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a b s t r a c t

The thermodynamic and rheological properties of the Pd40Ni40P20 bulk metallic glass are explored by
means of an indentation creep technique around the glass transition. We have developed a dedicated
instrumented indentation apparatus allowing to assess the mechanical properties at elevated tempera-
tures. The analysis of results is made possible by using the viscoelastic solutions of contact mechanics.
We also analyse the thermodynamics of creep around glass transition to estimate the activation free
energy changes from the activation free enthalpy changes via the shear modulus – temperature data. The
shear viscosity values extracted using this technique allow for the derivation of activation energies (free
enthalpy 210 kJ/mol, enthalpy 456 kJ/mol, entropy 410 J/mol/K) for the flow process. All these properties
were found to closely match with those obtained using conventional techniques for viscosity measure-
ments. Compared to the latter, the indentation creep technique requires small volumes and samples are
easy to prepare. It is therefore expected that such a technique might be employed for the study of glass
lass transition
orrelation factor

ndentation
reep
heology
hermodynamics

transition in metallic glasses.
© 2010 Elsevier B.V. All rights reserved.
hear modulus

. Introduction

In glassy materials (silicates, amorphous alloys, glassy poly-
ers..), the knowledge of viscosity is of paramount importance.

nterest is mostly twofold. Firstly, the temperature dependence
f viscosity along with the effects of the stress or the strain rate
Newtonian or non Newtonian behaviour) or of the environnement
oxidation e.g.), in the supercooled liquid range (SCLR) below the
rystallisation temperature, allows for the determination of a pro-
essing window. Inside this window, processing is made easier for
orming these materials, otherwise brittle at lower temperatures,
nto simple or more complex geometries. Secondly, it gives some
owerful insight into the physical nature of glasses, including their
tructure (short-to-medium range order, packing...) and the ther-

odynamics of flow (activation energies and volumes).
Bulk metallic glasses (BMG) are relatively recently discovered

aterials exhibiting extraordinary mechanical properties includ-

∗ Corresponding author at: LIMATB EA 4250, Université de Bretagne Sud, 56321
orient, France. Fax: +33 297874572.

E-mail address: vincent.keryvin@univ-ubs.fr (V. Keryvin).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.114
ing strength, yield strain, resilience, hardness or fracture toughness
[1–3]. They are unfortunately usually brittle at room temperature or
quasi-brittle in unconstrained conditions such as tension or com-
pression. Therefore, conventional machining or forming at room
temperature are either too costly or precluded. As for other glassy
materials, forming in the SCLR is possible, even if the oxidation and
crystallisation issues are to be handled with more caution than for
silicate glasses or glassy polymers for instance, and processes have
been recently proposed [4]. Applications of BMG to MEMS (Micro
Electro Mechanical Systems) devices are currently a promising way
[5] and some storage/data systems have already been reported [6].

In all these applications, viscosity measurements are required
as the main processing parameters. As for the physical insight one
can get from viscosity, it should be put into parallel with that from
elasticity measurements [7,8].

Compared to other measurement techniques, indentation creep
allows to characterize small volumes of materials in a non destruc-
tive way. In this paper, we show that the use of indentation creep
experiments, along with the knowledge of the temperature depen-

dence of elastic moduli, provides a rapid, robust and relevant tool
for exploring the thermodynamics of the glass transition in BMG as
well as the steady state shear viscosity.

dx.doi.org/10.1016/j.jallcom.2010.12.114
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:vincent.keryvin@univ-ubs.fr
dx.doi.org/10.1016/j.jallcom.2010.12.114
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. Theoretical background to creep and indentation creep

In this section, we provide the necessary theoretical background
o creep and indentation creep to allow for the correct interpre-
ation of the experimental results presented in the subsequent
ections.

.1. Thermodynamic approach to creep

In this paragraph, we present two methods to describe the creep
henomenon based on a thermodynamic approach.

The first method is based on the concept of hierarchically
orrelated motion [9] and considers that the faster molecular move-
ents occur before, and trigger, the slower ones. Let � be the

haracteristic relaxation time of the simplest elementary motions
nvolved in the deformation process, an Arrhenius-type equation
or its thermal behaviour writes:

= �0 exp
(
�Ga
RT

)
(1)

here�Ga is the free activation enthalpy associated with the flow
rocess, T is the temperature, R the gas constant and �0 a multiplica-
ive constant. Then the characteristic time for molecular mobility in
he disordered condensed matter �mol (corresponding to the mean
uration of a structural unit jump over a distance equal to its dimen-
ion – experimentally available) is given by (see Refs. [9,10] for
etails):

mol = A�
1
b (2)

here A is a constant and b is the so-called correlation factor which
an be regarded as a structural parameter characterising the cor-
elation between the different atomic or molecular movements
ccuring in the glass. When b = 0 any movement of a structural unit
equires the motion of all the other units (maximum order, perfect
orrelation), while when b = 1 all the movements are independent
n each other (the maximum disorder corresponding to a Maxwell
odel for relaxation, or to a single characteristic time of the classi-

al Debye relaxation process). Differentiation of Eq. (2) with respect
o temperature, recalling that the directly available thermodynam-
cal parameter is the activation enthalpy�Ha = ∂ln�mol/(∂/RT), one
btains:

Ga = b�Ha + T ∂�Ga
∂T

∣∣∣∣
�

−
[
T�Ga
b

+ RT2 log �0

]
∂b

∂T

∣∣∣∣
�

(3)

here � |� � denotes partial differentiation keeping the stress �
s constant.

In temperature ranges where�Ga and b change little with tem-
erature, which is the case, for instance, above the transition range,
he former equation reduces to:

Ga = b�Ha (4)

This equation, shows that in the common case where b = 0.5, the
pparent energy for the relaxation process is about twice the value
f the relevant free enthalpy energy.

The second method is based on the classical theory of thermally
ctivated flow phenomena, which considers the existence of two
ndependent contributions acting together to overcome the energy
arrier, �G0, associated with the flow process. One of this contri-
ution, �Ga, has a purely thermal origin and is derived from the
hermally activated atomic, or molecular, movements; the other,

Wa, is due to the applied stress so that:
G0 =�Ga +�Wa (5)

Schoeck [11] considered that the height of the barrier, �G0, to
e overwhelmingly of elastic origin. �G0 is therefore taken to be
ompounds 509S (2011) S18–S22 S19

proportional to the shear modulus� and depends only on temper-
ature T. A straightforward relationship between the temperature
derivates of�G0 and � leads to:

∂�G0

∂T
= �G0

�

∂�

∂T

∣∣∣∣
�,s

(6)

where s denotes the structure of the glass.
Others assumptions that can be found in [12], allow for a formal

equivalence with the first method and Eq. (4) giving the value of
the correlation factor, b, as

b =
(

1 − T

�

∂�

∂T

)−1

(7)

Let us recall that Eq. (4) is valid in the ranges where b is constant,
that is in the glassy state and in the super cooled liquid range, and
not at the glass transition,

2.2. Indentation-creep

In this paragraph, the key equations modelling the indentation
test are presented.

Sneddon [13] established the relationship between the applied
load Pe and the penetration depth h for a rigid indenter, a linear
isotropic homogeneous material of shear modulus� and Poisson’s
ratio � and a frictionless contact.

Pe(t) = �

1 − � × F × h(t)n (8)

where F and n are constant values related to the indenter geometry
and t is the time.

The problem of linear viscoelastic contact was later addressed
by Lee and Radok [14] then Hunter [15], using the method of func-
tional equations, by substituting the elastic parameters � and � in
Eq. (8) by their viscoelastic time-dependent counterparts � and G.
However as pointed out by the same authors, this procedure is rel-
evant when the boundary conditions, which are time-dependent,
allow for a monotonic increase of the contact area [16]. Ting [17]
proposed a solution for different indenter geometries and differ-
ent contact area histories. This challenging to use method can be
written easily for a monotonic increase of the contact area:

P(t) = 1 − �
�

∫ t

0

 (t − s)∂Pe(s)
∂s

ds (9)

where P is the applied load, Pe is the elastic solution of Eq. (8), and
 is a function defined by:

 ∗ = G∗

1 − �∗ (10)

where f* denotes the Laplace–Carson transform of f.
Using Eq. (8) and (9), we get:

P(t) = F
∫ t

0

 (t − s)∂h
n(s)
∂s

ds (11)

This latter expression being equivalent to

P∗ = F ∗(hn)∗ (12)

Let the function 	 defined by  *	* = 1; we get:

(hn)∗ = P∗

F
	∗ (13)
which is equivalent to:

hn(t) = 1
F

∫ t

0

	(t − s)∂P(s)
∂s

ds (14)
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Fig. 1. Variations of the correlation factor around the glass transition temperature.
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Fig. 3 presents the changes in viscosity with temperature

as determined by indentation creep measurements at different
20 V. Keryvin et al. / Journal of Alloys

Eq. (11) and (14) therefore give the relationships between the
oad and the penetration depth for a linear viscoelastic solid. We
onsider now the case of the indentation creep loading for which
he load history is given by a step loading P(t) = P0H(t) where H is
he Heaviside function. Eq. (14) becomes:

(t) = n

√
	(t)
F
P0 (15)

The 	 function is defined by:

∗ = 1
 ∗ = (1 − �∗)J∗ (16)

To have access to the creep shear compliance J, the classical
ssumption [18,19] is to take � as a constant and we will take it
s 0.5 as the shear flow is incompressible and predominant at large
imes which are considered in our study.

(t) = n

√
J(t)
2 F
P0 and J(t) = 2F

hn(t)
P0

(17)

For the spherical indenter used in this study, the parameters are
= 8

√
R/3 where R is the ball radius, and n = 3/2 [20].

Assuming a Maxwell like model for the shear viscous flow, the
hear compliance, J, tends for long times towards t/
where 
 is the
hear viscosity, so that the derivative of hn tends towards a constant
alue. We get

= P0

2F

[
dhn

dt

]−1

(18)

. Materials and experiments

The Pd40Ni40P20 (at.%) bulk metallic glass is studied in this paper.
n alloy ingot was prepared by arc melting pure metals in a puri-
ed argon atmosphere. BMG rods with diameter of 4.5 mm were
repared by repeated melting of their molten alloys fluxed with
2O3. The formation of a single glassy phase was confirmed by X-ray
iffraction. The glass transition temperature, Tg, is 576 K (differen-
ial scanning calorimetry, DSC, 20 K/min) [21].

Depth sensing indentation creep experiments were performed
y means of a laboratory made apparatus described in Ref. [20]. Our

aboratory has developed an equipment operating in the micro-
ndentation range, with applied loads between 0.01 and 15 N,
onsisting in a hot chamber equipped with an alumina tube and
sapphire indenter, and allowing for a better than 2 K accuracy

long a 10 mm testing zone. The whole equipment is situated in
vibration-free and air disturbance-free environment. The load is

pplied using a piezoelectric actuator and the penetration depth
s measured with a capacitive sensor having a resolution of 10 nm.
he load fluctuation is less than ±12 mN. The maximum target tem-
erature is 1473 K, with a thermal stability within 1 K variation up
o 1323 K. Samples were cut into 10 mm thick disks. Surfaces were
repared with usual grinding techniques (SiC paper and diamond
aste till 1�m for mirror-like surfaces). All the indentation tests
ere performed at constant load and constant temperature with

oads ranging from 1 to 13 N and temperatures ranging from 550
o 600 K. Before each test, samples were annealed during at least
0 min at the test temperature in order to stabilize the glass struc-
ure and to stabilize the temperature field of the machine frame
±1 K). Then the initial load was applied at a high rate (0.2 N/s) and
as maintained to the test load when this one was achieved. The
isplacement, h, was recorded as a function of time. For a given tem-
erature and a given load, up to three tests were performed. The

emperature and load ranges for the tests carried out in the present
tudy have been chosen in order to, firstly, include the Tg and, sec-
ndly, generate exploitable data. Let us recall that, in previous a
ork [20] it has been shown that imposing different constant loads
Fig. 2. Spherical indentation creep at 585 K. Displacement versus time with the two
regimes.

in the [0–13 N] range did not influence the viscosity measurement.
That is why, in order to obtain exploitable curves, higher temper-
atures were preferably associated to lower loads to prevent too
rapid tests. The indenter used was a 1.5 mm in diameter sapphire
spherical indenter.

The apparent shear viscosity, 
, was calculated using Eq. (18) in
the steady state regime.

4. Results and discussion

The evaluation of the correlation factor, b, using Eq. (7), was per-
formed by means of the temperature variations data of the shear
modulus1 from Ref. [22]. They are plotted in Fig. 1. In the glassy
state, below Tg, b is higher than 0.9 while in the supercooled liquid
state (above Tg) it is close to 0.45, a value quite lower than that of
window glass [23] or a ZrCuAlNi BMG [24]. Fig. 2 presents an exam-
ple of the displacement h recorded during a spherical indentation
creep test at 585 K. Like for standard creep, there exist two regimes:
the transient one for which the displacement rapidly increases and
a steady state regime where the function h3/2 is a linear function of
time. This slope give then access to the shear viscosity as given by
1 Actually from the shear resonance frequencies whose square fits with the elastic
shear modulus.
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Table 1
Thermodynamical parameters (activation enthalpy, activation free enthalpy, activa-
tion entropy, activation volume and fragility) extracted from the indentation creep
test either by Nemilov’s method or by our approach.

Nemilov’s approach This work

�Ha (kJ/mol) 456
Tg (K) 552 (T12

g ) 576 (TDSCg )
�Ga (kJ/mol) 174 210
�Sa (J/mol/K) 510 410

−6 3
ig. 3. Changes in shear viscosity with temperature given by indentation creep
easurements along with results from the literature.

emperatures. On this graph the glass transition range is classi-
ally described by viscosity values in the [1012;1012.6] Pa·s range,
orresponding to a [548;556]K temperature range, which is clas-
ically slightly lower than the glass transition temperature (576 K)
btained by DSC [25]. It was proposed to be attributed to a degrada-
ion of the glass structure by ultrasounds [26]. Data available from
he literature are also reported for the same composition [27,28]
nd for a very similar one [29,30]. A remarkable agreement is found
etween these results and our work.

Assuming an Arrhenius-like dependence of viscosity with tem-
erature,

= 
0 exp
(
�Ha
RT

)
(19)

e therefore obtain an activation enthalpy �Ha of 456 kJ/mol
4.7 eV). This value is relatively close to that reported in other
orks [27,31] and comparable to Zr-based alloys [24]. Given this

atter value along with that of the correlation factor b in the super-
ooled liquid range, using Eq. (4), we get the value of activation free
nthalpy�Ga of 210 kJ/mol (2.2 eV). The activation entropy at�Sa,
s then given by the following equation:

Ga =�Ha − T�Sa (20)
Its value is 410 J/mol/K in the SCLR. The variations of �Ga and
Sa with temperature are shown on Fig. 4. Recalling that their

etermination is valid above and below the glass transition, we
herefore observe a decrease in the free activation enthalpy and an
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Fig. 4. Changes in activation entropy.
Va (10 m /mol) 5.45 –
Va (Å3/atom) 9.1 –
m 43 43

increase in the activation entropy, going from the glassy state to
the SCLR.

The variations of 
 with temperature above Tg allow for the
determination of the fragility index m popularized by Angell [32].
This value is the slope of log
 vs log (T12

g /T) at T12
g where T12

g is the
temperature for which 
= 1012 Pa s (here 552 K). High values of m
qualify the material as a fragile glass-former (or “short” glass, as
called by glass-makers) while low values mean that it is a strong
glass-former (or “long” glass). In our case m = 43 a value close to
that of Kawamura and Inoue [28].

Nemilov [33] proposed a pragmatic approach for estimating the
activation energies at Tg only based on the viscosity–temperature
curve. It is interesting to compare the results of such an approach
with our results which are based on this latter curve and on the
elasticity data. From Nemilov [33,34], we have:

�Ga = 316T12
g �Sa = −316 +

(
�Ha

T12
g

)

Va = �Ga
�

m = 16.5
(

1 +�Sa
38R

) (21)

where Va is the activation volume, otherwise determined by
Va = − ∂�Ga/∂� with conventional creep experiments and temper-
ature jumps, and � is the shear modulus (32 GPa @ T12

g from Ref.
[8]). The values for the parameters of the thermally activated vis-
cous flow process are reported in Table 1 and are very comparable
from one to another. The value of Va, with the crude approximation
of the atomic radii for a crystalline alloy (1.57 Å in our case), allows
to estimate the number of atoms to be involved in the flow process
to be around one, which is much lower than reported values in Zr-
based alloys [24,35]. The theory of Nemilov, which is mostly based
on Maxwell’s model for flow and somehow restricted to covalent
glasses [33,34], may therefore be inadequate for capturing some
of the flow features relevant to metallic glasses. Therefore, get-
ting access to the activation volume is precluded by employing the
indentation creep technique. Conventional creep measurements
remain mandatory. These values may provide insight on the plas-
ticity carriers at low or high homologous temperatures, the shear
transformation zones, especially its size [1].

5. Summary

In this study, we have successfully employed the indentation
creep technique to assess the rheological and thermodynamic
properties of a bulk metallic glass around its glass transition.
The shear viscosity values extracted using this technique allow,
either solely with Nemilov’s approach [33,34] or with the addi-
tional knowledge of the temperature variations of the shear elastic
moduli, for the derivation of activation energies (enthalpy, free
enthalpy, entropy) for the flow process. All these properties were

found to closely match with those obtained using conventional
techniques for viscosity measurements. The advantages of the
indentation creep technique lie in the possibility of using small vol-
umes of material, the easiness of sample preparation and the small
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