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The influence of shear rate and temperature on the viscosity and microstructure of phlogopit 
glass-ceramic during cooling is investigated. Viscosity was measured in the crystallization 
temperature range. These experiments were carried out using a high-temperature Couette 
viscometer specially developed for this investigation. All samples were sectioned, polished, and 
examined by light microscopy after cooling to room temperature. It is shown that the viscosity of 
the melt decreases with increasing shear rate because the initial platelets (glimmer crystals) were 
fragmented by shearing. The resulting glass-ceramic has a high density of broken short crystals. 
Such a structure has not previously been recorded for this material. A mathematical model to 
calculate the viscosity of crystallizing glass-ceramic depending on shear rate, temperature and 
other parameters is presented. This model is based on two modified first-order ordinary differential 
equations to describe crystal nucleation and crystal growth, and an equation to calculate the 
viscosity of the resulting suspension. The model also includes a description of crystal 
fragmentation as a first trial. The equations are coupled by melt viscosity. Numerical solutions are 
discussed. 

1. Introduct ion 
Glass-ceramics have a wide range of practical applica- 
tions. Usually crystallization occurs after glass-like 
solidification, but it is also possible to crystallize dur- 
ing cooling in special cases. The latter method is used 
for investigation of phlogopit glass-ceramic which cry- 
stallizes spontaneously and at high velocity. By this 
method, heat treatment for crystallization after cool- 
ing is not necessary. But there are also disadvantages: 
the usual glass-forming processes are not applicable 
because viscosity increases sharply with decreasing 
temperature, and structure and mechanical properties 
vary uncontrollably due to a variable cooling rate. 
Therefore it is interesting to investigate both the pro- 
cessing possibilities and methods for improving the 
structure and properties. In this paper, the influence of 
shear rate and temperature on both the viscosity of the 
melt in the crystallization range and the microstruc- 
ture of the resulting solid is explained. 

Only recently have reports appeared in the literat- 
ure describing studies of materials other than glass- 
ceramics, especially on metals (for example [1-4]). 
These papers show how viscosity, microstructure and 
mechanical properties (strength, ductility, malleabil- 
ity, hardness and impact toughness) can be influenced 
by shear rate. Due to the formation of a novel struc- 
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ture with nearly spherical particles, sheared material 
exhibits better and more homogeneous mechanical 
properties in comparison to conventional materials 
[4]. New metal-forming processes such as 'rheocast- 
ing" were developed. From these results it is reason- 
able also to investigate glass-ceramic materials, which 
have the advantage of a lower crystallization velocity 
than metals; however, the time to influence crystal- 
lization by shear rate is longer. 

2. Experimental procedure 
The glass-ceramic investigated consists of the chem- 
ical components listed in Table I [5]. 

The experiments in the melt were carried out using 
a high-temperature Couette viscometer specially de- 
veloped for this purpose. It consists of the following 
main parts (see Fig. 1): 

furnace with siliconcarbide heating elements and 
a coaxial cylinder system; 
motordrive with speed control; 
measuring devices for temperature, rotation speed, 
and torque; 
frame. 
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After testing the single parts of the viscometer, the 
assembly was tested using a glass with known visco- 
sity-temperature characteristics. The experimental 
data are well in accordance with known character- 
istics (e.g. see Fig. 3). Into this apparatus the glass- 
ceramic material was placed in the annular gap 
between the two cylinders. The inner cylinder was 
then rotated while the outer cylinder was held fixed. 
The torque and the speed of the inner cylinder were 
measured, and shear stress and viscosity, respectively, 
were calculated using standard relationships consider- 
ing the geometry of the measuring system. Three 
different dimensions of rotor and cup were used: 

Di = 11 mm, Da = 20 mm; or 

Di = 12 mm, D a = 20 mm; or 

D i = S m m ,  D~= l l m m  

TABLE I Components of the glass-ceramic studied 

Component Wt % 

SiO 2 52.2 
A1203 12.2 
Fe203 8.9 
MgO 10.8 
Na20 9.9 
Fluor compounds 5.8 
K20 0.8 
CaO 1.0 
MnO 0.1 

Total 101.7 (round-up errors) 

O i and Da are the inside and outside diameters. 
Shearing length was 40 mm. For further details of the 
experimental equipment see [6]. 

Initially, the glass-ceramic powder was completely 
melted by heating up to a temperature of about 
1370~ well above its liquidus temperature, TL, 
of nearly 1170~ with a heating rate of 30 Kmin -1. 
The sample was held isothermally for about 25 rain at 
that temperature. Three kinds of experiments were 
then carried out (Fig. 2) [6]. 

2.1. ExperimentA 
The sample was continuously sheared between the 
solidus and liquidus temperatures while cooling at  a 
constant rate (2.44 K rain- 1). At a temperature above 
the solidus temperature, the shearing was stopped and 
the sample was water quenched. 

2.2. Exper iment  B 
The sample was cooled with a constant cooling rate 
(2.44 K min -1) down to a temperature within the 
liquid-solid range. After reaching the desired temper- 
ature, the sample was held isothermally. The rotation 
speed was then increased and decreased stepwise. Sta- 
tionary values of torque were measured. After these 
isothermal experiments, the rotation was stopped and 
the sample was water quenched. 

2.3. Experiment C 
The sample was cooled at a constant cooling rate 
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Figure t Schematic representation of the experimental apparatus. 
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Figure 2 Schematic representation of the thermomechanical treatment for the three kinds of experiment. 
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Figure 3 Testing the viscometer with standard glass and showing 
the dependence of the viscosity of the considered glass-ceramic on 
temperature for a constant cooling rate of 2.44 K m i n -  1 (full and 
dashed lines) compared to the viscosity measured in the isothermal 
case (vertical bars). Vertical bars: ~, = (a) 1.0-9.7; (b) 1.7 9.3; (c) 
0.4-10.7; (d) 1.5-12.3 s -~. Curves, ~' = x ,  50; 0 ,  20; O, 6; + ,  
0.14 s 1. El, Testing viscometer with standard glass. 

(2.44 K min-1 )  and sheared above the liquidus tem- 
perature. After reaching the liquidus temperature, the 
heater in the furnace was switched off and the sample 
was slowly cooled to room temperature. 

In all cases the samples were sectioned, polished and 
examined by light microscopy. 

3. Results 
Results of typical viscosity measurements are shown 
in Figs 3 and 4. The individual q - T points, seen in 
the curves in Fig. 3 for constant cooling rate, were 
fitted by the followng equation 

a 
lnr  I - + d (1) 

[ T / b ]  ~ + 1 

where rl is the viscosity and T the temperature. The fit- 
parameters, a, b, c and d, are given in Table II. 

Equation 1 was selected because it is possible to 
approximate such points using a curve with an inflec- 
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Figure 4 Dependence of the viscosity on shear rate in the isothermal 
case (crosses and small points) compared to the viscosity for con- 
stant cooling rate (large points). 

T A B L E  II Values for the fit parameters of Equation 1 

"~ (s -1 ) a b c d Availability 
at temperature 
T (~ 

0.14 3.929 1075.27 35.122 2.626 979-1084 
6.00 3.728 1075.27 29.012 3.259 1097-1216 

20.00 2.598 1075.27 20.716 2.904 1063-1282 
50.00 3.539 1075.27 18.351 2:437 1071-1282 

All data 3.827 1075.27 23.433 2.795 979-1282 

tion point. The influence of the fit parameters on the 
curve is shown in Fig. 5. The resulting curves for 
constant shear rates are drawn as thin solid lines. The 
dashed line represents the shear rate independent fit. 

265 



T 

.E 
_.= 

UIT 
b 

c = - t a n  o(. if d--O 

Figure 5 Influence of the parameters for the fit in relation to the 
points for constant cooling rate. 

Notice that viscosity is low at high temperatures 
and increases with decreasing temperature. This is 
because both the volume fraction solid, and the 
viscosity of the remaining glass phase, increase. It  is 
remarkable that the viscosity is lower for high shear 
rates. It is therefore possible to influence the viscosity 
by varying the shear rate during cooling. The curves in 
Fig. 4 show the results of isothermal experiments at 
four temperatures. 

The viscosity of these isothermally held samples, 
plotted against shear rate on a log-log scale, shows 
a linear dependence over certain ranges of shear rates. 
Changes in viscosity with shear rate in Fig. 4 are 
reversible. The viscosity obeys the classical power-law 
equation with a negative coefficient n 

q = K~," (2) 

The fit parameters, K and n, are shown in Table III. 

TABLE III  Values for the fit parameters of Equation 2 

Temperature K (dPa s" § 1 ) n Availability 
(~ (~,[s- 1 ] )  

962 1.1503 x 106 - 0.2688 0.33- 3.42 
998-1002 1.8412 x 105 - 0.248 1.02- 9.69 

1062 2.5545 x 104 - 0.0252 1.89- 9.32 
1120 1.6788 x 104 - 0.4129 0.37-10.66 
1163 5.3040 x 103 - 0.3154 1.54 12.32 

For  this reason the glass-ceramic shows pseudo- 
plastic behaviour in the crystallization range. In the 
isothermal case it is also possible to influence the 
viscosity by varying the shear rate. 

Now let us compare the experimental data for the 
isothermal case with those for constant cooling rate. 
For  this purpose, Figs 3 and 4 include all the pertinent 
data. Vertical bars in Fig. 3 show the results of isother- 
mal experiments. There seem to be differences between 
the viscosity of these two types of experiment, espe- 
cially at low temperatures. The differences are due to 
different shear rates. The corresponding shear rates of 
the upper and lower points of the bars are shown in 
Fig. 3. In Fig. 4, the big points represent the values 
measured for constant cooling rate: these show nearly 
the same viscosities as those measured isothermally. 
Therefore, viscosity depends only on the present shear 
rate and temperature, and not on thermal and defor- 
mation history, for the considered conditions. 

The structure of the investigated glass-ceramic at 
room temperature consists of glimmer crystals and 
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Figure6 Examples of the structure of both the unsheared and 
sheared material: (a) Experiment A with ~ = 0 s- 1; (b) Experiment 
A with ~, = 50 s- 1, sheared about 70 rain during cooling at a con- 
stant cooling rate of T= 2.44K rain-l; (c) Experiment B with 
"~m,x = 20 s- 1, sheared about 10 min at 1121 ~ 

a surrounding quenched glass matrix. This structure, 
as well as the rheological behaviour, is markedly 
changed by shearing. The initial platelet structure is 
entirely replaced by a structure with broken short 
crystals. Fig. 6 shows both the conventional platelet- 
like structure (a) of the glass-ceramic without shearing, 
and the other new type of structure of the same mater- 
ial sheared in the crystallization temperature range 
(b, c). This structure has not previously been recorded 
for the material investigated. Fig. 6b also shows 
bubbles, which may appear if the material is sheared 
at more than a critical shear rate and shear time, but 



such parameters are not necessary to change the struc- 
ture. J?l 

For shearing above the liquidus temperature (Experi- 
ment C) the structure was also changed. A reason for with 
this may be the influence of shear rate on the de- 
composition of the melt. Changes in structure were 
lower than in the case of shearing below that temper- and 
ature, but no direct comparison is possible due to 
differences in the cooling rate after shearing (quenched 
or cooled in the furnace). Viscosity measurements 
above the liquid temperature were impossible because 
of limitations of the viscometer used. 

4. Ma themat ica l  model 
A dynamic model to calculate viscosity of the crystal- 
lizing material is presented. This model is based on 
equations to describe crystal nucleation and growth, 
and an equation to calculate the viscosity of suspen- 
sions depending on the volume fraction solid. It 
includes the influence of shear rate on crystallization. 

In recent years, numerous studies of crystal nuclea- 
tion and growth have been made. Most consider 
a one-component supercooled liquid, and there are 
often great differences between classical theory and 
experimental values especially for crystal nucleation. 
Experimental values are about a factor of 1015 to 1035 
higher for crystal nucleation and about 102 higher for 
crystal growth, in relation to classical theory I-7]. To 
obtain practical, relevant results for the investigated 
multicomponent glass-ceramic, only the form of the 
classical theory equations has been taken and modi- 
fied by an appropriate function depending on process- 
ing conditions e.g. ~, (shear rate) and T (temperature). 
The steady-state rate of heterogeneous crystal nuclea- 
tion, 61, in a one-component supercooled liquid is 
related to the absolute temperature, 7", by the follow- 
ing expression I-7-9] 

37zL~rlo 

•e,q x exp - c (r,-_r)2Uj (3) 

where c = (16~63/3); NSv is the number of atoms in 
contact with the substrate; k is Boltzmann's constant; 
Lu is the characteristic size of the substrate; Vm is the 
molar volume; TL is the liquidus temperature; AH m is the 
heat of fusion per mole; and riG is the glass viscosity. 
The dimensionless function fhet (0 ~<f~,~t ~< 1) includes 
the influence of the substrate. This equation has been 
modified as follows 

N s = b'l - bl is variable and will be b'~ under sta- 
tionary conditions; 

b'x depends on shear rate: increasing the shear rate 
increases b'l, e.g. b'l=b'lo[l+(2R+)"'~ LR is 
a rheological time constant, b'xo is a constant. 

Glass viscosity, DG, is replaced by the melt viscosity, 
q, of the suspension. 

Using dimensionless quantities yz = bl/b'~o, 0 = T/TL, 
and h = q /qL we have 

(1 - 0 ) 2 0 / / ( 9 , o  - Y , )  (4) 

3rcL~qL 
~r~ = - -  (4.1) 

kTL 

16~63 2 Vmfhe, 
alo -- 3(AHm) 2 kTL (4.2) 

where TIE is the viscosity at the liquid temperature TL; 
XN is a time constant for nucleation; 0 is the dimen- 
sionless temperature; h is the dimensionless viscosity 
and alo is a constant. The term glo - Y~ represents the 
influence of shear rate with the following expression 
for g~o 

9xo = 1 + (~,R'y) m'~ (5)  

NOW let us consider crystal growth. The starting point 
is an equation developed by Turnbull [10] 

F, e,p( ,6, l;2 = b o 3 n L ~ p q G L  -- 

where bo is a characteristic crystal size, Lsp is a jump 
distance to the solid-liquid interface, AG is the free 
enthalpy and rig the glass viscosity. The following 
modifications were assumed. 

1. A size-dependent rate of crystal growth is used in 
the following form 

b2 x~ ??/20 

where boo, b2o and m2o are constants. 
2. The glass viscosity, qG, is replaced by the melt 

viscosity, q, of the suspension. 
3. Dimensionless quantities 0 and h, analogous to 

crystal nucleation and Y2 = b2/boo (a dimensionless 
expression for average particle size) were used. Par- 
ticle-size distribution functions have not been taken 
into account. 

4. The exponential term is replaced by 

e x p (  (1 - 0) az~ 0 

where a2o is a constant. 
5. The influence of shear rate on average size is 

inserted by two simple functions fB and fn. 

These modifications lead to the following dimen- 
sionless equation 

, 0 [ ,  ,, o,,,o)l 
.~2 ~K h - - 

• [b2o + y 7 2 ~  (8) 

with 

37~L2eqL 
;~K - ( 8 . 1 )  

kTL 

where ~,K is a time constant. The function fB is a first 
trial to describe fragmentation 

m? 
fB = 1 (9) 

ITkr 
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which allows negative rates of crystal growth and 
corresponds to fragmentation, and the function 

fn = (1 + ~R~) -~ (10) 

corresponds to the disturbance of crystal growth by 
shearing. ~k~ is the critical shear stress to break a 
crystal. 

The third problem, in addition to crystal nucleation 
and crystal growth, is how to calculate the viscosity of 
these suspensions. The influence of particles sus- 
pended in a fluid has received considerable attention 
in the literature, from both a theoretical and an experi- 
mental point of view. There are many equations to 
calculate the viscosity of suspensions independent of 
the shape of particles [11-13].  A proven equation is 
the following, of Maron-P ie rce  

rl - 1 - A (12) 
qG 

where A is a constant, �9 is the volume fraction solid, 
and ~ , , ,  is the maximum loading level, or the geomet- 
rical limit for particles in contact with each other in 
the most efficient packing condition. This is used as 
the normalizing factor for the volume fraction solid. 
With the dimensionless expression 

rig -- e x p [  (1 - O ) a 3 ~  (12.1) 

for the temperature dependence of viscosity, Equation 
13 follows 

h = exp ( 1 - ) a 3 o  1 (i)maxyty~a~ (13) 

w h e r e  a 3 o  and m 3 o  are constants. 
Equations 4 and 8 are a system of two first-order 

ordinary differential equations coupled through the 
melt viscosity with Equation 13. The model includes 
many parameters, but are not too many in relation to 
the complexity of the process. For  solution, the fourth- 
order Runge-Kut ta  method with adaptive step-size 
control is used [14]. 
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Figure 7 Influence of bo th  shear  ra te  and  cri t ical  shear  stress 
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Figure 8 Numerical simulation of time-dependent viscosity in rela- 
tion to various thermomechanical treatments during crystallization. 
I, Parameters as in Fig. 7 for Zk, = 1024 Pa; ~ = 1 s- 1. 7~ = 0 after 
time point 1 (t = 48min). II, Parameters as in Fig. 7 for 
"tkr = 104 Pa; ~ = 1 s- 1. ib = 0 after time point 2 (t = 30 rain). The 
shear rate changes up to ~ = 10 s-1 after time point 3 (t = 60 rain).. 
III, Parameters as in Fig. 7 for xkr = 103 Pa and ~ = 1 s-1. ~ = 0 
after time point 2 (t = 30min). The shear rate changes up to 

= 5 s- 1 after time point 4 (t = 58 min). Dashed lines represent 
continuation of curves without described arrangements. 

5. D iscussion 
Figs 7 and 8 show the results of the numerical solution 
for different cases. The initial conditions are bl = 0 
and b 2 = 0 for t = 0. The temperature is calculated 
using cooling rate and time as follows 

T = T L - -  7~t; 7; = constant (14) 

Therefore in the case of ib va 0 the temperature and 
time are equivalent. When 7 ~ = 0 this results in a vis- 
cosi ty- temperature dependence. Fig. 7 shows solu- 
tions using representative parameters, which are the 
results of numerical experiments, but are not fitted to 
the model by mathematical  methods. This is a ques- 
tion for further investigations. In this paper only the 
qualitative effects of the model are discussed. It  is seen 
from Fig. 7 that the viscosity depends on temperature, 
shear rate, and a critical shear stress for particle frac- 
tion. Both increasing shear rate and decreasing critical 
shear stress lead to decreasing viscosity. There is 
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a qualitative equivalence to the experimental data 
points in Fig. 3. 

Fig. 8 shows the viscosity dependence for various 
thermomechanical  t reatments.  The first numerical 
experiment (I) begins with a constant cooling rate 
(T = 3 K min -1)  and constant shear rate () = 1 s - i ) .  
After t = 48 min, the temperature was held constant. 
Notice that viscosity increases further because of the 
increasing volume fraction solid. This is also seen in 
the second case (II) with other parameters ~kr and 

after t = 30 rain. These are changes to a stationary 
state when T = constant. This period depends differ- 
ently on the initial conditions. In the second case (II) 
the shear rate decreases from 1 to 10 s-1 after time 
point 3 (t3 = 60 min). An unrealistic viscosity increase 
follows. A reason for this is the forced nucleation rate 
by the parameters used. This increasing viscosity can 
be compensated by increasing the fraction of crystals 



as in case (III): "Ckr was reduced to 10 3 Pa. The main 
conclusion of Figs 7 and 8 is that the model allows any 
viscosity point below the curve for ~, = 0 by varying 
the thermomechanical treatment. 

6. Conclusions 
Experiments show that it is possible to influence crys- 
tallization of phlogopit glass-ceramic by shearing. The 
viscosity decreases with increasing shear rate in the 
crystallization temperature range. This follows also 
from the mathematical model. By this reasoning, the 
viscosity is manageable and new processing possibili- 
ties may be available, similar to those for metals. Such 
possibilities are to be investigated in the future. Based 
on the increase in structural strength of the sheared 
material in comparison to the unsheared material, one 
can expect changes in mechanical properties: what 
changes, and how, remains open for investigation. 
Last but not least, the mathematical model must be 
developed with special attention to particle-size distri- 
bution and changes in particle form, and the para- 
meters must be fitted to the experimental data. 
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