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Abstract Free volume changes of amorphous Pdy, sCus
Ni; sP,o due to structural relaxation under isochronal heat
treatments have been quantified using in situ synchrotron
X-ray diffraction measurements. The analysis of the first
diffraction peak position during the annealing process has
allowed us to follow the free volume change during
relaxation. The data obtained were successfully fitted to
relaxation equations based on free volume model (FVM)
and the drawn conclusion is that the FVM remain a useful
tool for describing the relaxation phenomena in metallic
glasses well below glass transition. The effect of defor-
mation and temperature on kinetics of structural relaxation
of the amorphous structure has been quantitatively
investigated.
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Introduction

As metallic glasses (MGs) are produced by very rapid
quenching from the liquid state, the as-quenched glass will
contain a large amount of free volume and metallic glass is
very far from equilibrium. Upon heating at sufficiently high
temperatures where some atomic mobility is possible, the
glass tends to lower its free energy and relaxes towards the
metastable equilibrium state along a path which is depen-
dent on its thermal history. This process is generally called
structural relaxation and manifested by changes in all
physical properties [1]. These changes can be understood in
view of the reduction of free volume that occurs during a
pre-annealing treatment [2]. The reduction of the amount
of free volume causes a lower defect concentration, giving
rise to a higher viscosity [3, 4], a higher density [5], a
higher tensile strength and causes severe embrittlement [6—
8]; some hypoeutectic glassy alloys exhibit a high resis-
tance against the embrittlement caused by structural
relaxation [9, 10]. Therefore, striking a balance between
the metallic bond nature and free volume is a suitable
approach to enhance the toughness and ductility of glassy
alloys.

The processes of annihilation of free volume during
structural relaxation can experimentally be determined
directly by measuring density, length (volume) and average
positron lifetime changes [11] of amorphous alloys under
isothermal and non-isothermal conditions. Density mea-
surements of bulk amorphous alloys were presented by
Inoue [12] and Nagel et al. [13]. The volume expansion of
the amorphous Pd4oCu3oNi;gP5g alloy was measured by Lu
et al. [14] using the sessile drop method with an advanced
high resolution image analysis. The results of these papers
show that the density changes of the amorphous alloy due
to structural relaxation are directly connected with changes
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in the free volume. Unfortunately, no attempt has been
made to discuss this interdependence quantitatively and
only limited research has been conducted to quantify the
structural relaxation that occurs in these alloys during
thermal ageing. The limited investigations into the struc-
tural relaxation of MGs result from their poor thermal
stability in the undercooled liquid region. Due to this poor
stability, the glasses would rapidly crystallise upon
annealing above the glass transition temperature T,.
However, the discovery of new composition of MGs that
possess a high resistance to crystallization in the under-
cooled liquid region has led to increased studies of the
behaviour of MGs in the glass transition region. In addi-
tion, it is generally known that the change in the amor-
phous structure is very small during relaxation, especially
at lower temperature. Therefore, careful experiments and
techniques are necessary to realise such a specific study
and special emphasis must be made to improve the preci-
sion of the measurements.

The aim of this study is to measure directly the free
volume of amorphous samples of Pd,; sCuzoNi; sP,q under
isochronal heating (linear heating) and to demonstrate that
the experimental results can be described quantitatively
using the FVM model. We present in situ synchrotron
X-ray diffraction measurements that allow us to study the
free volume change during annealing of MGs. The effect of
temperature and high strain deformation on kinetics of
structural relaxation of the amorphous structure will be
quantitatively investigated.

Experimental details

The PdgoNiy alloy was first prepared by sintering 99.99%
Pd and 99.9995% P in an evacuated quartz tube. Then, the
master alloy of the composition of Pd4, sCuzgNi; sPog was
produced by arc melting a mixture of the PdgNiyg alloy
and the elements Pd, Ni (99.993%) and Cu (99.99%). Fully
glassy rods of composition of Pdy, sCuzgNi;sPyg (at.%),
10 mm in diameter, were obtained from the Institute for
Materials Research, Tohoku University, Japan [15]. ribbon
samples with 40um thickness and 2 mm width were pre-
pared from a part of the crushed bulk glass by an ordinary
melt-spinning apparatus. Ribbon-like samples of the same
alloy were produced at SIMaP-Grenoble, France. A detailed
description of the equipment and the procedure used is given
in Ref. [16]. The amorphous nature of the samples was care-
fully checked by X-ray diffraction measurements, employing
a diffractometer operating with Cu K, radiation.

For this work, glassy Pdy, sCusgNiy 5P,y is chosen
because of its excellent glass-forming ability and high
thermal stability against crystallization [15, 17], providing
a suitable way to study and understand the nature of

structural relaxation. Segments of the ribbons of about
10 mm in length were heated from room temperature to
593 K (above T) at a rate of 40 K/min, then cooled at the
same rate down to around 373 K and heated up again until
crystallization. The temperature was measured and con-
trolled by the thermocouple of a commercial Linkam hot
stage. To consider the effect of deformation on structural
relaxation, like-foil packs were obtained by low amplitude
milling of the melt-spun ribbons in a vibratory mill with a
single 6 cm diameter ball under argon gas and obtained
foils was used for the same heat treatment cycle.

Now, to follow in real time the structure evolution of
MGs, synchrotron radiation X-ray diffraction in transmis-
sion was carried out during in situ heating—cooling—heating
cycle. We used a high energy monochromatic beam on the
ID11 beam line of the European Synchrotron Radiation
Facility (ESRF) [18] equipped with a nitrogen-cooled
double-silicon monochromator. The photon energy was
90 keV corresponding to an X-ray wave length of about
0.0137 nm. The total intensity elastically scattered by the
samples I(Q) (Q scattering vector) was obtained subtracting
background and applying absorption, multiple scattering,
and inelastic Compton scattering corrections using
the values provided by Cromer and Mann [19] and the
so-called Breit recoil factor. The generalised Krogh—
Moe-Norman method [20] with the atomic scattering
factors tabulated in [21] and including the anomalous dis-
persion corrections [22] were used to normalise the inten-
sity data. Further technical details on experimental set-up
were given in previous publications [23-27].

Experimental results and discussion

Primary results consist of a succession of XRD patterns
of Pd4, sCusgNi; 5Py glassy ribbon subjected to various
temperatures during continuous heating as shown in Fig. 1.
The position of the first maximum of diffraction intensity
(Omax) 1s noted to slightly shift to a higher wave-vector (Q)
with decreasing temperature as a result of thermal
expansion.

To analyse the observed feature and as it is known in the
case of crystalline material, the scattering vector Q equals
to 2m/dyy for interplanar distances dy. By analogy AQ on
heating is related to 2n/Ad, where d is the mean interatomic
distance for the glassy material. According to Yavari and
coworkers [23-27] the change in the position of the centre
of mass of the first diffraction maximum Q,,,, in Q cor-
responds to the change of the mean interatomic distance in
the first coordination shell provided that all of the inter-
actions are elastic. As the glassy phase is isotropic the
variation in Qumax(T")/Omax(T) (Omax(T%) being the first
diffraction maximum value at room temperature) was

@ Springer
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Fig. 1 Representative synchrotron radiation XRD patterns of the
glassy Pdy, sCusgNi; 5Py alloy at different temperatures. The inset
shows close-ups of the top of the first diffraction maximum of the
glass

found to scale with the change in the reduced average
interatomic distance dT/d(% and thus, with the linear size
changes L1/LY. The change in the reduced average volume
per atom Vi/V3 scales with the variation in (Quax(7°)/

Omax(D)’:
V(T)/V(T®) = (Qmas (T°) / Ornan(T))’ (1)

Hence, precise measurements of the Q,,., changes allow
direct measurement of the reduced average volume per
atom evolution in the samples.

Now, to obtain Q. Vvalues, the upper half of the first
broad diffraction peak was cut from the data and fitted with
a peak-type function, for example, Lorentzian or Voigt
function. In Fig. 2a the selected Q-region that was used for
fitting is noted by the vertical and horizontal dashed lines
and Fig. 2b show the best fit with a Lorentz function of the
first diffuse scattering peak. The resulting centre of mass
data for the diffraction peaks collected for each tempera-
ture during heating—cooling cycle Q(t) were then norma-
lised t0 Qmax(T°)/Omax(T) (Omax(T®) equal to 2.59334 +
0.00044 A7

Based on the above peak determination method one can
indicate that the precision of the specific volume per atom
value measured by the shift of the diffraction maximum
with temperature depend upon the precision with which the
centre of mass of the first diffraction maximum has been
found by Lorentzian fitting. Furthermore, the good fitting
quality of the broad diffraction peak as shown in Fig. 2b
(coefficient of determination equal to 0.9985) gives the
Q-value at the centroid of the fitted peak from diffraction
patterns with a relative error around 0.015%. The error in
finding the centre of mass is connected with a slightly
nonsymmetrical shape of the main maximum peak.
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Fig. 2 a Diffraction pattern of the sample at a given temperature
during heating—cooling cycle. The region of the pattern that was fit
with a Lorentz peak is denoted by the dashed lines. b Lorentz fit of
first scattering maxima

Figure 3a shows the reduced volume change computed
using Eq. 1. As shown in this figure, an initial linear thermal
dilatation zone is followed by structural relaxation. More
quantitative analyses dealing with the volume coefficients of
thermal expansion oy, and glass transition temperature T, were
well developed in our previous papers [23, 24].

This work focuses mainly on analysing the quantitative
measurement of annealing-out free volume (or excess free
volume AVKT)) during structural relaxation which can be
obtained by the difference, taken for each temperature,
between the as-quenched and the annealed ribbon (see
arrows in Fig. 3a). Figure 3b presents the calculated excess
free volume changes during isochronal structural relaxation
in Pd4; 5CuzgNiy sP5o metallic glass. As shown in Fig. 3b,
the initial value of excess free volume AV;, obtained for
Pdy; sCu30Niy sPyo glassy ribbon is around 0.2% which
shows a good agreement with the results of melt-spun MGs
measured by dilatometry [28] and creep measurements
[29]. Compared to as-quenched ribbon, the excess free
volume trapped into the deformed foils sample is higher
(more than 0.3%), which is in agreement with the well-
known deformation-induced free volume established in a
number of works [30-32].
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When the sample is heated at a constant heating rate, the
structure relaxes towards equilibrium and free volume
gradually decreases (Fig. 3b) according to the kinetic
which appears dependent on the temperature and the
deformation. It seems that the structural relaxation of
deformed specimen began at a lower temperature than the
as-cast ribbon glass. This is yet consistent with an increase
in free volume due to plastic deformation, which pushes
the system further out of equilibrium and provides a larger
driving force for relaxation. Theoretical calculations of free
volume evolution during isochronal annealing conducted
by Van Den Beukel and Radellaar [33] give almost the
same set of curve as in Fig. 3b. In addition, the free volume
reduction measured by our X-ray method is well corre-
lated with enthalpy change according to the scheme
proposed by Van Den Beukel and Sietsma [34]. Heating
of the material during the DSC experiment leads to an
increase of the atomic mobility and the decrease of the
free volume AV; is accompanied by a decrease of the
enthalpy of the material. As a result, a low-temperature
exothermic effect should appear in the temperature range
of about 425-575 K and 400-575 K for as-quenched
ribbon and foils, respectively. Relaxed free volume in the
sample can in principal be restored by continuing heating
above T, [34] leading to an increase of the enthalpy of the
sample, and an endothermic peak appears in the DSC
trace which is identified as the glass transition. However,
we have not seen such behaviour because in our constant
heating rate experiment the kinetics of free volume pro-
duction seems to be too sluggish to keep up with the
constantly increasing temperature, and hence AV; under-
shoots the equilibrium behaviour.

Constitutive equations and parametric identification
of structural relaxation

The free volume model (FVM) was commonly used to
explain the structural relaxation. Based on FMV, the free
volume annihilation during annealing can be well estab-
lished by the second-order kinetics [35, 36]:

Temperature, K

(dCe/dt) = —kCE;  Ci(t = 0) = Cro (2)

where Cy = exp (—y v¥/vy) is the concentration of the flow
defects, it relates to the so-called reduced free volume
ve/yv* according to Ref. [37] and where yv* is approxi-
mated to 0.5 Q [34] (Q is the atomic volume) and vy is the
mean free volume per atom.

The concentration of the flow defect can be related
to measured AV; according to C;=exp (—y v¥vp) =~
exp (—y/AVy), where AV, have nearly the same significance
as vyv*. k(T) = Cy exp (—QJ/RT), O, is the activation
energy and Cy is the atomic jump frequency. Equation 2
only accounts for the annihilation of ‘defects’. However,
close to equilibrium, the production part can not longer be
omitted and several possibilities to adapt Eq. 2 have been
considered [38]. To prevail one of these equations for the
description of free volume changes requires a precise
measurement of free volume above T, which is still
experimentally difficult. While the choice of consistent
equation is still the matter of debate and under consider-
ation, it has been shown [38] that the most suitable dif-
ferential equation describing the change of Cy with time is
given by:

(dCf/dl) = —k Cf(Cf — Cf,eq) (3)

where Cj 4 is the equilibrium defect concentration given by
a Fulcher—Vogel type equation Cyeq = exp(—=B/(T — Ty)),
where B and T, are two model parameters.

We shall use the above equation to explain the structural
relaxation data obtained by X-ray diffraction measurements.

Under isochronal structural relaxation conditions at a
constant heating rate ¢ = d7/d¢ the reduced free volume
X = vi/v* ~ AV; can be described by:

X G O\ 12 ( v> B
—=——exp| ——= |- X" |exp( —3 ) —exp| —
dr q.y R;T X T-To
(4)
Equation 4 includes several physical parameters,

namely Q,, Cy, B and T;, which can be obtained by fitting
this equation to our X-ray relaxation measurements of
Fig. 3b. This equation is then fitted to free volume change

@ Springer
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during annealing. Figure 4a—c shows the experimentally
obtained temperature dependence of free volume of the
studied glassy alloy (for strained and unstrained ribbon)
together with the best fit curve obtained on the basis of
Eq. 4 at a heating rate of 40 K/min. The values of the
fitting parameters are given in Table 1.

As it is seen in Fig. 4, Eq. 4 is qualified to describe the
relaxation experimental data when interpreting the results
on the basis of FVM. Almost of adjustable model param-
eters obtained in this study are physically meaningful and
comparable with those found by other authors using other
measurement methods as viscosity, length and density
changes [5]. Activation energy for relaxation is seen to be
decreasing for deformed ribbon and this feature is due to
the existence of favoured atomic ‘hole’ (induced by high
deformation) making more easily the multi-atomic coop-
erative rearrangements caused by thermal effect. The

Table 1 Parameters as obtained by fitting the X-ray experimental
data according to Eq. 4 at a heating rate of 40 K/min for strained and
unstrained state of Pd4, sCu3gNi; sP>g ribbon. Results from literature
were also presented for comparison

As-quenched Ribbon Ribbon From literature

ribbon milled 2 h milled 6 h Ref. [5]
Co s7H 4 x 10" 107 10° 3.12 x 10"
0. (kJ/mol) 121.19 66.84 54.4 130.45
T, (K) 379 331 349 307
B (K) 6148 8485 8879 6324
y 0.039 0.107 0.029 0.8

@ Springer

activation energy for atomic motion is therefore decreased
due to the large driving force for relaxation. Work to identify
the significance of obtained model parameters is ongoing.
To summarise, the basic features of structural relaxation
behaviours in MGs can be attributed to different origins:
kinetics of free volume relaxation [this work], composi-
tional/topological short-range ordering [39, 40], some
peculiarities of the activation energy spectra [41, 42] and
change of the structural factor [43, 44]. In a separate work,
a wide range of relaxation data obtained by diffraction
methods will be used to study the mentioned origins of
structural relaxation in various compositions of MGs.

Conclusion

1 Free volume changes of the amorphous Pdy; sCuszg
Ni; 5P, alloy have been measured directly during iso-
chronal heating conditions using precise in situ syn-
chrotron X-ray diffraction measurements.

2 The FVM provides a simple description for structural
relaxation phenomena below and close to the glass
transition temperature 7.

3 The deformed Pd-based glass has exhibited structural
relaxation at a lower temperature, indicative of a higher
initial free volume produced by plastic deformation or
by rapid cooling from liquid state. Kinetics of structural
relaxation is governed by the temperature and the
amount of free volume content.
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