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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 (7). The same mechanism of deformation during indentation experiments is assumed in this
work hypothetically, taking into account the very high stresses (GPa range) 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 T, of glass.

Viskositat von Glas unterhalb der Transformationstemperatur

Glas gilt bei Raumtemperatur als ideal sprodes Material. Bei Hérteeindriicken duBert sich diese Sprodigkeit durch permanente
RiBbildung an den Eindruckecken. Bei sehr kleinen Belastungen, Kontaktflichen bzw. Deformationsgeschwindigkeiten ist jedoch
die Erzeugung bleibender und durchaus riBfreier Eindriicke auch in Glasern moglich. Der dieser Verformung zugrundeliegende
Mechanismus wird bisher nicht vollstindig verstanden. Fiir Temperaturen oberhalb der Transformationstemperatur ist das viskose
FlieBen als Ursache fiir die Moglichkeit der Glasverformung unbestritten. Auch fiir die Indenterexperimente, bei denen lokal sehr
hohe Spannungen (GPa-Bereich) in der Umgebung der Indenterspitze auftreten konnen, wird hier von diesem Mechanismus ausge-
gangen. Diese Viskositatshypothese fiir Verformungen bei Raumtemperatur soll mit unabhidngigen Experimenten nach dem Prinzip
der Viskosimeter tiberpriift werden (z.B. Zylinderstauchversuche, Kugeleindruckexperimente). In dieser Arbeit werden fiir alle Ver-
suchstypen einfache rheologische Modelle zur Auswertung verwendet. Um erste Hinweise auf viskoelastisches Deformationsverhal-
ten auch unterhalb T, zu erhalten, wurden einige Kugeleindriicke zusitzlich topografisch untersucht.

temperature was identified as the transformation tem-
perature of the glass at which the indents are without
cracks for the first time. In this view the deformation of
glass during indentation 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 T, which is described by the equation of Vogel,
Fulcher, and Tammann (VFT) [2 to 4]:

1. Introduction

Glasses are considered as a brittle material below the
transformation temperature (7). That means a macro-
scopic deformation experiment at room temperature is
accompanied by immediate fraction if the Griffith stress
is exceeded. In this respect the deformation behaviour is
a purely elastic one. But it is also possible to deform
glasses permanently without cracks by indentation
experiments if the deformation rate is small enough. In
1933 Tammann [1] used conventional indentation experi-
ments to study the viscosity of glasses but without de-
fined loading rate. The indents were performed during
increasing of the temperature step by step. Then that

lgn=A4+

T, (1

where 7 is the viscosity at the temperature 7, 4 and B
are constants and 7} is the so-called Vogel temperature.
In accordance with equation (1) the viscosity will be infi-
nite (n — ) at T,,. For silicate glasses T}, is many times
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higher than room temperature. Nevertheless, one can
find viscosity values for room temperature in Frischat
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[5] (10%° Pas) and Macosco [6] (10%° Pa's). That yields
Maxwell relaxation times t from 10°s (30 years) to
10%° s with

7=— @)

where E is the elastic modulus. These relaxation times
have an incompatibly high level in comparison with the
duration of indentation experiments amounting to
about 100 s.

The hardness number represents the generation of
very high contact stresses in a small volume around the
indenter tip which never are reached by uniaxial com-
pression or tension experiments. This special quality is
an important peculiarity of the deformation of materials
by indentation and may reduce the viscosity during in-
dentation so that the relaxation times 7 = 100 s are in
accordance with the duration of experiments. There are
two conceivable reasons. First, a part of the added mech-
anical energy is converted into thermal energy following
by an increase in temperature and a decrease in viscosity.
A rough adiabatic estimation yields sufficiently high
temperatures [7]. Second, a reduction of the viscosity un-
der the very high pressure of an indentation 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 7.

The indentation experiments to generate very high
stresses only were obtained at room temperature for
technical reasons with the help of a Nanolndenter®1l
(MTS Systems Corporation, Nano™ Instruments Inno-
vation Centre, Oak Ridge, TN (USA)). For a higher
temperature range from room temperature to 7, contact
experiments were carried out which work like penetra-
tion viscometers in principle [8 and 9]. Furthermore, the
well-known cylinder compression experiments working
like a parallel plate viscometer were used [10] as stand-
ard and for comparison with ball indentation experi-
ments at temperatures below 7,. To broaden the estab-
lished experiments of Briickner and co-workers [11] a
relaxation part was added to the loading part of each
type of experiments in order to get more independent
information about the time-dependent deformation pro-
cess. All experiments were analysed using unified rheol-
ogical principles. With respect to the different contact
experiments the rheological models must be modified
theoretically.

2. Theoretical
2.1 Cylinder compression experiments

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

viscometer. A relation to calculate the viscosity # was
given by Gent [10]:

F

: 1 1%
3”/(12@) i o 15(z)>

where F is the loading force, / is the axial deformation
rate, V' is the volume of the sample and /() is the actual
length of the sample at the time ¢. During the defor-
mation the volume of the sample is assumed to be con-
stant

A 3)

V= Agly = nr?(t) I(2) “4)

where r is the radius of the sample, /, is the length and
Ay is the cross section of the sample at the time ¢t = 0.
Only if the deformation is purely viscous, equation (3) is
usable to calculate the viscosity #. For temperatures
from T, downward the viscosity increases to such high
values that the flow rates cannot be realized by the prac-
ticable deformation rates of the testing system. Further-
more, elastic parts of deformation are not considered by
equation (3). Therefore, the experimental data were ana-
lysed by rheological models, which include elastic, and
viscous parts of deformation and, additionally, relax-
ation experiments after the loading part. Using a Zener-
Maxwell standard model yields the following differen-
tial equation:

Ey

E E
6+ Mog=(Ey+Epée+—2"", (5)
" n

where o is the stress, ¢ is the strain, Ey; and Ey are the
elastic parameters of the two Hookean elements, # is the
viscosity parameter of the Newtonian element and the
dotted symbols stand for the rates of the corresponding
quantities. For the loading part with § = . = const and
& = &t the solution of equation (5) is

E
a(t)=éc;7[l—exp(——Mt)]+EHéCr, t=t (6)
n

where 7;is the time of the end of the loading part. For the
relaxation experiment with ¢ = (¢ = t;) = ¢ = const yields

o(t) = 0. + (0 — 0) €Xp (— ﬂ (t_tf)) Lt Sl )
n

with O = O'(f = lf) and 0, = EH Efs

For Ey — 0 equation (5) stands for a pure Maxwell
model which describes simple viscoelastic materials.

2.2 Indentation experiments with spherical
indenter

The equation for the analysis of purely viscous defor-
mation by indentation with spherical indenter was given
by Douglas [8]:
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This type of test was realized by indentation creep
experiment that corresponds with the principle of a
penetration viscometer. To obtain more information a
type of experiment was carried out with two parts, load-

ing and relaxation, in the same manner as for uniaxial
compression.

For purely elastic deformation by spherical indenter
the relation between the loading force F and the inden-
tation depth 4. was found by Hertz in 1881 [12]:

F=4 B RAY ©)

where R is the radius of the spherical indenter and
E* is the reduced elastic modulus resulted from
1/E* = (1-V3)/E + (1—v?)/E;. Here E, v and E;, v; are
the elastic modulus and the Poisson ratio of the sample
and the indenter, respectively. For E; > E it is approxi-
mately

E

E* = . 10
TR (10)
So equation (9) can be written as
4 E
F=— R 11
T JR K (11)

The strain for deformation by spherical indenter is given
in [13]:

a
e=I— 12
= (12)

where a is the radius of the contact area of the indent,
R is the radius of the sphere and /" is a numerical con-
stant of the material and is given in [13] for metals to be
I' = 0.2. The relation between the indentation depth %
and the contact radius « is given in [14] for viscoelastic
materials as a> = R h. In accordance with equation (12)
the relation between strain ¢ and indentation depth 4 is

h
=T = 13
e " (13)

For the strain rate, ¢ is yielded if h = h. = const and
hence h = h.t

(14)

To describe the deformation behaviour of viscoelastic
materials, in [15] a solution to this problem is proposed

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  (z)
was derived from the Zener-Maxwell model in accord-
ance with equation (6) for the loading part:

w(t)=né [l—exp<—E—M1)]+EHéct. (15)
n

If replacing E < {m, ¥(¢)} in equation (11), where m;
is the geometric constant to verify the special kind of
the deformation process (m; = 1 for shear and m; = 3
for tensile experiments [16]), the time dependence for the
loading part of deformation by spherical indentation is
given with respect to equation (14) by:

F(t) =T h, [n(l—exp(—E—:t»t-FEH zz], t=t; (16)

with

2T my

T (17)

S

Using the same principle for the relaxation part (see equa-
tion (7), but with A, = 0 and & = h(t = t;) = hy = const),
for the time dependence of the drop in load

F(t) = F. + (F—F.) exp <— ﬂ(t—tf)) ,t>t (18)
n

is yielded, where Fy = F(t = t;) at the starting time of
4 .
the relaxation experiment and F,, = - Ey JR (he tp)"?

in accordance with equation (9).

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 diamond pyramid was used for
nanoindentation experiments. Therefore, it was neces-
sary to modify the elements of rheological model for the
conditions of nanoindentation experiments. The meth-
odology for modelling is the superposition of three parts
of indentation depth: an elastic part %, a viscous part
hy and a plastic part /,,, respectively.

The relation between the loading force F and the part
he; for purely elastic deformation is given in [17 and 18]:

F:CGE*th (19)

where Cg; = 2.22 is the numerical constant of the
Vickers pyramid and the reduced modulus E* is given
by the argumentation following equation (9).
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Table 1. Parts of indentation depth /(t) = he + hg + hy, in accordance with equations (19), (21) and (22) for the loading, holding

and unloading part of nanoindentation experiments

part of indentation depth
nanoindentation
experiment elastic part

viscous (flow) part plastic part

hel hﬂ hpl
loading part F.t | E. 2 F.t
F=F.t 2.2 E* 26.43 5 2643 H
t<t
holding part Rk | F.Qtt—13) [kt
F = Foax = Fe 1t 2.22 E* 26.43 26.43 H
It = T tify :
unloa.ding part F.Qt + th—1) F.(tet + 2ty t =2t t;—2t3 — 12 —1?) F.t;
P ="F te=F (==t 292 E* 26.43 5 2643 H

te+th <t

The viscous part hy of glass is determined by the
assumption of Newtonian flow:
g=né. (20)
Using é = hglhg and o = Fl(c h}), where ¢ = 26.43 is the
area constant of the Vickers pyramid, from equation
(20) the differential relation between F and Ay follows
F=cnhyhg. 1)
The relation of F and the plastic part /,, is given by the
definition of Vickers hardness H:
F=cHR. 2)
The solution of the differential equation of this model

for different experimental conditions is given in table 1
in the general form /(1) = he + hg + hyy.

3. Experimental

All experiments were performed on commercial sheet
glass (T, = 535°C, composition (in mol%): 71 SiO,, 15
Na,0, 6.6 Ca0, 4 MgO, 2 Al,04, 0.9 K,0, 0.4 SO3, 0.1
Fe,03). The diameter and the height of the samples for
the cylinder compression experiments were 5.6 and
7.5 mm, respectively. The indentation experiments with
spherical and pyramidal indenters were performed on
(20 X 20 X 7.5)mm?® plates. After the cutting 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.

load cell

inductive displacement
transducer

filament winding

pressure plate

sample

IOOOOOI

bottom pressure rod

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).

For the deformation experiments the servo-hydraulic
material testing system MTS® 810 (MTS Systems Cor-
poration, Minneapolis, MN (USA)) was used. The dif-
ferent temperature conditions in a range from room tem-
perature to 600 °C were realized by an additional home-
built equipment (see figure 1). A special feature of this
equipment is the possibility to measure the real time de-
pendences of the temperature 7°(z) and the deformation
parameter /(7), respectively, directly and simultaneously
at the sample during the deformation experiment. So it
was possible to control the deformation process by the
real strain and indentation depth, respectively. For that
reason it was not necessary to know a correction func-
tion to eliminate the part of deformation of the testing
system. The accuracy of the sample temperature regis-
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Figure 2. Range of strain rate which was used in this work (dot-
ted line) added to the critical deformation rate for cylindrical
float glass samples at which the Newtonian viscosity changes
to non-Newtonian viscosity (solid line) given in [19].

tration was better than 1 K. A warming-up during the
deformation process was not detectable in the 1 K sensi-
tivity limit.

To deform cylindrical glass samples by uniaxial com-
pression without crack formation, the deformation rate
must be lower than a critical value. This critical defor-
mation rate is increasing with increasing test tempera-
ture. For that reason the temperature for workable defor-
mation rates is limited by 480°C for the used experimen-
tal conditions. An analogous problem was discussed by
Briickner [19]. Here a critical deformation rate for cylin-
drical float glass samples at which the Newtonian vis-
cosity 7y (¢ = 1, - ) changes to the non-Newtonian one
(e = n(o) - &) 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 performed by the cyl-
inder compression method. The first experiment was
made according to the principle of a parallel plate vis-
cometer. The cylindrical glass samples were deformed
with constant strain rate realized by constant defor-
mation rate / = d//dz, where [ is the current length of the
cylinder, as long as the purely viscous deformation was
reached when the stress persisted constant during defor-
mation. At time ¢ = f; the second type of experiment
was started (relaxation part) determined by a zero defor-
mation rate /(r) = 0, that means the sample length will
be constant. These types of experiments were performed
in the temperature range from 480 to 580°C.

The home-built equipment for temperature-depen-
dent deformation experiments is constructed in a way
that it is very easy to replace the upper pressure plate
by indenters of any geometrical shapes. For this work a
spherical indenter (radius R = 1.5 mm) made of tung-
sten carbide (Young’s modulus £ = 830 GPa) was used.
This material is qualified for indentation experiments up

L I

loadin

] 2.0 .
£
=
£ 1.5 4
& =
¥ -
a
S 1.0/ L
(=2
S
s J
G 0.5]f L
2 F = const.

YF/dt=5mN/is| th=100s dF/dt = - 5 mN/s

0'0 L T T b T T
0 50 100 150 200 250 300
Timetins

Figure 3. Experimental points and the fitting curve in accord-
ance with table 1 of a single nanoindentation experiment at
room temperature.

to 600°C because of high temperature durability. Also
two types of indentation 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 indentation depth is too small
for reliably recording in workable test time. The suitable
loads were found from 100 up to 720 N for the used test
temperature range from 580 to 400°C. For these experi-
ments the viscosity # was calculated by equation (8). To
obtain more information from the indentation test, a
second type was performed composed of the two parts
of deformation according to the uniaxial cylinder com-
pression. After the loading part with constant rate of
indentation depth (h = dh/dr = h. = const) up to a
maximum load Fp,,, = 400 N, a holding part with con-
stant indentation depth (& = h(F.y) = h. = const) was
followed to be commensurate with the temperature-de-
pendent loading time. From the data of these experi-
ments the viscosity parameter was calculated by equa-
tions (17) and (18).

The nanoindentation experiments were realized with
help of a NanoIndenter®II using a pyramidal diamond
indenter (Vickers). For technical reason, especially the
thermal drift, it was not possible to implement indents
at temperatures other than room temperature. The re-
gime of the tests was composed of three parts: a loading
part with constant loading rate F = dF/d¢ = F, = const
up to a maximum load F,,, = 450 mN, a holding part
with constant load F = F,,, = const like an indentation
creep experiment for a holding time #, = 100 s, and an
unloading part with the same absolute value of rate as
that for the loading part, respectively (see figure 3). Six
different loading rates (1 mN/s = F. = 50 mN/s) were
used. All records of the single indentation experiments
(ten indents per loading rate) of this mode were analysed

10

Glastech. Ber. Glass Sci. Technol. 74 (2001) No. 1



Viscosity of glass below the transformation temperature

300 510°C
250

200

2 ] .

£ L

5 1504 :

a

£ 100

9 N T A R S NI
50{F

' ; 590°C
000 005 010 015 020 025

Strain €

Figure 4. Measured stress-strain curves of cylinder compression
experiments for different test temperatures which were carried
out at constant strain rate.

for an indentation depth /;;,, = 10 nm to exclude inac-
curacies of data near the contact point. In this manner
the parameter of viscosity # was calculated in accord-
ance with the solutions of the differential equation of
the model given in table 1 for every single indent.

4. Results and discussion
4.1 Cylinder compression experiments

In figure 4 some stress-strain curves of cylinder com-
pression experiments of constant strain rate defor-
mations for different test temperatures are shown exem-
plarily. If the stress is constant during the increase of the
strain (do/de = 0), a pure viscous flow is reached. For
this part of deformation a viscosity parameter # was cal-
culated by equation (3). The data points of the stress-
strain dependence of a single deformation with both
parts, a constant strain rate loading and a relaxation
(constant strain) experiment at 520°C and the fitting
curve in accordance with equations (6) and (7) to deter-
mine the viscosity parameter are shown in figure 5. It
must be pointed out that the rheological fitting param-
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 nonlin-
ear least squares fitting procedure determined the elastic
parameter Ey of the single Hookean element of the
Zener-Maxwell standard model (see equation (5)) to
Ey = 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 range of tempera-
ture. The behaviour of the elastic parameter Ey; 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 equation (3)

200 L L 1
150 4 L
[
s
< o] # I
o) e
4
3 ]
o 7
» 50] [¢ L
/
3
0 : : ; -
0 10000 20000 30000 40000
Timetins

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.

16 0 " 0 LS
© beam in bending :
154 =m cyl.comp., eq. (3) B
= o cyl.comp., egs. (6,7)
2]
= (o8 PR o (cyl.comp.) r
£
= 134 : L
= :
it e i T e --12.3atTg_
114 L
10

360 400 440 480 520 560 600
Temperature in °C

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.

and equations (6) and (7), respectively, relating to the
viscosity parameters, are shown in figure 6 in depend-
ence on temperature. The parameters of the VFT equa-
tion (1) were fitted to 4 = 0.652, B = 2868.7°C, and
Ty = 286.5°C. The corresponding fitting curve is drawn
in figure 6 additionally. Furthermore the results of
standard viscosity measurements by beam in bending
method for the same sheet glass are shown in figure 6.
The reflection of these results impressively shows the
very good agreement between the values of viscosity re-
ceived by the different experimental methods and differ-
ent methods of analysing the measured data. Moreover
both the values of viscosity and the line of the VFT re-
lation are very near to the point of intersection 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.

by 7(Ty) = 10'**Pas and the transformation tempera-
ture of silicate glass T, (here T, = 535°C). That means
the method to calculate the viscosity with the help of a
simple rheological standard model leads to the same re-
sults as the usual cylinder compression experiment
analysis with respect to equation (3) in the range of tem-
perature which was used.

4.2 Indentation experiments with spherical
indenter and topographical investigations of the
indents

Three examples of indentation depth-time dependences
of indentation creep experiments with spherical indenter
by three different temperatures and hence by different
maximum loads are shown in figure 7. This type of test
was performed in a range from 400 to 580°C. The con-
ventionally viscosity parameters were calculated by
equation (8). In figure 8 the measurement points of the
load-time dependence of a single indentation experi-
ment, once more with a loading part (4 = A, = const)
and a relaxation part (h = h. = const), are shown to
exemplify tests, which were analysed by rheological prin-
ciples in accordance with equations (16) and (18). The
constant I (see equation (17)) was fixed to I'y = 4/3
for all these experiments, neglecting the temperature
dependence of the Poisson ratio v. In the same manner
as the cylinder compression experiments the fitting
procedure determined Ey = 0 for all measurements.

In figure 9 the temperature dependence of viscosity
is compared for all indentation experiments together
with the VFT relation from figure 6. The agreement be-
tween the classical values of viscosity determined by
equation (8) and the rheological parameters fitted by
equations (16) and (18) is not so excellent as shown be-

400 L I o 1 1
¢
.'i
Z 3001 L
£
w
Q
o 0)
S 200 [ L
[=)]
£ -
7 g
S 100 - : !
e -. 4 '.'."- .
Y
0 . . : ; —
0 2000 4000 6000 8000 10000 12000
Timetins

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.

16 ) A \ ng .
B ;
o8

154 [ ] L
= °
o 144 +
a
£
z 5 . I
B gt 123t T,
= 124 ¢ sph.ind.creep, eq. (8) oo L

® sph.ind., 0.033um/s, egs. (16,18'_)
o sph.ind., 0.333um/s, egs. (16,18)
10 = VFT (cyl.comp) : : .
360 400 440 480 520 560 600
Temperature in °C

114

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.
On the other hand, the two different indentation rates
h = 0.033 um/s and = 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 not exceed 10'° Pa s up to 400°C, respec-
tively. This behaviour is strongly in contrast to the extra-
polation of the VFT equation (1) yielding a steady in-
crease of the viscosity with decreasing temperature up to
infinity at 7y = 286.5°C, which is remarkable in prin-
ciple.

A very interesting result about the ball indentation
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 T, = 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 around the indent palisades like
ridges of about 2 um height are visible in the region of
the Hertzian ring fractures. Up to 350 °C distortions like
craters are detectable inside the Hertzian 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 piling up
is observed. From 400°C onward a transition 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
indentation depth for all test temperatures. The aim of

future work will be to obtain more information about
the real contact area by analysis of profile records.

4.3 Nanoindentation experiments

All of the nanoindentation experiments were realized at
room temperature. For every constant load rate varying
from F = 1 mN/s to F = 50 mN/s ten indents were per-
formed and analysed by the equations of table 1. An
example of the results of the fitting procedure is shown
in figure 3 by the curves, calculated by the fitting param-
eters. In figure 11 the mean values of the viscosity pa-
rameters are shown in dependence on the loading rate.
The transition from viscosities of very small loading
rates to viscosities of higher loading rates, which was
identified by Yue and Briickner [21] as a transition from
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Figure 11. Mean values and corresponding standard deviation
of parameter # 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 7, to Binghamian viscosity 7.., was
described here by

9 F
N =N + (o—#w) - — - arctan <ﬁ) (23)
b4 /iy

where 5., = n(F — ®), o = n(F— 0), and (F = F,) =
1
- (o + 7). Here are found 5., = 4.22 - 104 Pas,

o = 9.25 - 1013 Pa s, and Fg = 13.7 mN/s. It is remark-
able that the value of the viscosity parameter 7, 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] (gt = 10?° Pa s) and
[6] (yrT = 10%° Pas). On the other hand, the range of
investigated loading rates is too small for a reliable extra-
polation. However, the decrease of the viscosity param-
eter # with increasing loading rate F is undisputed and
also was shown for the optical glass BK7 and for the
polymer PMMA in [7]. A 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. To 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 up completely
up to now.

5. Summary and conclusions

The temperature dependence of the viscosity of commer-
cial sheet glass below the transformation temperature

To T,
17 1 1 . 1 1 1 .g 1
St
16 4 : a = :
15 5 ooy ! I
beam in bendin: ;
CRETIRE = 3 et I
e m  cyl.comp, eq. (3) S
n:. 13 o cyl.comp, egs. (6,7) I
£ » Biae O .
= 124 ® sph.ind., 0.033uns, egs. (16,18) Y -
2 11 o sph.ind., 0.333um’s, egs. (16,18)
v nanoind,, tab. 1 :
10 ——VFT (cyl.com[:a.) -
0 100 200 300 400 500 600

Temperature in °C

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.

was investigated by independent deformation methods.
In figure 12 the viscosity parameters obtaind by the dif-
ferent kinds of deformation experiments and analysis
methods are shown together with the VFT relation
which is a result of measurement according to a parallel
plate viscometer. The 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 range 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 Ey =~ 0 for every data set if
a standard Zener-Maxwell model was used. The tem-
perature dependence of the Hookean parameter Ey; of
the consequently used Maxwell model will be discussed
in a future work [20].

The accordance between the results of indentation
creep experiments with a spherical indenter and the VFT
relation, the results of cylinder compression and the
beam in bending experiments, respectively, is very im-
pressive up to 500°C (7, = 535°C). Lower than 500 up
to 400°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 VFT values at this tempera-
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ture range. The 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. The good agreement
between the rheological parameters of the different dis-
placement rates / explains the sufficient consideration of
the deformation rate in the model.

A partial result of this work is that it is possible to
analyse nanoindentation experiments with sharp in-
denters by rheological principles in continuation of [22].
But the dependence of the viscosity parameters from the
deformation rate must be cleared up more exactly in fu-
ture. Primarily the gap of viscosity values from room
temperature to 400°C (see figure 12) must be investi-
gated. To vary the pressure and stress, respectively, in-
dentation experiments with different indenter geometry
are appropriate in a range from room temperature to
transformation temperature of glass.

6. List of symbols

A, B, Ty constants of Vogel-Fulcher-Tammann equation (1)

Ay cross section of the cylindric samples at = 0

a contact radius

Cs numeric constant of pyramidal indenter

7 area constant of pyramidal indenter

E elastic modulus

E* reduced elastic modulus

Ey elastic parameter of single Hookean element of
Zener-Maxwell model

Em elastic parameter of Hookean element of Maxwellian

section of Zener-Maxwell model

loading force

loading force at 1 = #;

loading force at t — ®

maximum load

loading rate (= dF/dr)

constant loading rate

half-value loading rate (equation (23))

hardness

indentation depth

elastic part of indentation depth

indentation depth at = ¢;

viscous (flow) part of indentation depth

lower limit of nanoindentation depth for analysis

/S plastic part of indentation depth

1 indentation rate (= dA/dr)

he constant indentation rate

/ actual length of cylindric samples

ly length of cylindric samples at ¢ = 0

/ axial deformation rate of cylindric samples (= d//dz)

my geometric constant of the deformation process with
spherical indenter

7 radius of cylindric sample

R radius of spherical indenter

RT room temperature

t time

te duration time of the loading process

N

T

Tg

V

by B i My

= o

g
B

=
£

duration time of the holding process
temperature

transformation temperature

volume of cylindric samples

I material constant

/B prefactor of the solution F(z) for deformation by
spherical indenter

e strain

& strain at ¢ = ¢

é strain rate (= de/dr)

& constant strain rate

n viscosity

NIRT viscosity at room temperature

o Newtonian viscosity

Neo Binghamian viscosity

v Poisson ratio

o stress

af stressat £z = I

Gos stress at 1 — ©

G stress rate (= da/dt)

T relaxation time

Y(1) viscoelastic function
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