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Glass is an ideally brittle material at room temperature. The results of hardness indentation tests demonstrate this property by crack
formation at the corners of the indent. But it is possible to avoid the crack formation if the load, the contact area and the deformation
rate, respectively, are small enough. The mechanisms of this permanent deformation of brittle glasses by indentation close to room
temperature have not been understood completely up to now. Viscous flow is responsible for permanent deformation of glasses
above the transformation temperature (TG). The same mechanism of deformation during indentation experiments is assumed in this
work hypothetically, taking into account the very high Stresses (GPa ränge) in the local volume around the indenter tip. This
hypothesis of deformation at room temperature will be verified by independent experiments that work like viscometers in principle
(e.g. cylinder compression experiments, ball indentation experiments). All experiments were analysed with the help of simple rheolog-
ical models. Additionally some ball indents were analysed by topographical investigations to get first hints of viscoelastic deformation
behaviour below Tg of glass.

Viskosität von Glas unterhalb der Transformationstemperatur

Glas gilt bei Raumtemperatur als ideal sprödes Material. Bei Härteeindrücken äußert sich diese Sprödigkeit durch permanente
Rißbildung an den Eindruckecken. Bei sehr kleinen Belastungen, Kontaktflächen bzw. Deformationsgeschwindigkeiten ist jedoch
die Erzeugung bleibender und durchaus rißfreier Eindrücke auch in Gläsern möglich. Der dieser Verformung zugrundeliegende
Mechanismus wird bisher nicht vollständig verstanden. Für Temperaturen oberhalb der Transformationstemperatur ist das viskose
Fließen als Ursache für die Möglichkeit der Glasverformung unbestritten. Auch für die Indenterexperimente, bei denen lokal sehr
hohe Spannungen (GPa-Bereich) in der Umgebung der Indenterspitze auftreten können, wird hier von diesem Mechanismus ausge-
gangen. Diese Viskositätshypothese für Verformungen bei Raumtemperatur soll mit unabhängigen Experimenten nach dem Prinzip
der Viskosimeter überprüft werden (z.B. Zylinderstauchversuche, Kugeleindruckexperimente). In dieser Arbeit werden für alle Ver-
suchstypen einfache rheologische Modelle zur Auswertung verwendet. Um erste Hinweise auf viskoelastisches Deformationsverhal-
ten auch unterhalb Tg zu erhalten, wurden einige Kugeleindrücke zusätzlich topografisch untersucht.

1 . I n t r o d u c t i o n

Glasses are considered as a bri t t le mater ia l below the
t rans format ion t empera tu re (T^). T h a t m e a n s a macro-
scopic deformat ion exper iment at r o o m temperature is
accompan ied by immedia te fraction if the Griffith stress
is exceeded. In this respect the deformat ion behaviour is
a purely elastic one. But it is also possible to deform
glasses pe rmanen t ly wi thou t cracks by indentat ion
exper iments if the deformat ion rate is small enough. In
1933 T a m m a n n [1] used convent ional indenta t ion experi-
men t s to s tudy the viscosity of glasses bu t without de-
fined load ing rate. T h e indents were performed dur ing
increasing of the t empera tu re step by step. Then that
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temperature was identified as the transformation tem-
perature of the glass at which the indents are wi thout
cracks for the first time. In this view the deformation of
glass during indentat ion at room temperature without
cracks is considered as viscous. This interpretation di-
verges strongly from the general experience given by the
dependence of the viscosity of glasses on temperature
near Tg which is described by the equat ion of Vogel,
Fulcher, and T a m m a n n (VFT) [2 to 4]:

\ΕΗ = Λ + 
B

T-TN
(1)

where Η is the viscosity at the temperature Γ, Α and Β
are constants and TQ is the so-called Vogel temperature.
In accordance with equat ion (1) the viscosity will be infi-
nite (Η oo) at TQ. For Silicate glasses TQ is many times
higher than room temperature. Nevertheless, one can
find viscosity values for room temperature in Frischat



[5] (10^0 Pa s) and Macosco [6] (lO^o Pa s). Tha t yields
Maxwell relaxation t imes τ from 10^ s (30 years) to
10^^ s with

τ =
Η_

Ε
(2)

where Ε is the elastic modulus . These relaxation times
have an incompatibly high level in compar ison with the
durat ion of indentat ion experiments amount ing to
about 100 s.

The hardness number represents the generation of
very high contact Stresses in a small volume a round the
indenter tip which never are reached by uniaxial com-
pression or tension experiments. This special quali ty is
an impor tan t peculiarity of the deformation of materials
by indentation and may reduce the viscosity dur ing in-
dentat ion so that the relaxation times τ ~ 100 s are in
accordance with the dura t ion of experiments. There are
two conceivable reasons. First , a par t of the added mech-
anical energy is converted into thermal energy following
by an increase in tempera ture and a decrease in viscosity.
Α rough adiabatic estimation yields sufficiently high
temperatures [7]. Second, a reduction of the viscosity un-
der the very high pressure of an indentat ion experiment
is conceivable. The consequences of these possible re-
asons were studied in a first step by topographical in-
vestigations of some ball indents performed at typical
temperatures below Tg.

The indentat ion experiments to generate very high
Stresses only were obta ined at room temperature for
technical reasons with the help of a NanoIndenter®II
(MTS Systems Corpora t ion , N a n o ^ ^ Ins t ruments Inno-
vation Centre, O a k Ridge, T N (USA)). For a higher
temperature ränge from room temperature to contact
experiments were carried out which work like penetra-
tion viscometers in principle [8 and 9]. Fur thermore , the
well-known cylinder compression experiments working
like a parallel plate viscometer were used [10] as Stand-
ard and for compar ison with ball indentat ion experi-
ments at temperatures below Tg. To broaden the estab-
lished experiments of Brückner and co-workers [11] a 
relaxation par t was added to the loading par t of each
type of experiments in order to get more independent
information about the t ime-dependent deformation pro-
cess. All experiments were analysed using unified rheol-
ogical principles. Wi th respect to the different contact
experiments the rheological models must be modified
theoretically.

viscometer . Α relat ion to calculate the viscosity Η was
given by G e n t [10]:

3 / F
1

(3)

+

where F is the load ing force, / is the axial de fo rma t ion
rate, V is the vo lume of the sample a n d /{T) is the ac tua l
length of the sample at the t ime T. D u r i n g the defor-
m a t i o n the volume of the sample is a ssumed to be con-
s tan t

F = Λ / ο NR\T)L{T) (4)

where R is the rad ius of the sample, IQ is the l eng th a n d
AQ is the cross section of the sample at the t ime / = 0.
Only if the deformat ion is purely viscous, e q u a t i o n (3) is
usable to calculate the viscosity Η. For t empera tu re s
from Tg d o w n w a r d the viscosity increases to such h igh
values tha t the flow rates c a n n o t be realized by the p rac -
ticable deformat ion rates of the test ing System. F u r t h e r -
more , elastic pa r t s of deformat ion are no t cons idered by
equa t ion (3). Therefore, the exper imenta l d a t a were ana -
lysed by rheological models , which include elast ic, a n d
viscous pa r t s of deformat ion and , addit ionally, relax-
a t ion exper iments after the load ing par t . Us ing a Zener -
Maxwel l Standard mode l yields the following differen-
tial equa t ion :

Σ + Σ = (EM + ^ h ) ^ + ^ (5)

where σ is the stress, ε is the strain, EM and E^ a re the
elastic pa rame te r s of the two H o o k e a n Clements, Η is the
viscosity pa rame te r of the N e w t o n i a n d e m e n t a n d the
d o t t e d Symbols s tand for the rates of the c o r r e s p o n d i n g
quant i t ies . For the loading p a r t wi th Έ = = cons t a n d
Ε = ACT the Solution of equa t ion (5) is

σ ( 0 = Ε^Η 1 - e x p
( EM ) 

1 - e x p - T
- \ Η 1 -

+ ^ H έ c ^ T^U (6)

where is the t ime of the end of the loading pa r t . F o r the
re laxat ion exper iment wi th Ε = Ε{Ί = TF) = ΕΖ = cons t yields

O{T) = σοο + (ö-f-cToc) exp
1

{T-TM. T>T, (7)

wi th = O(T = TF) a n d = Ε^Ε^.

For —̂  0 equa t ion (5) Stands for a pu re Maxwel l
m o d e l which describes simple viscoelastic mater ia ls .

2 . T h e o r e t i c a l

2.1 Cyl inder c o m p r e s s i o n e x p e r i m e n t s

The me thod of deformation of compact cylindrical glass
samples is nearly the same as that using a parallel plate

2 . 2 I n d e n t a t i o n e x p e r i m e n t s wi th s p h e r i c a l
i n d e n t e r

T h e equa t ion for the analysis of purely viscous defor-
m a t i o n by indenta t ion with spherical indenter was given
by D o u g l a s [8]:
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This type of test was reahzed by indenta t ion creep
exper iment tha t co r responds wi th the principle of a 
Penet ra t ion viscometer. To ob ta in m o r e information a 
type of exper iment was carr ied ou t wi th two parts, load-
ing a n d relaxat ion, in the same m a n n e r as for uniaxial
compress ion .

For purely elastic deformat ion by spherical indenter
the relat ion between the load ing force F a n d the inden-
ta t ion d e p t h /Zei was found by Her t z in 1881 [12]:

(9)

where R is the rad ius of the spherical indenter and
is the reduced elastic m o d u l u s resulted from

1/E* = (\-ν^)ΙΕ + (l-v?)/£'i. Here E, ν and E^, are
the elastic m o d u l u s a n d the Poisson ra t io of the sample
a n d the indenter, respectively. Fo r Ei > Ε it is approxi-
mately

(10)
l - v 2

So equa t ion (9) can be wri t ten as

4 Ε
F = 

3 ( l - v 2 )
jRhli'. (11)

T h e strain for deformat ion by spherical indenter is given
in [13]:

s = F ^
R

(12)

by replacing the elastic constants in the Solution to the
associated elastic problem by viscoelastic functions. To
analyse all types of deformation experiments by the
same rheological model , the viscoelastic function ψ(ή
was derived from the Zener-Maxwell model in accord-
ance with equat ion (6) for the loading par t :

(̂0 = η^ο 
l - e x p ( EM } l - e x p

- /
_ V η J

-
+ Ene,t (15)

If replacing Ε ο {m^ !F(/)} in equat ion (11), where
is the geometric cons tan t to verify the special kind of
the deformation process (m^ = 1 for shear and = 3 
for tensile experiments [16]), the t ime dependence for the
loading par t of deformation by spherical indentat ion is
given with respect to equat ion (14) by:

F{t) = rX 

with

L \ 

/ / 

1 - e x p t]]t + E^f 

IFm,

3 ( l - v 2 ) · 

. t ^ k (16)

(17)

Using the same principle for the relaxation par t (see equa-
tion (7), but with /ic = 0 and h = h(t = tf) = hf = const) ,
for the t ime dependence of the d rop in load

F(t) = F^ + (Ff-F^) exp ^- (t-tr)j , t > tf (18)

is yielded, where Ff = F(t = tf) at the starting t ime of

the relaxation experiment and Foo = — £Ή ν ^ (̂c kY^^ 

in accordance with equat ion (9).

where α is the rad ius of the contac t a rea of the indent,
R is the rad ius of the sphere and F is a numerical con-
s tant of the mater ia l a n d is given in [13] for metals to be
Γ ~ 0.2. T h e relat ion between the indenta t ion depth h 
a n d the con tac t rad ius α is given in [14] for viscoelastic
mater ia ls 3,s = R h. In accordance wi th equat ion (12)
the relat ion between strain ε and inden ta t ion depth h is

h
(13)

For the s train rate, ε is yielded li h = = const and
hence h = Lt 

2.3 Nanoindentation experiments
To realize very high Stresses during the contact com-
pression process, it is reasonable to use a sharp indenter.
In this work a Vickers d iamond pyramid was used for
nanoindenta t ion experiments. Therefore, it was neces-
sary to modify the Clements of rheological model for the
condit ions of nanoindenta t ion experiments. The meth-
odology for modell ing is the superposit ion of three par ts
of indentat ion depth: an elastic par t h^i, a viscous par t
hf[ and a plastic par t respectively.

The relation between the loading force F a n d the par t
/Zei for purely elastic deformation is given in [17 and 18]:

ε = Τ Rt
(14)

To describe the deformat ion behaviour of viscoelastic
materials , in [15] a Solution to this p r o b l e m is proposed

F= CoE^hl (19)

where CQ = 222 is the numerical constant of the
Vickers pyramid and the reduced modulus F * is given
by the argumenta t ion following equat ion (9).



Table 1. Parts of indentation depth h(t) = h^i + //^ + hp\ in accordance with equations (19), (21) and (22) for the loading, holding
and unloading part of nanoindentation experiments

part of
nanoindentation
experiment

indentation depth

elastic part viscous (flow) part plastic part

loading part
F=F,t

Fct
221 F *

F.t^
26.43 η

F^t
26.43 Η

holding part
F = iVax ^ Fe tf 
t^<t<tf+ t^ 

Fctf
222 E* 

K{2tft-t})
26.43 η

' F.tr
26.43 Η

unloading part
F= F,tf-F,(t-tf-tJ 
tf+ t^<t 

F,{2tf+t^-t)
222 E* 

Fe{Atft + 2t^t-2t^ tf-2tj-ti-t^) 
26.43 η

Fctf
26.43 Η

The viscous par t hfi of glass is determined by the
assumption of Newton ian flow:

σ = η ε (20)

Using έ = hfl/hfl and σ = F/(c hji), where c = 26.43 is the
area constant of the Vickers pyramid, from equat ion
(20) the differential relation between F and hfi follows

(21)

The relation of F and the plastic par t h^i is given by the
defmition of Vickers hardness H: 

F=cHhl Pl (22)

The Solution of the differential equat ion of this model
for different experimental condit ions is given in table 1 
in the general form h{t) = + /̂ n + 
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Figure 1. Schematic representation of the special equipment
which makes it possible to carry out deformation experiments
under different temperature conditions (from room temperature
to 600 °C).

3 . E x p e r i m e n t a l

All experiments were performed on commercial sheet
glass (Fg = 535 °C, composi t ion (in mol%): 71 Si02, 15
NasO, 6.6 CaO, 4 MgO, 2 AI2O3, 0.9 K2O, 0.4 SO3, 0.1
Fe203). The diameter and the height of the samples for
the cylinder compression experiments were 5.6 and
7.5 mm, respectively. The indentat ion experiments with
spherical and pyramidal indenters were performed on
(20 X 20 X 7.5) mm^ plates. After the cutt ing the
samples were tempered at 535 °C for over 3 h to anneal
the mechanical and thermal stresses. The samples were
cooled down to room temperature at 1 K/min. Before
starting the deformation experiments above room tem-
perature the samples were stored once more for 1 h at
the deformation temperature.

For the deformat ion exper iments the servo-hydraul ic
mater ia l testing System MTS® 810 ( M T S Systems C o r -
pora t ion , Minneapohs , M N (USA)) was used. T h e dif-
ferent tempera ture condi t ions in a ränge from r o o m tem-
pera tu re to 600 °C were realized by an add i t iona l h o m e -
buil t equ ipmen t (see figure 1). Α special feature of this
equ ipmen t is the possibility to measure the real t ime de-
pendences of the tempera ture T{t) a n d the de fo rmat ion
Parame te r h{t), respectively, directly and s imul taneous ly
at the sample dur ing the deformat ion exper iment . So it
was possible to control the deformat ion process by the
real strain and indenta t ion dep th , respectively. Fo r tha t
reason it was no t necessary to k n o w a correc t ion func-
t ion to eliminate the par t of deformat ion of the tes t ing
System. The accuracy of the sample t empera tu re regis-
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Figure 2. Range of strain rate which was used in this work (dot-
ted Hne) added to the critical deformation rate for cyUndrical
float glass samples at which the Newtonian viscosity changes
to non-Newtonian viscosity (solid line) given in [19]. 
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Figure 3. Experimental points and the fitting curve in accord-
ance with table 1 of a Single nanoindentation experiment at
room temperature.

t ra t ion was bet ter t h a n 1 K. Α w a r m i n g - u p during the
deformat ion process was no t detectable in the 1 Κ sensi-
tivity limit.

To deform cylindrical glass samples by uniaxial com-
pression wi thou t crack format ion, the deformat ion rate
mus t be lower t h a n a critical value. This critical defor-
m a t i o n rate is increasing with increasing test tempera-
ture. Fo r tha t reason the t empera ture for workable defor-
m a t i o n rates is l imited by 480 °C for the used experimen-
tal condi t ions . A n ana logous p rob lem was discussed by
Brückner [19]. Here a critical deformat ion rate for cylin-
drical float glass samples at which the Newton ian vis-
cosity ΗΟ (Σ = ΗΟ ' Έ) changes to the non -Newton ian one
(Σ = Η(Σ) ' Έ) is given. In figure 2 the ranges of strain
rates, which were used in this work, are ascribed to the
dependency given in [19].

Two types of experiments were pe r formed by the cyl-
inder compress ion me thod . The first experiment was
m a d e accord ing to the principle of a paral lel plate vis-
cometer . T h e cylindrical glass samples were deformed
with cons t an t strain rate realized by cons tant defor-
ma t ion rate / = d//dr, where / is the cur ren t length of the
cylinder, as long as the purely viscous deformation was
reached when the stress persisted cons t an t during defor-
ma t ion . A t t ime t = the second type of experiment
was Started (relaxation par t ) de te rmined by a zero defor-
ma t ion ra te i(t) = 0, tha t means the sample length will
be cons tan t . These types of exper iments were performed
in the t empera tu re ränge from 480 to 580 °C.

T h e home-bui l t equ ipment for temperature-depen-
dent deformat ion experiments is cons t ruc ted in a way
tha t it is very easy to replace the uppe r pressure plate
by indenters of any geometr ical shapes. Fo r this work a 
spherical indenter (radius R = 1.5 m m ) m a d e of tung-
sten carb ide (Young's m o d u l u s Ε = 830 G P a ) was used.
This mater ia l is qualified for indenta t ion experiments up

to 600 °C because of high temperature durability. Also
two types of indentat ion modes with spherical indenter
were performed. First creep experiments were realized
with constant load. The practicability of a preselected
load depends on the test temperature. If the temperature
is too high the creeping process is too fast, and if the
temperature is too low the indentat ion depth is too small
for reliably recording in workable test time. The suitable
loads were found from 100 up to 720 Ν for the used test
temperature ränge from 580 to 400 °C. For these experi-
ments the viscosity Η was calculated by equat ion (8). To
obtain more information from the indentat ion test, a 
second type was performed composed of the two par ts
of deformation according to the uniaxial cylinder com-
pression. After the loading par t with constant rate of
indentat ion depth (fi = ahlat = = const) up to a 
max imum load F^ax = 400 N, a holding par t with con-
stant indentat ion depth (h = h (iVax) = K = const) was
followed to be commensura te with the temperature-de-
pendent loading time. F rom the data of these experi-
ments the viscosity parameter was calculated by equa-
tions (17) and (18).

The nanoindenta t ion experiments were realized with
help of a NanoIndenter®II using a pyramidal d i amond
indenter (Vickers). For technical reason, especially the
thermal drift, it was no t possible to implement indents
at temperatures other than room temperature. The re-
gime of the tests was composed of three par ts : a loading
par t with cons tant loading rate F = aFiat = F^ = const
up to a max imum load F^ax = 450 mN, a holding par t
with constant load F = i ^ ax const like an indentat ion
creep experiment for a holding time t^ = 100 s, and an
unloading par t with the same absolute value of rate as
that for the loading par t , respectively (see figure 3). Six
different loading rates (1 mN/s < — 50 mN/s) were
used. All records of the Single indentation experiments
(ten indents per loading rate) of this mode were analysed
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Figure 4. Measured stress-strain C u r v e s of cylinder compression
experiments for different test temperatures which were carried
out at constant strain rate.

1 0 0 0 0 2 0 0 0 0

T i m e t i n s 

3 0 0 0 0 4 0 0 0 0

Figure 5. Experimental points and the fitting curve in accord-
ance with equations (6) and (7) of a single cylinder compression
experiment with constant strain rate loading and relaxation at
520 °C.

for an indentation depth hn^n ^ 10 n m to exclude inac-
curacies of data near the contact point . In this manne r
the parameter of viscosity η was calculated in accord-
ance with the Solutions of the differential equat ion of
the model given in table 1 for every single indent.

4 . R e s u l t s a n d d i s c u s s i o n

4.1 Cyl inder c o m p r e s s i o n e x p e r i m e n t s

In figure 4 some stress-strain curves of cylinder com-
pression experiments of cons tant strain rate defor-
mat ions for different test temperatures are shown exem-
plarily. If the stress is constant dur ing the increase of the
strain (άσ/άε = 0), a pure viscous flow is reached. For
this par t of deformation a viscosity parameter η was cal-
culated by equation (3). The data points of the stress-
strain dependence of a single deformation with bo th
parts, a constant strain rate loading and a relaxation
(constant strain) experiment at 520 °C and the fitting
curve in accordance with equat ions (6) and (7) to deter-
mine the viscosity parameter are shown in figure 5. It
must be pointed out that the rheological fitting pa ram-
eters are determined by a unified fitting procedure for
the complete experiment in reversing to the consistence
of the different parts. So it is remarkable that the nonUn-
ear least Squares fitting procedure determined the elastic
parameter £Ή of the single Hookean d e m e n t of the
Zener-Maxwell Standard model (see equat ion (5)) to
F H ~ 0 for all measurements at any temperatures which
was used. That means the compression of cylindrical
glass samples is describable by a simple Maxwell model
with a good approximation for this ränge of tempera-
ture. The behaviour of the elastic parameter EM of the
Maxwell model will be discussed in a separate paper
[20].

The results of the analysis of the two types of cylin-
der compression experiment with respect to equat ion (3)
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Figure 6. Viscosity parameters of beam in bending experiments
and cylinder compression experiments (cyl. comp.) analysed by
equation (3) and equations (6) and (7) in dependence on the
test temperature. The constants of the Vogel-Fulcher-Tammann
(VFT) relation were fitted by the experimental results of the
cylinder compression experiments.

a n d equa t ions (6) and (7), respectively, relating to the
viscosity parameters , are shown in figure 6 in depend-
ence on temperature . The pa ramete r s of the V F T equa -
t ion (1) were fitted to ^ = 0.652, Β = 2868.7 °C, a n d
TQ = 286.5 °C. The cor responding fitting curve is d r awn
in figure 6 additionally. F u r t h e r m o r e the results of
Standard viscosity measurements by b e a m in bend ing
m e t h o d for the same sheet glass are shown in figure 6.
T h e reflection of these results impressively shows the
very g o o d agreement between the values of viscosity re-
ceived by the different exper imental m e t h o d s a n d differ-
ent m e t h o d s of analysing the measured da ta . M o r e o v e r
b o t h the values of viscosity and the line of the V F T re-
lat ion are very near to the poin t of intersect ion defined
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Figure 7. Experimental points of indentation creep experiments
with a spherical indenter (radius R = 1.5 mm) performed at
different temperatures and different maximum loads conse-
quently.
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Figure 8. Experimental points and the fitting curve in accord-
ance with equations (16) and (18) of a single ball indentation
experiment (R = 1.5 mm) with loading at constant displace-
ment rate and relaxation.

by η (Tg) = 10'^ Pa s and the t rans format ion tempera-
ture of Silicate glass (here Jg = 535 °C). That means
the m e t h o d to calculate the viscosity wi th the help of a 
simple rheological Standard mode l leads to the same re-
sults as the usual cylinder compress ion experiment
analysis with respect to equa t ion (3) in the ränge of tem-
pera ture which was used.

4 . 2 I n d e n t a t i o n e x p e r i n n e n t s wi th s p h e r i c a l
i n d e n t e r a n d t o p o g r a p h i c a l i n v e s t i g a t i o n s of t h e
i n d e n t s

Three examples of indenta t ion dep th- t ime dependences
of indenta t ion creep experiments with spherical indenter
by three different tempera tures and hence by different
m a x i m u m loads are shown in figure 7. This type of test
was performed in a ränge from 400 to 580 °C. The con-
ventionally viscosity pa ramete r s were calculated by
equa t ion (8). In figure 8 the measu remen t points of the
load- t ime dependence of a single indenta t ion experi-
ment , once m o r e with a loading pa r t (fi = = const)
a n d a relaxat ion pa r t (h = = const ) , a re shown to
exemplify tests, which were analysed by rheological prin-
ciples in accordance with equa t ions (16) a n d (18). The
cons tan t (see equat ion (17)) was fixed to = 4/3
for all these experiments, neglecting the temperature
dependence of the Poisson rat io v. In the same manner
as the cylinder compress ion exper iments the fitting
procedure de te rmined £Ή ~ 0 for all measurements .

In figure 9 the tempera ture dependence of viscosity
is c o m p a r e d for all indenta t ion exper iments together
with the V F T relation from figure 6. T h e agreement be-
tween the classical values of viscosity determined by
equa t ion (8) a n d the rheological pa r ame te r s fitted by
equa t ions (16) a n d (18) is no t so excellent as shown be-
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Figure 9. Viscosity parameters of indentation creep experiments
(sph. ind. creep) calculated by equation (8) and indentation
experiments (sph. ind.) with spherical indenter (R = 1.5 mm)
analysed by equations (16) and (18) in dependence on the test
temperature. The constants of the Vogel-Fulcher-Tammann
(VFT) relation were fitted by the experimental results of the
cylinder compression experiments.

fore in figure 6 for cylinder compression experiments.
O n the other band , the two different indentat ion rates
h = 0.033 pm/s and h = 0.333 pm/s, respectively, yield
no significant differences of values of viscosity for
rheological calculation in accordance with the theoreti-
cal expectance. The tendency for the viscosity to increase
with decreasing temperature will be smaller and the ball
viscosity will no t exceed 10^^ Pa s up to 400 °C, respec-
tively. This behaviour is strongly in contrast to the extra-
polat ion of the V F T equat ion (1) yielding a steady in-
crease of the viscosity with decreasing temperature u p to
infmity at TQ = 286.5 °C, which is remarkable in pr in-
ciple.

Α very interesting result about the ball indentat ion
experiments follows from the profile records of the in-
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Figures 10a to d. Profile records (top) and single scan lines (bottom) of indents carried out with spherical indenter (R = 1.5 mm)
at 23 °C (figure a), 350 °C (figure b), 400°C (figure c) and = 535 °C (figure d).

dents performed at different typical temperatures (see
figures 10a to d). At room temperature (23 °C, figure
10a) the height of the indent after unloading is on the
same level as the sample surface in accordance with the
data of loading/unloading curves, which shows negli-
gible hysteresis. But a round the indent palisades like
ridges of about 2 pm height are visible in the region of
the Hertzian ring fractures. U p to 350 °C distort ions like
craters are detectable inside the Hertz ian ring fractures
as well as some hysteresis effects in the loading/un-
loading behaviour. In the future more detailed investi-
gations will be carried out to qualify this first im-
pression. At 350 °C characteristic viscoelastic piHng up
is observed. From 400 °C onward a transi t ion to sinking
in is visible (see figures 10b to d) indicating the domi-
nance of the purely viscous deformation process. There-
fore it is also probable that the real contact area between
sample and indenter has not yet the same relation to the
indentat ion depth for all test temperatures. The aim of

future work will be to ob ta in m o r e in format ion a b o u t
the real con tac t area by analysis of profile records.

4 . 3 N a n o i n d e n t a t i o n e x p e r i n n e n t s

All of the nano inden ta t i on exper iments were realized at
r o o m tempera ture . For every cons t an t load ra te va ry ing
from F = 1 m N / s to F = 50 m N / s ten indents were per -
formed a n d analysed by the equa t ions of table 1. A n
example of the results of the fitting p rocedure is s h o w n
in figure 3 by the curves, calculated by the fitting p a r a m -
eters. In figure 11 the m e a n values of the viscosity p a -
ramete r s are shown in dependence on the load ing rate.
T h e t rans i t ion from viscosities of very small l oad ing
rates to viscosities of higher load ing rates, which was
identified by Yue a n d Brückner [21] as a t rans i t ion f rom



Loading rate in mN/s

Figure 11. Mean values and corresponding STANDARD deviation
of parameter Η calculated by fitting analysis in accordance with
table 1 of every single record (10 per loading rate) of nanoin-
dentation experiments in dependence on the loading rate. The
line shows the fitting result in accordance with equation (23).

NEWTONIAN VISCOSITY TO BINGHAMIAN VISCOSITY //OC, WAS

DESCRIBED HERE BY
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• cyl.comp., eqs. (6,7)
• sph.ind.creep, eq. (8)
SF sph.ind., 0.033pm/s, eqs. (16,18)
Ο sph.ind., 0.33äpm/s, eqs. (16,18)
V nanoind., tab. 1 
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Figure 12. Viscosity parameters of beam in bending experi-
ments, cylinder compression experiments (cyl. comp.) analysed
by equation (3) and equations (6) and (7), respectively, inden-
tation creep experiments (sph. ind. creep) with spherical in-
denter analysed by equation (8), indentation experiments (sph.
ind.) with the same indenter analysed by equations (16) and
(18) and nanoindentation experiments (nanoind.) analysed in
accordance with the equations of table 1 in dependence on the
test temperature. The constants of the Vogel-Fulcher-Tammann
(VFT) relation were fitted by the experimental results of the
cylinder compression experiments.

( 2 3 )

WHERE ΗΟΟ = Η{Ε

Y (^0 + ΗΟΟ). HERE

00), ΗΟ = Η{Ε-

ARE FOUND Η^

0 ) , AND Η(Ρ= FG) = 

. = 4 . 2 2 · 10^4 P A S ,

ΗΟ = 9 . 2 5 · 1 0 ' ^ P A S, AND FG = 1 3 . 7 M N / S . IT IS REMARK-

ABLE THAT THE VALUE OF THE VISCOSITY PARAMETER ΗΟ FOR IN-

FINITESIMAL LOADING RATES IS SMALLER BY OVER FIVE ORDERS OF

MAGNITUDE THAN THE FICTIVE VALUES FOR THE VISCOSITY OF

GLASSES AT ROOM TEMPERATURE IN [5 ] ( ^RT ~ 10^^^ PA S) AND

[6] (; /RT ^ 10"^^ P A S ) . O N THE OTHER BAND, THE RÄNGE OF

INVESTIGATED LOADING RATES IS TOO SMALL FOR A RELIABLE EXTRA-

POLATION. HOWEVER, THE DECREASE OF THE VISCOSITY PARAM-

ETER Η WITH INCREASING LOADING RATE F IS UNDISPUTED AND

ALSO WAS SHOWN FOR THE OPTICAL GLASS B K 7 AND FOR THE

POLYMER P M M A IN [ 7 ] . Α FIRST IDEA ABOUT THE PHYSICAL

REASON FOR THIS DEPENDENCE IS THAT A PART OF THE MECHAN-

ICAL ENERGY INPUT DURING THE INDENTATION PROCESS IS CON-

VERTED INTO THERMAL ENERGY AND SO THE TEMPERATURE IS IN-

CREASING AND, IN TURN, THE VISCOSITY IS DECREASING FOR A 

LOCAL VOLUME OF THE GLASS SAMPLE DEFORMED UNDER THE

INDENTER. T O CALCULATE THE INCREASE OF THE TEMPERATURE

DURING INDENTATION ACCURATELY, IT IS NECESSARY TO KNOW THE

REAL VOLUME OF THE GLASS SAMPLE THAT IS INVOLVED IN THIS

PROCESS. BUT THIS PROBLEM IS NOT CLEARED U P COMPLETELY

U P TO NOW.

5 . S U M M A R Y A N D C O N C L U S I O N S

T H E TEMPERATURE DEPENDENCE OF THE VISCOSITY OF COMMER-

CIAL SHEET GLASS BELOW THE TRANSFORMATION TEMPERATURE

WAS INVESTIGATED BY INDEPENDENT DEFORMATION METHODS.

IN FIGURE 1 2 THE VISCOSITY PARAMETERS OBTAIND BY THE DIF-

FERENT KINDS OF DEFORMATION EXPERIMENTS AND ANALYSIS

METHODS ARE SHOWN TOGETHER WITH THE V F T RELATION

WHICH IS A RESULT OF MEASUREMENT ACCORDING TO A PARALLEL

PLATE VISCOMETER. T H E RESULTS OF THE DIFFERENT METHODS OF

CALCULATION OF THE VISCOSITY PARAMETERS FOR THE CYLINDER

COMPRESSION EXPERIMENTS SHOWS A GOOD ACCORDANCE WITH

THE RESULTS OF MEASUREMENTS BY BEAM IN BENDING METHOD

IN THE USED RÄNGE OF TEMPERATURE. THAT MEANS THE ANALY-

SIS BY RHEOLOGICAL PRINCIPLES IS APPLICABLE TO CYLINDER

COMPRESSION EXPERIMENTS. MOREOVER, IT COULD BE SHOWN

THAT FOR THE CALCULATION A SIMPLE MAXWELL MODEL IS TO BE

PREFERED BECAUSE THE FITTING PROCEDURE LEADS TO AN

HOOKEAN ELASTIC PARAMETER F H ~ 0 FOR EVERY DATA SET IF

A STANDARD ZENER-MAXWELL MODEL WAS USED. T H E TEM-

PERATURE DEPENDENCE OF THE HOOKEAN PARAMETER E^ OF

THE CONSEQUENTLY USED MAXWELL MODEL WILL BE DISCUSSED

IN A FUTURE WORK [ 2 0 ] .

T H E ACCORDANCE BETWEEN THE RESULTS OF INDENTATION

CREEP EXPERIMENTS WITH A SPHERICAL INDENTER AND THE V F T

RELATION, THE RESULTS OF CYLINDER COMPRESSION AND THE

BEAM IN BENDING EXPERIMENTS, RESPECTIVELY, IS VERY I M -

PRESSIVE U P TO 5 0 0 ° C (T^ = 5 3 5 ° C ) . LOWER THAN 5 0 0 U P

TO 4 0 0 ° C IT COULD BE SHOWN BY TOPOGRAPHICAL INVESTI-

GATIONS OF ANY BALL INDENTS THAT THE MECHANISM OF DEFOR-

MATION IS DOMINATED BY VISCOUS FLOW INDEED AND THAT THE

MEASURED VALUES OF VISCOSITY ARE MANY TIMES SMALLER

THAN THE PHENOMENOLOGICAL V F T VALUES AT THIS TEMPERA-



TURE RÄNGE. T H E VALUES OF THE RHEOLOGICAL ANALYSIS, WHICH

WAS BASED ON THE SAME MODEL AS WAS USED FOR THE UNIAX-

IAL CYLINDER COMPRESSION EXPERIMENTS, INDICATE A SIMILAR

COURSE OF THE VISCOSITY PARAMETERS. T H E GOOD AGREEMENT

BETWEEN THE RHEOLOGICAL PARAMETERS OF THE DIFFERENT DIS-

PLACEMENT RATES h EXPLAINS THE SUFFICIENT CONSIDERATION OF

THE DEFORMATION RATE IN THE MODEL.

Α PARTIAL RESULT OF THIS WORK IS THAT IT IS POSSIBLE TO

ANALYSE NANOINDENTATION EXPERIMENTS WITH SHARP IN-

DENTERS BY RHEOLOGICAL PRINCIPLES IN CONTINUATION OF [ 2 2 ] .

BUT THE DEPENDENCE OF THE VISCOSITY PARAMETERS FROM THE

DEFORMATION RATE MUST BE CLEARED U P MORE EXACTLY IN FU-

TURE. PRIMARILY THE GAP OF VISCOSITY VALUES FROM ROOM

TEMPERATURE TO 4 0 0 ° C (SEE FIGURE 1 2 ) MUST BE INVESTI-

GATED. T O VARY THE PRESSURE AND STRESS, RESPECTIVELY, IN-

DENTATION EXPERIMENTS WITH DIFFERENT INDENTER GEOMETRY

ARE APPROPRIATE IN A RÄNGE FROM ROOM TEMPERATURE TO

TRANSFORMATION TEMPERATURE OF GLASS.

Γ material constant
Ts prefactor of the Solution F{T) for deformation by

spherical indenter
Ε strain
fif strain T = tf 
Έ strain rate ΆΕ/at)
4 constant strain rate
Η viscosity
?/RT viscosity at room temperature
ΗΟ Newtonian viscosity
ÔO Binghamian viscosity
V Poisson ratio
Σ stress
AF stress at ί =
Goo stress at / ^ 00
Σ stress rate (= DA/DT) 
Τ relaxation time
W{t) viscoelastic function

6. List of Symbols

The authors thank the Deutsche Forschungsgemeinschaft,
Bonn-Bad Godesberg (project no. Gr. 1482/1-2) and the Kultus-
ministerium of Sachsen-Anhalt (project no. 2158A/0085B) for
Sponsoring parts of this work. Furthermore, the authors would
like to express their thanks to the Institut für Neue Materialien,
Saarbrücken (head: Prof Dr. H. Schmidt), for measurements
by the beam in bending method and to Dipl.-Phys. Kanina Nei-
deck for taking indentation experiments with spherical indenter.

A, B, TO constants of Vogel-Fulcher-Tammann equation (1) 
AO cross section of the cylindric samples at ί = 0 
Α contact radius
CG numeric constant of pyramidal indenter
C area constant of pyramidal indenter 7. References
Ε elastic modulus
Ε* reduced elastic modulus [1] Tammann, G : Der Glaszustand. Leipzig: Voss, 1933.
EH elastic parameter of single Hookean dement of [2] Vogel, H.: Das Temperaturabhängigkeitsgesetz der Visko-

Zener-Maxwell model sität von Flüssigkeiten. Physik. Z. 22 (1921) p. 645-646.
EM elastic parameter of Hookean dement of Maxwellian [3] Fulcher, G. S.: Analysis of recent measurements of the vis-

section of Zener-Maxwell model cosity of glasses. J. Am. Ceram. Soc. 8 (1925) Pt. 1, no. 6,
F loading force p. 339-355; Pt. II, no. 12, p. 789-794.
FR loading force at / = [4] Tammann, G ; Hesse, W.: Die Abhängigkeit der Viskosität

loading force at ί ^ OO von der Temperatur bei unterkühlten Flüssigkeiten. Z.
^ m a x maximum load anorg. allg. Chem. 156 (1926) p. 245-257.
F loading rate (= DFIDT) [5] Frischat, G. H.: Glas - Struktur und Eigenschaften. In:
Κ constant loading rate Lohmeyer, S. et al. (eds.): Werkstoff Glas I. Ehningen: ex-
Κ half-value loading rate (equation (23)) pert, 1987. p. 47 -67 .
Η hardness [6] Macosco, C. W.: Rheology - principles, measurements
H indentation depth and applications. New York et al.: VCH, 1994.

elastic part of indentation depth [7] Meinhard, H.: Rheologische Untersuchungen zu Härteein-
HF indentation depth AT T = TF druckexperimenten im Nanometerbereich. Univ. Halle,
HN viscous (flow) part of indentation depth Diss. 1999.
H\\m lower limit of nanoindentation depth for analysis [8] Douglas, R. W.; Armstrong, W. L.; Edward, J. Ρ et al.:

plastic part of indentation depth Α Penetration viscometer. Glass Technol. 6 (1965) no. 2,
H indentation rate (= DHLDT) p. 52 -55 .
Κ constant indentation rate [9] Brückner, R.; Demharter, G : Systematische Untersuchung
L actual length of cylindric samples über die Anwendbarkeit von Penetrationsviskosimetern.
K length of cylindric samples at ί = 0 Glastechn. Ber. 48 (1975) no. 1, p. 12-18.
Ί axial deformation rate of cylindric samples (= DLLDT) [10] Gent, A. N : Theory of the parallel plate viscometer. Brit.
M. geometric constant of the deformation process with J. Appl. Phys. 11 (1960) p. 85-87 .

spherical indenter [11] Brückner, R.; Yue, Y; Habeck, Α.: Determination of the
r radius of cylindric sample rheological properties of high-viscous glass melts by the
R radius of spherical indenter cylinder compression method. Glastech. Ber. Glass Sei.
RT room temperature Technol. 67 (1994) no. 5, p. 114-129.
T time [12] Hertz, H.: Über die Berührung fester elastischer Körper. J.
TF duration time of the loading process reine angew. Math. 92 (1881) p. 156-171.
TH duration time of the holding process [13] Tabor, D.: Indentation hardness: Fifty years on; a personal
Τ temperature view. Phil. Mag. Α 74 (1996) no. 5, p. 1207-1212.
Τ, transformation temperature [14] Graham, G A. C : The contact problem in the linear the-
ν volume of cylindric samples ory of viscoelasticity. Int. J. Engng Sei. 3 (1965) p. 27 -46 .

Glastech. Ber. Glass Sei. Technol. 74 (2001) No. 1 15



Holger Meinhard; Wolfgang Fränzel; Peter Grau: Viscosity of glass below the transfornnation tennperature

[15] Lee, E. H.; Radok, J. R. M.: The contact problem for vis-
coelastic bodies. I appl. Mech. 27 (1960) p. 438-444.

[16] Brückner, R.; Yue, Y; Deubener, J.: Progress in the
rheology of glass melts - Α survey. Glastech. Ber. Glass
Sei. Technol. 70 (1997) no. 9, p. 261-271 .

[17] Sneddon, L N.: The relation between load and penetration
in the axisymmetric Boussinesq problem for a punch of
arbitrary profile. Int. J. Engng Sei. 3 (1965) p. 47-57.

[18] Murakami, Y; Tanaka, K.; Itokazu, M. et al.: Elastic
analysis of triangulär pyramidal indentation by the finite-
element method and its application to nanoindentation
measurement of glasses. Phil. Mag. Α 69 (1994) no. 6,
p. 1131-1153.

[19] Brückner, R.; Yue, Y: Non-Newtonian flow behaviour of
glass melts as a consequence of viscoelasticity and aniso-
tropic flow. J. Non-Cryst. Solids 175 (1994) p. 118-128.

[20] Meinhard, H.; Fränzel, W; Grau, P; Berg, G : Mechani-
sche Eigenschaften von Glas unter hohen Drücken. Re-
ported at 74th Meeting of the German Society of Glass
Technology (DGG) in Ulm (Germany) on 30 May 2000.

[21] Yue, Y; Brückner, R.: Comparison of some non-Newton-
ian flow equations for inorganic glass melts and amor-
phous Polymers. J. Non-Cryst. Solids 202 (1996) p. 253-265.

[22] Grau, P; Berg, G ; Meinhard, H. et al.: Strain rate depend-
ence of the hardness of glass and Meyer's law. J. Am.
Ceram. Soc. 81 (1998) no. 6, p. 1557-1564.

0 I 0 1 P 0 0 2

Address of the authors:

H. Meinhard, W. Fränzel, Ρ Grau
Martin-Luther-Universität
Halle-Wittenberg
Fachbereich Physik
Friedemann-Bach-Platz 6 
D-06108 Halle/Saale (Germany)
e-mail: meinhard@physik.uni-halle.de




