die bei 888 Κ gesintert wurden, zeigten insofern eine Schrumpfungsanisotropie, als das Verhältnis zwischen 
der Schrumpfung in axialer Richtung zu derjenigen in radialer Richtung < 1 lag. Fheß- und Verdichtungsgeschwindigkeit variieren 
entsprechend der anisotropen Verdichtung, ihr Verhältnis zueinander variiert mit der Verdichtungsanisotropie. Es wird versucht, durch 
Vergleich zwischen experimentehen Werten und solchen, die nach der Theorie von Scherer errechnet wurden, den Zusammenhang 
zwischen Verdichtungsgeschwindigkeit und Dichte zu deuten und Abweichungen zu erläutern. 

1. Introduction 

Subdividing materials technology in melting and 
sintering it is traditionally obvious that melting has 
preference for metals, polymers and glasses, whilst 
sintering dominates in producing ceramics. High-
technology applications, however, such as the vitri
fication of nuclear wastes, glass fihers for biotech-
nology, porous bioglasses for implants or the sinter
ing of superfine, high-pure glass powders [1], for 
example, made sintering to be the technology of 
choice also for glasses [2 and 3]. As frequently 
observed, also in this case, apphcation feeds back to 
basic science, since the dominant transport mecha
nism in glass sintering should not be diffusion but 
viscous flow. This is due to the amorphous glassy 
State and in contrast to the common case in sintering 
crystal ceramics or metals. 

Against this background, the sintering of glass has 
been investigated several times providing resuhs 
about densification and flow during sintering [4 to 7]. 
The expression "flow" in this context Substitutes 
"creep", which is frequently used in literature but 
refers usually to deformation under loading. Most of 
these works were performed by düatometric 
measurements and by apphcation of low uniaxial 
stresses. The experimental results have been com-
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pared with the predictions of theoretical models for 
viscous sintering, amongst which Scherer's model [8] 
is one that appears to have a broader apphcability as 
other available models [9], because it assumes a 
particular geometry that can be apphed to the entire 
densification process. Rahaman et al. [5] found 
excellent agreement with Scherer's theory by sinter
ing a well-characterized spherical powder of borosil
icate glass. On the other hand, experimental results 
on sintering borosilicate glasses containing rigid 
inclusions or sintering crushed soda-lime glass pow
der provided results which showed ambiguity in 
comparing them with the predictions of Scherer's 
model [4 and 6]. For example, both the densification 
rate and the flow viscosity showed a much stronger 
dependence on density as theory predicts. Moreover, 
it was found that the shrinkage of the samples was 
higher in the axial than in the radial direction. This is 
contrary to previous investigations [10 and 11] on the 
sintering behaviour of cordierite-type glass powder, 
where the ratio of the axial to the radial shrinkage was 
about 0.7 for samples formed by pressing in the axial 
direction. 

Particle ahgnment produced during compaction 
and non-uniform binder burnout appear to be the 
main reasons for the unexpected shrinkage anisotro
py observed for the crushed soda-lime glass powder 
[4]. In Order to determine if the strong dependence of 
the densification rate on density is a general result for 



Figures l a and b. Scanning electron micrographs of the borosilicate-glass powder at a) low and b) high magnifications. 

non-spherical glass powders and to investigate the 
reasons for the unexpected shrinkage anisotropy, in 
this work the densification and flow rates during 
sintering of a non-spherical borosihcate-glass powder 
are investigated. The sintering was performed in a 
hot-stage microscope, that allowed monitoring of the 
axial and radial shrinkage without the exertion of any 
external load. The densification rate obtained from 
the measurements is compared with the predictions of 
Scherer's theory. 

The mass and dimensions of the pressed and 
sintered compacts were measured and the geometri-
cal densities determined. Whilst the final density of 
the sintered pellets was also measured using Archi-
medes principle, the denshy as a function of time 
during sintering was determined from the green 
density and the measured shrinkage. Scanning elec
tron microscopy was used to investigate the glass 
powder and the microstructure of the sintered 
compacts. 

2. Experimental procedure 

Α borosihcate-glass powder was used in this work, 
speciahy developed for the immobilization of nuclear 
wastes by sintering [2] and now considered as a 
potential matrix material for general waste fixation 
[12]. Based on this work the same glass powder is 
presently used for studies concerning the sintering of 
glass-matrix composites containing rigid inclusions 
[6]. Its mean particle size is 5.5 μm and the theoretical 
density is 2.57 g/cm^. 

Cyhndrical compacts (5 mm in diameter and 
5 mm in length) were obtained by uniaxial pressing at 
room temperature without the addition of any binder. 
Pressures of 250 MPa were applied to reach relative 
green densities of 0.59 ± 0.02. Sintering was per
formed in a hot-stage microscope for 2 h at 888 Κ in 
air without the exertion of any external load. This 
temperature corresponds to the nominal densification 
ränge of the borosihcate glass used [2]. After heating 
the Oven to the sintering temperature the compacts 
were set in quickly, in order to provide isothermal 
conditions for the whole period of sintering. The axis 
of the cyhndrical samples coincided with the vertical 
direction. At prechosen time intervals during the 
Sinter process, photographs of the samples were made 
to measure lengths and diameters and hence to 
calculate the axial and radial shrinkages. 

3. Data analysis 

From the experimental data for the axial and radial 
shrinkages during sintering the relative denshy, ρ, at 
any time can be found by the expression 

Q = 
Qo 

(1 - AR/RQY (1 - AL/LQ) 
(1) 

where ρο represents the relative green density and 
AR = R Q - R , AL = L Q - L . RQ, LQ are the initial 
radius and length, respectively, and i?, L are the 
instantaneous radius and length of the sample, 
respectively. 

The data for the axial and radial shrinkages 
permit also the calculation of the respective shrinkage 
rates, and έ̂ , by the equations 

_ d[ln (L/Lq)] 
dt 

_ d[ln (R/RQ)] 

' dt 

(2) 

(3) 

The flow rate, £f, and the densification rate, έ ,̂ may 
be evaluated according to the relations [13] 
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Figure 2. Relative density, ρ, of borosilicate-glass powder (sintered 
at 888 K) as a function of sintering time, t. 
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Figure 4. Relation between linear axial shrinkage, ε^, and hnear 
radial shrinkage, ε^, of borosilicate-glass powder during sintering. 
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Figure 3. Linear axial shrinkage, ε̂ , of borosilicate-glass powder as 
a function of sintering time, t. 
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Figure 5. Flow rate, kf, (A) and densification rate, kg, ( • ) as a 
function of relative density, ρ, of borosihcate-glass powder during 
sintering. 

έ( = 2/3 (έ, - έ,) , 

έρ = ρ/ρ = - (έζ + 2 έ̂ ) 

(4) 

(5) 

where ρ is the derivation of the relative density in 
dependence on the sintering time. 

4. Results 

Figures l a and b show Scanning electron micrographs 
of the borosihcate-glass powder used. The non-
spherical character of the particles is evident. Figure 2 
shows the relative density as a function of sintering 
time, t. It was calculated using equation (1), the data 
for radial and axial shrinkage, and the relative green 
density. The data shown are an average of two runs 
under the same conditions and have a maximum 
relative error of 4 %. The final relative density 

calculated from equation (1) was in good agreement 
with the values determined using the Archimedes 
principle. 

Figure 3 shows the results for the axial shrinkage, 
£z, versus sintering time and figure 4 shows the results 
for the axial shrinkage, ε^, versus the radial shrink
age, ε^. The densification rate, έ ,̂ was obtained by 
fitting smooth curves to the data of figure 2 followed 
by differentiating and apphcation of equation (6) 

(6) 

The results are shown in figure 5 together with the 
results for the flow rate, kf. These were obtained by 
fitting smooth curves to the data of figures 3 and 4 and 
differentiation according to equation (4). The calcu
lation of the densification rate, έ^, following this 
procedure and using equation (5) gives results that 
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Figure 6. Flow shrinkage, Sf, for borosilicate-glass powder during 
sintering (see figures 3, 4 and equation (4)) as a function of 
sintering time, t. 
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Figure 8. Microstructure of borosihcate-glass powder sintered at 
888 Κ to a relative density of 0.82. 

are in excellent agreement with the correspondent 
values calculated by the density data and equation 
(6). The results for the flow shrinkage, £f, versus 
sintering time are shown in figure 6. 

5. Discussion and conclusions 

Figure 4 indicates the anisotropic character of the 
densification. The shrinkage is lower in the axial than 
in the radial direction. This result coincides with the 
results for spherical borosilicate-glass powder [5] and 
for cordierite-type glass powder [10] but is quite 
different from the results of the earher work on 
crushed soda-lime glass powder [4], in which the 
samples shrank more in the axial direction. 

It confirms that anisotropy in shrinkage is not 
only influenced by particle shape, but also by other 
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Figure 7. Densification rate, έρ, as a function of relative density, 
ρ, for sintered borosilicate-glass powder. (•: experimental values,  

— : theoretical values according to Scherer's theory [8].) 

factors as particle-size distribution, particle ahgnment 
and processing conditions (temperature, binder burn
out). In other words: It is a complex set of factors 
affecting the shrinkage anisotropy, which therefore 
cannot simply be related to the aheration of one 
factor, if others change synchronically, effecting -
possibly - the shrinkage behaviour in different 
directions. The slope of the straight line in figure 4 is 
the strain anisotropy ratio, eje^, and its value is 0.73, 
comparable to the shrinkage anisotropy found in 
previous works [5 and 10]. 

Following the indication of Rahaman et al. [5], an 
objective of this paper is to provide experimental 
results of the densification rate of the non-spherical 
borosihcate-glass powder as a function of density and 
to compare these results with the theoretical predic
tions of Scherer's model [8]. According to this model 
the densification rate is given by 

( 2 - 3 . 6 α//) 
(a/iy^ (1 - 1.2 a/l) ,2/3 (7) 

where C is a constant related to the type of material, α 
and /, respectively, are the radius and length of the 
cylinders of the model. The quotient all and the 
relative density are related by the equation 

ρ = 3 π (a/iy -8Λ/2 {allf . (8) 

In figure 7 the experimental results for the densifi
cation rate, = ρ/ρ, are compared with the theo
retical predictions. As in the previous work [4] the 
constant C in equation (7) was arbitrarily chosen to 
reach an agreement between theory and experiment 
at a relative density ρ = 0.77. It is seen that the 
densification rate varies stronger with the density 
than predicted by Scherer's theory. Since Scherer [14] 



has pointed out that the densification rate is very 
sensitive to the pore-size distribution, the deviation 
between theoretical and experimental results may be 
explained by pore-size scattering. Α simhar explana
tion was given for the results on crushed soda-hme 
glass powder [4]. Figure 8 shows the microstructure of 
a sample with a relative density, ρ, of 0.82. The 
distribution in pore sizes is evident. 

Putting the ratio between flow rate and densifi
cation rate, efSg, versus relative density points out 
(figure 9) that this ratio is almost independent of the 
relative density, which, according to figure 5, was to 
be expected. In so far, the linear slope between flow 
rate and densification rate, as shown in figure 10, is 
necessary. According to this figure the relation 
between flow rate and densification rate for borosil
icate-glass powder sintered at 888 Κ may be written 
as 

0.10 

έί = 0.07 ρ/ρ . (9) 

Rahaman et al. [4] found 0.14 as constant instead of 
0.07 studying the sintering of crushed soda-lime glass 
powder at 878 K. If the temperature does not play a 
role in affecting this constant ratio because both 
processes (flow and densification) occur by the same 
mechanism of viscous flow, the lower flow rate found 
in this study should be due to a more uniform 
compact microstructure and therefore lower aniso
tropy in the shrinkage. And indeed, the ratio between 
axial and radial shrinkage, eje^, found in this study is 
0.73 while in the case of crushed soda-lime glass 
powder [4] this ratio was 1.8.Using equations (4 and 
5) and considering that the ratio of the axial to the 
radial shrinkage remains constant during the sinter 
process {eje^ = k) it is possible to write 

- Relative density ρ -Figure 9. Ratio of flow rate, ε^, to densification rate, έρ, of sin
tered borosilicate-glass powder as a function of relative density, 
ρ. (•: experimental values, : slope fitting.) 

- έ ρ in 10 ^min ^-

Figure 10. Linear relationship between flow rate, £f, and 
densification rate, έρ, for borosihcate-glass powder during sin
tering. 

Ef^2ß\k-l 
έο (2 + k) 

(10) 

Figure 11 shows the experimental values for this 
ratio, έ^/έρ, from this study and according to Rahaman 
et al. [4] plotted versus the respective anisotropy 
ratio, eje^. Also shown is the curve represented by 
equation (10). As the interdependence points out, it 
should be possible to alter the ratio between flow rate 
and densification rate by Variation of the shrinkage 
anisotropy only, without external load effects. Work 
is in progress to investigate how the grade of 
anisotropy of shrinkage can be influenced by particle 
ahgnment during the fabrication of the compacts, 
which finally will end-up in the correlation between 
densification and powder characteristic on sintering 
by viscous flow. 

The work presented here was dominantly assisted by financial 
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Figure 11. Interdependence of the ratios of flow rate, f̂, to 
densification rate, έρ, and linear axial shrinkage, ε^, to linear radial 
shrinkage, ε^. (Α: [4], • : experimental values, : theoretical 
curve according to equation (10).) 
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