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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 Rüssel

Otto-Schott-Institut für Glaschemie, Friedrieh-Schiller-Universität, Jena (Germany)

Glass-ceramics containing needle-like apatite crystals were produced from glasses in the system S i 0 2 - A l 2 0 3 - C a O - P 2 0 5 -
K 2 0 - F ~ . Crystallizadon 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 rado, 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 ränge.

Herstellung von Glaskeramiken mit nadeiförmigen Apatitknstallen verschiedener Aspektverhältnisse und ihr Verhalten bei
der Extrusion

Aus Gläsern im System S i 0 2 - A l 2 0 3 - C a O - P 2 0 5 - K 2 0 - F ~ wurden Glaskeramiken mit nadeiförmigen Apaütkristallen hergestellt.
Die Kristallisation wurde durch schnelles Aufheizen auf 1200°C und Haltezeiten im Bereich von 0,5 bis 15 h herbeigeführt. Mit
steigender Haltezeit nahmen die Länge L, die Breite W, aber auch das Aspektverhältnis (L/W) der Apatitkristalle zu. Dies führte
auch zu einem Ansteigen der Newtonschen Viskosität. Bei höheren Scherraten wurde auch nicht-Newtonsches Fließverhalten, das
mit steigendem Aspektverhältnis immer ausgeprägter wurde, beobachtet. In allen Fällen wurden durch den Extrusionsprozeß gut
orientierte Glaskeramiken erhalten, falls dieser im nicht-Newtonschen Bereich durchgeführt wurde.

1. Introduction

In the past few years, numerous studies on the prep-
arat ion of oriented glass-ceramics by means of extrusion
have been reported [1 to 5]. Here, usually a glass meh
containing anisometric crystals, i. e. of needle-like or
plate-like morphology, is used. D u e to the plastic defor-
mat ion process, orientat ion 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 ränge of 10^ to 10^ dPa s. In a calcium meta-
phosphate melt, it has been shown that also non-New-
tonian flow, achieved by the al ignment of metaphos-
phate chain structures, can be analyzed at high shear
stresses applied. This al ignment has also been proved by
rotorsynchronized N M R spectroscopy [6].
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T h e dependence of N e w t o n i a n flow u p o n the q u a n -
tity of crystalline phase suspended was r epo r t ed in [7].
F u r t h e r m o r e , the effect of crystal size a n d shape o n
N e w t o n i a n flow was s tudied [8]. T h e oecur rence of shear
stress may also induce nucleat ion as shown in the case
of l i th ium disilicate m e h s [9]. This effect was expla ined
to be caused by shear th inning, i. e. the decrease in vis-
cosi ty at the shear stress apphed . General ly, n o n - N e w -
t o n i a n flow behavior may be observed in glass mel t s [10,
7, 10 to 12] at high shear stresses. This effect is especially
observed in glass melts with cha in s t ruc ture a n d re
p o r t e d to be caused by the a l ignment of flow un i t s [13
to 17]. In parrially crys ta lhne mel t , an add i t iona l effect
con t r ibu t ing to n o n - N e w t o n i a n flow is the a h g n m e n t of
an isomet r ic crystals [15 a n d 18]. In [18] it was s h o w n
tha t also the n o n - N e w t o n i a n flow behavior is a n effect
of the shape of the crystals suspended in the mel t . If
they possess isometric shape, n o n - N e w t o n i a n flow m a y
solely be caused by the glassy phase , i. e. the fo rma t ion
of an isometr ic flow units. T h e n the shear stresses, neces-
sary to induce n o n - N e w t o n i a n flow, are fairly h igh . If,
however, the crystals are an isometr ic , their a l i gnmen t
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Figures la and b. SEM mierographs 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).

5 μΐΏ

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 direcüon (piston velocity: 2 mm/min).

a n d hence n o n - N e w t o n i a n flow occurs at much lower
shear stress. This paper provides a s tudy on both the
N e w t o n i a n a n d the n o n - N e w t o n i a n flow of a glass melt
con ta in ing needle-like f luoroapat i te crystals of different
size a n d aspect ra t io (length: width) .

2. Experimental

Α glass wi th the compos i t ion (in mo l%) of 22.5 Si02,
20.1 AI2O3, 18.1 C a O , 22.8 P2O5, 9.2 K2O a n d 7.3 F

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 plat inum crucible at 1500 C and
cast in a graphi te mold. Dur ing cooling part ial 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 t reatment , the glass-ceramics were inserted into
an extrusion Chamber, already described in [1, 17 and
19]. The experiment was carried out using a Z W I C K -
Universal Testing Machine 1445 (Zwick G m b H & Co.,
U l m (Germany)) , controlled by a Computer. The pis ton
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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
pis ton velocity was in the ränge of 0.2 to 2 mm/min . The
extrusion Chamber was located in a furnace maintaining
a temperature of 700 C. Extrus ion was carried out with
cyhndrical 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 Reeder et al. [19]. Dur ing ex
trusion the load was controlled in such a manner that
the extrusion velocity remained eonstant and was equal
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Figure 4. Mean lengths and widths of the apatite crystals in
extruded samples as a funcdon of the time of thermal pretreat-
ment at 1200°C.

to the preset value. Ex t ruded rods were cut para l le l a n d
perpendicular ly to the extrusion direct ion a n d c h a r a c -
ter ized by X-ray diffraction ( X R D ) (Siemens D 5000,
Siemens AG, M ü n c h e n (Germany) ) a n d scann ing elec-
t r o n microscopy (SEM) ( D S M 940 A, Car l Zeiss, Obe r -
kochen (Germany) ) . Lengths , wid ths a n d aspect ra t ios
were de te rmined by an au toma t i c image ana lyzer (Zeiss
O p t i m a s ) .

3. Results
Figures l a a n d b, 2a and b, 3a a n d b present S E M mic ro -
g raphs of ex t ruded samples. They were cu t paral le l
(figures a) a n d perpendicular ly (figures b) to the ex t rus ion
direct ion. In figure l a e longated crystals are observed
which preferably are or iented in the ext rus ion d i rec t ion .
Th i s sample was soaked for 0.5 h at 1200°C. T h e m e a n
length of the crystals was (3.3 ± 0.4) μm. T h e m e a n w i d t h
(0.83 ± 0.08) μm was de te rmined from figure Ib . F igures
2a a n d b a n d 3a and b are a t t r ibuted to samples soaked at
1200°C for 1 a n d 15 h, respectively. Here , the crystals a re
m o r e e longated and of needle-like shape. T h e m e a n
lengths are (10.8 ± 0.9) and (23 ± 1 . 1 ) μm, respect ively
D u r i n g soaking the widths increased from (0.83 to
1.25 ± 0.04) a n d (1.54 ± 0.04) μ m for soaking t imes of 0.5,
1 a n d 15 h, respectively. Crysta l d imensions , inc luding
those of samples ext ruded after supplying o the r soak ing
times, are summar ized in figure 4. Α steady increase in the
lengths a n d widths is observed. Wi th in the t ime from 0.5
to 15 h, the crystals increased in length by the factor of
seven, while the increase in wid th is m u c h smaller (factor
1.86). In figure 5, the aspect rat io is shown. D u r i n g ther-
m a l p re t rea tment , it increases from 4 : 1 to 14.9 : 1 .

F igure 6 shows viscosities calculated us ing e q u a t i o n
1 [20 a n d 21] as a function of the aspect rat io.

η  FI[2nüDo{{DolD,y-\)\ (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 rado of the
apatite crystals at a piston velocity of 2 mm/min.

wi th DQ  d iameter of the eon ta iner Chamber, Di  di
amete r of the die, ν = p is ton velocity, F  load.

D u r i n g the experiments , a p is ton velocity of 2 m m /
min was supplied. I t is observed tha t the viscosity calcu-
lated increases with increasing aspect ra t io . A t an aspect
rat io of 4 : 1 , the viscosity is by a r o u n d the factor of 3.5
lower t h a n in a sample possessing a n aspect ratio of
1 4 . 9 : 1 .

Table 1 presents viscosities measu red us ing different
die diameters . They were varied from 3 t o 5 and 8 m m ,
result ing in pressing rat ios of 51.4, 18.5 a n d 7.22. The
viscosities calculated from the load necessary to main-
ta in the present p is ton velocity of 0.5 m m / m i n varied
with the pressing ratio. For the largest die diameter of
8 m m , viscosity was highest (33.6  10 ^ d P a s), while it
was lowest for the smallest die d iamete r (6  10^ dPa s).
T h e viscosity for the m e d i u m size die (5 m m ) 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:
1 h 

diameter of the die pressing rado viscosity
in mm in lO^dPas

3 51.4 6
5 . 18.5 9.4
8 7.22 33.6

-1.0 -0.5
Ige-(ε in s"̂ )

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 shov/s viscosities measured at different shear
rates applied. While curve 1 is at tr ibuted to a glass-ce-
ramic wi thout any thermal pretreatment , curves 2 and 3 
were recorded from glass-ceramics tempered at 1200 C
for 0.5 and 15 h, respeetively The curves were normal ized
to viscosities measured at low shear rate. While curve 1 ex
hibits an η/ηο 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 no ted that apatite crystals are approximately
spherical in the glass wi thout thermal t reatment (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 normal ized 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 l a and b, 2a and b, 3a and b and
4, bo th lengths and widths of the crystals formed in
crease with increasing time of thermal t reatment . Ac-
cording to the theory of crystal growth [22] for the stage
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of crystal coarsening, a dependence of the crystal size,
J, u p o n the time of heat t reatment , according to a t^'^ 
law is expected (Ostwald ripening):

,1 /3 (2)

In figure 8, a plot of bo th crystal lengths and widths
against t^'^ is shown. For t imes in the ränge of 1 to 15 h,
within the error limits, a linear correlation is observed.
Hence, in this ränge the growth behavior can be fitted
to equat ion (2). This equat ion 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 t ranspor t
is solely achieved by diffusion. Wid th and length after
tempering for 0.5 h are no t in agreement with the ύ'^
law. It should be assumed that after 0.5 h, the quant i ty
of apati te 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 canno t decide which mechanism is
predominant , however, it will be a subjeet of future stud
ies. The different growth rates in different crystallo-
graphic directions  the long axis is the crystallographic
c 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 t ime of heat
t reatment at 1200°C.

t̂ '̂  in min

Figure 8. Mean lengths and widths of the apatite crystals as a 
funcdon of T^'^. 

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

fur ther crystal growth was n o t observed. Af ter ex
t rus ion , the quant i ta t ive de te rmina t ion of crys ta l l eng ths
a n d wid ths is m u c h easier t h a n in n o n - e x t r u d e d samples ,
because m o s t crystals are or iented a long thei r  c axes in
the extrusion direct ion.

A s shown in table 1, the viscosity d e p e n d s o n the
d iame te r of the die used du r ing ex t rus ion (Z)i) a n d
hence, on the pressing ratio. By using smal ler dies, t he
shear rate increases a n d hence a higher load is necessary
to ma in t a in the p is ton velocity. However, l o a d s neces-
sary are m u c h lower t h a n expected assuming N e w t o n i a n
flow behavior. Obviously shear th inn ing occurs . T h i s is
i l lustrated in m o r e detail in figure 7. In t he i somet r i c
sample (see curve 1), N e w t o n i a n flow behav ior is o b
served u p to a shear rate of 0.4 s ^ A t h igher shea r
rates, the viscosity slightly decreases a n d reaches a va lue
of a r o u n d 75 % of the N e w t o n i a n viscosity, ;/o, at a shea r
ra te of 1.25 s ^ By cont ras t , in a sample t e m p e r e d for
30 m i n at 1200 C, flow behavior is N e w t o n i a n u p to a 
shear rate of 0.15 s ^ Here, supplying a shea r ra te of
0.4 s ^ leads to n o n - N e w t o n i a n behavior. T h e obse rved
viscosity is only 5 6 % of the N e w t o n i a n viscosity. I n
curve 3, a t t r ibuted to a melt thermal ly p re t r ea t ed for
15 h at 1200°C, first deviat ions are a l ready obse rved at
a shear rate smaller t h a n 0.15 s ^ In t he i somet r i c
sample , n o n - N e w t o n i a n flow migh t solely be caused by
the mel t itself, i. e., by the a h g n m e n t of s t ruc tu ra l un i t s
(e. g. chain s t ructures) . Α con t r ibu t ion of crys ta l a l ign-
m e n t is no t possible, because of the approx ima te ly
spherical shape. T h e sample a t t r ibu ted to curve 2 exh ib -
its a n aspect rat io of 4 : 1 . Obviously, this is sufficient t o
achieve n o n - N e w t o n i a n flow already at shear ra tes of
0.4 s ^ A t an aspect rat io as high as 1 4 . 9 : 1 (see cu rve
3), n o n - N e w t o n i a n effects are m u c h bet ter p r o n o u n c e d :
first deviat ions from N e w t o n i a n flow are obse rved at
lower shear rates a n d the effect of shear ra te o n viscosi ty
is larger. A t a shear rate of 0.5 s ^ ηΐη^ is a r o u n d 0 .23,
while it is 0.56 in curve 2. As shown in figures l a a n d b ,
2a a n d b a n d 3a and b , du r ing ext rus ion o r i en t a t i on of
the an isometr ic crystals is achieved. T h e or igin of t h e
n o n - N e w t o n i a n flow observed in figure 7, curves 2 a n d
3, therefore, has to be seen in the a l ignment of the an i so -
met r i c crystals. Obviously, the n o n - N e w t o n i a n effects
a re be t te r p r o n o u n c e d if the aspect ra t io is h igher a n d
hence, or ienta t ion of the crystals is m o r e easily achieved.
Viscosities in figure 6 are measu red at a c o n s t a n t p i s ton
velocity of 2 m m / m i n a t t r ibuted to a shear ra te of
0.5 s ^ Here, it is seen tha t the viscosity m e a s u r e d in
creases with increasing aspect rat io. W i t h i n the r ä n g e
studied, the viscosity increases by the factor of 3.5. A t
the shear stress applied, all samples shown in figure 6 
exhibi t n o n - N e w t o n i a n flow behavior. This effect, as al
ready ment ioned , is the higher p r o n o u n c e d , the h igher
the shear stress applied. T h e effect of n o n - N e w t o n i a n
flow is comparab ly small at an aspect ra t io of 4 : 1
{ηΐηο = 0.75) while it is notably h igher at an aspect ra t io
of 14 .9 :1 (ηΐηο = 0.23). However, as seen in figure 6, the
viscosities at a p is ton velocity of 2 m m / m i n increase w i th
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increasing aspect ratio. Hence, two effects are superim
posed: a) the N e w t o n i a n viscosity increases with increas-
ing aspect ra t io a n d b) the decrease in viscosity due to
the a h g n m e n t of anisometr ic crystals gets larger with in
creasing aspect ratio. Obviously, u n d e r the conditions
appl ied, the increase in N e w t o n i a n viscosity over-com-
pensates the decrease in viscosity due t o non-Newton ian
effects while increasing the aspect rat io.

5. Conclusions

T h e Observation tha t n o n - N e w t o n i a n flow occurs after
a cer ta in shear stress is exceeded offers the possibility
of es t imat ing the or ienta t ion crystals will exhibit after
ext rus ion. Whi le increasing the shear rate, the viscosity
d rops to smaller values a n d hence n o n - N e w t o n i a n flow
occurs. This decrease in flow resistance is caused by the
crystal or ien ta t ion occurr ing. A t smaller shear rates,
N e w t o n i a n flow occurs a n d the extent of crystal align-
m e n t will be small or negligible.

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