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Hardness and flow behaviour of glass in the nanometre range —
An interpretation of the load dependence of the hardness™

Holger Meinhard, Peter Grau, Gunnar Berg and Susan Mosch
Fachbereich Physik, Martin-Luther-Universitat Halle-Wittenberg, Halle (Germany)

The flow behaviour of glass was investigated by Vickers hardness indentation technique with variation of the deformation rate by
six orders of magnitude. The hardness tests were carried out on commercial sheet glass with three different loading regimes. A
general flow equation in form of a power law was used to describe the deformation behaviour of the materials. The influences of
loading mode and deformation rate on the parameters of this law were investigated. An essential result of this work is that the load
and penetration depth dependence of the hardness, respectively, the so-called indentation size effect, is an inevitability of the special
methodology of the indentation technique during deformation of strain rate-sensitive materials.

Harte und FlieBverhalten von Glas im Nanometerbereich —
Deutung der Lastabhangigkeit der Harte

Das FlieBverhalten von Glas wurde durch Vickershirte-Eindruckexperimente untersucht, bei denen die Deformationsrate iiber
sechs GroBenordnungen variiert wurde. Die Messungen wurden an kommerziellem Tafelglas mit drei verschiedenen Belastungsarten
durchgefiihrt. Bei der Beschreibung des Materialverhaltens wurde von einer allgemeinen FlieBgleichung in Form eines Potenzgesetzes
ausgegangen. Der EinfluB der Belastungsart und der Belastungsgeschwindigkeit auf die Parameter dieses Gesetzes wurde untersucht.
Wesentliches Ergebnis dieser Arbeit ist es, daB die Abhangigkeit der Hérte von der Last und mithin von der Eindringtiefe eine
notwendige Konsequenz der Methodik des Eindruckexperimentes bei der Verformung dehnungsratenempfindlicher Materialien ist.

1. Introduction

The mechanisms of permanent deformation of brittle
glasses by scratching or point indentation close to room
temperature have not been cleared up completely up to
now. One of the suitable methods to investigate this
problem is the recording hardness test. It is very impor-
tant to clarify the special effects if this technique is to
be employed.

The load and penetration depth dependence, respec-
tively, the so-called Indentation Size Effect (ISE) [1], of
the Vickers hardness has been a fundamental problem
since measurements in the microrange (F =< 2N) have
been possible. Especially with modern equipment having
resolution for the penetration depth in the nanometre
range and for the applied force in the micro-Newton
range, respectively, this behaviour is visible in a remark-
able way.

ISE has been an object of many controversial dis-
cussions [2 and 3]. It is necessary to eliminate methodi-
cal uncertainties to identify this effect as a material be-
haviour. The influence of a possible indenter tip defect
on hardness values was treated besides other things in
[4]. A procedure was proposed in [5] to determine the
zero points of load, indentation depth, and time scale as
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well as their accuracies, by extrapolation. The existence
of ISE was shown unequivocally for glass, PMMA, and
other materials even if all these influences were cor-
rected.

The above investigations shall be continued in this
paper. The ISE will be verified experimentally and
derived theoretically from the special features of the in-
dentation technique during deformation of strain rate-
sensitive materials.

2. Fundamental assumptions and theoretical
results

The possibility of nonreversible deformation of brittle
glasses by indentation technique is associated with vis-
cosity, plasticity and densification, respectively. But the
last mentioned is negligible for sheet glass. It will be as-
sumed as a fundamental hypothesis of this work that the
time-dependent and strain rate-dependent deformation
of glassy materials is determined by viscous flow. This
statement is undisputed for deformation processes in the
region above the transformation temperature (T;). Then
Newtonian flow determines the deformation of glass.
This yields the relation

ag =_mDr70é (1)

where o is the flow stress, ¢ the strain rate, 7, the New-
tonian viscosity and mp the geometric constant of the
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deformation process. The viscosity of glass is given by
no = 10'>3Pas per definition at T, which corresponds
to a relaxation time of 7 = 100s. This can be used to
estimate the typical strain rate é caused by the contact
pressure of the hardness tests ¢ = H = 0.1 G.,, where H
is the hardness and G.. is the modulus of rigidity, which
depends on temperature only weakly. The relaxation
time 7 of Maxwellian type processes is given by

e @

which yields with equation (1) a strain rate é = 10=3s=!,
For room temperature a value of viscosity # = 10 Pas
or more was proposed, however, see e.g. [6]. This would
lead to a relaxation time of about 100 years (z = 10'°5)
and a strain rate smaller than ¢ = 107'°s=! for the con-
tact pressure in contradiction to the experience that
hardness indentations can be realized on glass. There-
fore, the flow law must be nonlinear for hardness tests
to describe the behaviour of the materials adequately.

This can be fulfilled by the general flow law
g = Mp bém (3)

where b is the factor of viscosity and m is the exponent
of the strain rate sensitivity. For m = 1 equation (3)
stands for Newtonian flow behaviour and in this case
b = no is the Newtonian viscosity in accordance with
equation (1). The flow behaviour of the material is in-
homogeneous for m < 1 because of the location of the
deformation in shear bands. These conditions exist for
instance during deformation of solid glass cylinders near
T, [7], but they are also expected for hardness tests on
glass at room temperature of course.

Equation (3) yields for hardness measurements

dh/dt
h

c=mpHU; é =

@

where 4 is the indentation depth and HU the Universal
Hardness [8], which is equal to the flow stress. Therefore,
the strain rate ¢ decreases with increasing indentation
depth characteristically for the penetration experiment.
It will be shown that this behaviour has consequences
for the depth dependence of the hardness. The inden-
tation force is given as the resistance of the material to
the penetration of the indenter in agreement with [9]. It
yields [10]

F=kHUW=kbC%rh2 (5)

where F is the indentation force, k is the geometric con-
stant of the indenter (k = 26.43 for Vickers pyramid),
and i = dh/dt is the indentation rate. Three different
loading regimes were used to prove equation (3) experi-
mentally:

a) constant indentation rate (cir), with

h = h, = const ; (6a)
b) constant loading rate (clr), with

F=F,= const; (6b)

c) variable indentation rate (vir) at constant piston speed
s of a hydraulic material testing apparatus with a gen-
eralized form of equation (6a)

h=aftb-!, h=atf. (6¢)

The experiments allow the measurement of the inden-
tation force F dependent on indentation depth /4 and
time ¢, respectively, as well as of the indentation depth
h dependent on time ¢. All these relations were derived
theoretically in [10] for the different loading regimes
using equation (5) in connection with the equations (6a
to c) for the experimental condition. It is an essential
result that in all cases power laws were found:

F(h) = ah"; (7a)
F(t)y =dt"; (7b)
h() = AtB. (70)

With other words, the validity of the power law equation

* (3) for the strain rate dependence of the hardness leads

inevitably to power laws of the different variables.

Equation (7a) is identical with the well-known Meyer
law, which is often used to describe the ISE empirically.
The so-called Meyer parameters n, n', B and a, a’, A,
respectively, of equations (7a to c) are determined by the
parameters m and b of the flow law equation (3). The
relations between these parameters are shown in
table 1 as a result of the theoretical derivation in [10]. It
is a remarkable result that the Meyer parameters depend
on the loading regime, other than the material constants
m and b which describe the real material behaviour only.
Thus, it is not surprising that different authors using
various loading regimes have measured different values
of the Meyer parameters.

As mentioned the three variables F, 4 and ¢ can be
measured independently of one another for every load-
ing regime. This gives the possibility of a consistency test
with respect to the parameters determined empirically
by equations (7a to c). The relations of table 2 follow
directly from table 1, where the constants m and b were
eliminated in the respective relations. Their fulfilment
confirms on the one hand the applicability of the funda-
mental equation (3) and gives on the other hand an esti-
mation of the zero point quality of the indentation force,
the indentation depth and the test time scale, respec-
tively. Additionally, all relations are given in table 2 to
calculate the exponent m and the prefactor b of the fun-
damental flow law equation (3) by means of the exper-
imental parameters, where the subscript / stands for the
experimental indentation depth dependence and the
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Table 1. Relations between parameters of Meyer’s law and parameters of general flow law equation (3)

loading regime F =ah" F=a h = AtB
cir
. n=2=m n=2=m B =1
h=h, . . .
a =kbh? a =kbh? A =h,
clr
o n =2/(m+1) n' =1 B = (m+1)/2
¥k A 1 T F.\12 ) 2
m+1 . : m
T (P e AR
@ =(kbm ( )m ¢ kb) \m+1
vir
: n =2-mlp n=2f-m =B
h=apfth!
d a =kbpmamb a =kbpmo? A=«

Table 2. Relations of consistency between the parameters of equations (7a to c)

loading regime consistency exponent m of flow law prefactor b of flow law
equation (3) equation (3)
cir
n =n mp,=2—n b, = s
h=h k h
a' _ , Cog
a = .g, m,=2—n b, = i
clr
/ +1
. m, = Q2in)—1 b
B k m+1 F)m
F=F, 2 5
g =2 my = Tl 1 b, m—te (2 )’”
A™IB kA? \m+1
vir
a
n =n'IB my,=BR2—n b, =
h=afth! " . "k Bm4mB
a =—a’ m,=ZB—n' bl‘= B
A" IB —_ kBmAZ

subscript ¢ indicates the time dependence. The fulfilment
of the conditions of consistency (table 2, column 2)
automatically yields the equality m;,, = m, for every case
of the loading regime.

3. Experimental

The experiments with constant indentation rate (cir)
and constant load rate (clr) were realized with the
NANOINDENTER®II (Nano™ Instruments Inc., Oak
Ridge, TN (USA)). Five different indentation rates
(0.1 nm/s = h, = 10nm/s) were used for the cir test
mode. The clr tests were realized for six different loading
rates (1 mN/s < F, = 50 mN/s) by reaching a maximum

load Fp.x = 500mN. All records of the single inden-
tation experiments of these modes were analyzed from
an indentation depth A, = 1 nm onward to exclude in-
accuracies of data near the point where the indenter
comes into contact with the sample.

The servohydraulic material testing system MTS 810
(MTS System Corporation, Minneapolis, MN (USA))
with an additional home-built equipment for hardness
measurements was used to extend the range of the
indentation rate. The vir tests were realized for
fourteen different test piston speeds (1.7nm/s = § =
= 33333 nm/s), where a fixed maximum load F,,, =
= 2 N for all indentations were preselected. The data
handling was done in agreement with the regulation of
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Indentation depth in nm

10 AL R
10 10 10

Timeing —MmM™

> £
€ [
£ E
8 ‘
e -
S 3
© E
c [
5]
o L
= 3
10 T3 S 0 i S G 5
10 10 10
Timeing ——mM8M8M8
7 P o 1 1 2l O VIR 0 5 o
3
T 10 3 & 3
=z 1 @’a\
€ ' ,,'\'
£ 10 3 N 3
@ 3
é 1] o O DDD
§%3 °% o 3
=1 ] =]
3 o Og
| 4 0 O qP
3 10 4 o L
£ a
O
-1 (]
10 g N S e
10 10 10 10

= Indentation depthinnm ——>

Figures 1a to c. Results of one of the vir tests with a constant
piston speed of 3333 nm/s investigated by the hydraulic material
testing system MTS 810. The slope of the straight part of the
indentation depth versus time plot (figure a) is given by 0.895,
which is equal to the parameter B of equation (7c) of this ex-
perimental condition. The slope of the straight part of the
indentation force versus time plot (figure b) is given by 1.517,
which is an example for calculation of parameter n’ of equation
(7b). The slope of the indentation force versus indentation
depth plot (figure c) is given by 1.687, which is equal to the
Meyer exponent n of equation (7a).

HU (see e.g. [8]). The oscillation of the data points of
the measurements is more noticeable for MTS than for
NANOINDENTER®IIL. The reason is the closed-loop
control technique of servohydraulic testing systems.
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Figure 2. Representation of the consistency of the Meyer ex-
ponent n with the term equal to » in accordance with table 2
(column 2). Squares are originating from vir experiments
(MTYS), circles originate from cir experiments (NANO), and tri-
angles are measured by clr experiments (NANO).

All experiments were performed on commercial sheet
glass (composition (in mol%): 71 SiO,, 15 Na,O, 6.6
CaO, 4 MgO, 2 A1203, 0.9 K20, 0.4 SO3, 0.1 FCzO3) at
room temperature and nearly 50% atmospheric hu-
midity. The atmospheric humidity influences the vis-
cosity of glass only sligthly [11 and 12]. For each of the
25 types of loading conditions ten single indentations
were done. The values of all parameters were calculated
for every single record and the arithmetic mean of the
ten indentations with the same condition was deter-
mined.

4. Results and discussion

The experimental verification of the relations of consis-
tency for every loading regime (see table 2) will be used
to estimate the usability of the general flow law equation
(3). It additionally gives an indication of accuracy of the
description of the material behaviour during hardness
measurements by this flow law. Figures 1a to ¢ show the
results of one of the vir tests as an example of the han-
dling procedure. Lg-lg plots are used, because one ex-
pects power laws for all dependences. All data points of
all single measurements are shown, the example with the
highest variation of data points being selected intention-
ally. The slope of the straight line in the indentation
depth versus test time plot in figure la gives the param-
eter B = 0.895 of equation (7c). The Ig F-lg ¢ plot of the
same measurement is shown in figure 1b to enable the
determination of the exponent n’ = 1.517 of equation
(7b). The Meyer exponent n of equation (7a) can be cal-
culated directly as the slope of the straight line in the
lg F-1g h plot in figure lc. In this case the comparison
of this Meyer exponent n = 1.687 with the quotient
n'/B = 1.695 (see table 2, vir mode) clearly shows the
good consistency.

This comparison for all experimental conditions is
given in figure 2. The abscissa shows the real Meyer ex-
ponent determined from the F(h) plot, where the ordi-
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nate shows the term »'/B determined from the time de-
pendences. The straight line indicates the ideal 1: 1 cor-
relation. The Meyer prefactor a, calculated from the
same curves as the exponent », is shown in figure 3 in a
plot with the factor a calculated from a’, 4, n' and B
originating from the experimental time dependences (see
table 2). Also here the straight line gives the ideal 1:1
correlation.

A comparable way to check the consistency of the
proposed analysis is the comparison of the parameters
of equation (3) calculated by using the different depend-
ences. The parameters m;, and m, coincide consequently
in accordance with the second and the third column of
table 2. The parameters b, and b, show the analogous
behaviour. By their excellent consistency all the results
demonstrate the usability of the flow law equation (3)
for a fixed loading regime.

The values of the exponent m of the flow law should
not depend on the loading regime because its constancy
as a material parameter was supposed during the analy-
sis. The exponent m is shown for different deformation
rates in figure 4, where solid and open symbols, respec-
tively, indicate the different ways of the calculation of
the values of my, and m,. They correlate excellently as
also seen in figure 2 in accordance with columns 2 and
3 of table 2. But it must be clearly realized the difference
of these parameters for various sets of the experimen-
tal arrangement (m,;, = 0.25, mg;, = 0.20, mqy, = 0.07,
Mereep = 0.02). This result is a first hint of a certain
shortcoming of the procedure. A similar phenomenon
will be observed for the parameter of viscosity b. Its con-
sistency within a special loading regime was already es-
tablished above. But its representation for various load-
ing regimes in a plot versus the strain rate in figure 5
shows two distinctive features. The prefactor b is an ap-
proximate constant for the clr mode, indeed, but it de-
pends on the rate if loading regimes determined by the
indentation rate are used. A change of six orders of mag-
nitude causes a variation of the prefactor b of one order
of magnitude. In addition, the various loading regimes
yield different values of the parameters of viscosity.

But one should keep in mind that the flow law equa-
tion (3) is suitable to describe the depth dependence of
the hardness on the whole, in spite of the mentioned
inadequacies. Especially, it is taken into account that
strongly varying experimental parameters were chosen
very deliberately to test the supposition as far as pos-
sible. The consistency of the procedure could undoubt-
edly be shown for every loading regime. The different
results comparing various loading regimes with one an-
other and slight strain rate dependences of some param-
eters must be clarified in future work.

5. Summary and conclusions

The deformation behaviour of glass at room temperature
was investigated by the modern universal hardness tech-
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Figure 3. Representation of the consistency of the Meyer pre-
factor a with the term equal to a in accordance with table 2
(column 2). The different shapes of the symbols respresent the
same loading regimes as in figure 2.
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Figure 4. Exponents m of the general flow equation (3) in de-
pendence on the deformation rate (indentation rate and loading
rate, respectively). The different shapes of the symbols represent
the same loading conditions as in figure 2. Solid symbols are
calculated by indentation depth dependences and open symbols
are calculated by the time dependences in accordance with table
2 (column 3). T'and K denotes the results published in [11 and
12], respectively.

nique, where the simultaneous registration of inden-
tation force, indentation depth, and test time is possible
with high accuracy. Always hardness measurements are
associated with nonreversible deformation. Newtonian
flow determines the deformation of glassy materials in
the region above the transformation temperature. But
close to room temperature the mechanisms of perma-
nent deformation of brittle glasses by indentation tech-
nique have not been cleared up completely up to now. It
will be assumed as a fundamental hypothesis of this
work that the process of deformation is determined by
nonlinear viscous flow. For this reason, a general flow
law (equation (3)) in form of a power law was used to
describe this behaviour. A modification of equation (3)
yields equation (5), where all measurable quantities of a
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Indentation rate in m/s
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Figure 5. Prefactors b of the general flow equation (3) in
dependence on the deformation rate. The nomenclature of the
symbols is the same as in figure 4 (table 2, column 4).

hardness test are considered. A special feature of pene-
tration experiments is a decreasing strain rate with in-
creasing indentation depth. The load and indentation
depth dependence of hardness, i.e. the indentation size
effect (ISE), is an inevitability of the special method-
ology of indentation technique during deformation of
strain rate-sensitive materials.

The solution of the differential equation (5) for all
three used deformation modes and all dependences gives
power laws (equations (7a to c)). Especially, the inden-
tation force/indentation depth dependence is the well-
known Meyer law, which often was used to describe the
ISE empirically. All parameters of equations (7a to c)
are determined by the parameters of the general flow
law (table 1). This gives the possibility of a consistency
test with respect to the relations of table 2, which follows
directly from table 1. The results demonstrate an excel-
lent consistency for all sets of experimental arrange-
ments. So one can see the very good quality of the deter-
mination of the zero points of the indentation force, in-
dentation depth and test time, respectively, using the
procedure of calculation proposed in [5]. The applica-
bility of the general flow law equation (3) is noticeable
for fixed loading regimes at least, because the exponent
m is independent of the deformation rate approximately.
But it varies with different loading conditions. The pa-
rameter of viscosity b is an approximate constant for the
clr loading mode. But the prefactor 4 becomes depend-
ent on the rate for loading regimes determined by inden-
tation rate (cir, vir).

The general flow law equation (3) was used also in
[11 and 12], respectively, to investigate the influence of
water in the surface of glassy samples. It was shown in
[11 and 12] that different water contents do not cause
significant differences of values of the exponent m. But
it is very probable for physical reasons that water influ-
ences the flow behaviour of glass. Thus, only the vis-

cosity factor b comes into question to depend on the
water content. An investigation with regard to this prob-
lem will be a task of future work.

6. Nomenclature

6.1 Symbols

A prefactor of the power law to describe the time de-
pendence of the indentation depth

a prefactor of Meyer’s law

’

prefactor of the power law to describe the time de-
pendence of the indentation force
exponent of the power law to describe the time de-
pendence of the indentation depth
factor of viscosity
indentation force
loading rate (=dF/d¢)
modulus of rigidity
hardness
U universal hardness
indentation depth
indentation rate (=dA/dt)
geometric constant of the indenter
exponent of the strain rate sensitivity
mp geometric constant of the deformation process
n
’

>

8

I SSImQT S

exponent of Meyer’s law
exponent of the power law to describe the time de-
pendence of the indentation force

§ piston speed of the hydraulic material testing system

/i transformation temperature

t time

o prefactor of the power law to describe the time de-
pendence of the indentation depth if vir tests were
used

B exponent of the power law to describe the time de-
pendence of the indentation depth if vir tests were
used i

é strain rate (=h/h)

n viscosity

"o Newtonian viscosity

o flow stress

T relaxation time

6.2 Subscripts

¢ constant

cir constant indentation rate

clr constant load rate

creep indentation creep during constant load

h calculated by indentation depth dependences
lim limit

max maximum

t calculated by time dependences

vir variable indentation rate
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