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The thermal behaviour of the short-range order of Cu65Zr35 metallic glass has been investigated by
means of in situ high energy synchrotron X-ray diffraction. The temperature dependence of the X-ray
structure factor and the atomic pair correlation function was analysed within the glassy state. In addition
to the effect of volume expansion and thermal atomic oscillations changes occur in the short-range order.
Local atomic rearrangements take place as a consequence of the structural heterogeneity in the glass. The
structural transformations depend linearly on temperature. The changes of the short-range order of the
glass by thermal expansion are found to be different from those under elastic tensile strain.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Bulk metallic glasses (BMGs) exhibit excellent mechanical
properties like a high strength at almost the theoretical limit, a large
elasticity range up to 2% and a lower Young’s modulus compared to
their crystalline counterparts [1e4].Mucheffort hasbeendevoted in
the last years to improve the glass-forming ability and to analyse the
physical properties of BMGs in order to use them in different
applications [5]. Most BMGs are multi-component alloys with
a number of elements n � 3, which does not allow to extract
element-specific structure information from diffraction data due to
superposition of the n(n þ 1)/2 partial atomic pair correlations.
Moreover, the possibilities of structure simulations are strongly
restricted for multi-component alloys. Thus, binary metallic liquids
and glasses are the most suitable systems for experimental inves-
tigations and for modelling the atomic structure. The reports on
successful preparation of bulk glasses by casting of binary Cu-Zr
alloys [6e8] promoted several theoretical and experimental struc-
ture investigations in the last years [9e19]. Our current under-
standing of the structure on the atomic scale is mainly based on
molecular dynamics (MD) simulations of binary melts upon
quenching. The local structure of Cu-Zr glasses prepared byMDwas
found to consist of a variety of densely packed polyhedral arrange-
ments with high coordination numbers [9e12]. Quite similar poly-
hedra are found also by Reverse Monte Carlo models at room
temperature using experimental diffraction data of Cu-Zr glasses
ttern).
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[16,17]. The relative fraction of the different coordination polyhedra
among icosahedra as a dominant motive varies with composition
and quenching rate, respectively [10]. The latter relates to temper-
ature dependent structural changes occurring to the largest extent
through the liquideglass transition. As a consequence of the struc-
tural changes, the parameters position and height of the first diffuse
maximum of the structure factor of Cu-Zr liquids show a strong
dependence on composition and temperature in the simulations
which are found to be in accordance with experimental data [13].
Sudden changes of the short-range order upon cooling of liquid
Cu46Zr54 were reported recently which were attributed to a rapid
development of chemically ordered icosahedral clusters [19].

The aim of this work was to analyse the temperature depen-
dence of the short-range order of Cu65Zr35 in the glassy state. The
results of in situ X-ray diffraction measurements will show that
beside thermal expansion, the atomic structure of the glass changes
with temperature.
2. Experimental

Rapidly quenched glassy ribbons which were prepared from
a Cu65Zr35 prealloy by single roller melt-spinning under Ar atmo-
sphere. The resulting ribbons had a width of about 4 mm and
thickness of about 35 mm. Rods of 1 mm were obtained by suction
casting into a copper mould. The thermal behaviour of the as-cast
ribbon was investigated by differential scanning calorimetry (DSC)
under argon employing aNetzschDSC 404 calorimeter (heating rate
10 K/min). In situ X-ray diffraction (XRD) at elevated temperatures
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Fig. 2. Thermal expansion DL/L0 of Cu65Zr35 BMG at 5 K/min heating rate.
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was performed at the high-energy synchrotron beam line BW5
(Hasylab at DESY Hamburg) at 100.0 keV photon energy corre-
sponding to a wave-length of 0.01249 nm. Pieces of Cu65Zr35 glassy
ribbons with an average size of about 100 mmwere filled into 2 mm
glass capillaries. The samples were heat treated in a computer
controlled Linkam hot stage (the heating rate was 10 K/min). First,
for relaxation the temperature was increased from room tempera-
ture up to 673 K, than decreased to 330 K. Then the samples were
heated up again from 330 K to 773 K. The XRD patterns were
recorded simultaneously by a 2-dimensional detector (Perkin Elmer
PE1621) for every 3 K (the acquisition time was 20 s). The distance
between sample and detector was 280 mm. For data analysis the
Fit2D program was used [20]. The linear thermal expansion coeffi-
cient was determined by a Netzsch DIL 402 C dilatometer under
argon atmosphere at a heating rate of 5 K/min. The mass density at
room temperaturewas estimated by the buoyancymethod from the
weight difference in air and in dodecane (C12H26).

3. Experimental results

3.1. Thermal behaviour

The thermal behaviour of the amorphous Cu65Zr35 alloy is shown
in Fig.1 by itsDSC trace recordedupon constant-rateheating at 20K/
min. The glass transition at Tg ¼ 750 K and the crystallization at
Tx¼773Kobservableby the respective endothermic andexothermic
heat flow events are in good agreement with values reported in
literature [15]. Fig. 2 shows the relative length change DL/L0 of the
glassy Cu65Zr35 rod versus temperature measured upon heating. A
thermal expansion coefficienta¼10.4*10�6/K is obtainedbya linear
fit of the data between 400 and 700 K. The glass transition is not
visible in the dilatometer measurement possibly due to the lower
crystallization temperature for the applied heating rate of 5 K/min.
The density increase associated with the crystallization is reflected
by the shrinkage of the sample.

3.2. Analysis of reciprocal space diffraction data

In order to avoid errors by contributions of relaxation and
beginning crystallization the analysed diffraction data discussed in
Fig. 1. DSC scan of Cu65Zr35 glass at 20 K/min heating rate, the glass transition
temperature Tg and the crystallization temperature Tx are marked by arrows.
the following were restricted to the second heating cycle and the
temperature range between 330 and 700 K in the following.

Fig. 3 shows the structure factor S(q)T of the alloy from room
temperature up to elevated temperatures. The structure factor S(q)
was calculated from the measured intensities after radial integra-
tion of the data and applying the usual corrections and normali-
zation procedure to determine the coherent scattered intensity in
absolute electron units [21]:

SðqÞ ¼
Icohe:u: �

��
f 2
�� hf i2

�
hf i2

(1)

with hf i2 ¼ ðP cifiÞ2 and hf 2i ¼ P
ci,f 2i , where fi is the atom form

amplitude of the element i and ci is the concentration. The amor-
phous structure is preserved up to the highest temperature of
700 K. The structure factors exhibit small changes of the positions
Fig. 3. Structure factor S(q) of Cu65Zr35 glass at different temperatures.



Fig. 4. Difference curves between the structure factor DS(q)T ¼ S(q)T � S(q)T ¼ 330 K at
room temperature and elevated temperatures. Fig. 6. Comparison of the measured change DS(q)T with the calculations: a) for dila-

tation of inter-atomic distances, b) for harmonic oscillations.
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and heights of the maxima with increasing temperature. Besides
a shift in the positions of the maxima, the oscillations of the
structure factor around the value S(q) ¼ 1 become reduced, i.e. the
intensities of the maxima decrease, and those of the minima
increase. The changes of the structure factor with temperature are
shown in Fig. 4 by the corresponding difference curves
DS(q)T ¼ S(q)T � S(q)T ¼ 330 K between the measurement at different
temperatures T and room temperature, respectively. The observed
changes of S(q)T within the glassy state exhibit a linear dependence
with T, which means that DS(q)T/DT does not depend on the
temperature (at least within the error limits).

Fig. 5 shows the thermal behaviour of the position of the first
maximum q1 and its height S(q1), respectively. Both quantities
decrease with temperature. From a linear fit of the experimental
data a linear thermal coefficient (1/q1)*dq1(T)/dT ¼ 12.5*10�6/K is
calculated, which approximately corresponds to the macroscopic
thermal expansion coefficient as determined by the dilatometer
measurements.

The influence of temperature on S(q) can be calculated for two
ideal cases: volume expansion by increase of all inter-atomic
distances, and enhancement of harmonic oscillations of the atoms
with temperature. Assuming that the volume expansion does not
alter the relative arrangements of the atoms, the length scales from
r to r(1 þ ε), the change DS(q)T is given by:
Fig. 5. Position and height of the first maximum of S(q) versus temperature.
DSðqÞT ¼ �q*ðdS=dqÞ*ε ¼ �q=3*ðdS=dqÞ*ðDV=VÞ (2)

with DV/V being the fractional volume expansion. Fig. 6a) compares
the experimentally observed change of DST ¼ 700 K with the calcu-
lation using Eq. (2) for 1.2% volume expansion. The obvious overall
discrepancies indicate that the underlying assumption is not
justified. Only the changes of DST(q) around the first maximum
behave similar as can be seen in Fig. 6a), which is the reason that
the shift in q1 with temperature is approximately in accordance
with the thermal expansion. The analysis of the shift of any other
maxima of S(q) with T would result in different values for the
expansion coefficient, which is fundamentally different from the
temperature dependence of the reflections of an isotropic crystal-
line material. Conversely, the thermal behaviour of the structure
factor means that (reversible) changes of the relative atomic
arrangement in the glass occur with temperature.

The influence of the thermal oscillations on the scattered X-ray
intensities is described within the framework of the Debye theory
[22]. The structure factor at a temperature T can be calculated from
any temperature T0 by the relation:

ST ðqÞ ¼ 1þ �
ST0 � 1

�
,exp

�� 2
	
WT ðqÞ �WT0ðqÞ


�
; WT

¼ 3Z2q2

2makBQ
,

�
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Q


2

,

ZQ=T

0

�
1
2
þ 1
ez � 1



zd; (3)

where exp(�2WT) denotes the DebyeeWaller factor, Z is Planck’s
constant, kB is Boltzmann’s constant, ma is atomic mass, and q is
Debye temperature.

For T > q Eq. (3) can approximated by:

ST ðqÞ ¼ 1þ �
ST0 � 1

�
,exp

(
� 3Z2q2

makBq
2

	
T � T0


)
: (4)

The thermal oscillation of the atoms is characterized by the
mean-square displacement s2D and is given for T >> q by [22]:
s2D ¼ ð6Z2=makBq

2ÞT .
From the temperature dependence of the height of the first

maximum S(q1) one obtains q ¼ (240 � 12) K for the Cu65Zr35 glass.
Using Eq. (4) the change of the structure factor between T ¼ 330 K
and 700 Kwas calculated. Fig. 6b compares this calculationwith the
experimental observations. There is a qualitative agreement
between the measurement and the calculations showing that the
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DebyeeWaller factor has an important influence and describes the
reduction of the heights of the maxima. However, in detail differ-
ences occur especially in the first and the second maximumwhich
are related to additional structural rearrangements of the atoms
with temperature.
Fig. 8. Difference curves between G(r) at room temperature and those at elevated
temperatures.
3.3. Analysis of real space data

From the structure factor S(q) the reduced atomic pair correla-
tion function G(r) ¼ 4pr(r(r) � r0) was calculated by the Fourier
transform of S(q) between 0 � q � 220 nm�1 [21]:

GðrÞ ¼ 4p,r,ðr� roÞ ¼ 2
p
,

Z
ðSðqÞ � 1Þ,q,sinðq,rÞ,dq; (5)

where r(r) is the atomic pair density distribution function and r0 is
the mean atomic density. For the Cu65Zr35 glass, a value of
r0 ¼ 63.7 nm�3 is calculated from the mass density
sm ¼ 7.75 g cm�3. For multi-component glassy alloys, the atomic
pair density function r(r) represents a weighted sum of the
element-specific partial atomic function rij(r) which is also valid for
the maxima of G(r). In general it is not possible to extract unam-
biguously partial inter-atomic distances and coordination numbers
from only one total atomic pair density distribution function. Here,
we analyse the changes in G(r) with temperature and compare
them with the expectations assuming linear increase of inter-
atomic distances and thermal harmonic oscillations, respectively.
Fig. 7 compares the reduced atomic pair correlation functions G(r)T
for different temperatures. With increasing temperature the shape
of the first and the second maximum is altered and the positions of
the maxima are shifted. The overall changes of G(r) with temper-
ature are displayed in Fig. 8 by the corresponding difference curves
DG(r)T ¼ G(r)T � G(r)T ¼ 330 K. There is a monotonic increase of the
amplitudes of DG(r)T with temperature and, as found for the
temperature change DS(q)T/DT of the structure factor, the relative
change DG(r)T/DT does not depend on temperature T within the
glassy state. The shape of the difference curves exhibits
Fig. 7. Reduced atomic pair correlation function G(r) of Cu65Zr35 glass at different
temperatures.
a redistribution of the atoms especially within the first and second
nearest neighbour shells. The two components of the first
maximum exhibit a reversed dependence (inset in Fig. 7). The
height of the first submaximum at r11 ¼ 0.276 nm decreases with
temperature and that of the second submaximum at r12 ¼ 0.316 nm
increases, respectively. For the second split maximum, the intensity
ratio of the two submaxima is altered.

In the case of pure dilatation (ri(T) ¼ ri(T ¼ 0)(1 þ aT), Dri ¼ riε)
the change DG(r)T should be proportional to the first derivative of
the atomic pair correlation function G(r) [23]:

DGðrÞ ¼ �r,
vG
vr

ε ¼ �r
3
vG
vr

DV
V

(6)

The corresponding curves of DG(r) measured and calculated for
ε ¼ 0.004 are compared in Fig. 9a. The differences are quite obvious
for the first and second neighbourhood. However, at r > 0.9 nm the
curves are almost identical. Fig. 9b compares the measured change
of G(r) with that of the expectation for increased thermal oscillation
only. DG was calculated by the Fourier form of
DST ¼ (ST ¼ 330 K(q) � 1)*(e�2M � 1). The underlying assumption of
uncorrelated harmonic oscillations lead to a broadening of the
distribution of inter-atomic distances or maxima of G(r) .The mean-
square displacement s2D increases from s2D ¼ 0.00022 nm2 for
T ¼ 330 K to s2D ¼ 0.00044 nm2 for T ¼ 700 K. The comparison
exhibits the occurrence of additional differences.

The positions ri of the different maxima of G(r) were calculated
by Gaussian fits. A sum of two Gaussians was applied in order to
extract the parameters of the two components of the first
maximum (r11 and r12) and those of the second maximum (r21 und
r22), respectively. The values r11 and r12 only approximately in
accordance with the Cu-Zr and Zr-Zr nearest neighbour distances,
because of the assumption of a Gaussian shape of the distribution
function and also by neglecting the Cu-Cu contribution which can
not be resolved in G(r). Fig. 10 shows the relative change Dri/
ri(T¼ 330 K) of the differentmaxima. Themacroscopic expansion of
the dilatometer measurement is also given for comparison. The
positions of the maxima corresponding to the first maximum
remain almost constant or even decrease with temperature. Also
the second and third maxima deviate from the macroscopic
thermal expansion. However, the shift of the maxima at r > 0.9 nm
is in accordance with the macroscopically observed volume
expansion. This means, changes in the short-range order occur with
temperature, and themacroscopic volume expansion is reflected by
the medium-range order. Fig. 11 shows the radial atomic pair



Fig. 9. Comparison of measured change DG(r) with calculations, a): for pure dilatation
of inter-atomic distances, b): for thermal oscillations only.

Fig. 11. Radial distribution function 4pr2r(r) of Cu65Zr35 glass at T ¼ 330 K and 700 K.
The underlying partial RDFs [17] are also given.
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density function RDF ¼ 4pr2r(r) at T ¼ 330 K and 700 K, respec-
tively. Also shown are the partial RDFs of Cu65Zr35 glass reported in
[17]. As mentioned, the Cu-Cu contributions are not resolved and it
is not possible to extract the three underlying partials reliably from
the total RDF due to high correlation between the fit parameters
and unknown profile function. An averaged nearest neighbour
number N is obtained by integration over the total RDF in the
interval between r1 and r2:

N ¼
Zr2
r1

4pr2,rðrÞ: (7)

The integration up to the first minimum (r ¼ 0.37 nm) gives
within the error limits identical coordination numbers N1¼13.5 for
T ¼ 330 K and N1 ¼13.4 for T ¼ 700 K, respectively. Therefore, total
nearest neighbour number of the Cu65Zr35 glass does not depend
on temperature. However, beside of the broadening of the first
neighbourhood by the thermal oscillations, the intensity ratio
between the two components becomes additionally altered
(Fig. 11).
Fig. 10. Relative shift of interatomic distances ri versus temperature (symbols) and that
of macroscopic linear expansion (dashed line).
4. Discussion

One particular feature of the thermal behaviour of the Cu65Zr35
glass is that the nearest atomic neighbour distances do almost not
alter with temperature, and therefore, do not reflect the macro-
scopic volume expansion. Such behaviour was also reported for
other types of metallic glasses [24e26] and for metallic liquids [13],
and also for element melts [27]. The reason for this behaviour is the
occurrence of structural changes by (reversible) atomic rear-
rangements with temperature within the glassy and liquid state,
which is different from that of crystalline alloys. In the glassy state
each atom has an individual local environment which is accom-
panied by variation of the atomic level stresses [28]. Due to the
disordered structure there is no possibility of a collective move-
ment of all atoms in the same direction. Instead local atomic rear-
rangements occur depending on the corresponding atomic stress
level.

Based on the concept of topological fluctuations and local
atomic stresses of metallic glasses, an expression for the glass
transition temperature Tg was derived recently, showing excellent
agreement with experimental observations in metallic glasses [29].
This microscopic model assumes that for a critical volume strain of
about 0.11, the atomic site becomes topologically unstable, and the
local coordination may change. The local atomic level stresses
define unstable (liquid-like) atomic sites and stable (solid-like)
atomic sites. The density of the liquid-like atomic sites varies with
temperature, and when it reaches the percolation limit the glass
transition occurs [29]. The observed linear dependence of the
(averaged) structural parameters of the Cu65Zr35 glass with
temperature is in accordance with such a “two phase” system
varying the fractions with temperature. The glass transition itself
(not treated here) is however probably accompanied by further
structural changes which are evident by the observation of
different changes of the atomic pair correlation functions below
and above Tg [20].

As discussed for the temperature dependence, it was shown in
a recent publication that the glass transition can be also driven by
applying stress [30]. Applied stress biases the stress distribution,
and makes some atomic configurations unstable, or liquid-like. If
the density of the liquid-like atoms exceeds the percolation limit
the system flows like a liquid, thusmechanically inducing the glass-
to-liquid transition. An intimate coupling of temperature and shear
stress in inducing liquid-like flow in glasses was also concluded
from the MD simulations [30]. On the experimental side, the



Fig. 12. Comparison of the influence of dilatation by temperature and by tensile stress
a) on the structure factor and b) on the atomic pair correlation function. Changes of
DS(q) and DG(r) of Cu65Zr35 glass correspond to an identical dilatation of 0.004 for all
curves.
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abundance of liquid-like sites in a BMG was reported by in situ X-
ray diffraction experiments under tensile stress [31]. In this
experiment a significant contribution of an elastic deformationwas
observed even though the applied stress was below the yield point.
A fraction of an elastic sites of 24% was calculated, which coincides
with the fraction of the liquid-like atomswhich determine the glass
transition [27,31].

In order to analyse to which extent thermal and mechanical
strain are reflected in the short-range order of Cu65Zr35 glass, Fig.12
compares a) the changes in the structure factor S(q) and b) in
atomic pair correlation functions G(r) upon temperature with that
upon tensile stress in the loading direction. The macroscopic length
change DL/L0 ¼ 0.004 is identical for both cases. The curves are in
good agreement for the medium-range order at larger inter-atomic
distances. However, the change of the short-range order of the glass
exhibits differences between strain induced by temperature or by
mechanical stress. One reason is probably that due to the uniaxial
stress state the structure becomes an isotropic and the structural
changes in the tensile direction are influenced by the compressive
stress component.

5. Conclusions

The thermal behaviour of the short-range order of Cu65Zr35
metallic glass has been investigated bymeans of in situ high energy
synchrotron X-ray diffraction. The analysis of the structure factor
and the atomic pair correlation function as a function of tempera-
ture indicates reversible structural changes in addition to the effect
of volume expansion and thermal oscillations. The structural
transformations are characterized by local atomic rearrangements
as a consequence of the structural heterogeneity in the glass. The
transformed fraction depends linearly on temperature within the
glassy state. The experimental observations are in agreement with
the finding of temperature dependent polyhedra statistics of the
Cu-Zr glasses by MD simulation. The changes of the short-range
order of the glass by thermal expansion are found to be different
from those under elastic tensile strain.
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