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Determination of the rheological properties of high-viscous glass
melts by the cylinder compression method
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A detailed descripdon o f the cylinder compression method and its application on the viscoelastic behaviour of glass melts is given
w i t h the help o f closed soludons and equations in contrast to algorithmic methods, like e.g. the finite element method. Special
attendon is paid to the system deformadon and system deformation rate o f the tesdng equipment and to the dissipadon of mechan-
ical energy wi th in the specimen and the heat flow from the specimen. The limits o f this treatment are discussed wi th respect to the
applicability o f the theoretical basis (Gent and Nadai equation) and wi th respect to the experimental determinadon of the rheological
properties o f glass melts. On this basis the pure non-Newtonian viscosity, ^ „ N , can be determined. I f very small differences have to
be ascertained in the rheological behaviour o f glass melts due to small differences in composition or in meldng history (e.g. redox
condit ion or bad/good workabil i ty) , the same conditions concerning the mechanical and thermal equipment and even the same
geometry o f the glass specimens have to be strictly maintained. Comparison between different glass melts should be made rather
on the basis o f equal (Newtonian) equi l ibr ium viscosity, TJQ, (isochomal conditions) and not on equal temperature. Owing to large
thermal effects, the slope o f the viscosity-temperature curve at TJQ plays  a certain role, particularly for the forming process.

Bestimmung der rheologischen Eigenschaften hochviskoser Glasschmelzen mit der Zylinderstauchmethode

Es w i r d eine ausführi iche Beschreibung der Zylinderstauchmethode und ihrer Anwendung auf das viskoelastische Verhalten von
Glasschmelzen mi t Hilfe geschlossener L ö s u n g e n und Gleichungen gegeben im Gegensatz zu algorithmischen Methoden, wie z.B.
der Methode der finiten Elemente. Besondere Aufmerksamkeit wi rd auf die Systemdeformation und -deformationsgeschwindigkeit
der Apparatur und auf die durch Dissipation der mechanischen Energie erzeugte W ä r m e in der Probe sowie auf die Abgabe der
W ä r m e von der Probe gelegt. Die Grenzen dieser Methode werden im Hinbl ick auf die Anwendbarkeit der theoretischen Grundlagen
(Gent- und Nadai-Gleichung) und i m Hinb l ick auf die experimentelle Bestimmung der rheologischen Eigenschaften der Glasschmel-
zen diskutiert. A u f dieser Basis kann die reine nicht-Newtonsche Viskosität, ^ „ N , ermittelt werden. Wenn sehr kleine Unterschiede
i m rheologischen Verhalten von Glasschmelzen aufgrund kleiner Unterschiede in der Zusammensetzung oder Schmelzvergangenheit
(z.B. Redoxbedingungen oder schlechte/gute Verarbeitbarkeit) ermittelt werden sollen, müssen die gleichen Bedingungen bezüglich
der mechanischen und thermischen A u s r ü s t u n g und sogar die gleiche Geometrie der Glasproben strikt eingehalten werden. Verglei-
che zwischen verschiedenen Glasschmelzen sollten tunlichst auf der Basis gleicher (Newtonscher) Gleichgewichtsviskositäten, TJQ, 
(isochome Bedingungen) und nicht auf der Basis gleicher Temperaturen gezogen werden. I m Hinbl ick auf große thermische Effekte
spielt der Gradient der Viskos i tä t s -Tempera turkurve , drjo/dT, bei rjo, besonders für den Formgebungsprozeß , eine wichdge Rolle.

1. Introduction and objective
Among the various rheological methods for measuring

the flow properties o f high-viscosity glass melts the rod

elongation method was apphed [1 to 5] in order to get

Newtonian and non-Newtonian flow behaviour up to

high tensile loads. Also rotation viscometers can be ap

plied as was done up to extremely high shear rates wi th

the help o f a cone/plate viscometer at low viscosities [3].

The advantage o f these methods is that pure tensile re-

spectively shear flow is realized over the whole cross-

section o f the specimen. The disadvantage is that only

Newtonian and non-Newtonian viscosities can be deter-

mined. I n contrast to these methods the parallel-plate

plastometer, which was originally applied to determine

Newtonian viscosities [6 to 8], was used to determine

also non-Newtonian viscosities [3, 4, 9 and 10]. The
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method was later extended to realize other rheological

properties from stress-strain curves of cylindrical glass

samples, such as the viscoelastic response, i.e. the relax-

ation modulus and the first crack due to the l imit of the

tensile stress component [11 and 12].

Despite of the fact that the stress and strain distri-

butions are somewhat more complicated than in pure

tensile and shear experiments, there are three great ad

vantages for the compression experiments; first, the

compressive strength of glasses is about one order o f

magnitude larger than the tensile strength, thus, the

measurements and properties can be extended up to

about one order o f magnitude larger values than those

of the tensile experiments; second, the compression

method allows the determination of the relaxation

modulus and high-temperature tensile strength addition-

ally to the Newtonian/non-Newtonian viscosity; third,

the most frequent glass forming processes in practice

with very large deformation rates are those which are
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heat resistant steel
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initial height: ho

heat resistant steel

 displacement trans-
duces
displacement: s,-
its rate: s 

Deformable parts of system: heat resist-
ant steel bars + load cell

Total deformation:
s  sample def. Ah, + system deform., SD

Ah  f ( t , s , F )  s ( t ) - S D ( t . F )
F: axial compr. force

^  h  s  SD
dt

SD  0 = SD : total stiffness of the system

Ah  0  h : total stiffness of the sample

and system deformation rate, w i th respect to the thermal
corrections due to the heat dissipated from the mechan-
ical energy wi th in the sample and its heat flow from the
sample and to point out the limits o f this method.

The glass cylinders can be compressed by a servo-
hydraulic test machine M T S (Material Test System) w i t h
very low and high speeds o f the working piston (from
0.01 pm/s up to 2 m/s unloaded and up to 20 cm/s under
load). The values o f the M T S machine force, defor-
mation and deformation rate were collected by a rapid
transient recorder (Kontron, M ü n c h e n (Germany)) and
evaluated by a computer programme. The transient re
corder is a four-channel transiscope which has a 12 b i t
analog-digital transformer wi th a maximum digital sam-
pling rate o f 25 • 10"̂  signals/s at a store depth o f 8 kbyte
per channel. I f no other indications are given, the here
applied glass has the composition (in mol%) : 74Si02,
16Na20, lOCaO. The glass samples must have very
plane-parallel face areas and the same geometry for very
exact comparison.

Figure 1. Apparatus (schematic) o f the cyUnder compression
method.

connected to compressive deformations. Therefore, it
may be expected that this method appears to be the clos-
est one to industrial applications and practical problems.

The purpose of this paper is to give details about the
method of the cylinder compression wi th respect to the
mechanical corrections due to the system deformation

2. Theoretical basis
The principle o f the compression method for glass cylin-
ders may be seen from figure 1. The independent vari-
ables are the piston movement, versus time, i.e. the
constant piston velocity, (diagrams no. 1 and 2 in fig-
ure 2). The response is the force, measured by the
force cell, resulting in one o f the curves o f diagram no.
3 (figure 2) which has to be registered by a fast transient
recorder. Now, the first two corrections o f the data o f

® h(Ah)

Ah{Fpi) , Ah or As Ahlh^jJ Ah or As

Ah(E , , , )  A h ( n , , , )
Gxtented axis

n/TioT
1 r L adiabatic calculation at

high viscosity
—:::: realistic calculation at

arb i t rary viscosity
®

-Ah

Ah(E„,ax)=Ah(Fpi)  Ahlh^j ,)  Ah(SD„,

< Ahln^Q,)^ Ah(F„,ax)

Figure 2. Stepwise procedure and information on the viscoelastic response o f glass samples and the elastic response o f the coupled
parts o f the experimental equipment. Diagrams no. 1 to 13 with a  sample and system ideal elastic; b  sample ideal elastic,
system real (delayed) elastic; c  sample wi th high stiffness, system real elastic; d  sample w i t h low stiffness, system real elastic,
e  sample totally plastic.
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this curve have to be made, the deformation of the ap
paratus system or the system deformation, SD, and the
system deformation rate, SD  d(SD)/dt, w i th respect
to the correct deformation rate o f the sample. Thus, the
real sample deformation is Ah s  SD and the real
deformation rate o f the sample is dhldt fi \Afi\ 

 s SD. SD can be determined experimentally from
experiments w i th an incompressible corundum plate in
stead of the glass sample at various temperatures (dia-
gram no.  4 in figure 2) and may be represented by the
correction function

SD aF(t) + b  bl(\0^ ' ^^^)) 

wi th n  0.04, in which a, b and  n are constants which
are only slightly temperature-dependent wi th in the range
of experiments due to the good quality o f the steel bars.
From the diagrams no.  3 and  4 the diagrams no.  5 to 8 
follow step by step wi th the help o f a computer pro-
gramme. From the diagrams no.  7 and 8, the real sample
deformation. Ah, and deformation rate, h, follow as is
demonstrated in the corrected diagrams no.  9 and 10 in
figure  2 which are based on the sample deformation. Ah. 
From diagram no.  9 the time-dependent maximum elas-
tic modulus (relaxation modulus) is determined by

^(Omax  
ho ( dF\ 

\dAh
ho

PI
1}
h PI

(2)

where  A is the cross-section o f the cylindrical glass 
sample, ho the ini t ia l height, F  dF/dt and
h = \dh/dt\ at the point o f inflexion (PI) o f the F(Ah) 
curve and at £'(0max5 respectively.

The viscosity as a function of Ah is determined by
the Gent equation [6], which is valid for non-slip con-
di t ion at the face area o f the glass cyhnder:

r](t)  F[3Vh{V/(2nh(ty)  + Vh(ty)] 2 M - 1 (3)

where F i s the volume o f the sample. r}(t) is transformed
into rj(Ah) (diagram no. 12 in figure 2) by means of dia-
gram no. 7. The lower dashed part o f the curve is un
realistic up to the maximum but from there on it is re
alistic. The estimated upper dashed and dotted part of
the curve characterizes the break-down o f the Newton-
ian flow, between A/z  0 to Ah{r]^^^ i f the deformation
rate, / i , is large enough to induce non-Newtonian flow
behaviour. Dur ing the short interval between A/z  0 
and A/z(?/max) the dissipated mechanical energy is still
very low, thus, no relevant temperature increase takes
place and the ratio rjirjo depends only on the deformation
rate  h and on axial stress, cr, respectively, at a given Ah 
value (diagram no. 13 in figure 2). A t larger defor-
mations, Ah, however, the dissipated energy wil l be heat-
ing up the sample and w i l l change the Newtonian vis-
cosity, rjo, to rjoT- The maximum temperature increase
which produces this change wi l l be due to the adia-
batically dissipated heat, Q^^'. 

ATrr,^^
Qn

Cp  M Cp • M 0 

1 Ah 
j F ' dAh (4)

where Cp is the specific heat and  M is the mass of the
sample.

Therefore, the dissipated heat Qin does not remain
constant but increases wi th Ah and h. A more detailed
analysis takes into account not only the heat of dissi-
pation produced within the sample, g i n , but also the heat
loss of the sample caused by conduction, radiation and
convection flow, gout^ [19]:

(1) Gout  («cd2^cd + « r ^ r + «cv ^ r ) A/Ar^et (5)

where ttcd is the heat conduction coefficient, a^. the heat
radiation coefficient and a^y the heat convection coef-
ficient, A, ^ c d and A^ the corresponding areas,
At Ah/fi the duration of the compression experiment
and AJnet the real (net) temperature increase in the
sample produced by the heat quantity, Qnet^

Gnet  Gin Gout ' M • AJnet

or (6)

Ar , e t  Gnet/(CpM)  ( f t n  Gout)/(^pM) . 

The calculation is shown in sections 3.2. and 7. The cor-
responding viscosity decrease has to be regarded by the
V F T equation, thus, the Newtonian viscosity, rjo, 
changes to rjor depending on AJnet or AJ^ax by the fol-
lowing equations:

hornet  A + -

' /or^ax ^ + 

B

B

r + A7;,ax  To 

^Or^ax  hornet ^ 0 • 

(7)

I f now the measured (non-Newtonian) viscosity is deter-
mined by the Gent equation as rj(h,AT) rj, the tem
perature increase may shift rjo by the value of rjor and
the ratio rjlrjor represents the real (because temperature-
corrected) relative non-Newtonian viscosity. This was
done in earlier papers [10 to 12]. From equations (4 to
6) is seen that the net temperature increase AT^et ap-
proaches Arjnax as the deformation rate increases by one
and the same degree of compression. Ah, because it is
dGin  ^ dA/z (see equations (4 and 15)), therefore. Gin  

 dQJdt ^ h and dGout  ^ AJnet Ar (see equadons (5
and 16)), therefore. Gout  dGout /d^°c A r ^ e f This means
that wi th increasing fi the heating rate, Gin^ i i i the sample
wi l l exceed the cooling rate. Gout, and finally Gout can be
neglected as compared wi th Gin i f h is high enough, i.e.:

Gm > Gout

or

l im A^net  A7;,ax , 

(8)
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Figures 3a to c. Three steps o f cyhnder deformation (first quad-
rant section) A/z//zo  0, 20 and 40 % and Hmiting curves for
tensile stress  0, birefringence An 0 {a^ a^) and com-
pressive stress 0; a) h/ho 1, b) h/ho  0.8, c) h/ho  0.6.

in other words: the compression process becomes more
and more adiabatic as fi increases and this is the case at
higher temperatures, i.e. at lower viscosities. On the
other hand, i f At is very large (i.e. fi is very small), then
Gin  Gout, thus, Gnet  0 ^ud therefore:

l im AJnet  0 

if (9)

Gin  Gout • 

The stress distribution within the compressed glass cyl-
inder is now considered wi th the help of the Nadai equa-
tions [13], which describe the stress distribution in a 
compressed cylinder wi th no slip at the face area (the
plane circular ends of the specimens). The stress compo-
nents are (here h/2 in agreement wi th the original
Nadai nomenclature):

radial and tangential stresses:

(7r (7,  3r]Do(r^ R^- 4z^ + 2/2^)/(4/^^) ; (10)

axial stress

a,  3riVoir^ R^ + 2z^  4/z^)/(4/z?,) (11)

in which R  radius o f the cylinder, r  radial coordi-
nate due to the amount o f compression and due to the
axial  z coordinate, hl2  ha l f o f the cylinder
height, rj  viscosity and »̂0  h/2  axial deformation
rate. For a given degree o f compression the lines or the
planes can be calculated at which tensile and compress-
ive stresses are zero. This leads to the expressions:

tensile stress: a^  0: r^  R^-\-4z^-2hli  , (12)

compressive stress: (7^  0: r^ = R^-2z^ + 4hl^ . (13)

The first quadrant o f the longitudinal cross-section o f a 
compressed cylinder is shown at three different degrees
of compression in figures 3a to c. As is shown, the l imi t -
ing curve for axial compressive stress zero (a^  0, sym
bols • ) is outside o f the cyhnder dimensions at com-
pression degrees up to more than 40 %. On the left side
of this l imi t ing curve (a^  0) there are axial compressive
stresses. On the other hand, the l imi t ing curve for the
tensile stresses (a^  0, symbols A ) is partly outside and
partly inside the cylinder dimensions. Thus, on the left
side o f the curve 0 there are exclusively compressive
stresses, on the right side o f this curve there are com
pressive and tensile stresses and on the right side o f the
curve 0 there are exclusively tensile stresses.

I t was shown in a recent paper [14] by means o f un
der load frozen-in birefringence at a viscosity o f rjQ

 10^^ Pa s that the Nadai equations agree well w i t h the
experiments and wi th the demonstrated stress distr i-
bution. I t could also be shown in separated experiments
that the calculated alteration of the cylinder geometry
wi th increasing deformation. Ah, agrees also well w i t h
the experiment (see section 3.3.) at least up to a defor-
mation o f about Ah/ho  30 %. Such large deformations
are applied only in certain experiments when the first
crack has to be registered in order to determine the ten-
sile strength o f the glass melt and the critical defor-
mation rate, h^ respectively, which is that fi at which the
first crack appears at a given deformation. Ah. The other
properties, such as non Newtonian viscosity and relax-
ation modulus, are usually determined at much smaller
degrees o f deformation (about 1 to  7 % o f ho). But for
practical reasons it might be of special value sometimes
to get the non-Newtonian viscosity and to register the
first crack also at larger deformations wi th larger heat
effects, where among these effects the slope o f the vis-
cosity-temperature curve plays a certain role. But those
experiments are only meaningful for more comparative
studies than for absolute measurements. I n such experi
ments the volume of all samples has to be kept equal
because the heat dissipation and heat loss o f the samples
have to be comparable. I t is also important to compare
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Figure 4. System deformation, 5 A versus load, SD a-F{t) + 

+  ^^Q^^.p^,^ w i t h ¿7  0.00787 and b  0.055 at 600°C

and at  5  0.008 mm/s.
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Figures 5a to c. Load,  F (figure a), system deformation, SD 
(figure b), and system deformadon rate, SD (figure c), versus
piston movement, s, at a (Newtonian) equi l ibr ium viscosity
rjo = lO^^Pas.

the properties o f different samples not at the same tem-
perature but rather at the same (Newtonian) equilibrium
viscosities, rjQ. 

3. Results

3 . 1 . Mechanical influences on the nunnerical
treatnnent of the cylinder compression experiment
The diagrams no. 1 to 4 in figure 2 are given directly
from the experiment (here: schematically). The next step

1.0 1.5 2.0
s in mm

Figures 6a to c. Piston velocities, s (figure a), axial compressive
deformations o f the sample. Ah (figure b), and deformation
rates, fi (figure c), versus piston movement, s, at a Newtonian
viscosity o f rjo W Pas.

is to determine the constants  a and  b o f the correction
function (1) at various temperatures from the dates of
diagram no. 4. Wi th the help of diagram no. 3 the system
deformation SD(t,s) and its rate follow (diagrams no. 5 
and 6) for which five typical variations can be obtained
at and after the point of inflexion (PI): a) characterizes
ideal elastic properties of sample and system; b) results
from an ideal elastic sample (e.g. corundum cylinder)
and a (delayed) real elastic system; c) holds for a glass
sample wi th high stiffness; d) a glass sample wi th low
stiffness and e) characterizes a totally plastic sample.
The shadowed area indicates the excess deformation rate
produced by the expansion of the system after the com
pression phase at very high deformation rates. These
characteristics are not of absolute meaning because they
depend strongly on the deformation rate and, therefore,
also on the axial stress as it is usual for viscoelastic be
haviour.

Examples for this part of the procedure are shown in
a quantitative way in the case of a silicate glass (see sec-
don 1.) in figure 4 where the constants of equation (1)
are determined from the system deformation, SD, versus
load at 600 °C, and in figures 5a to c for two piston vel-
ocities: ^  32 and 16pm/s. Figure 5a represents the
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obtained at two further Newtonian viscosities (10^^ and
10^ Pas) and for three piston rates for each viscosity.
F rom figures 7a to c and 8a to f is clearly seen that
wi th in the ini t ia l phase o f the viscoelastic range the
maximum relaxation modulus £'(Omax is obtained to
gether wi th  a min imum deformation rate, fi, bo th being
important for the relaxation behaviour and for the
characterization o f the stiffness o f a glass melt. Three
typical dependencies are the consequence o f figures 7a
to c and 8a to f: first, £ ' (Omax increases wi th increasing
s; second, £ '(Omax and A^in are shifted to larger values
of Ah w i th increasing piston velocity, s, and this i n
creases wi th decreasing (Newtonian) viscosity; th i rd , the
ratio hmiJs becomes smaller w i t h increasing s. 

I n figures 9a and b are plotted the load, F(t), and
the deformation rate o f the sample, h{t), versus and
Ah  As-SD in order to demonstrate that SD and also
SD have a large influence on the exact calculation o f the
results. This means that the correct compression (Ah/ho 
and £ ' (Omax) values and all properties at all (non-New-
tonian flow, tensile strength) can be obtained only from
plots F{t) and h{t) versus Ah and not versus A^.

I n order to determine quantitatively the tensile
strength o f a high-viscous cylindrical glass melt during
the compression procedure, Nadai's tensile stress equa-
tions were applied and further developed by Hessen-
kemper and Brückner [11]. When equation (3) is intro-
duced into equation (23) o f [11] the relation:

Figures 7a to c. Load,  F (figure a), relaxation modulus, E{t) 
(figure b), and axial deformation rate,  h (figure e), versus axial
deformation. Ah, at r]o  10^^ Pas.

load, figure 5b the system deformation SD and figure 5c
the system deformation rate SD  dSDIdt versus piston
movement. Subtraction of SD (figure 5c) from the pis-
ton velocity  s (figure 6a) or the first differentiation of
the sample deformation Ah (figure 6b) wi th time leads
to the deformation rate, h dAhldt, of the sample ver-
sus piston movement, s, (figure 6c). The convex part of
the  h versus  s diagram in figure 6c indicates that the
deformation rate, h, exceeds the piston velocity, s. The
reason for that is the release o f the stored elastic energy
of the apparatus which is caused by the combined action
of the structure-dependent non-Newtonian flow and of
the thermally induced (Newtonian) viscosity decrease
due to the dissipation o f the mechanical energy (see sec-
tion 3.2.); and both properties depend on composition
and on structure of the glass melt.

From figures 5a to c and 6a to c the diagrams of
figures 7a to c are obtained as load-A/? curves (load ver-
sus real sample deformation, figure 7a) and as h-Ah 
curves (figure 7c), which show extended Ah axes from
Ah  0 to 0.5 mm. The relaxation modulus, E(t) (figure
7b), can be determined from figure 7a according to
equation (2), here as an example at a Newtonian vis-
cosity of 10^^ Pas for the standard glass (see section 2.).
I n  a similar manner the curves of figures 8a to f are

Cr(Otensile ^ 0 . . . . . . .  ,  o . ... . ^ , . ... Fv)c{t)
K[K/(7rh2(0) + 2/z(0]

(14)

follows where c{t) is the tensile stress factor for the stress
at the equatorial line of the compressed cylinder. W i t h i n
the compression range, Ahlh^ 0 to 35 %, c{t) remains
practically constant (figures 10a and b). F rom equation
(14) follows that cr(Otensiie depends only on the load,
F{t), and on the geometries o f the samples at the begin-
ning (/zo, R) and at the end o f the experiment {h{t)). I n
combination wi th the registration o f the first crack o f
the sample [9 to 12] cr(r)tensiie is identical w i t h the tensile
strength, cr(OSnsiie (see figures 9a and b to 11).

3.2. Thermal influences on the numerical
treatment of the cylinder compression experiment

The considerations now start at a point o f the procedure
where all relevant properties and parameters are based
on and related to Ah, i.e. to the real corrected com-
pression (Ah/ho) o f the sample as is shown in figure 2 
from diagram no. 9 on. O f special interest is the inf lu-
ence o f the dissipated mechanical energy wi th in the
specimen which w i l l be a balance of heat production and
heat loss as was pointed out in section 2. Therefore, the
area o f the corrected function F(Ah) in diagram no. 9 
w i l l be divided into small elements as i t has been done
also for the mechanical corrections in the diagrams no. 3 
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Figures 8a to f. Load ,  F (figures a and d), relaxation modulus,
f) , versus axial deformation, A/z, at two Newtonian viscosities,
and 0.04 mm/s at  10^^ Pas and  5  16, 8 and 3.2 mm/s at

to 10 in figure 2 in order to regard first the whole me
chanical energy which is put into the sample under adia-
batic condition according to equation (4) and figure 11:

E{t) (figures b and e), and axial deformation rate,  h (figures c and
riQ  10^^ and 10^ Pas, and three piston velocities: s  0.16, 0.08
rjo  10^ Pas.

d ß j n  1 (77, + (Ah, - Ah,-,)

 -(F, + F,-,)áAh, 

(15)

where F, is the load and dAh, is the deformation in
crement.

The heat loss is treated similarly stepwise as in equa-
t ion (15) according to equation (5):

 (aed 2^ed + Oi,A,  + ttev^r) AT^^-I dAhjfl, (16)

1 Fi + F,-i 
dAhi (17)

 (acd^cd + OirA,  + ttev^r) AT^^-I dAh^/h 

where Cp can be determined by the equation of Moore
and Sharp [15]. A concrete calculation formula of
dßf"^ and dTp^^ is given in section 7.

The total net temperature increase corresponding to
the deformation Ah, is:

(18)

The adiabatic temperature increase corresponding to
Ahi is:

w i th dAh/fi dt the infinitesimal time interval and
AT^^^i the net temperature increase during the defor-
mation Ahi-i. 

The summation o f the difference o f equadons (15
and 16) leads to the total net temperature increase Ar"^^
during the compression process o f the sample. Intro-
ducing equations (15 and 16) into equation (6) gives:

^T^max ^ 2 dAr,"^^^  S  ^ dAhi. (19)
2 c p M

This thermal procedure is introduced into the computer
programme of the mechanical procedure. The whole
programme may plot not only the main properties re
sulting from the experiments but also detailed results at
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f i r s t crack

1—
1 2 3 
 Ah or As in mm

Figures 9a and b. Load,  F (figure a), and deformation rate,
fi, o f the sample (figure b) versus deformation, A/z, o f the
sample and piston movement, A^, respectively, at a Newton-
ian viscosity TJQ  10^^Pas and at a piston velocity of
s = 0.16 mm/s, : versus Ah,  : versus A^.
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Figures 10a and b. Load, F, and tensile stress factor, c(t) (fig-
ure a), and tensile stress (figure b) versus axial deformation. Ah, 
at rjo 10̂ 0 Pas and at s  0.16 mm/s.

any step of the programme with and without regard to
certain parameters of special interest in order to study
the various influences of these parameters on the desired
properties as a function of stress, deformation rate, de
gree of compression etc. These influences wih be studied
and guided here by characteristic examples.

Figures 12a and b show the temperature increase
produced by the mechanical deformation energy during
compression versus sample deformation at two different

Figure 11. Typical load-deformation diagram o f a compressed
cylindrical glass sample at  10^^ Pas and a piston velocity
s = 0.16 mm/s w i t h infinitesimally dissipated m a x i m u m heat
^gmax mechanical energy ^ ( F , _ i + F,) ( A / / , - A / z , _ i ) .
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•^ " " " "^ s=3.2mm/s

0.5 1.0 1.5 2.0 2.5 3.0
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Figures 12a and b. Temperature increase, A7"^^^ and A T ^ ^ ^
produced by the mechanical energy during compression versus
axial deformation o f the sample, Ah, at two Newtonian viscosi-
ties ^0  10^^ and 10^ Pas and six piston velocities. A r " ' ^ ' '
( ) : adiabatically dissipated energy wi thout heat loss;
^T^net  ^  Y w i t h heat loss from sample to the surrounding.

(Newtonian) equilibrium viscosities and at three piston
velocities for the maximum (adiabatic) temperature i n
crease, Ar^^"" (dashed curves), calculated w i t h equation
(4) and for the net temperature increase, AT^^S (solid
curve) according to equation (6). I t is seen from these
plots that the difference between  A 7"^^^ and Ar"^^ be-
comes smaller wi th increasing deformation rate and even
disappears at the equilibrium viscosity //o  10^ Pa s (fig-
ure 12b). This means that the compression process at
viscosities //o < 10^ Pas can be regarded as an adiabatic
one because the deformation rate is so high that the heat
production rate, dQJdt, becomes much larger than the
heat loss rate, d g o u t / d / (see equation (8) in section 2.).
The consequences for the viscosity decrease (see equa-
t ion (7)) are shown in the following figures.
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Figures 13a to f. Viscosity versus axial compressive deformation, Ah, at various piston velocities and at two Newtonian viscosities,
rjo = 10^^ Pas (figures a to c) and at rjo  10^ Pas (figures d to f)  Curves 1: viscosity decrease wi th the assumption that the total
mechanical energy is dissipated; curves 2: viscosity decrease wi th consideration o f heat loss during deformation; curves 3: viscosity
decrease obtained experimentally from the load-deformation diagram directly and application o f the Gent equation only without
thermal corrections.

Figures 13a to f represent the viscosity versus the real
axial compressive deformation o f the sample at different
equil ibrium viscosities, rjQ  10^^ Pas (figures a to c),
fjo  10^ Pas (dot-dashed lines; figures d to 0  Curves 1 
show the decrease o f the viscosity, rjo^^AT^^^)  ^or^ax'
calculated wi th the assumption that the total mechanical
energy is adiabatically dissipated (AJ^^^  ^jmax
equation (6)). Curves 2 are correlated to Ar^"^^ (subtrac-
t ion o f heat loss) and respectively to rjori^T^^^)  /̂ornc-
Curves 3 represent the decrease o f viscosity rj=r](t) as
determined from the experimental load-deformation dia-
gram and from the Gent equation (3) without any tem-
perature correction. I t is remarkable that the curves 1 
and 2 coincide in figures 13d to f at the given piston
velocities because the compression processes turn to the
adiabatic ones at such large deformation rates.

The ratio ///^ornef the normalized non-Newtonian
viscosity, describes the realistic and pure non-Newtonian
flow behaviour over the whole deformation range as is
shown by the solid curves in figures 14a and b. A t larger
deformations the ratio deviates systematically wi th in-
creasing deformation. Ah, under the adiabatic consider-
ations (^/^ormax) at large (Newtonian) equilibrium vis-
cosities, rjo, (see dot-dashed curves in figure 14a). This

deviation disappears at equilibrium viscosities of rjQ
 10^ Pas (figure 14b) for the same reason as was men

tioned about the curves 1 and 2 in figures 13d to f be
cause the compression process becomes adiabatic. I t has
to be pointed out that the increasing part of all the
curves in figures 13a to f and 14a and b within the range
from zero to the maximum values are unrealistic but
from there on they are realistic.

I n order to investigate the influence of AT"^^ on the
values of the applied stress on the samples, the axial
stress under non-Newtonian flow,  CTC, was caculated wi th
the assumption that there is no thermally induced vis-
cosity decrease caused by mechanical energy dissipation
during the compression process:

(^M  cTax  + m(rjo- rjoT^J ¿ ( 0 (20)

where (Tax is the measured axial stress (which is lower
than due to the temperature influence), rjo the (New-
tonian) equilibrium viscosity, ¿ ( 0  h{t)lh{t) the nor-
malized deformation rate,  m depends on boundary con
dit ion, wi th slip or without slip between the glass sample
and the pistons; m  3 for slip or tensile stress, m 

 3 {\+R^I{2h{tf)) for no slip after Gent and Nadai
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Figures 14a and b. Normalized non-Newtonian viseosity, rj/rjoT, 
versus axial deformation, Ah, at two Newtonian viscosities,
rjQ  10^^ Pas (figure a) and 10^ Pas (figure b) and various
piston velocities.  : wi th heat loss (2net), '• without
heat loss (2in)-

400-
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^ ^ ^ 5  16 mm/s
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Figures 15a and b. Axia l compressive stresses versus sample
deformation, Ah, at various piston velocities, s, and at different
Newtonian viscosities ^ 10^^ (figure a) and 10^ Pas (fig-
ure b). : o-ax calculated from the experimental load-defor-
mation diagram; : corrected wi th equation (20).

which is explicitely demonstrated in [16]. and o^^ are
represented by the dashed and solid curves, respectively,
in figures 15a and b. I t is clearly seen that the dissipated
mechanical energy within the sample has drastically re
duced the axial stress, ^ax, particularly at larger defor-
mation rates.

I f equation (20) is introduced into the Gent equation
(3) the net non-Newtonian viscosity ?/nN(0 (sohd curves
in figures 16a and b) is obtained, i.e. the viscosity which
is corrected by the net temperature increase,  A Tnet*

 ^ m a x K x ( 0  + ^ ( ^ 0  hornet) ^ ( 0 / ^ ( 0 ]

3 F ^ [ K / ( 2 7 r / z ( 0 ^ )  + \lh{tf 
(21)

where ^^ax  Tir^ax  nR^{ho/h(t)y and  p depends on
the boundary condition between glass sample and piston
(see equation (23) and figures 17a and b). Aga in the
dashed ini t ia l part o f the curves in figures 16a and b is
unrealistic up to the maximum.

The non-Newtonian viscosity, rj^^, can also be wr i t -
ten as:

(22)

where r}(t) is the as-measured viscosity after the Gent
equation without correction o f the thermal effect.

I f //nN is divided by rjo, rj^^^/rjo, i t may be called the
normalized non-Newtonian viscosity which describes
also the non-Newtonian flow behaviour o f glass melts.
This would give similar curves as those in figures 16a
and b. I n earlier papers [10 to 12] the ratio ^(O/^ormax
was given, where //or^ax is the Ar^ax-corrected viscosity
after equation (7) at small degrees o f deformation
(Ah/ho < 4 % ) . hornet the ratio r](t)lrjoT^^^ in the present
paper is the ATnet-corrected viscosity after equation (7).
The only difference between ^(/)/^ornet and rj^^/rjo is that
the ATnet correction in the former ratio is made w i t h
respect to hornet and in the latter ratio w i th respect to
;/nN directly (equation (21)) and both are equivalent to
each other. I n contrast to this the ATmax-corrected vis-
cosity is valid only at large fi values, which correspond
to high temperatures for a given amount o f a^^. 

The boundary condition between the glass samples
and the piston has been studied intensively. I n figures
17a and b are plotted the maximum diameters at the
equatorial line versus the decreasing height h(t) o f the
compressed cylindrical glass samples at different vis-
cosities and for totally different glass compositions, cal-
culated theoretically in [16] under slip (m  3) and no
slip condition (m 3(\+R^/2 h{t)^)) as compared wi th
experimentally determined values. The change o f these
maximum radius, r^ax, is represented by the following
relations:

wi thout slip [11]: r^ax  R{hlh{t)f'^^ 

w i t h slip: w R{holhit)f'; 

experimental: r^ax  R{hJh{t)f-^\ 

(23)

(24)

(25)

The experimental values show a good fit by equations
(23 to 25) independent o f the type o f glass (silicate
glasses) and independent o f viscosity and deformation
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1.0 1.5 2.0
 Ah in mm

Figures 16a and b. Non-Newtonian viscosity, rj^^, calculated
and temperature-corrected w i t h equation (20), versus axial
compressive deformation. Ah, at various piston velocities and
at two Newtonian equil ibr ium viscosities rjo  10^^ (figure a)
and 10^ Pas (figure b).

rate, s. Therefore, equation (25) is used for the calcu-
lation o f the stress from the measured force, F. A t small
deformation values i t IS  fmax

 R (see also section 3.3.
and figures 18a to h).

3.3. Rheological influences on the numerical
treatnnent of the cylinder connpression experinnent
The rheology o f the compression experiment is influ-
enced by the following phenomena additionally to those
described in sections 3.1. and 3.2.:

a) limits o f the Nadai equations wi th respect to the de
gree and symmetry of the cylinder compression,

b) temperature distribution (gradient) produced by the
heating equipment,

c) temperature and viscosity distribution produced by
inhomogeneously dissipated mechanical friction energy,

d) non-Newtonian viscosity distribution.

To a): I n order to prove this influence a series of com-
pression experiments has been made to compare
the geometry o f the compressed glass cylinders
wi th the geometry calculated from the Nadai
equation. The experiments were made with float
glass at a viscosity o f 10^^ Pas (onset of non-
Newtonian viscosity is about 140 MPa at
10^^ Pas [10]). I n order to prove the influence of
the non Newtonian viscosity on the cylinder ge
ometry, two different series were performed:
series  1 (samples 1 to 4, figures 18a to d and
sample 1, figure 18e): ^  20 pm/s  constant,
(Tax  7 0 MPa < cTinitiai, A/ZZ/ZQ ranging from 6.5
to 43 % of the original sample height;
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Figures 17a and b. Max imum diameter o f compressed cylindri-
cal glass samples at the equator line versus decreasing height,
h{i), for various boundary conditions between glass samples
and pistons (see equations (23 to 25)); a) lead silicate glass at
//o  10^^ Pa s, b) disilicate glass at 10^ Pa s.

series 2 (samples 5 to 8, figures 18e to h): Ahlho 
 constant 40%,  s variable  20, 40, 60,

80 |im/s and a.^^ variable  70 to 210 MPa.
The compressed cylinders were photographed
and enlarged, the theoretical geometries calcu-
lated by [11]:

r(t)  RQxp -0.75 ln /z (0 + 
.2 ^2

 In/zo 
2hHt)

 Riho/h(t)f'^^ exp

2hll\

(26)

where  R is the original radius of the cylinder,
the original height, r{t) the variable radius at time
t as a function of z, h(t) the height at time t, and
z the current variable in the cylinder axis. The
obtained results are: first, the two series show a 
relatively good agreement between the theoretical
and experimental cylinder geometries. The largest
deviations ( 7 to 8 %) are in the equator range
(figures 18e to h) at compression degrees of
Ah/ho = 30 %. Therefore, only compression val-
ues of maximum Ah/ho  30 to 40 % are applied
as was also done with former measurements,
however, only for tensile strength measurements
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Figures 18a to h. Comparison between experimentally deter-
mined (000) and theoretically calculated ( • • • , after Nadai)
geometries of glass cylinders compressed in different manner;
a) to d) ^  20 [ivn/s  constant,  70 MPa  constant < 
< cTinitiai, Ah/ho  Variable 6.5 to 25 % at rjo  10^^ Pa s (crinitiai
is the stress at which non-Newtonian flow occurs), e) to h) ^ 

 variable  20, 40, 60 and 80 jim/s, ^ax  variable 65 to
210 MPa > cTinUiai, Ah/ho  constant « 42 % at rjo \0'^ Pas.

at large Ah values [10 to 12]. Second, no influence
of the non-Newtonian viscosity on the sample ge-
ometry could be detected (figures 18a to h), be
cause all samples which were compressed up to
about 30 % show the same deviations of the ra-
dius at the equator line of 7 to 8 %. Third , from
the enlarged photos of the cylinder geometry at
the transition range cylinder face area/cylinder
surface is observed  a roundness which points out
that one can proceed on the assumption o f ad-
hesion at the cylinder face areas because in this
region is rNadai > ^experim. whcrc the Nadai equa-
tion is also an approximation. If, however, in-
stead of equation (23) equation (25) is applied
(and/or equation (26) but wi th the exponent 0.57 
instead of 0.75) the deviations from the discussed
experimental geometry in figures 18a to h wi l l be

a) | 5 mm

| 5 mm

Figures 19a to c. Influence o f inhomogeneous and homo-
geneous temperature distr ibution on the geometric profile o f
compressed glass cylinders; a) temperature o f the upper piston
and the furnace temperature are about 50 K higher than that
o f the lower piston, b) temperatures o f both pistons are about
50 K lower than the furnace temperature, c) homogeneous tem-
perature distr ibution.

vanished. These figures show also that the change
of geometry is independent o f the composition o f
glasses, rjo and s. 

To b): The homogeneity o f the temperature-constant
zone o f the furnace includes not only the atmos-
phere around the glass sample but also that o f
the two pistons [9]. Therefore, the pistons contain
separated heating elements which have to be reg-
ulated together wi th the furnace in such a way
that the temperature wi th in the whole glass cyl in-
der is satisfactorily constant. Figures 19a and b 
show examples o f wrong temperature distr i-
bution, in figure 19a the lower piston has had an
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Figures 20a and b. View on the upper face area o f the com-
pressed glass cylinder o f figure 19a showing no indicadon o f
slip although the radius, R+A, seems to be much larger than
the ini ta l one. The in i t ia l radius  R is seen clearly together w i th
an outer r ing having another surface reflectance than the inner
circle area (figure a). The schematic view (figure b) illustrates
how the enlargement o f the upper face area may be ac
complished by asymmetric flow wi thout slip at the interface
piston/glass melt.

about 50 K lower temperature than the upper one
and the furnace, in figure 19b both pistons have
had an about 50 K lower temperature than the
furnace indicated by the larger curvature of the
cylinder surface at the equator line compared
wi th the sample o f figure 19c which was com
pressed in a homogeneous temperature field in-
cluding the temperature o f the pistons. Figure
19a looks as i f the sample has flowed by slip at
the upper (hotter) piston. However, this is not
true because from figure 20a one can see the orig-
inal diameter o f the glass cylinder without any
flow by slip and the ring around this diameter

which is produced by overlapping flow from inner
layers of the cylinder to the hotter piston due to
the compressive stress as is shown by figure 20b
schematically.

To c): The flow hnes within a compressed viscous glass 
cylinder are distributed in a complicated manner
and viscous friction is largest in the middle of the
cylinder and towards the equator line resulting in
a local increase of temperature and a local de-
crease of viscosity. This kind o f distribution is not
regarded in these investigations but the effect is
considered to be small as compared to the heat
balance of section 3.2., particularly for small Ah 
values.

To d): Similar to point c) it is possible that along those
flow lines wi th high viscous friction due to high
shear rates a larger reduction of viscosity is ob
tained due to non-Newtonian flow behaviour
than along flow lines wi th lower viscous friction.
This leads together wi th c) to rheological in
homogeneities wi thin the compressed glass
samples. Strictly seeing, becomes a tensor be
cause it becomes dependent on the distribution
of the stresses, (j{r,z), and deformation rates,
h(r, z). But wi th respect to point a) as long as no
influence of a or / i on the geometry of the com-
pressed glass cylinder within 30 % deformation is
observed, the assumption that rj and r] 

n N are sca-
lar quantities can be maintained as a good
approximation. Therefore, the measured non-
Newtonian viscosity for a certain deformation
rate and stress, respectively, is a mean value over
the whole glass cylinder. But this mean value
gives enough information about the flow behav-
iour of glass melts wi th different structural ar
rangements.

4. Discussion and conclusions
The given analysis of the cylinder compression method
for high-viscous glass melts is restricted to mathematical
solutions in a closed manner. This has the great advan-
tage that connections between the various parameters
and variables can be presented in a clear arrangement
as compared to solution methods for which algorithm
procedures are applied, e.g. the method of finite ele-
ments, which was used successfully by Sakoske et al. [17].

As was shown in the first part, the most important
problem is the limited stiffness of the experimental
equipment, particularly at elevated temperatures. This
requires the introduction of the experimentally deter-
mined correction function, called the system defor-
mation, SD, (figure 2, diagrams no. 4 and 5 and figure
4, equation (1)), and the system deformation rate, SD, 
which are experimentally determined in a successive way
and which are closely connected to the load-deformation
diagram of the glass sample (figure 2, diagrams no. 4 
and 5, see also figures 4, 5b and c). I n this way the real
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load-deformation curve, F(Ah), o f the sample itself is ob
tained free from the influence o f the apparatus, from
which the relaxadon modulus, the Newtonian and non-
Newtonian viscosity and the high-temperature tensile
strength can be determined i f the thermal influence can
be neglected (at very small deformations) or i f i t is calcu-
lated (for large deformations).

So far, the thermal effect of dissipation of mechan-
ical energy was estimated by calculating the maximum
temperature increase, AT^^"^, from the adiabatical con-
version of the total mechanical work into heat [10]. In
order to evaluate a more realistic and more exact heat
belance and to obtain the real temperature increase of
the sample a thermal balance between heat production
and heat loss leads to a net temperature increase, AT^'^K 
The difference between  A 7"^^ and Ar"'^^ has a large
effect on the evaluation of rj/rjor, particular at high de
formations and viscosities.

As a result, the real non-Newtonian flow behaviour
can be reflected by the ratio //(0/^ornet rj^^/rjo, re-
spectively, not only at small deformations but also within
the whole deformation range. From figures 14a and b 
and 16a and b it is seen that i f the deformation rate is
high enough to induce non-Newtonian flow, the vis-
cosity decreases drastically from the Newtonian equilib-
r ium viscosity, rjo, to the non-Newtonian viscosity, ^ n N ,
within the small deformation range Ah/ho 3 to 4 %
and then it changes more slightly during further defor-
mation up to Ah/ho  30 %. The existence of the first
step of viscosity decrease may be attributed to a signifi-
cant structural rearrangement process within the glass
melt which continues more slightly after that. This point
is discussed in [2, 3, 9 and 10] and wi l l be discussed on
elsewhere. I f glass melts wi th different chemical compo-
sitions are compared under this aspect i t is important
that the effect of non-Newtonian viscosity, relaxation
modulus and high-temperature tensile strength should
be measured not at the same temperature but at the
same Newtonian viscosity, rjo, i.e. at isochomal con-
ditions.

I t is suggested in figures 15a and b that not only the
non-Newtonian flow effect but also the heating effect
plays an important part wi th respect to the decrease of
applied stress. Due to this common influence this may
be of special advantage in practise because the defor-
mation rate  h is sharply increased at a given axial stress
and vice versa. These two effects may enhance work-
ability of glass melts, particularly that of "short" glass
melts since they have a larger viscosity-temperature
gradient drjJdT. This conclusion may be of some interest
for the forming of glass, e.g. for the press-and-blow pro-
cess.

As is well known, the working range of bottle press-
and-blow operation is usually between 10^ and

 lO'' Pa s which corresponds to a forming rate range of
30 to 40 cm/s. According to the analysis in section
2., the compression process of container glasses can be

considered as an adiabatic one at these viscosities, thus,
as a result o f the mechanical energy dissipation, the for-
ming rate can be raised for a given load.

However, in the fiber drawing process, the heating
effect can usually be neglected at normal drawing
stresses and for thin fibres (r < 20 pm) since the heat
loss rate at low drawing rates is larger due to the very
large specific surface, but under extreme fibre drawing
conditions the shear-thinning effect could be observed
together wi th the heating up by the dissipation o f the
mechanical forming (drawing) energy [18].

The whole procedure o f the cylinder compression
method concerning the mechanical and thermal in f lu -
ences and parameters on the viscoelastic properties o f
glass melts as shown in this paper were treated by com-
puter programmes which allow to give information not
only on the mutual influence o f the considered param-
eters in total but also on certain parameters separately
in order to study their individual special effects.

These investigations were conducted w i t h k ind supports o f the
Deutsche Forschungsgemeinschaft ( D F G ) , Bonn-Bad Godes-
berg, and o f the Arbeitsgemeinschaft industrieller Forschungs-
vereinigungen ( A i F ) , Köln , by agency o f the H ü t t e n t e c h n i s c h e
Vereinigung der Deutschen Glasindustrie ( H V G ) , Frankfurt /
M . , through the resources o f the Bundesminister für Wirtschaft
( B M W i ) , Bonn.

5. List of symbols

A cross-section o f the compressed glass sample
A. B, To constants o f the Vogel-Fulcher-Tamman equa-

t ion
Acdi ^r? ^cv areas corresponding to ttcd, ar and
A max maximum cross-section o f the compressed

sample  equatorial cross-section
a,b constants o f the system deformation function in

equadon (1)
Cs Stefan-Boltzmann radiadon constant

specific heat o f the glass sample
c{t) tensile stress factor for the stress at the equatorial

line o f the compressed glass cylinder
relaxation modulus. Bit) at P I o f the force-A/z
plot (or maximum o f Fit)) 

F  Fit)  compressive force as a function o f time
t or/and s 

F  dF/dt 
ho in i t ia l height o f the glass cylinder
hit) cylinder height at time t 
flit)  dAh/dt  Id/z/drl, i.e. deformation rate o f the

sample
 h/2  half o f the cylinder height after Nadai

k heat transmission coefficient
Is depth o f conduction into the steel piston
M mass o f glass sample
m factor for tensile experiment, slip and no slip con-

di t ion
n constant o f system deformation function (equa-

t ion (1))
Nu Nusselt number
P exponent for ^^ax depending on boundary con

di t ion between glass and piston
PI index for point o f inflexion
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Q =dQ/dt, i.e. heat flow rate or rate o f heat gain
or loss

gin maximum dissipated heat quanti ty produced
wi th in the glass sample under adiabatic condition

gnet net heat quantity, g n  Gout
gout heat loss o f the cylindrical glass sample
R in i t ia l radius o f the glass cylinder
r, z radial and axial cylinder coordinates
s piston movement linearly proport ional to time
s piston velocity
SD system deformation
SD system deformation rate  dSDIdt 
T temperature
t time
V volume o f glass sample
DQ fill  axial deformation rate

ttcd heat conduction coefficient o f the glass sample
ttcv heat convection coefficient o f the glass sample
ttf heat transfer coefficient from glass to steel piston
ttr heat radiation coefficient o f the glass sample
Ah{i)  ho-h{t), i.e. sample deformation at time t 
^jmax maximum temperature increase under adiabatic

condit ion
^ jnet temperature increase
£ G emission ratio o f the glass sample
e(t)  fi(t)lh(t), i.e. normalized deformation rate
rj  rj{t), i.e. viscosity as measured and determined

after Gent wi thout A T correction
rjn^(t) non-Newtonian viscosity wi thout thermally in

duced effects
rjo Newtonian (equil ibrium) viscosity
rjoT Newtonian viscosity corrected by the temperature

increase {AT^^"" or AT"^^) due to dissipated heat
gm or gnet
thermal conductivity o f the glass sample

Xi specific factor
2 L thermal conductivity o f furnace atmosphere (air)

thermal conductivity o f the steel (pistons)
a axial stress
CTax axial compressive stress as measured without

thermal correction
(Tc axial stress, thermally corrected
(7r, (Ti, stress components w i th in the compressed sample

(r  radial, t  tangential, z  axial)
^(Otensile tCnsilc StrCSS

cr(0[?nsiie tensile strength  stress at the first crack o f the
compressed glass cylinder
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7. Appendix

The heat loss o f a glass cylinder which is heated up to ATlarger
than the surrounded furnace atmosphere and the two piston
ends due to the dissipated mechanical energy is given by equa-
t ion (5). The various quandties were calculated in the following
ways. The heat transfer coefficient a^d is given by [19]:

 IXclhit) (27)

where XQ 10~^ S Xi-Pi is the thermal conductivity of the
glass which depends on temperature and composition [15 and
20], h(t) is the cylinder height at time /, and A, the specific fac
tors. Pi the concentrations in wt% of the oxide components. The
temperature dependence may be calculated according to [20].
The relation (27) is part of the coefficient o f heat transmission
coefficient, k, in axial direction from the sample to the pistons:

Ilk = hiOlilXc)  + l / t t f  + IJX, (28)
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where ttf is the heat transfer coefficient from the glass sample
to the steel pistons, 1^ is the thermal conductivity of the steel
and 4 the depth o f conduction into the steel piston. The bound-
ary zone for ttf is very thin after McGraw [21] and changes with
time from 2.5 • 10"^ to about 2.5 • 10 ^ cm and ttf decreases
from 25000 to 2000 J/{m^  s K ) . I n the present case the boundary
zone is indeed still smaller than 2.5 • 10~^ cm because o f the
axial pressure on the sample. Therefore, the heat resistance
l/ttf through this zone wi l l be one order of magnitude smaller
than that of the glass sample  l/ttcd  h{t)/2 X Q . Also the heat
transfer resistance of the pistons can be neglected because
ijx,<hm AG.

Now, the heat losses by radiation and convection in radial
direction are regarded. The radiation heat flow per unit time,
unit area and Kelvin is given by:

q  EG'  Q({T  + AT'^^'y  r 4 ) / ( 1 0 8  • A r " ^ 0 (29)

where  Q is the Stefan-Boltzmann radiation constant of the
black body (Cs  5.67 J/{m^  s K'*)),  T the furnace temperature,
Ar"^^ the net temperature increase due to dissipated energy and
SQ the emission ratio which is between 0.9 < £G < 1 [19] because
the surface of the sample is much smaller than that o f the fur-
nace.  £G decreases wi th decreasing thickness and increasing
temperature after Eckert [19] and Gardon [22]. For a thickness
of 10 m m and for temperatures between 450 and 650 C  SQ is
between 0.8 and 0.9, therefore a, in equation (5) becomes:

a,  ^ G • Q {{T + Amy  r^)/(108 A 7 } - i ) (30)

where ATp^\ is the temperature increase within the deformation
secdon A/z,_i.
After Coenen [23] the radiation transfer between glass and pis
ton can be neglected.

The convective heat loss may be obtained from the Nusselt
number, Nu, [\9 and 24]:

ttcv  Nu • XJh{t) (31)

where Xp is the thermal conductivity o f the furnace atmosphere
(air usually). A n estimation gives a value o f smaller than
10 J/(m^ s K ) , i.e. a^^ < ttr and ttcd, thus a^^ can also be neg-
lected.

Introducing equadons (27 and 30) into equation (16) gives:

h{t)-h

• [ ( r + A r ^ l ) ^  r ^ ]

w i t h the areas:

^ed  2Vlh{t) , 

/ i - 10^

A,  iJnVhit). 

(32)

(33)

(34)

From equations (15, 17, 28 and 32) follows for the net tempera-
ture increase:

dAT^"^^

/ i - 10»
i-\

w i t h A7;"_1 2 dAm 
1

and A T ; ^ ^  A ^ + dAT^'. 

h(t)-h

{T+ Amy T^) 

(35)

(36)

(37)
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