Atomic structure of Cu-Zr-Ti metallic glasses subjected to high temperature annealing
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Abstract

An influence of high temperature annealing process (before crystallization) on the atomic
structure of two different as-prepared ribbon Cu—Zr-Ti metallic glasses (CugoZryTiz and
CussZricTi9, at. %) was experimentally studied by means of differential scanning calorimetry
and in situ hard X-ray diffraction. Results of our experiments prove different atomic structure and
behaviour of the glasses upon the annealing. Special emphasis is placed on the thermally
activated effects which precede the crystallization. During the annealing, both glasses initially
show with elevated temperature continuous short and middle range order thermal expansion and
an overall decline of the atomic structure ordering. But above a temperature, which can be
slightly different for every mean atomic neighbour (or every atomic coordination shell), one can
observe a change in behaviour of the glasses: the glasses modify the thermal expansion rate of
most of the mean atomic neighbours’ distances and show a tendency to increase the degree of
ordering of the atomic structure. Both these effects are more pronounced for CussZricTiz.
Therefore, as a result of the metallic glasses’ different behaviour in the annealing, near the
crystallization temperature CussZr;6Tip9 commonly shows larger relative elongation of the mean
atomic neighbours’ distances (larger thermal expansion) than CugyZryoTi. Moreover,
CussZri6Tip9 exhibits contrary to CugyZrynTizg an increase of the degree of ordering of the atomic

structure if compared with the initial as-prepared state at the beginning of the experiment.
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1. Introduction

Metallic glasses based on Cu are today extensively used for various applications due to
their high corrosion resistance and extraordinary high strength coupled with great ductility at
room temperature (up to 18 %) [1]. Great ductility, which is uncommon for the vast majority of
metallic glasses, predetermines Cu-based glasses for applications where deformation can be
converted into measurable units such as fluid flow rate or electric signals and in this way they can
be applied for different kinds of construction materials or sensors. High potential is shown
especially by ternary Cu—Zr-Ti glassy alloys, which exhibit extraordinary mechanical properties:
tensile fracture strength of approximately 2100 MPa and a compressive plastic strain in the range
of 0.8-1.7 %. These amorphous alloys show also minimal corrosion rates in various environments
[2,3]. Many investigations on Cu-Zr-Ti glassy alloys have been done so far, in particular on
alloys with high Cu content. Pauly et al. [4] have focused on the phase formation and the thermal
stability of CusoZrsoxTix (0<x<10) systems. Louzguine and Inoue [5] have proved that metastable
Cu—Zr-Ti cubic phases primarily precipitate in CugZr3pTi;p and that the metallic glass
crystallizes with low energy barrier for nucleation. Kasai et al. [6] have studied structure and
crystallization of rapidly quenched CugoZr3(T1,o alloy containing nanocrystalline particles and it
has been demonstrated that the Cu element enriched nanocrystalline phases of the cubic structure
are observed in the glassy matrix. The kinetics of an amorphous-to-Cus;Zr4 phase transformation
in an as-cast CugoTiz0Zry9 rod has been investigated by differential scanning calorimetry [7].
Concustell et al. [8] have analysed microstructural evolution during decomposition and
crystallization of the CugyZry0Tiz0 amorphous alloy and among all else they have discovered, that
the alloy exhibits two exothermic crystallization stages resulting in two different hexagonal
crystalline phases. Composition design and mechanical properties of ternary Cu—Zr-Ti bulk
metallic glasses (BMGs) have been studied by Pan et al. [9]; the results show that the designed
alloys possess good glass forming ability and excellent mechanical properties. Formation of
BMGs in the Cu-rich Cu—Zr-Ti ternary system has been researched by Wang et al. [10]; the
BMGs on each composition line manifest decreased thermal stabilities and glass forming abilities
with increasing Ti content. Dai et al. [11] have found a new composition zone of BMGs
formation (around Cus;Zr4oTig) in the Cu—Zr—Ti ternary system. Cai et al. have revealed, that the
structural sensitivity of Cu—Zr—Ti amorphous alloys to compression [12] and tension [13]

decreases with increasing Cu content. Expansion of the amorphous phase causing larger inter-



atomic distances has been observed with increasing Sn content in (CugoZras5Ti5)100-x5nx alloys
(x=0, 1, 2, 3 and 4) [14]. Enhancement of solderability of CueyZr3Tijo BMG has been achieved
by Naoi et al. [15] and its dealloying behavior has been analysed under free corrosion conditions
[16] resulting in the idea, that dealloying metallic glasses may be a possible candidate for
developing nanostructured metals. Moreover, Basu et al. [17] have shown that Miedema’s
approach has been useful in determining the glass forming composition range for a particular
alloy system (including the Cu—Zr-Ti system). But until today, nobody has reported how the
atomic structure of this particular ternary amorphous system changes upon annealing. And this is
exactly goal of our work.

By classical statistical mechanics, the atomic structure of metallic glasses can be described
in reciprocal space by means of the structure factor and in real space by the reduced pair
distribution function or the pair distribution function reflecting pairwise interatomic interactions
of the constituent atoms. Unlike in crystalline solid metals, where the long range order is
determined by periodic assembling of the unit cells, metallic glasses exhibit only the short and
middle range order.

In this article we present modifications of the atomic structure of CugyZryoTiy and
CussZriTip9 (at. %) metallic glass upon annealing at high temperature. Our study is based on
analysis of the reduced pair distribution function G(r) obtained from X-ray diffraction patterns
taken at different, gradually increased temperature (in situ type of experiment). Since there are
many studies devoted to the crystallization of Cu—Zr—Ti ternary alloys, we restrict ourselves in
this paper to the atomic structure in the temperature region starting from room temperature and
ending near the first crystallization. We believe that the comparative investigation of the two
different metallic glasses by in situ hard X-ray diffraction (XRD) contributes to better
understanding of ternary glasses based on Cu, Zr and Ti. In order to reveal small structure
modifications of the highly disordered systems we have decided to perform our experiments at
the highly intense X-ray source (DORIS III synchrotron radiation source) located at DESY in
Hamburg, Germany. Measurements performed with high intensity and high energy X-ray
photons allow irradiating relatively large volume of samples (several mm?) and enable the
collecting of in situ high quality two-dimensional (2D) XRD patterns in sub-minute time

resolution as well.



2. Materials and methods

Samples of the metallic glasses (CugpZrygTizo and CussZricTiz9) with a thickness of 40 um
were prepared from arc melted master alloys by single-roller melt spinning in the Laboratory of
New-Structured Materials, Department of Materials Science and Engineering, Zhejiang
University, China.

A differential scanning calorimeter (Perkin Elmer DSC 8000) was used to detect thermally
induced phase transitions of the glasses at a heating rate of 10 K min™.

Chemical composition of the glassy alloys was verified by energy dispersive X-ray
microanalysis (EDX) installed in a field emission scanning electron microscope JEOL
JSM-7000F.

The hard XRD measurements were carried out in transmission (Debye-Scherrer) geometry
at the BWS wiggler beamline [18] at the positron storage ring DORIS III located at DESY in
Hamburg, Germany (energy of a positron 4.45 GeV, positron current between 100 mA and 140
mA). The experiments were realized by using monochromatized X-ray radiation of wavelength
0.124 A corresponding to a photon energy of 100 keV. The highly collimated X-ray beam with
cross sectional area 0.5 mm x 0.5 mm illuminated ribbon samples of the metallic glasses while
diffracted X-rays were recorded by a 2D image plate detector Perkin Elmer XRD 1621 (2048
pixels x 2048 pixels, size of a pixel: 200 pm x 200 um) [19]. By this setup we were able to
collect high quality 2D XRD patterns up to the magnitude of the scattering vector
Opax=47sin(0)/1=18 A'l, where @is half of the scattering angle and A is X-ray wavelength. Q.
also determines resolution in real space to be Ar=2/Q,,,,=0.1745 A [20]. During the experiments
CueoZraTiz and CussZrisT129 amorphous ribbons were cut into small pieces and put into a quartz
capillary of inner diameter of 0.8 mm. The capillary was mounted into a Linkam THMS600
resistive heater furnace with a maximal operating temperature of 873 K and thermal stability
better than 1 K [21]. The temperature in the samples’ vicinity was measured by a thermocouple.
The samples were heated up from room temperature up to their crystallization point by 10 K
min" heating rate. After reaching the required temperature, the glasses were illuminated by the
X-ray beam for 20 s and 2D XRD patterns were recorded by the detector. Additionally, a time of
about 15 s was needed for data transfer from the detector to a computer, to relax the detector and

to stabilize the temperature.



The measured 2D patterns of XRD intensity were radially integrated from 2D space to 1D
space (I(Q), intensity vs. Q) by using the fit2D software [22]. The total structure factors S(Q)’s
were derived from I(Q)’s by application of standard methods, as described e.g. in [23,24,25,26],
where the I(Q) patterns were corrected for amount of the scattering sample/time of a
measurement/time decay of the positron current in the positron storage ring DORIS III (all these
factors can be represented by one single scale factor), scattering power of the constituent
elements (X-ray atom form factor of Cu, Zr and Ti), polarization of the incident primary X-ray
beam, absorption of the sample, multiple scattering (second order), Laue diffuse scattering,
Compton inelastic scattering, isotropic fluorescence (assumed to be constant in the entire Q
range), background and capillary signal. S(Q)’s from the measured /(Q)’s were done using the
PDFgetX?2 software [27]. To normalize the measured data on an absolute scale, we applied the
so-called high Q method.

The total structure factor S(Q) was calculated from 7,(Q), i.e. the elastically scattered X-ray

signal by using Faber-Ziman formalism [28]
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where ¢; and fi(Q) are the atomic concentration and the X-ray atom form factor of the atomic

species of type i (i = Cu, Zr or Ti), respectively. S(Q) can be written in the form
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The reduced pair distribution function, G(r), was obtained by a Fourier sine transform of S(Q)

[25,26]
G(r)= % [ 0l8(Q)- 1lsin(rQ)dQ =4z r[p(r) - py | = 4z 1p, [8()- 1], )

where p(r) and py are the pair density function and the average number density, respectively, g(r)
is the pair distribution function and r is the radial distance from the centre of an atom in the

sample.

3. Results and discussion
3.1. Differential scanning calorimetry and EDX analysis

By applying differential scanning calorimetry (DSC) we determined the glass transition
temperature 7, and the onset temperature T, of the first crystallization for the investigated glassy
alloys (Fig. 1). For CugyZroTiy T, is 695 K and T, is 732 K; for CussZrigTiog T is 687 K and T,
is 706 K. The EDX microanalysis of the alloys proved indeed the chemical composition declared
by the producer. For CugyZryTiy alloy we obtained 57.65 at. % Cu, 22.64 at. % Zr and 19.71 at.
9% Ti; for CussZr6Tixg alloy we obtained 53.40 at. % Cu, 18.18 at. % Zr and 28.42 at. % Ti.
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Fig. 1. (Colour online) DSC curves of CugZryTiy and CussZrigTiy metallic glass shown in the

temperature range of 543-773 K.



3.2. Reciprocal space analysis

The total structure factors S(Q)’s of CugyZryTiz and CussZr;eTize metallic glass measured
at 303 K are shown in Fig. 2. Both S§(Q)’s show a pronounced first peak, broad and split second
peak (with a shoulder on its right side) followed by strongly damping oscillations being visible
up to 16 A, For CugoZryTiz the first peak maximum is located at 2.8567 A and for
CussZrigTiyg at 2.8548 A, The most evident differences between S(Q)’s are: position and
amplitude of the first S(Q) peak maximum (the inset in Fig. 2), pre-peak visible at ~ 1.5 A™ for
CussZricTiz9 and dephasing of S(Q)’s oscillations above ~ 6.94 Al But both S(Q) courses are

very similar, indicating also very similar atomic structure of these alloys.
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Fig. 2. (Colour online) The total structure factors S(Q)’s of CugyZryTiy and CussZrsTiy metallic glass
shown at 303 K in the Q region of 1-18 A, The inset shows S(Q)’s in the Q region of 2-6 A

During the annealing we obtained a series of relatively similar S(Q) patterns to those
measured at 303 K. However, with increased temperature the position of the first peak maximum
for the two glasses moves to the left - towards lower Q values (the glasses thermally expand) and

its amplitude decreases as a consequence of increased atomic thermal motion. In order to quantify



temperature influence on the first peak maximum position (P7r) and amplitude (A7) we analysed
relative changes of these parameters; the parameters were normalized to the values (P33, Azo3)
measured near room temperature (303 K) by taking them as reference or normalization constants.

The results are shown in Fig. 3.
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Fig. 3. (Colour online) Relative positions (P7/P3y;) and relative amplitudes (A/A ;) for the first S(Q) peak
maximum of CugZryTiy and CussZri¢Ti,9 metallic glass during the annealing process (shown up to
733 K). The full lines are guides for the eyes. Absolute values for CugyZryoTiy at 303 K: P3;=2.8567 Al
A303=3.5538. Absolute values for CussZr;¢Tiy9 at 303 K: P3p3= 2.8548 A'l, Ajzpz=3.4612.

The relative position (parameter P7/P3p3) of the first S(Q) peak maximum decreases
between 303-603 K for both glasses more or less linearly and almost identically with an average
slope -1.415%x107 K, but from 603 K (far before Ty) P7/P303 begins to deviate from its precedent
course. For CugyZryoTizg, P7/P;303 continues in a slightly modified decrease trend up to 683 K;
between 683 K and T, one can observe a gentle increase tendency. For CussZri¢Tizg, above 603
K P7/P3p; clearly follows a different course than CugoZryoTi and decreases up to Ty, almost
linearly and steeper than previously below 603 K. Thus, comparison of final values of P7/P3¢;
near the corresponding 7, brought us to the conclusion that CussZri6Tiz9 (Prxe/P303=0.9936) upon
the annealing undergoes more intense changes of the mean atomic neighbours’ distances than
CugoZragTiz (Prvo/P303=0.9949).

The relative amplitude (parameter A7/Azp3) of the first S(Q) peak maximum shows between
303-573 K similar decrease path for both glasses (with an average slope -6.525x10” K™') and

after 573 K A7/A3p;3 courses diverge from each other. For CussZrisTiyg there is an evident rising



tendency of A7/A3p3 up to Ty,. Analogously, for CueoZroTiao, its relative amplitude also increases,
but here above 603 K and with a clearly lower slope than for CussZr ¢ Tiyg glass; then above 703
K A7/A303 drops down. If one compares A7/Azp; of the metallic glasses near the corresponding T,,
CussZri6Ti29 (A1o/A303=1.00754) exhibits close to the crystallization a significantly higher degree
of ordering of its atomic structure (especially towards higher r) than at the initial as-prepared
state at the beginning of the experiment. Hence, the overall growth of A7/A;zp; for CussZrieTing
alloy can be attributed to better ordering of atoms - effect of higher diffusion rate of atoms caused
by elevated temperature. The better ordering means larger atomic population at certain sites
resulting in stronger X-ray scattering. The ordering effect competes with the atomic thermal
motion; the motion causes displacement of atoms from their mean positions, but obviously here
the ordering effect prevails.

The pre-peak at ~ 1.5 A in the case of CussZreTipg (Fig. 2) characterizes the middle range
order [29]. The pre-peak tends to move with temperature towards lower Q. Its amplitude initially
considerably decreases but above 623 K the amplitude rises up to T,,; the pre-peak shows
behaviour similar to the first S(Q) peak. The physical origin of a pre-peak is generally assigned to
a compound forming behaviour (relative to the strong chemical bonds causing intermetallic
compounds formation) [30] or it can be assigned to a cluster structure formed from different
atoms [31].

Similar to the first S(Q) peak, the second and the following S(Q) peaks modify their
position and amplitude in accordance with modification of the structure of the glasses.

Our observations in reciprocal space can be summarized in the following way: the glassy
alloys start to relax their atomic structure far below T, (approximately 100 K below T,). Their
atomic structure tends to increase its ordering with temperature, but the glasses are still
amorphous at least in the long range order. The ordering tendency is more pronounced in the case

of CussZr6Ti9 which possesses higher atomic mobility compared to CugyZroTizo.

3.3. Real space analysis

In order to analyse structural changes of the metallic glasses in more depth and in a more
comprehensible way, we acceded to real space analysis by evaluating the reduced pair
distribution functions G(r)’s calculated from the corresponding S(Q)’s. G(r)’s of CugyZryoTiy and

CussZri6Tiz9 sample (calculated up to 20 A from the S(Q) patterns depicted in Fig. 2) are shown



in Fig. 4. Enlarged is the first peak of G(r)’s (the inset in Fig. 4) representing the first atomic

coordination shell in real space (r range of 2.2-3.7 A).

a1 47 HC z o 1
ugoZragTing ®
42 - 36 CugszrigTizg ¥| 1
-10.8
3.6 - 24 i
o
g 0.65
3 g 1 T
= 0.4
= 0
2.4 e
_ 12 02
S
< 18- 2.3 o |
g 12 2.2 2.6 3 3.4 3.7
:@ s r(A) 7
5 0.6
0
-06 + |
CUGOZroniZO
1.2 ¢ CU55ZI"16Ti29 )
18 - U 303 K |
_23 I | I I

12 4 6 8 10 12 14 16 18 20
r(A)

Fig. 4. (Colour online) The reduced pair distribution functions G(r)’s of CugZryTiyy and CussZrsTing
metallic glass shown at 303 K in the r region of 1-20 A. The inset shows G(r)’s in the r region of 2.2-
3.7 A together with corresponding X-ray scattering weights w;; of interatomic bond lengths between a pair

of atoms.

For the two glasses, G(r) patterns show a pronounced and broad first peak followed by
damping oscillations typical for highly disordered materials. By comparing the alloys G(7)’s, the
most evident difference can be seen in position and amplitude of the first G(r) peak and in
dephasing of oscillations (visible above ~ 14.82 A).

CueoZryoTiz has the first G(r) peak maximum located at 2.7146 A and CussZrigTipg at
2.7071 A (the inset in Fig. 4). Position, amplitude and shape of the first peak is a result of the
distribution of atoms within the first atomic coordination shell; the distribution can be
represented by individual atomic pairs, where bond lengths between the atomic pairs are sums of

their nominal atomic radii [32] and their significance corresponds to the particular atomic pair X-



ray scattering ability represented by X-ray scattering weights w;;. As it can be seen, the first G(r)
peak is mainly formed by the Cu—Cu, Cu-Ti and Cu—Zr atomic pairs, while the peak asymmetry
visible on its right side is caused by the Zr-Ti and Zr—Zr atomic pairs. Larger amplitude of the
peak for CugoZryTiz compared to CussZrisTiy9 can be explained by larger wy; for the Cu—Cu and
Cu—Zr atomic pairs and by narrower distribution of the Cu—Ti atomic pairs.

With increased temperature, the mean atomic neighbours’ distances of both glassy alloys
expand. The expansion is represented by a progressive shift of G(r) peaks with temperature to the
right - towards longer distances. In order to quantify thermal expansion of each G(r) peak
position, we determined position of its centre of mass (Cr) and normalized it to the value at 303
K (parameter C7/C3sp3). In order to quantify thermal modification of the degree of ordering of the
atomic structure, we determined the integral area (I7) under each G(r) peak, which was similarly
normalized to the value at 303 K (parameter I7/1393). To get a better overview of the alloys’

behaviour, in our calculation of C7/Cspz and /1303 we included only the positive part of G(r)

peaks (o(r)>p, Fig. 5).

Fig. S. Principle of G(r) construction. The black circle represents a central atom, the grey circles represent
surrounding atoms. The dashed belts define regions, where G(r) is more than zero (p(r)>p,). The scheme

was drawn according to [33].



Fig. 6 illustrates changes of C7/Cjsp; for the 1., II. III. and IV. G(r) peak as a function of

temperature.
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Fig. 6. (Colour online) Centre of mass relative positions (C7/Cjsp;) for the L-IV. G(r) peak of CugZrTing
and CussZr6Tip9 metallic glass during the annealing process (shown up to 733 K). The full lines are guides
for the eyes. Absolute positions of the centre of mass for CugyZryyTiy at 303 K: Csp; L-1V.=2.7452 A,
4.8197 A, 6.9943 A and 9.2877 A. Absolute positions of the centre of mass for CussZr¢Tiye at 303 K: Cjp;
L-IV.=2.7431 A, 4.8223 A, 7.0019 A and 9.3035 A.

From the figure it follows: C7/Cj3p; between 303-603 K increases more or less linearly and
for both alloys almost identically. The average increase slope is 1.456x107 K™'; 1.94x10” K™,
2.039x10° K" and 1.461x107 K! for the L, II., III. and IV. peak, respectively. Above 603 K the
modification of C7/Cj3g;is different: the distinction is observed not only between the glasses, but
also between G(r) peaks taken from the same alloy. In particular, in the case of CussZricTig
glass, for the I. peak C7/Cj3p; parameter rapidly increases and compared to other G(r) peaks and all

G(r) peaks of CugpZryoTizo the increase is much steeper. Hence, the mean nearest atomic



neighbour distance shows above 603 K much higher sensitivity to the atomic thermal motion than
distances of other mean atomic neighbours. For distances of the II. and the III. mean atomic
neighbour in the case of both glasses one can see above 653 K suppression of their sensitivity to
the atomic thermal motion. In general, thermal expansion of our glassy systems viewed from the
local atomic structure perspective is highly anharmonic — comparison of C7/C3p; courses for the
[.-IV. mean atomic neighbour especially between 603-653 K and T,,. The effect of this altering
thermal expansion and compression is more pronounced for the CussZri¢Ti29 system than for the
CugpZryTiz system. Thus, up to 10 A near T,, the largest modification of C7/Csp3 can be
observed for the mean nearest atomic neighbour (Cr/C303=1.008268, CussZri¢Tig) and the
smallest modification of Cz/Cs3p; can be observed for the IV. mean atomic neighbour
(C1xo/C303=1.005717, CugpZrroTiz). Between 10-20 A, the V. mean and the following mean
atomic neighbours show similar behaviour as the IV. mean atomic neighbour — they shift towards

longer distances and the shift is more pronounced (as below 10 A) for CussZrieTiag.
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Fig. 7. (Colour online) Relative integral areas (I/I3;) for the L-IV. G(r) peak of CugZryTiy and
CussZr 6 Tip9 metallic glass during the annealing process (shown up to 733 K). The full lines are guides for

the eyes. Absolute integral areas for CuggZryyTiyy at 303 K: I39; 1.-IV.=1.992 atom A'l, 1.093 atom A'l,



0.691 atom A" and 0.429 atom A™. Absolute integral areas for CussZrisTiy at 303 K: I3; 1.-1V.=1.927
atom A'l, 1.073 atom A'l, 0.672 atom A" and 0.42 atom A™".

To show modification of degree of ordering of the metallic glasses’ atomic structure during
the annealing, we analysed relative change of integral areas (I7/1303) of G(r) peaks with
temperature. Fig. 7 shows temperature dependence of I7/13; for the L., II., III. and IV. G(r) peak -
here the situation is opposite compared to C;/Czp; courses. With elevated temperature atoms
located in the atomic coordination shells gain energy resulting in increased oscillations around
their mean positions. Increased amplitudes of the oscillations also imply that atoms in the atomic
coordination shells become less ordered, what is initially demonstrated by a more or less linear
decreasing trend of I7/139; with temperature. However, in the case of CussZr¢Tiy9, the decreasing
tendency of I/I3p; for the higher atomic coordination shells disappears (from the 1I. G(r) peak)
and above 563-573 K one can observe the increase of I/I3;. A similar effect, but less
pronounced can be observed above 633 K for CugpZryTizg also from the II. G(r) peak. The rising
tendency of I7/130; can be explained by a better ordering of atoms in the atomic coordination
shells and/or by migration of atoms from nearby regions to the corresponding atomic
coordination shells. Hence, as it is evident from Fig. 7, a larger trend to increase the degree of
ordering of its atomic structure (up to 10 A) shows CussZr6Tiz9 and the trend is more significant
for both glasses towards more distant atomic coordination shells. Between 10-20 A, the V. and
the following atomic coordination shells show similar behaviour as the IV. atomic coordination
shell and the ordering increase is more significant (as below 10 A) for CussZrigTip.

According to the precedent real space analysis it can be summarized, that the glasses
exhibit a change of their behaviour upon elevated temperature (especially growth of the degree of
ordering their atomic structure); the change was not detected by DSC. The temperatures
corresponding to the change in the alloys’ behaviour reflect a beginning of the thermally
activated structural relaxation of the investigated amorphous glassy systems. Generally, the
mechanism(s) by which structural relaxation occurs in glasses is through the annihilation of
defects or free volume, or recombination of the defects of opposing character, or by changes in

both topological and compositional short range order [34].



In Fig. 8 we summarized the influence of the annealing on the atomic structure of the
metallic glasses near the crystallization (near 7,) for the I. — VIII. mean atomic neighbour (or the

atomic coordination shell; 7 up to 20 A).
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Fig. 8. (Colour online) Centre of mass relative positions (C/Cs;) and relative integral areas (I/5/15;) for
the I.-VIIL. G(r) peak of CugyZrygTizp and CussZrisTi,9 metallic glass near their corresponding 7,,. The full

lines are guides for the eyes.

As it is clear from the figure, all mean atomic neighbours shift towards longer distances and
generally larger thermal expansion (C7/Cjspz) of the mean atomic neighbours’ distances exhibits
CussZricTip9 — the only exception seems to be the II. mean atomic neighbour. The courses of
C1/Csp3 for both glasses similarly oscillate from the III. G(r) peak and exhibit a slightly
decreasing tendency between the III. — VII. mean atomic neighbour. The largest thermal
expansion can be observed for the VIII. mean atomic neighbour (Cry/C303=1.00737,
CugpZrygTizg; Cro/Cs303=1.00862, CussZri¢Tiy) and the smallest one for the IL
(Crxo/C303=1.005997, CussZrisTin) and the VII. mean atomic neighbour (Cry/C393=1.005259,
CueoZryTiz9). Relative changes of integral areas (I7/1393) of G(r) peaks clearly show that increase
of the degree of ordering of the atomic structure (better ordering of atoms) is essentially evident
only for CussZr;¢Ti9; the degree increases more or less continuously towards higher r for the III.
— VIII. atomic coordination shell (I7.,/1303=1.00052111—1.115045y). In the case of
CugpZryTiy9, between the I. — VII. atomic coordination shell I;/139; parameter exhibits a gently

rising oscillating tendency, and only for the IV., V. and VII. atomic coordination shell it



approaches a value close to unity. Thus for CugoZraoTizg it can be alleged, that the metallic glass
contrary to CussZr;¢Tiy9 decreases the degree of ordering of its atomic structure as a result of the

annealing process; the only exception is the VIII. atomic coordination shell (I74,/1303=1.05067).

4. Conclusions

Our investigation proved different atomic structure and behaviour of CugyZryoTiyy and
CussZricTi9 metallic glass in the annealing process before the crystallization. Both glasses
initially exhibit with elevated temperature continuous short and middle range order thermal
expansion and an overall decline of the atomic structure ordering. After reaching a temperature,
which can be slightly different for every mean atomic neighbour (or every atomic coordination
shell), a change in behaviour of the glasses (which was detected only by XRD and was not
detected by DSC) can be observed: the glasses vary the thermal expansion rate of most of the
mean atomic neighbours’ distances and show a tendency to increase the degree of ordering of
their atomic structure. The increase of the atomic ordering can be explained by the better ordering
of atoms in the atomic coordination shells and/or by migration of atoms from nearby regions to
the corresponding atomic coordination shells. The temperatures corresponding to the change in
the metallic alloys’ behaviour reflect a beginning of the thermally activated structural relaxation.
In general, thermal expansion of our glassy systems viewed from the local atomic structure
perspective is highly anharmonic.

The modification of the atomic structure is before the crystallization more significant for
CussZricTiz9. Therefore, as a result of the glasses’ different behaviour in the annealing,
CussZriTip9 generally shows near the crystallization temperature larger relative elongation of the
mean atomic neighbours’ distances (larger thermal expansion) than CueyZry0Tizo and increase of
the degree of ordering of the atomic structure if compared with the initial as-prepared state at the
beginning of the experiment; the increase is more pronounced towards higher r (middle range
order). CugpZryoTiy decreases the degree of ordering of its atomic structure as a result of the

annealing process.
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