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Creep and densification during anisotropic sintering 
of glass powders 
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The isothermal sintering behaviour of a barium magnesium aluminosilicate glass powder at 
930 ~ was investigated using a heating microscope. The cylindrical samples exhibited 
a variable shrinkage anisotropy during sintering. The shrinkage anisotropy ratio, defined as 
the ratio of the relative change of height and diameter, varied linearly between ~0.3 and 
~0.98 with the relative volume shrinkage during densification. Shrinkage anisotropy caused 

creep deformation of the samples. The creep rate varied exponentially with the densification 
rate and the ratio of creep to densification rates, ~c/~p, decreased as densification proceeded. 
This is in disagreement with most previous studies, which show a constant value of ~e/~0 
during the densification. Overall, the study points out the relevance of variable shrinkage 
anisotropy and how it affects the densification behaviour of glass powders. 

1. Introduction 
Densification prior to crystallization, i.e. a glass- 
ceramic route, is expected to be particularly important 
for forming high-density composites by pressureless 
sintering. At an equivalent inclusion content, glass 
matrices have been shown to exhibit a much higher 
sinterability compared to crystalline matrices [1, 2] 
and therefore the beneficial sintering characteristics of 
glass can be conveniently exploited. This fact has 
renewed interest in understanding the sintering of 
glasses under different conditions. 

The simultaneous creep and densification of glass 
powder compacts has been studied in the past and 
a fundamental understanding of the evolution of both 
mechanisms (i.e. creep and densification) under differ- 
ent experimental conditions has been gained [3-6]. 
Most studies have been conducted using loading 
dilatometric measurements, i.e. applying controlled 
low uniaxial loads to the sintering compact. One of 
the important results of this work is that the creep rate 
can be expressed as the sum of the contribution from 
the applied stress which varies linearly with the stress 
and a contribution due to anisotropic densification. It 
was shown that the latter varied linearly with the 
densification rate for compacts which shrank more in 
the axial than in the radial direction [3]. Another 
interesting result is that the ratio of the densification 
to the creep rate is almost independent of both tem- 
perature and density for a given applied stress [3, 4]. 
This result was later confirmed for pressureless sin- 
tered samples, i.e. samples densified under no applied 
stress [6, 7]. All the experimental studies on creep/ 
densification of glass powder compacts carried out so 
far have dealt with samples which showed constant 

shrinkage anisotropy during densification. It has been 
shown in the literature, however, that the sintering of 
glass powder compacts can be variably anisotropic, 
i.e. the degree of anisotropy varies as sintering pro- 
ceeds [8, 9]. The purpose of this work was to study the 
creep-densification behaviour of this class of glass 
powders. Experimental results on the variable anisot- 
ropic shrinkage of a barium magnesium aluminosili- 
cate (BMAS) glass powder are evaluated in terms of 
creep and densification rates. Heating microscopy has 
been used to obtain densification data without the 
application of external loads under isothermal condi- 
tions. This technique has proved to be very useful for 
studying the sintering kinetics of both monolithic and 
composite powder compacts in the past [6, 7, 10-12]. 

2. Experimental procedure 
A commercial BMAS glass powder (supplied by AEA 
Technology, Harwell, UK) was used in this work. The 
composition of this glass makes it appropriate for the 
production of glass-ceramics containing barium osu- 
malite, cordierite and cclsian as major crystalline 
phases after a suitable heat treatment [13, 14]. The 
theoretical density of the glass used is 2.74 gcm- 3; its 
transformation temperature, Tg, is 850 ~ the onset of 
crystallisation, Tn, occurs at 1150~ while the 
melting temperature Ts~ 1400~ [14]. The surface 
energy and the viscosity of the glass at the working 
temperature were determined in a previous study and 
found to be ~, ~ 0.440 N m- 1 and rl ~ 8.7 x 107 Pa s, 
respectively [ 14]. The as-received glass culler was clas- 
sified to obtain a narrow particle-size distribution, 
with an average particle size, ro, of ~10 ~tm. Scanning 
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electron microscopy (SEM) was used to investigate the 
morphology of the glass powder. Cylindrical com- 
pacts (5 mm diameter by 5 mm) were obtained by 
uniaxial compression of the powder in a die without 
using any binder. Green densities of 51% _+ 2% theor- 
etical density were achieved using pressures of 
250 MPa. 

The sintering was performed in a heating micro- 
scope (Leitz Wetzlar GmbH, Wetzlar, Germany), 
which enabled monitoring of the axial and radial 
shrinkage without the application of any external 
load. Sintering to full density was performed in the 
heating microscope for 2 h  at 930~ in air. After 
heating the furnace to the sintering temperature the 
compacts were immediately placed within it in order 
to provide isothermal conditions over the whole sin- 
tering process. The axis of the cylindrical samples 
coincided with the vertical direction. At predeter- 
mined intervals during the sintering process, photo- 
graphs of the samples were taken to record the sam- 
ples lengths and diameters, and hence, calculate the 
axial and radial shrinkages. 

The mass and dimensions of the pressed green and 
sintered compacts were measured and the geometrical 
densities determined. The final density of the sintered 
pellets was measured using Archimedes' principle, 
while the density as a function of time during sintering 
was determined from the green density and the meas- 
ured shrinkage. Polished sections of a selection of the 
sintered cylinders were prepared parallel and normal 
to the axial direction. The as-polished microstructures 
were observed by SEM. 

The instantaneous density, p, the longitudinal 
shrinkage rate, ~z, the radial shrinkage rate, ~r, the 
creep rate, ~c, and the densification rate, ip, were cal- 
culated using the relationships given below. 

From the experimental data for the axial and radial 
shrinkages during sintering, the density at any time 
can be determined by 

90 p = (1) 
(1 -- AR/Ro)2(1 - AL/Lo) 

where AR = Ro - R, AL = L0 - L and Po represents 
the green density. Ro and Lo are the initial radius and 
length, respectively, while R and L are the instan- 
taneous radius and length, respectively, of the sample. 

The data for the axial and radial shrinkages also 
permit the calculation of the respective shrinkage 
rates, ~ and g~, via the equations [3, 4] 

d [In (L/Lo)] 
gz - at (2) 

d[ln(R/Ro)] 
~r - dt (3) 

The creep rate, ~o, and the densification rate, t 0, may 
be evaluated according to the relations [15] 

g~ = 2/3(g~- iF) (4) 

~o = ;~/o = - (~z + 2~r)  (5)  

where 15 is the derivative of the relative density with 
respect to the sintering time. 

3. Results and discuss ion 
Fig. 1 shows a scanning electron micrograph of the 
BMAS glass powder used. The particles are non- 
spherical with a narrow particle-size distribution. 
Fig. 2 shows the density as a function of the sintering 
time, calculated using Equation 1 with the data for the 
radial and axial shrinkage, and the 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 density calculated from Equation 1 was in 
good agreement with the values determined using 
Archimedes' principle. Fig. 3 shows the results for the 
axial, ~z, and radial, er, shrinkage versus sintering time. 
The anisotropic character of the densification can be 
seen more clearly in Fig. 4 where the axial shrinkage 
has been plotted against the radial shrinkage. During 
sintering the samples shrank more in the radial than in 
the axial direction, with the ratio of axial to radial 
shrinkage being variable as sintering proceeds. This is 
in contrast to previous observations of the anisotropic 
shrinkage behaviour of borosilicate and aluminosili- 
cate glass powder compacts, where the ratio of axial to 

Figure 1 Scanning electron micrograph of the barium magnesium 
aluminosilicate glass powder investigated showing the non-spheri- 
cal morphology of the particles. 
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Figure2 Density versus sintering time for BMAS glass powder 
compacts sintered at 930 ~ indicating that maximum density is 
reached after ~ 100 rain. 

5653 



0.18 1 

L .  

e -  

t -  

O 

=o 
u .  

0.16 

0.14 

0.12 

0.1 

0.08 

0.06 

0.04 

0.02 

0 

[] 
[] 

[] 

[] 

[ ]  

[] 
Q 

"1 "  ' ' I ' ' ' I ' ' ' I �9 ' ' | ' ' ' I . . . .  

20 40 60 80 100 120 

Time (min) 

Figure 3 ([~) Axial and ( �9  radial shrinkage of BMAS glass powder 
cylindrical compacts as a function of sintering time for isothermal 
sintering at 930 ~ 
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Figure 5 Shrinkage anisotropy factor, k, versus sintering time for 
the BMAS glass powder compacts sintered at 930 ~ 
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Figure 4 Relation between axial and radial shrinkage for BMAS 
glass powder cylindrical compacts during sintering for isothermal 
sintering at 930~ indicating the anisotropic character of the 
shrinkage behaviour. 

radial shrinkage was constant during the densification 
process [-4, 6, 7, 12]. With the BMAS glass powder 
investigated here, however, this ratio varies with the 
degree of densification during sintering. Similar obser- 
vations of varying anisotropic behaviour during sin- 
tering have been made for cordierite-type glass pow- 
ders [8, 9]. 

A shrinkage anisotropy ratio can be defined as [16] 

k = --a= (6) 
gr 

Fig. 5 shows the variation of the shrinkage anisotropy 
ratio, k, with the sintering time. Interestingly, this 
variation is represented by a straight line on a semi- 
log plot giving the following relationship between 
k and sintering time, t 

k = 0.172 ln(t) + 0.186 (7) 

with t in minutes. 
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Figure 6 Shrinkage anisotropy factor, k, as a function of the relative 
volume shrinkage, 0, for BMAS glass powder compacts during 
sintering at 930 ~ showing the linear relationship between k and 0. 

The progress of sintering can be followed by deter- 
mining the total relative volume shrinkage, 0, which is 
given by 

0 = 1 - [(1 - AL/Lo)(1 -- AR/Ro) a] (8) 

By plotting the shrinkage anisotropy ratio, k, as 
a function of 0, the change in the shrinkage anisotropy 
as sintering proceeds can be assessed, as shown in 
Fig. 6. Shrinkage is highly anisotropic in the early 
stages of sintering with the relative diametral shrink- 
age being up to three times that of the axial shrinkage 
(k~0.3). The shrinkage anisotropy factor increases 
continuously during sintering and reaches a value very 
close to 1 (k~0.98) at full density. The variation of 
k with the relative volume shrinkage follows a linear 
relationship given by the following data-fitted equa- 
tion. 

k = 1.5160 +0.313 (9) 
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Figure 7 Scanning electron micrograph of a polished section of 
a compact sintered at 930 ~ for 45 rain (relative density p~0.72). 
The sample axis corresponding to the pressing direction during 
powder compaction is in the vertical direction of the micrograph. 

Anisotropic shrinkage behaviour is related to a num- 
ber of parameters including powder particle shape, 
particle-size distribution, particle alignment and pro- 
cessing conditions (forming pressure, temperature, 
binder burnout, direction of gravity during sintering, 
etc.). An interesting stereological approach relating 
the anisotropic densification behaviour of glass pow- 
der compacts to the orientation of pore/solid interface 
has been proposed [16]. In a separate study, this 
approach has been applied to the BMAS glass and 
sintering conditions used in this work [14]. The an- 
isotropy of the pore/solid interface during sintering 
can be assessed qualitatively by simple microstruc- 
rural observations of the sample during sintering. 
Fig. 7 is a scanning electron micrograph of a polished 
section of a compact after 45 rain sintering time hav- 
ing a relative density pr~0.72. While the pores show 
a strong scatter in shape and size, there is no visual 
evidence of a preferred elongation of the pores in the 
direction perpendicular to the cold pressing direction 
during the forming of the green compacts. Therefore, 
the anisotropy of the pore/solid interface cannot be 
solely responsible for the anisotropic densification be- 
haviour of the samples investigated here. A further 
consideration of microstructural dependence of the 
shrinkage anisotropy is beyond the scope of this study. 
Further experimental work is being undertaken cur- 
rently to elucidate the quantitative relationship be- 
tween the shrinkage anisotropy factor, k, and the 
orientation of the pore/solid interface (which can be 
quantified by stereological equations [16]) in glass 
compacts made using high forming uniaxial pressures. 

The densification rate, +0, was obtained by fitting 
smooth curves to the data of sintered density versus 
sintering time plots (see Fig. 2), followed by differenti- 
ating to determine t5 and applying the following equa- 
tion 

~. = 0/o ( lo)  

The ~p results derived from Fig. 2 as described pre- 
viously are shown in Fig. 8 together with the results 
for the creep rate, Q, which were obtained by fitting 
a smooth curve to the data of Figs 3 and 5, substitu- 
ting Equations 6 and 9 into Equation 4 and differenti- 
ating. Likewise, the calculation of the densification 
rate, ~p, following this procedure for Equation 5 gives 
results that are in good agreement with the corres- 
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ponding values calculated using the density data and 
Equation 10. The results in Fig. 8 confirm the exist- 
ence of creep deformation during sintering, which, in 
the absence of external stresses, is due only to a shrink- 
age anisotropy effect as found earlier [3, 4, 6, 7]. As 
stated previously, the aim of this work was to show 
how variable shrinkage anisotropy behaviour affects 
the relationship between the densification and creep 
rates. This ratio can be written according to Equations 
4-6 as 

~c 2/3[kSr + ( k  - -  l ) ~ r ]  

go - [ - k~r-  (k + 2)gr] (11) 

By means of Equations 8 and 9 and knowing that 
az~kL/Lo and e,~AR/Ro [15], the relationship be- 
tween er and k can be found and substituted in Equa- 
tion 11 to obtain the ratio of creep rate to densifica- 
tion rate, so/g0 as a function of k and ]~. 

Equation 11 indicates a more complicated depend- 
ence of the creep rate due to anisotropic densification 
on the densification rate than the simple linear de- 
pendence found in the previous studies for constant 
shrinkage anisotropy [3, 6, 7]. Indeed, the experi- 
mental results reveal an exponential relationship 
between creep and densification rates during pres- 
sureless isothermal sintering as shown in Fig. 9. Fur- 
thermore, the ratio of the creep rate to the densifica- 
tion rate, Q/go, shows a decreasing dependence with 
increasing densification as shown in Fig. 10. This de- 
pendence of Q/~p on the density does not agree with 
the results of most of the previous investigations on 
the sintering of glass and ceramic powders for which 
the ratio of creep to densification rate was constant 
during densification [3, 4, 6, 7, 17]. An example of 
those results for a borosilicate glass powder sintered at 
620 ~ for 120 rain without the exertion of external 
loads [6] is included in Fig. 10. Clearly the variation 
in the shrinkage anisotropy during the sintering of the 
BMAS glass compacts is the reason for this behaviour. 
The effects of variable shrinkage anisotropy as found 
in this study must, therefore, be taken into account 
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Figure 9 Relationship between the densification and the creep rates 
during sintering at 930 ~ of the BMAS glass powder compacts. 
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Figure 10 Ratio of creep rate to densification rate, ~c/ip, as a func- 
tion of relative density: (O) this study, (0)  borosilicate glass pow- 
der sintered for 2 h at 630 ~ [6]. 

when producing particulate-reinforced BMAS glass 
matrix composites by pressureless sintering. Inclu- 
sions may also have an effect on the densification and 
creep rates as shown for polycrystalline matrices [17]. 
They may introduce a new source of shrinkage aniso- 
tropy in the sintering compact, affecting, therefore, the 
densification behaviour of the composite due to the 
shrinkage anisotropy varying in a complex manner 
during sintering. 

4. Conclusion 
Heating microscopy provides an appropriate experi- 
mental method for studying the sintering kinetics of 
powder compacts; data for axial and radial shrinkages 
are obtained easily without the application of external 
loads, in contrast to dilatometric measurements. Thus, 
the sintering behaviour of samples showing shrinkage 
anisotropy can be studied accurately. Barium magne- 

5656 

sium aluminosilicate glass powder compacts sintered 
isothermally to full density at 930 ~ for 2 h showed 
a variable shrinkage anisotropy as sintering pro- 
ceeded. According to microstructural observations the 
shrinkage anisotropy cannot be attributed directly to 
preferred microstructural orientation of the uniaxially 
pressed green compacts, and it varied linearly with the 
relative volume shrinkage. The experimental results 
revealed an exponential relationship between the 
creep and densification rates, in contrast to the linear 
relationship found earlier for glass compacts exhibi- 
ting constant shrinkage anisotropy. Moreover, the 
ratio of the creep rate to the densification rate, ~o/~, 
decreased linearly with increasing sintered density. 
This is also in disagreement with most previous results 
on glass compacts exhibiting isotropic and constant 
anisotropic shrinkage behaviour. Thus, variable 
shrinkage anisotropy during sintering is an important 
factor affecting the densification kinetics of glass 
powders. The effects of shrinkage anisotropy on the 
sintering behaviour of glass matrix composites with 
dispersion reinforcements is a subject of on-going 
investigations. 
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