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Preparation of glass-ceramics with needle-like apatite crystals of
different aspect ratios and their behavior during extrusion”

Cornelia Moisescu, Gunter Carl and Christian Russel
Otto-Schott-Institut fir Glaschemie, Friedrich-Schiller-Universitét, Jena (Germany)

Glass-ceramics containing needle-like apatite crystals were produced from glasses in the system SiO,—AlLO;—CaO—P,0s5—
K,0—F. Crystallization was achieved by rapid heating to 1200°C and keeping the sample for 0.5 to 15 h. With increasing time of
heat treatment, length, L, width, W, as well as the aspect ratio, L/W, of the apatite crystals increased. This also led to an increase
in the Newtonian viscosity. At higher shear rates, non-Newtonian flow behavior was observed. This effect was more pronounced
with increasing aspect ratio. In all cases, the result of the extrusion process was highly oriented glass-ceramics, if it was carried out
in the non-Newtonian range.

Herstellung von Glaskeramiken mit nadelférmigen Apatitkristallen verschiedener Aspektverhaltnisse und ihr Verhalten bei
der Extrusion

Aus Glésern im System SiO,—Al,03;—CaO—P,05—K,0—F~ wurden Glaskeramiken mit nadelféormigen Apatitkristallen hergestellt.
Die Kristallisation wurde durch schnelles Aufheizen auf 1200°C und Haltezeiten im Bereich von 0,5 bis 15 h herbeigefithrt. Mit
steigender Haltezeit nahmen die Lange L, die Breite W, aber auch das Aspektverhdltnis (L/W) der Apatitkristalle zu. Dies fiihrte
auch zu einem Ansteigen der Newtonschen Viskositat. Bei hoheren Scherraten wurde auch nicht-Newtonsches FlieBverhalten, das
mit steigendem Aspektverhéltnis immer ausgepragter wurde, beobachtet. In allen Fillen wurden durch den ExtrusionsprozeB gut

orientierte Glaskeramiken erhalten, falls dieser im nicht-Newtonschen Bereich durchgefiihrt wurde.

1. Introduction

In the past few years, numerous studies on the prep-
aration of oriented glass-ceramics by means of extrusion
have been reported [1 to 5]. Here, usually a glass melt
containing anisometric crystals, i. e. of needle-like or
plate-like morphology, is used. Due to the plastic defor-
mation process, orientation is achieved by the high shear
stresses applied. In a recent paper [4], it was pointed out
that the extrusion process can also be utilized to study
the rheological behavior of a melt, especially in a vis-
cosity range of 107 to 10° dPas. In a calcium meta-
phosphate melt, it has been shown that also non-New-
tonian flow, achieved by the alignment of metaphos-
phate chain structures, can be analyzed at high shear
stresses applied. This alignment has also been proved by
rotorsynchronized NMR spectroscopy [6].
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The dependence of Newtonian flow upon the quan-
tity of crystalline phase suspended was reported in [7].
Furthermore, the effect of crystal size and shape on
Newtonian flow was studied [8]. The occurrence of shear
stress may also induce nucleation as shown in the case
of lithium disilicate melts [9]. This effect was explained
to be caused by shear thinning, i. e. the decrease in vis-
cosity at the shear stress applied. Generally, non-New-
tonian flow behavior may be observed in glass melts [10,
7, 10 to 12] at high shear stresses. This effect is especially
observed in glass melts with chain structure and re-
ported to be caused by the alignment of flow units [13
to 17]. In partially crystalline melt, an additional effect
contributing to non-Newtonian flow is the alignment of
anisometric crystals [15 and 18]. In [18] it was shown
that also the non-Newtonian flow behavior is an effect
of the shape of the crystals suspended in the melt. If
they possess isometric shape, non-Newtonian flow may
solely be caused by the glassy phase, i. e. the formation
of anisometric flow units. Then the shear stresses, neces-
sary to induce non-Newtonian flow, are fairly high. If,
however, the crystals are anisometric, their alignment
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Figures la and b. SEM micrographs of extruded samples ther-
mally pretreated at 1200 °C for 0.5 h; a) cut parallel, b) cut perpen-
dicularly to the extrusion direction (piston velocity: 2 mm/min).

and hence non-Newtonian flow occurs at much lower
shear stress. This paper provides a study on both the
Newtonian and the non-Newtonian flow of a glass melt
containing needle-like fluoroapatite crystals of different
size and aspect ratio (length: width).

2. Experimental

A glass with the composition (in mol%) of 22.5 SiO,,
20.1 Al,O3, 18.1 CaO, 22.8 P,0s, 9.2 K,O and 7.3 F™

Figures 2a and b. SEM micrographs of extruded samples ther-
mally pretreated at 1200 °C for 1 h; a) cut parallel, b) cut perpen-
dicularly to the extrusion direction (piston velocity: 2 mm/min).

was melted from reagent grade raw materials in an alu-
mina crucible at 1500°C, cast in water and crushed. The
glass was remelted in a platinum crucible at 1500°C and
cast in a graphite mold. During cooling partial crystalli-
zation occurred. The crystal phase formed was fluoro-
apatite. These glass-ceramics were put into a furnace
preheated to 1200°C and soaked for 0.5 to 15 h. After
thermal treatment, the glass-ceramics were inserted into
an extrusion chamber, already described in [1, 17 and
19]. The experiment was carried out using a ZWICK-
Universal Testing Machine 1445 (Zwick GmbH & Co.,
Ulm (Germany)), controlled by a computer. The piston
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Figures 3a and b. SEM micrographs of extruded samples ther-
mally pretreated at 1200 °C for 15 h; a) cut parallel, b) cut perpen-
dicularly to the extrusion direction (piston velocity: 2 mm/min).

(diameter: 21.6 mm) was driven by an electric motor, the
piston velocity was in the range of 0.2 to 2 mm/min. The
extrusion chamber was located in a furnace maintaining
a temperature of 700°C. Extrusion was carried out with
cylindrical graphite dies possessing diameters of 3, 5 and
8 mm. The temperature at the exit of the extrusion ori-
fice was measured by a thermocouple. The extrusion
principle and the procedure applied have already been
described in detail by Roeder et al. [19]. During ex-
trusion the load was controlled in such a manner that
the extrusion velocity remained constant and was equal
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Figure 4. Mean lengths and widths of the apatite crystals in
extruded samples as a function of the time of thermal pretreat-
ment at 1200°C.

to the preset value. Extruded rods were cut parallel and
perpendicularly to the extrusion direction and charac-
terized by X-ray diffraction (XRD) (Siemens D 5000,
Siemens AG, Miinchen (Germany)) and scanning elec-
tron microscopy (SEM) (DSM 940 A, Carl Zeiss, Ober-
kochen (Germany)). Lengths, widths and aspect ratios
were determined by an automatic image analyzer (Zeiss
Optimas).

3. Results

Figures l1a and b, 2a and b, 3a and b present SEM micro-
graphs of extruded samples. They were cut parallel
(figures a) and perpendicularly (figures b) to the extrusion
direction. In figure la elongated crystals are observed
which preferably are oriented in the extrusion direction.
This sample was soaked for 0.5 h at 1200°C. The mean
length of the crystals was (3.3 £ 0.4) um. The mean width
(0.83 £ 0.08) um was determined from figure 1b. Figures
2a and b and 3a and b are attributed to samples soaked at
1200°C for 1 and 15 h, respectively. Here, the crystals are
more elongated and of needle-like shape. The mean
lengths are (10.8 = 0.9) and (23 £ 1.1) pum, respectively.
During soaking the widths increased from (0.83 to
1.25£0.04) and (1.54 £ 0.04) um for soaking times of 0.5,
1 and 15 h, respectively. Crystal dimensions, including
those of samples extruded after supplying other soaking
times, are summarized in figure 4. A steady increase in the
lengths and widths is observed. Within the time from 0.5
to 15 h, the crystals increased in length by the factor of
seven, while the increase in width is much smaller (factor
1.86). In figure 5, the aspect ratio is shown. During ther-
mal pretreatment, it increases from4:1to 14.9: 1.

Figure 6 shows viscosities calculated using equation
1 [20 and 21] as a function of the aspect ratio.

n = FI2 1o Dy (Do/Dy)*~1)] (1)
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Figure 5. Aspect ratios of the apatite crystals calculated from
figure 4 as a function of the time of thermal pretreatment at
1200°C.
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Figure 6. Viscosities as a function of the aspect ratio of the
apatite crystals at a piston velocity of 2 mm/min.

with D, = diameter of the container chamber, D, = di-
ameter of the die, v = piston velocity, F = load.

During the experiments, a piston velocity of 2 mm/
min was supplied. It is observed that the viscosity calcu-
lated increases with increasing aspect ratio. At an aspect
ratio of 4: 1, the viscosity is by around the factor of 3.5
lower than in a sample possessing an aspect ratio of
14.9:1.

Table 1 presents viscosities measured using different
die diameters. They were varied from 3 to 5 and 8§ mm,
resulting in pressing ratios of 51.4, 18.5 and 7.22. The
viscosities calculated from the load necessary to main-
tain the present piston velocity of 0.5 mm/min varied
with the pressing ratio. For the largest die diameter of
8 mm, viscosity was highest (33.6 - 107 dPa s), while it
was lowest for the smallest die diameter (6 + 107 dPa s).
The viscosity for the medium size die (5 mm) lay in be-
tween.

Table 1. Diameters of the die, pressing ratio used and viscosities
calculated; piston velocity: 0.5 mm/s, soaking time at 1200°C:
lh

diameter of the die pressing ratio viscosity
in mm in 107 dPa s
3 514 6
SEE 18.5 9.4
8 7.22 33.6
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Figure 7. Normalized viscosities as a function of the shear rate
applied. Curve 1: sample as cast from the melt without thermal
treatment, curve 2: sample heat-treated for 30 min, curve 3:
sample heat-treated for 15 h.

Figure 7 shows viscosities measured at different shear
rates applied. While curve 1 is attributed to a glass-ce-
ramic without any thermal pretreatment, curves 2 and 3
were recorded from glass-ceramics tempered at 1200°C
for 0.5 and 15 h, respectively. The curves were normalized
to viscosities measured at low shear rate. While curve 1 ex-
hibits an #/n, value equal to unity up to a shear rate of
0.4 s=!, in curves 2 and 3 values lower than 1 are already
observed at shear rates of 0.4 and 0.15 s™!, respectively. It
should be noted that apatite crystals are approximately
spherical in the glass without thermal treatment (curve 1),
and exhibit aspect ratios of 4: 1 and 14.9: 1 (curves 2 and
3) for samples tempered for 0.5 and 15 h. Hence, it is seen
that normalized viscosities lower than one are observed at
decreasing shear rates, if the aspect ratio of the crystals
suspended increases.

4. Discussion

As shown in figures la and b, 2a and b, 3a and b and
4, both lengths and widths of the crystals formed in-
crease with increasing time of thermal treatment. Ac-
cording to the theory of crystal growth [22] for the stage

190

Glastech. Ber. Glass Sci. Technol. 73 (2000) No. 6



Preparation of glass-ceramics with needle-like apatite crystals of different aspect ratios ...

of crystal coarsening, a dependence of the crystal size,
d, upon the time of heat treatment, according to a ¢!/
law is expected (Ostwald ripening):

d~ 113, Q)

In figure 8, a plot of both crystal lengths and widths
against '3 is shown. For times in the range of 1 to 15 h,
within the error limits, a linear correlation is observed.
Hence, in this range the growth behavior can be fitted
to equation (2). This equation was derived assuming that
first, the total content of the crystalline phase is constant
and second, the driving force for crystal growth is the
minimization of surface energy while third, the transport
is solely achieved by diffusion. Width and length after
tempering for 0.5 h are not in agreement with the '3
law. It should be assumed that after 0.5 h, the quantity
of apatite phase is still changing and hence the pre-
requisites for Ostwald ripening are not fulfilled. The
strongly anisotropic growth of the crystals might be
caused by very different surface tensions in different
crystallographic directions or by a growth mechanism
not solely controlled by diffusion. In the latter case, the
impingement rate depends on the crystallographic direc-
tion, e. g., caused by different densities of screw dislo-
cations along which crystal growth more easily occurs.
At the moment, we cannot decide which mechanism is
predominant, however, it will be a subject of future stud-
ies. The different growth rates in different crystallo-
graphic directions — the long axis is the crystallographic
¢ axis — leads to an increase in the aspect ratio of the
crystals with time as shown in figure 5. Hence, the mor-
phology occurring can be controlled by the time of heat
treatment at 1200°C.
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Figure 8. Mean lengths and widths of the apatite crystals as a
function of ¢'73.

Lenghts and widths of the crystals were determined
after extrusion of the partially crystalline sample. Dur-
ing extrusion, i. e., at the conditions applied (700°C),

further crystal growth was not observed. After ex-
trusion, the quantitative determination of crystal lengths
and widths is much easier than in non-extruded samples,
because most crystals are oriented along their ¢ axes in
the extrusion direction.

As shown in table 1, the viscosity depends on the
diameter of the die used during extrusion (D;) and
hence, on the pressing ratio. By using smaller dies, the
shear rate increases and hence a higher load is necessary
to maintain the piston velocity. However, loads neces-
sary are much lower than expected assuming Newtonian
flow behavior. Obviously shear thinning occurs. This is
illustrated in more detail in figure 7. In the isometric
sample (see curve 1), Newtonian flow behavior is ob-
served up to a shear rate of 0.4 s=!'. At higher shear
rates, the viscosity slightly decreases and reaches a value
of around 75 % of the Newtonian viscosity, #,, at a shear
rate of 1.25s~!'. By contrast, in a sample tempered for
30 min at 1200°C, flow behavior is Newtonian up to a
shear rate of 0.15s~!. Here, supplying a shear rate of
0.4 s=! leads to non-Newtonian behavior. The observed
viscosity is only 56 % of the Newtonian viscosity. In
curve 3, attributed to a melt thermally pretreated for
15 h at 1200°C, first deviations are already observed at
a shear rate smaller than 0.15s~'. In the isometric
sample, non-Newtonian flow might solely be caused by
the melt itself, i. e., by the alignment of structural units
(e. g. chain structures). A contribution of crystal align-
ment is not possible, because of the approximately
spherical shape. The sample attributed to curve 2 exhib-
its an aspect ratio of 4: 1. Obviously, this is sufficient to
achieve non-Newtonian flow already at shear rates of
0.4 s='. At an aspect ratio as high as 14.9:1 (see curve
3), non-Newtonian effects are much better pronounced:
first deviations from Newtonian flow are observed at
lower shear rates and the effect of shear rate on viscosity
is larger. At a shear rate of 0.5s™!, y/n, is around 0.23,
while it is 0.56 in curve 2. As shown in figures la and b,
2a and b and 3a and b, during extrusion orientation of
the anisometric crystals is achieved. The origin of the
non-Newtonian flow observed in figure 7, curves 2 and
3, therefore, has to be seen in the alignment of the aniso-
metric crystals. Obviously, the non-Newtonian effects
are better pronounced if the aspect ratio is higher and
hence, orientation of the crystals is more easily achieved.
Viscosities in figure 6 are measured at a constant piston
velocity of 2 mm/min attributed to a shear rate of
0.5s™!. Here, it is seen that the viscosity measured in=
creases with increasing aspect ratio. Within the range
studied, the viscosity increases by the factor of 3.5. At
the shear stress applied, all samples shown in figure 6
exhibit non-Newtonian flow behavior. This effect, as al-=
ready mentioned, is the higher pronounced, the higher
the shear stress applied. The effect of non-Newtonian
flow is comparably small at an aspect ratio of 4:1
(n/no = 0.75) while it is notably higher at an aspect ratio
of 14.9:1 (y/ny = 0.23). However, as seen in figure 6, the
viscosities at a piston velocity of 2 mm/min increase with
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increasing aspect ratio. Hence, two effects are superim-
posed: a) the Newtonian viscosity increases with increas-
ing aspect ratio and b) the decrease in viscosity due to
the alignment of anisometric crystals gets larger with in-
creasing aspect ratio. Obviously, under the conditions
applied, the increase in Newtonian viscosity over-com-
pensates the decrease in viscosity due to non-Newtonian
effects while increasing the aspect ratio.

5. Conclusions

The observation that non-Newtonian flow occurs after
a certain shear stress is exceeded offers the possibility
of estimating the orientation crystals will exhibit after
extrusion. While increasing the shear rate, the viscosity
drops to smaller values and hence non-Newtonian flow
occurs. This decrease in flow resistance is caused by the
crystal orientation occurring. At smaller shear rates,
Newtonian flow occurs and the extent of crystal align-
ment will be small or negligible.

This work was supported by the Deutsche Forschungsgemein-
schaft (DFG), Bonn-Bad Godesberg (Germany).
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