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Hardness and flow behaviour of glass in the nanometre ränge
An Interpretation of the load dependence of the hardness^^
Holger Meinhard, Peter Grau, Gunnar Berg and Susan Mosch

Fachbereich Physik, Martin-Luther-Universität Halle-Wittenberg, Halle (Germany)

The flow behaviour of glass was investigated by Vickers hardness indentation technique with V a r i a t i o n of the deformation rate by
six Orders of magnitude. The hardness tests were carried out on commercial sheet glass with three different loading regimes. Α
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.

Härte und Fließverhalten von Glas im Nanometerbere ich
Deutung der Lastabhängigkei t der Härte

Das Fließverhalten von Glas wurde durch Vickershärte-Eindruckexperimente untersucht, bei denen die Deformationsrate über
sechs Größenordnungen variiert wurde. Die Messungen wurden an kommerziellem Tafelglas mit drei verschiedenen Belastungsarten
durchgeführt. Bei der Beschreibung des Materialverhaltens wurde von einer allgemeinen Fließgleichung in Form eines Potenzgesetzes
ausgegangen. Der Einfluß der Belastungsart und der Belastungsgeschwindigkeit auf die Parameter dieses Gesetzes wurde untersucht.
Wesentliches Ergebnis dieser Arbeit ist es, daß die Abhängigkeit der Härte von der Last und mithin von der Eindringtiefe eine
notwendige Konsequenz der Methodik des Eindruckexperimentes bei der Verformung dehnungsratenempfindlicher Materialien ist.

1. Introduction
T h e mechan isms o f p e r m a n e n t d e f o r m a t i o n o f b r i t t l e
glasses by scratch ing o r p o i n t i n d e n t a t i o n close t o r o o m
tempera tu re have n o t been c leared u p comp le te l y u p t o
now. One o f the sui table m e t h o d s t o invest igate th is
p r o b l e m is the reco rd ing hardness test. I t is very i m p o r
t a n t t o c la r i f y the special effects i f th is techn ique is t o
be emp loyed .

T h e l o a d a n d pene t ra t i on d e p t h dependence, respec-
t ively, the so-cal led I n d e n t a t i o n Size Ef fec t ( ISE ) [1] , o f
the V ickers hardness has been a f u n d a m e n t a l p r o b l e m
since measurements i n the m ic ro range {F  < 2N) have
been possible. Especia l ly w i t h m o d e r n e q u i p m e n t hav ing
reso lu t i on fo r the pene t ra t i on d e p t h i n the nanome t re
ränge a n d fo r the app l i ed force i n the m i c r o - N e w t o n
ränge, respectively, th is behav iou r is v is ib le i n a r e m a r k -
able way.

I S E has been an ob ject o f m a n y con t rovers ia l d is-
cussions [2 a n d 3]. I t is necessary t o e l im ina te m e t h o d i -
ca l uncer ta in t ies t o i den t i f y th is effect as a ma te r i a l be
hav iour . T h e in f luence o f a possib le i nden te r t i p defect
o n hardness values was t reated besides o the r th ings i n
[4] . Α procedure was p roposed i n [5] t o de te rm ine the
zero po in t s o f l o a d , i n d e n t a t i o n d e p t h , a n d t i m e scale as
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we l l as t he i r accuracies, b y e x t r a p o l a t i o n . T h e existence
o f I S E was s h o w n u n e q u i v o c a l l y f o r glass, P M M A , a n d
o the r ma te r i a l s even i f a l l these in f luences were co r -
rec ted.

T h e above inves t iga t ions sha l l be c o n t i n u e d i n th i s
paper. T h e I S E w i l l be ve r i f i ed e x p e r i m e n t a l l y a n d
der i ved theo re t i ca l l y f r o m the specia l features o f t he i n
d e n t a t i o n t echn ique d u r i n g d e f o r m a t i o n o f s t r a i n ra te -
sensit ive mater ia ls .

2, Fundamental assumptions and theoretical
results
T h e p o s s i b i l i t y o f nonrevers ib le d e f o r m a t i o n o f b r i t t l e
glasses b y i n d e n t a t i o n techn ique is associated w i t h v is
cosi ty , p l as t i c i t y a n d dens i f i ca t i on , respect ively. B u t the
last m e n t i o n e d is negUgible f o r sheet glass. I t w i l l be as
sumed as a f u n d a m e n t a l hypothes is o f th i s w o r k t h a t t he
t i m e - d e p e n d e n t a n d s t ra in ra te -dependent d e f o r m a t i o n
o f giassy ma te r i a l s is d e t e r m i n e d b y v iscous f l ow . T h i s
Statement is u n d i s p u t e d f o r d e f o r m a t i o n processes i n the
r e g i o n above the t r a n s f o r m a t i o n t empe ra tu re (Tg). T h e n
N e w t o n i a n f l o w de te rmines the d e f o r m a t i o n o f glass.
T h i s y ie lds t he r e l a t i o n

σ πΐγ^ηοε ( 1 )

where σ is t he f l o w stress, έ t he s t ra in rate, ηο the N e w -
t o n i a n v i scos i t y a n d m o the geomet r i c c o n s t a n t o f t he
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deformat ion process. T h e viscosity of glass is given by
ηο  1 0 ^ ^ ^ P a s per definition at Tg, which corresponds
to a relaxat ion t ime of τ  100 s. This can be used to
est imate the typical strain rate έ caused by the contact
pressure of the hardness tests σ  i /  0.1 Goo, where Η
is the hardness a n d Goo is the m o d u l u s of rigidity, which
depends on tempera ture only weakly. The relaxation
t ime τ of Maxwell ian type processes is given by

τ =
ηο

(2)

which yields with equa t ion (1) a strain rate e  10 ^ s ^
For r o o m tempera ture a value of viscosity η = 10^^ P a s
or m o r e was proposed , however, see e.g. [6]. This would
lead to a relaxation t ime of abou t 100 years (τ  10^^ s)
a n d a strain rate smaller t h a n £  10~^^ s ^ for the con-
tact pressure in cont rad ic t ion to the experience that
hardness indenta t ions can be realized on glass. There-
fore, the flow law mus t be nonl inear for hardness tests
to describe the behaviour of the mater ia ls adequately.

This can be fulfilled by the general flow law

(3)

where  b is the factor of viscosity a n d  m is the exponent
of the strain rate sensitivity. For m  1 equation (3)
Stands for N e w t o n i a n flow behaviour a n d in this case
b = ηο is the N e w t o n i a n viscosity in accordance with
equa t ion (1). T h e flow behaviour of the material is in
homogeneous for m < 1 because of the location of the
deformat ion in shear bands . These condi t ions exist for
instance dur ing deformat ion of solid glass cylinders near
Tg [7], but they are also expected for hardness tests on
glass at r o o m tempera ture of course.

Equa t ion (3) yields for ha rdness measurements

σ ηι^Ηϋ; έ
dh/dt

(4)

where h is the indenta t ion dep th a n d HU the Universal
Hardnes s [8], which is equal to the flow stress. Therefore,
the strain rate έ decreases with increasing indentat ion
dep th characteristically for the penet ra t ion experiment.
It will be shown tha t this behaviour has consequences
for the dep th dependence of the hardness . The inden
ta t ion force is given as the resistance of the material to
the penet ra t ion of the indenter in agreement with [9]. It
yields [10]

F = k H U h ^  k b {
h I 

(5)

where F is the indenta t ion force,  k is the geometric con
stant of the indenter {k  26.43 for Vickers pyramid) ,
a n d h = dh/dt is the indenta t ion rate. Three different
loading regimes were used to prove equat ion (3) experi-
mental ly:

a) cons tant indentat ion rate (cir), with

h hc  c o n s t ; (6a)

b) cons tant loading rate (clr), with

F Fc  c o n s t ; (6b)

c) variable indentat ion rate (vir) at cons tant piston speed
i of a hydraulic material testing appara tus with a gen-
eralized form of equat ion (6a)

h = aßtß-\ h  oLtß . (6c)

The experiments allow the measurement of the inden-
tat ion force  F dependent on indentat ion depth  h and
time respectively, as well as of the indentat ion depth
h dependent on time t. All these relations were derived
theoretically in [10] for the different loading regimes
using equat ion (5) in connect ion with the equations (6a
to c) for the experimental condit ion. It is an essential
result that in all cases power laws were found:

FQi) = ah""; 

F(t) a' ; 

h{t) At^ . 

(7a)

(7b)

(7c)

With other words, the validity of the power law equat ion
(3) for the strain rate dependence of the hardness leads
inevitably to power laws of the different variables.

Equa t ion (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', Β and a, a\ A, 
respectively, of equat ions (7a to c) are determined by the
Parameters  m and  b of the flow law equat ion (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 au thors using
various loading regimes have measured different values
of the Meyer parameters .

As ment ioned the three variables F, h and  t 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 equat ions (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 appHcability of the funda-
menta l equat ion (3) and gives on the other h a n d an esti
mat ion of the zero point quahty of the indentat ion force,
the indentat ion 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
damenta l flow law equation (3) by means of the exper-
imental Parameters , where the subscript  h Stands for the
experimental indentat ion depth dependence and the
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Table 1. Relat ions between pa ramete r s of Meyer 's law a n d paramete rs of general flow law equa t ion (3)

loading regime F ah" F = a ' t"' h = At^ 

c i r

h = L 
η  2 m 

α =kbh^

n'  2 m 

a' = k b h l

Β = 1 

Α =hc

clr

F = F c
η  2 / ( m + l )

α  ( k b y ^ i ^ ^ ^ ^ - ^ p ) m+\

n'  1 

a'  Fc 

Β ={ηιΛ-1)/2

p \ l / 2 / 2 \ w / 2

k b l V m + 1

v i r

h = aßtß-^ 
η  2- miß 

α  kbß'^a'^'P 

n' ^2ß- m 

a'  k b ß ' ^ a ^

B = P 

Α = α

Table 2. Relat ions of consistency between the parameters of equa t ions (7a t o c)

loading regime consistency exponen t  m of flow law
equa t ion (3)

prefac tor  b of flow law
e q u a t i o n (3)

cir

η

α

η'

α'

πΐΗ=2-η

rrif 2-n' 

bH

bt

α

h  hc 
η

α

η'

α'

πΐΗ=2-η

rrif 2-n' 

bH

bt

kks
a'

η

α

πΐΗ=2-η

rrif 2-n' 

bH

bt
kill

clr

η

α

η' mh={2ln)-\

m ,  2B-\ 

bh

bt

F = F c

η

α

" Τ
mh={2ln)-\

m ,  2B-\ 

bh

bt
Fe ί 2 ] 

m

m

η

α ^η'ΙΒ

mh={2ln)-\

m ,  2B-\ 

bh

bt kA^ \ m - l · l )

vir

η

α

η'ΙΒ

α'

mh= Β{2-ή)

rrif 2B-n' 

hl, α
h  a ß t ß - '

η

α

η'ΙΒ

α'

mh= Β{2-ή)

rrif 2B-n' h a'

η

α ^η'ΙΒ

mh= Β{2-ή)

rrif 2B-n' 
kB^'A^

subscript  t indicates the t ime dependence. The fulfilment
of the condifions of consistency (table 2, co lumn 2)
automatically yields the equali ty  for every case
of the loading regime.

3. Experimental
T h e experiments with cons tan t indentat ion rate (cir)
and constant load rate (clr) were realized with the
N A N O I N D E N T E R ® I I ( N a n o ^ ^ Ins t ruments Inc. , O a k
Ridge, T N (USA)). Five different indentat ion rates
(O. lnm/s <  lOnm/s) were used for the cir test
mode . The clr tests were realized for six different loading
rates (1 mN/s <  50 mN/s) by reaching a m a x i m u m

load Fmax  500 m N . All records of the single inden-
ta t ion exper iments of these m o d e s were analyzed from
an indenta t ion dep th h^^^  1 n m onward to exclude in-
accuracies of da ta near the po in t where the indenter
comes in to contac t wi th the sample.

T h e servohydraulic mater ia l test ing system M T S 810
( M T S System Corporaf ion , MinneapoHs, M N (USA))
wi th an addi t ional home-bui l t equ ipmen t for ha rdness
measurements was used to extend the ränge of the
indenta t ion rate. T h e vir tests were realized for
fourteen different test p is ton speeds ( 1 . 7 n m / s < i < 
< 33 333 nm/s) , where a fixed m a x i m u m load iVax  

2Λ^ for all indenta t ions were preselected. T h e d a t a
handl ing was done in agreement wi th the regula t ion of
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Figures l a t o c. Resul ts of one of the vir tests with  a cons tan t
p i s ton speed of 3333 nm/s investigated by the hydraulic mater ia l
tes t ing System M T S 810. T h e slope of the straight pa r t of the
inden ta t ion d e p t h versus t ime p lo t (figure a) is given by 0.895,
which is equa l to the p a r a m e t e r Β of equa t ion (7c) of this ex-
per imenta l cond i t ion . T h e slope of the s t ra ight p a r t of the
inden ta t ion force versus t ime p lo t (figure b) is given by 1.517,
which is an example for calculat ion of p a r a m e t e r n' of equa t ion
(7b). T h e slope of the inden ta t ion force versus indenta t ion
d e p t h p lo t (figure c) is given by 1.687, which is equal to the
Meye r exponen t η of e q u a d o n (7a).

HJJ (see e.g. [8]). T h e oscillation of the data points of
the measuremen t s is m o r e noticeable for M T S than for
N A N O I N D E N T E R ® I I . The reason is the closed-loop
contro l technique of servohydraulic test ing Systems.

Figure 2. Represen tadon of the consistency of the Meyer ex-
ponen t η with the t e r m equal to η in accordance with table 2 
(column 2). Squares are originating from vir exper iments
(MTS) , circles or iginate from cir experiments ( N A N O ) , a n d tri-
angles are measured by clr experiments ( N A N O ) .

A l l e x p e r i m e n t s w e r e p e r f o r m e d o n c o m m e r c i a l s h e e t

g l a s s ( c o m p o s i t i o n ( in m o l % ) : 71 S i 0 2 , 15 Na20, 6.6

C a O ,  4 M g O , 2 AI2O3, 0.9 K2O, 0.4 SO3, 0.1 F e 2 0 3 ) a t

r o o m t e m p e r a t u r e a n d n e a r l y 5 0 % a t m o s p h e r i c h u -

m i d i t y . T h e a t m o s p h e r i c h u m i d i t y i n f l u e n c e s t h e v i s -

c o s i t y o f g l a s s o n l y s l i g th ly [11 a n d 12]. F o r e a c h o f t h e

25 t y p e s o f l o a d i n g c o n d i t i o n s t e n s ing l e i n d e n t a t i o n s

w e r e d o n e . T h e v a l u e s o f a l l p a r a m e t e r s w e r e c a l c u l a t e d

for e v e r y s i n g l e r e c o r d a n d t h e a r i t h m e t i c m e a n o f t h e

t e n i n d e n t a t i o n s w i t h t h e s a m e c o n d i t i o n w a s d e t e r -

m i n e d .

4. Results and discussion
T h e e x p e r i m e n t a l v e r i f i c a t i o n o f t h e r e l a t i o n s o f c o n s i s -

t e n c y fo r e v e r y l o a d i n g r e g i m e (see t a b l e 2) wi l l b e u s e d

t o e s t i m a t e t h e u s a b i l i t y o f t h e g e n e r a l f l o w l a w e q u a t i o n

(3). I t a d d i t i o n a l l y g ives a n i n d i c a t i o n o f a c c u r a c y o f t h e

d e s c r i p t i o n of t h e m a t e r i a l b e h a v i o u r d u r i n g h a r d n e s s

m e a s u r e m e n t s b y t h i s f l o w law. F i g u r e s l a t o c s h o w t h e

r e s u l t s o f o n e of t h e v i r t e s t s a s a n e x a m p l e o f t h e h a n -

d l i n g p r o c e d u r e . L g - l g p l o t s a r e u s e d , b e c a u s e o n e e x

p e c t s p o w e r l a w s fo r a l l d e p e n d e n c e s . A l l d a t a p o i n t s o f

al l Single measurements a r e shown, the e x a m p l e with the
h i g h e s t Variation of d a t a p o i n t s b e i n g selected i n t e n t i o n -

ally. T h e s l o p e o f t h e s t r a i g h t l i ne i n t h e i n d e n t a t i o n

d e p t h v e r s u s t e s t t i m e p l o t i n f i gu re l a g ives t h e p a r a m -

e t e r Β = 0.895 o f e q u a t i o n (7c). T h e lg F l g t p l o t o f t h e

s a m e m e a s u r e m e n t is s h o w n in f i gu re I b t o e n a b l e t h e

d e t e r m i n a t i o n o f t h e e x p o n e n t n'  1.517 of e q u a t i o n

(7b). T h e M e y e r e x p o n e n t η of e q u a t i o n (7a) c a n b e c a l -

c u l a t e d d i r e c t l y a s t h e s l o p e o f t h e s t r a i g h t l ine i n t h e

IgFAgh p l o t i n f i g u r e l c . I n t h i s c a s e t h e c o m p a r i s o n

o f t h i s M e y e r e x p o n e n t η  1.687 w i t h t h e q u o t i e n t

n'/B  1.695 ( see t a b l e 2, v i r m o d e ) c l e a r l y s h o w s t h e

g o o d c o n s i s t e n c y .

T h i s c o m p a r i s o n fo r a l l e x p e r i m e n t a l c o n d i t i o n s is

g i v e n i n f i g u r e 2. T h e a b s c i s s a s h o w s t h e r e a l M e y e r e x -

p o n e n t d e t e r m i n e d f r o m t h e F(h) p l o t , w h e r e t h e o r d i -
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nate shows the t e rm n'IB determined from the t ime de-
pendences. The straight Hne indicates the ideal 1 :1 cor-
relation. The Meyer prefactor calculated from the
same curves as the exponent «, is shown in figure 3 in a 
plot with the factor α calculated from a', A, n' and Β
originating from the experimental time dependences (see
table 2). Also here the straight Hne gives the ideal 1:1
correlation.

Α comparable way to check the consistency of the
proposed analysis is the compar ison of the parameters
of equation (3) calculated by using the different depend-
ences. The Parameters rrih and rrit coincide consequently
in accordance with the second and the third co lumn of
table 2. The parameters bh and bt show the analogous
behaviour. By their excellent consistency all the results
demonstra te the usability of the flow law equat ion (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 nih 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 a r rangement (myir  0.25, πι^ι^  0.20,  0.07,
'̂ creep  0.02). THis rcsult is a first hint of a certain
shortcoming of the procedure. Α similar p h e n o m e n o n
wiH 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. Α change of six Orders of mag-
n i t u d e causes a Variat ion of the prefactor  b of o n e o r d e r

of magni tude. In addit ion, 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 ment ioned
inadequacies. Especially, it is taken into account that
strongly varying experimental parameters were chosen
very deliberately to test the supposit ion as far as pos-
sible. The consistency of the procedure could undoub t -
edly be shown for every loading regime. The different
results compar ing various loading regimes with one an
other and slight strain rate dependences of some pa ram
eters must be clarified in future work.

5. Summary and conclusions
The deformation behaviour of glass at r o o m tempera ture
was investigated by the mode rn universal hardness tech-
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Figure 3. Represen ta t ion of the consis tency of the M e y e r p re -
factor α with the t e r m equa l to α in accordance wi th table 2 
(co lumn 2). T h e different shapes of the symbols respresent t he
same load ing regimes as in figure 2.
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Figure 4. E x p o n e n t s  m of the general flow equa t ion (3) in de
pendence on the de fo rma t ion ra te ( indenta t ion rate a n d load ing
rate, respectively). T h e different shapes of the symbols represen t
the same loading cond i t ions as in figure 2. Sohd symbol s a re
calculated by inden ta t ion d e p t h dependences a n d o p e n symbol s
are calculated by the t ime dependences in accordance wi th table
2 ( co lumn 3). Τ a n d Κ denotes the results p u b h s h e d in [11 a n d
12], respectively.

nique, where the s imul taneous registration of inden-
ta t ion force, indenta t ion depth , a n d test t ime is possible
with high accuracy. Always hardness measuremen t s are
associated with nonreversible deformat ion. N e w t o n i a n
flow determines the deformat ion of giassy mater ia ls in
the region above the t ransformat ion tempera ture . But
close to r o o m tempera ture the mechanisms of p e r m a -
nent deformat ion of brit t le glasses by indenta t ion tech-
nique have no t been cleared u p completely u p to now. It
wiü be assumed as a fundamenta l hypothesis of this
work tha t the process of deformat ion is de te rmined by
nonl inear viscous flow. Fo r this reason,  a general flow
law (equat ion (3)) in form of a power law was used to
describe this behaviour. Α modificat ion of equa t ion (3)
yields equat ion (5), where all measurable quant i t ies of a 
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Figure 5. Prefac tors  b of the general flow equat ion (3) in
dependence on the de fo rma t ion rate. T h e nomencla ture of the
Symbols is the same as in figure  4 (table 2, co lumn 4).

hardness test are considered. Α special feature of pene-
t ra t ion exper iments is a decreasing strain rate with in-
creasing indenta t ion depth . The load and indentat ion
dep th dependence of hardness , i.e. the indentat ion size
effect ( ISE), is an inevitability of the special me thod
ology of indenta t ion technique dur ing deformation of
strain rate-sensitive materials .

The Solution of the differential equation (5) for all
three used deformat ion m o d e s and all dependences gives
power laws (equat ions (7a to c)). Especially, the inden-
ta t ion force/ indentat ion dep th dependence is the well-
k n o w n Meyer law, which often was used to describe the
ISE empirically. All pa ramete r s of equat ions (7a to c)
are de te rmined by the paramete r s of the general flow
law (table 1). This gives the possibility of a consistency
test wi th respect to the relations of table 2, which follows
directly from table 1. T h e results demons t ra te an excel-
lent consistency for all sets of experimental ar range-
ments . So one can see the very good qual i ty of the deter-
mina t ion of the zero po in ts of the indentat ion force, in-
denta t ion dep th and test time, respectively, using the
procedure of calculat ion proposed in [5]. The applica-
bihty of the general flow law equa t ion (3) is noticeable
for fixed loading regimes at least, because the exponent
m is independent of the deformat ion rate approximately.
But it varies with different loading condit ions. The pa
rameter of viscosity  b is an approximate constant for the
clr loading mode . But the prefactor  b becomes depend-
ent on the rate for loading regimes determined by inden-
tat ion rate (cir, vir).

The general flow law equat ion (3) was used also in
[11 and 12], respectively, to investigate the influence of
water in the surface of giassy samples. It was shown in
[11 and 12] that different water contents do no t 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. A n investigation with regard to this p rob-
lem will be a task of future work.

6. Nomenclature

6.1 Symbols

Α prefactor of the power law to describe the t ime de-
pendence of the i n d e n t a d o n depth

α prefactor of Meyer 's law
a' prefactor of the power law to describe the time de-

pendence of the indenta t ion force
Β exponent of the power law to describe the time de-

pendence of the indenta t ion depth
b factor of viscosity
F indenta t ion force
F loading rate (=di7d0
Goo modu lus of rigidity
Η hardness
HU universal hardness
h indenta t ion dep th
h indenta t ion rate {=dh/dt) 
k geometr ic cons tan t of the indenter
m exponent of the strain rate sensitivity
m o geometr ic cons tan t of the deformat ion process
η exponent of Meyer 's law
n' exponent of the power law to describe the time de-

pendence of the indenta t ion force
s p is ton speed of the hydraulic mater ial testing system
Tg t ransformat ion tempera ture
t t ime

α prefactor of the power law to describe the t ime de-
pendence of the indenta t ion depth if vir tests were
used

β exponent of the power law to describe the time de-
pendence of the indenta t ion depth if vir tests were
used

έ strain rate (=h/h) 
η viscosity
ηο Newton i an viscosity
σ flow stress
τ relaxation t ime

6.2 Subscripts

c cons tan t
cir cons tan t indenta t ion rate
clr cons tan t load rate
creep indenta t ion creep dur ing cons tan t load
h calculated by indenta t ion dep th dependences
lim limit
m a x m a x i m u m
t calculated by time dependences
vir variable indenta t ion rate
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