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The influence of thermal treatment on structural changes in the Cu4;Tiz3Zrq;NigSi; metallic glass has
been monitored using X-ray diffraction (XRD) and differential scanning calorimetry (DSC). Additionally,
the short-range order structure has been investigated by XRD using synchrotron radiation. The changes
observed in the calorimetric behaviour cannot be quantified using conventional XRD. Small changes are,
however, visible in the total structure factor S (Q) primarily in terms of amplitude of the oscillations, which
tend to increase with increasing thermal treatment temperature. Real-space analysis of the pair distri-
bution function suggests that the first coordination shell consists of three peaks, which can be modelled
using Gaussian distributions. Furthermore, the synchrotron data also reveal changes in the local structure

DSC that occur during structural relaxation and early formation of nanocrystals at temperatures close to the
XRD experimentally determined crystallization temperature.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Bulk metallic glasses, as structural materials, have attracted
much attention for their scientific purposes and technological
applications due to their properties such as high strength as well
as large elastic limit [1]. Structurally, metallic glasses can be clas-
sified as a disordered material [2]. Understanding the atomistic
structure of metallic glasses has been a long standing issue that
remains crucial for determining the relationships between struc-
ture and properties [1]. Typically, the structure of metallic glasses
is studied using conventional X-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM) [3]. However, conventional XRD,
done either in reflection or transmission mode, has its limita-
tions. Many reports have indicated that it fails to distinguish a
true amorphous structure from a fine nanocrystalline structure,
especially if the grain size is smaller than 10nm [3-5]. Addi-
tionally, the very fact that laboratory XRD has a relatively larger
wavelength means a limited range in reciprocal space. A direct
observation technique such as TEM, on the other hand, can give
information about the intrinsic microstructure [6]. However, TEM
requires extensive preparation to produce a sample thin enough
to be electron transparent. This is often a time consuming pro-
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cess. Samples also can undergo changes in the structure during the
preparation process [7-9]. Moreover, the investigated volume is rel-
atively small, raising the possibility that the region analyzed may
not be characteristic of the whole sample. On the other hand, high-
energy X-rays as provided by synchrotron radiation sources have
the advantage of high penetration into most materials [10]. Hard
X-rays are used because a high resolution in real-space, as desired
for disordered materials, can be achieved and the required data
corrections are small, particularly for absorption [10]. A range of
wavelengths over a wide energy range can be used, which are typ-
ically around an order of magnitude lower than for conventional
XRD [11]. The data acquisition time is extremely rapid in com-
parison with conventional XRD. Additionally, the signal-to-noise
ratio is low. Synchrotron radiation operated in the transmission
mode could help in identifying fine crystalline features, of the
length scale of the order of 10 nm which are easily to be missed
by conventional XRD [11]. Because of this, synchrotron radiation
has been widely used to study the structure of metallic glasses
[12-20].

The Cuy;Tiz3Zri1NigSiy metallic glass composition is fairly well
studied. This composition is an excellent glass former with the
ability to be cast in bulk form [21-23]. Previous studies on the
calorimetric traces of Cug;Ti33Zrq1 NigSi gas-atomized powder have
indicated that a broad exothermic event precedes the appearance
of the glass transition and the supercooled liquid region followed
by subsequent crystallization [24]. The broad exotherm has been
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explained in terms of structural relaxation as well as nanocrystal-
lization [24]. In terms of the free volume theory, relaxation has
been explained as to stem from topological short-range order-
ing (TSRO) as well as chemical short-range ordering (CSRO) [25].
TSRO is related to annihilation of excess free volume which gets
quenched-in during the rapid cooling of the liquid [26]. CSRO, on
the other hand, is commonly observed in multi-component glasses
and is ascribed to redistribution of the constituent atoms [27]. Both
TSRO and CSRO can cause microstructural changes. Hence, it is
interesting to study these changes since the properties of materials
are usually determined by their microstructure, namely, the nature,
perfection, and spatial distribution of their component phases. In
this work, synchrotron radiation studies have been carried out on
the Cuy;Tis3Zri; NigSip metallic glass powders treated at different
temperatures. It will be shown that fine-scale alterations which
occur in the microstructure can be well-studied using high-energy
synchrotron radiation.

2. Experimental procedure

Spherical powders of the Cuy;Tij3Zri1NigSi; alloy were pre-
pared by gas-atomization. The parameters employed for synthesis
have been reported elsewhere [24]. Thermal treatments of the pow-
der samples as well as calorimetric studies were done using a
PerkinElmer DSC 7 differential scanning calorimeter (DSC) under
high purity flowing Ar. The calorimeter was calibrated for tem-
perature and energy with high purity indium and zinc standards.
Isochronal DSC measurements were done at a heating rate of
20 K/min. For all the DSC runs, two successive runs were recorded
with the second run serving as a baseline. This study deals with
four different Cuy;Tiz3Zr11NigSi; powder samples. The individual
samples and their thermal history were: Sample A: the gas atom-
ized CugyTiz3Zr11NigSi; powder in the as-prepared state. Sample
B: Cug7Tiz3Zr11NigSi; powder thermally treated up to 701 K. The
thermal treatment involved constant-rate heating the powder up
to 701K at a heating rate of 40 K/min followed by cooling down
to room temperature at 100 K/min. Sample C: CugyTiz3Zr11 NigSiy
powder treated up to 723 K. For this type of sample, a similar DSC
scheme as for sample B has been employed, except that the pow-
der was heated up to 723 K. Sample D: Cug7Ti33Zri1 NigSi; powder
thermally treated up to 743K, i.e. a similar DSC procedure has been
done as for samples B and C but a final temperature of 743 K was
used in this case. The intention of choosing these treatment tem-
peratures was to study microstructural alterations, if any, which are
possible in the glass transition region, using conventional XRD as
well as synchrotron light and to compare the results.

Conventional XRD studies in transmission mode were carried
out using a STOE diffractometer (molybdenum target, wavelength,
A=0.70932 A, operated at 50 kV, 30 mA). High-energy X-ray diffrac-
tion (XRD) measurements were performed at HASYLAB at DESY
(Hamburg, Germany) on the wiggler beamline BW5 [28] at the
DORIS Il storage ring using monochromatic synchrotron radia-
tion of 103.8 keV (A =0.119441 A). The diffraction experiments were
carried out in Debye-Scherrer geometry. Quartz capillaries with a
diameter of 2 mm and 20 p.m wall thickness were filled with pow-
der samples. The samples measured at room temperature were
illuminated for 20s by a well-collimated incident beam with a
cross-section of 1 mm x 1 mm. XRD patterns were collected using
a MAR345 imaging plate detector mounted orthogonal to the X-
ray beam. In order to cover the high-Q range (Q =4 sin(@)/A) up to
19 A1 the XRD patterns were recorded in asymmetric mode (the
imaging plate detector was shifted 7 cm relative to the beam path),
and the distance between 2D detector and sample was adjusted
to 60cm. A LaBg standard was used to calibrate the sample-to-

detector distance and the tilt of the imaging plate relative to the
beam path. About five independent scans for each sample were
averaged to attain optimum counting statistics. The background
intensity was subtracted directly from the 2D XRD pattern, and
the result was integrated to the Q-space using the software pack-
age FIT2D [29]. The integrated data were corrected for polarization,
sample absorption, fluorescence contribution, and inelastic scatter-
ing using the PDFgetX2 software [30]. The total structural factor, S
(Q), is obtained from the normalized elastically scattered intensity
using standard procedures described in [31]:

l(Q) - [Y1,c2(Q)]
> afi@)]”

where ¢; and f;(Q) are the atomic concentration and the scattering
factor of the atomic species of typei(i=Cu,Ti, Zr, Ni, Si), respectively.
The total structure factor can be further written in the form

SQ)=1+ (1)

S(Q)=) wy(Q)Sy(Q), (2)
i.j

where S;;(Q) represents the partial structure factor and wj; is the
weight of the i—j pair, calculated in the following manner:
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The reduced pair distribution function, G(r), can be obtained
through a sine Fourier transform:

Wij:

Qmax
G(r) = 4mr[p(r) — pol = %/ Q(s8(Q) —1) sin(rQ)dQ, (4)
0

where p(r) and pg are the local and average atomic number den-
sities, respectively, and r is the radial distance. From G(r) the pair
distribution function, g(r), and radial distribution function, RDF(r),
can be calculated by

p(r) _ G(r)
g(r)= oo Ampor 1, (5)
RDE(r) = 4nr? p(r) = 4w por? + 1G(r). (6)

The average coordination number, N, around any given atom in a
spherical shell between radius r; and r; can be calculated as

N= / ’ RDFE(r)dr. (7)

n
3. Results and discussion

Fig. 1 shows the constant heating rate traces of the
CuyyTiz3Zr1NigSi; powders. In the low temperature region
(400-700K), a broad exotherm is visible in case of the as-atomized
powder. This exothermic event starts at about 420K and has a
minimum at about 560K. The onset value of the glass transition
temperature (Tg) for the as-atomized state is 690K for a heating
rate of 20 K/min and the onset value of the crystallization temper-
ature (Ty) is 746 K. The extension of the supercooled liquid region
(AT), defined as the difference between Ty and Tg is 56 K. With
increase in treatment temperatures, as seen in the case of samples
B, Cand D, there appears to be only a single endothermic event prior
to the main crystallization event. The low-temperature exothermic
event disappears. The Tg values as well as the T, values are listed in
Table 1. It can be seen that thermal treatment causes considerable
changes in the value of Tg while the changes in Ty are not drastic.
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Fig. 1. Constant heating rate DSC traces of gas-atomized (A) and thermally treated
(B-D) Cuy47Tiz3Zry1 NigSi; powders. The temperature of the glass transition, Tg, and
crystallization, Ty, are depicted.

Fig. 2a shows the XRD patterns obtained using a conventional
XRD diffractometer. In case of the as-atomized state, the XRD
pattern displays broad diffuse maxima, characteristic of an amor-
phous material. The XRD patterns of the thermally treated powders
look very similar and do not give any evidence for crystallinity.
A comparison of the XRD patterns given in Fig. 2a and b clearly
demonstrates that the use of synchrotron radiation has several
advantages over conventional X-ray diffractometry. Nearly noise-
free XRD patterns in case of using synchrotron are result of (i) a
very high photon flux and (ii) the area detector covering a rela-
tively large solid angle of diffracted photons. Furthermore, the use
of hard X-rays allows to perform diffraction experiments in trans-
mission mode, which can help to suppress absorption when the
sample thickness is appropriately selected. Simultaneously, it also
allows an acquisition of data up to high momentum transfer vec-
tors Q, which is a prerequisite for determination of the structure
factor S (Q) out to long reciprocal lengths, but more so for subse-
quently calculating the real-space pair distribution function g(r).
As can be seen from Fig. 2b, the as-atomized and annealed samples
exhibit diffuse scattering patterns typical for metallic glasses with
a maximum at Q ~ 2.87 A-1 and pronounced oscillations visible up
toQ~19A-1,

After applying a set of corrections (polarization, sample absorp-
tion, fluorescence contribution and inelastic scattering) to the
measured intensities, the total structure factors S (Q) were deter-
mined (Fig. 3). From the first look they look rather similar. However,
careful comparison indicates slight changes for the annealed sam-
ples. Namely, the amplitude of oscillations of S (Q) is slightly
higher compared to the as-atomized powder and tends to increase
with increasing temperature. As can be seen from the inset in
Fig. 3, annealing increases the intensity of the main peak. Differ-
ence curves (not shown here) confirm that annealing increases the

Table 1

Glass transition temperature, Tg, crystallization temperature, Ty, and extension of the
supercooled liquid region (AT=T, — Tg) of gas-atomized (A) and thermally treated
(B-D) Cuy47Tiz3Zry1 NigSi; powder samples as obtained from DSC measurements

Label Condition Ty (£1K) Ty (£1K) AT (K)
A As-atomized 690 746 56
B 701K 671 750 79
C 723K 689 748 59
D 743K 694 748 54
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Fig. 2. Comparison of XRD patterns obtained (a) in transmission geometry using a
conventional diffractometer equipped with Mo target and (b) in transmission geom-
etry using a triple-crystal diffractometer at the HASYLAB wiggler beamline BW5
[28].

amplitude of the oscillations and visible changes in S (Q) can be
observed up to 10A~1. Such changes in S (Q) indicate microstruc-
tural changes in the amorphous material upon annealing.

In order to relate such changes in reciprocal space with changes
real space one has to perform a Fourier transformation of the
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Fig. 3. The total structure factors of gas-atomized (A) and thermally treated (B-D)
CuyyTis3Zr11 NigSi; powder. The inset shows a detailed view of the first diffuse peak
for the as-prepared and thermally treated samples.
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Fig. 4. Pair distribution functions g(r) of gas-atomized (A) and thermally treated
(B-D) Cuy7Tiz3Zry1 NigSi; samples. The inset shows a detailed view of the first coor-
dination shell together with the theoretical bond lengths (explicitly listed in Table 2).

structure factor S (Q), according to Eq. (4). Fig. 4 shows the pair dis-
tribution functions g(r) calculated from the corresponding S (Q)’s
by applying Eq. (5). The inset in Fig. 4 shows a detailed view of the
first broad maximum in g(r) together with the interatomic bond
lengths (sum of atomic radii) and the corresponding weight fac-
tors w;; (denoted by open diamonds), explicitly listed in Table 2.
For the Cug4;Ti3z3Zri1NigSiy glass, there are 15 possible nearest-
neighbour partials with corresponding X-ray weights w;;. Due to
similar size and electronic properties of Cu and Ni and low concen-
tration of weak scatterer such as Si, one can treat given alloy as a
pseudo-ternary system (Cu,Ni)-Ti-Zr. Such simplification reduces
the number of nearest-neighbour partials to six ((Cu,Ni)-(Cu,Ni),
Ti—(Cu,Ni), Zr—(Cu,Ni), Ti-Ti, Ti-Zr and Zr-Zr). From the type and
concentration of constituent elements in the alloy it is clear that
the dominant atomic pairs which determine the shape of the g(r)’s
are Cu-Ti, Cu-Cu, Cu-Zr, Cu-Ni, Ti-Zr, and Ti-Ti (ordered by their
weighting factors wy;). A similar approach for analyzing a multi-
component Zr-based metallic glass has been reported recently
[20]. It should be noted here that the theoretical bond lengths
obtained as a sum of atomic radii are overestimated in case of
atomic pairs exhibiting a negative heat of mixing. For example, the
enthalpy of mixing for Cu-Zr (—-23kJ/mol [32]) indicates strong

Table 2

Fifteen possible nearest-neighbour atomic pairs in the Cu4;Tis3Zr1; NigSi; alloy and
their theoretical bond lengths [r;;, sum of atomic radii (1.28, 1.45, 1.6, 1.25 and 117A
for Cu, Ti, Zr, Ni and Si, respectively)] and weighting factors w;; calculated at Q= 0A-!
according to Eq. (3)

Atomic pair ri (A) Wi

Cu-Cu 2.56 0.2426
Cu-Ti 2.73 0.2585
Cu-Zr 2.88 0.1566
Cu-Ni 2.53 0.0798
Cu-Si 2.45 0.0050
Ti-Ti 2.90 0.0689
Ti-Zr 3.05 0.0834
Ti-Ni 2.70 0.0425
Ti-Si 2.62 0.0027
Zr-Zr 3.20 0.0253
Zr-Ni 2.85 0.0257
Zr-Si 2.77 0.0016
Ni-Ni 2.50 0.0066
Ni-Si 2.42 0.0008
Si-Si 2.34 0.0000

8 .
6+ experiment
— fit
B 4
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Fig. 5. Deconvolution of the first coordination shell into three Gaussians for an as
atomized powder sample (A).

attractive interactions between these pairs. Thus, it is energeti-
cally favourable for part of the Cu atoms to be surrounded by Zr.
This explains why the interatomic distance of Cu-Zr pairs is usu-
ally found to be significantly smaller than the corresponding sum
of atomic radii [33]. Previous measurements on CusgZrso [34] and
CuygZrsq [35] glasses have proved that the typical interatomic bond
length of the Cu-Zr pair is 2.75 A, which is 0.13 A smaller as pre-
dicted from the sum of the metallic radii (see Table 2). The same
effect can be expected for Zr-Ni pair which also exhibits a nega-
tive enthalpy of mixing (—49 kJ/mol [32]). It should be noted here
that the decomposition of the first coordination shell (the first peak
appearing in the pair distribution function) into six partials from
only one independent measurement (in our case X-ray diffraction)
is ambiguous. Despite this fact we modelled the first coordination
shell using three Gaussians in order to describe the changes in the
microstructure of amorphous alloy upon thermal treatment more
quantitatively. Based on atomic sizes, X-ray weights and the above-
mentioned facts we divided the atomic pairs into three groups
(Cu-Cu, Cu-Ni), (Cu-Ti, Cu-Zr, Ti-Ni) and (Ti-Zr, Ti-Ti, Zr-Zr, Zr-Ni)
noted as a, 3 and w, respectively. It was previously shown that for
isotropic systems such as amorphous alloys, the atomic pair dis-
tributions in rg(r) follow Gaussian profiles [36]. Therefore, the first
coordination shell was modelled with three partials «, 8 and o,
all having Gaussian profile. Fig. 5 shows the result of the best fit to
rg(r) for the as-atomized powder (sample A) after subtracting back-
ground due to overlapping contributions from the second shells.
The same procedure was repeated for the heat-treated powders
B, C and D. The results of the quantitative analysis are presented in
Table 3. With increasing temperature all peaks shift slightly towards
higher r-values. On the other hand, the relative areas of o and 3
tend to grow with increasing temperature at the expense of w,
resulting in a sharpening of the first shell. The third Gaussian  is
relatively broad compared to a and {3 since it represents more pairs
having different interatomic separations. The coordination number,
N, calculated according to Eq. (6) from the first coordination shell

Table 3
Best-fit peak position r; (+0.01 A) and relative peak area S (+1%) of the three Gaus-
sians a, 3 and w obtained from deconvolution of the first coordination shell

Gaussian  Peak position (+0.01 A) Relative peak area (+1%)

A B C D A B C D
o 2517 2523 2526 2528 1664 1888 21.72 21.99
B 2.706 2.722 2737 2739 5050 53.19 56.38 55.57

(0] 2964 2993 3.045 3.044 3286 2793 2190 2244
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(range 2.2-3.6 A) of the radial distribution function RDF(r) is equal
to 13 £0.2 and does not change with thermal treatment within the
experimental error.

The observed changes in the first coordination shell suggest
changes in the short-range order of the gas-atomized powder
upon heat treatment below the crystallization temperature. This
is clearly seen from the difference between the pair distribution
function (PDF) for samples A and B shown in Fig. 6 (top). The dif-
ference is negative at short as well as long distances. However,
around the centre of the first PDF peak it is positive. This indi-
cates that treatment as done for sample B leads to elimination of
short and long interatomic distances while the density of average
distances is increased. However for treatments as done for sam-
ples C and D, Fig. 6 (center and bottom plots), the changes in the
main PDF peak are small. Similar observations have been also made
based on neutron diffraction studies in case of Zr-based metallic
glass annealed below the glass transition temperature [37]. Fur-
thermore, a detailed analysis of the two-dimensional diffraction
images shows that annealing at temperatures 723 K (sample C) and
743 K (samples D) already induces the formation of nanocrystals.
As an example, Fig. 7 shows a zoomed part of a two-dimensional
diffraction pattern of sample C, revealing the presence of distinct
spots originating from Bragg diffraction of crystals. As five inde-
pendent scans have been performed for each sample, it can be
said that the observation that the spots appear at different dis-
tances from the origin indicates different diffraction planes while
the change of their azimuth coordinate is due to a slight change of
the sample position relative to the beam when moving the sam-
ple in and out of the beam for background measurement. The spots
were observed at positions corresponding to Debye-Scherrer rings
belonging to diffraction planes having d-spacing of 1.094, 1.282 and
2.027 A. It should be noted here that these spots are of low intensity
and after radial integration of the whole patterns they are averaged
out. Hence, the integrated XRD patterns presented in Fig. 2b do not
show any hint of corresponding Bragg peaks. The glass transition
temperature as measured at 20 K/min for sample A is determined to
be 690K (Table 1). Ty is found to be 746 K. Hence, the thermal treat-

24 26 28 30 32 34 36 38
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Fig. 6. Difference in pair distribution function of Cu4;Tiz3Zrq1 NigSi; powders: (top)
B-A; (center) C-B; (bottom) D-C.

Fig. 7. Detailed view of a two-dimensional diffraction pattern of sample C showing a
distinct spot (marked by the arrow) originating from Bragg diffraction of a crystalline
component.

ments, that have been carried out for samples B, Cand D correspond
to treatments in the supercooled liquid region. It is well known that
the supercooled liquid region is characterized by viscosity changes
of 2-3 orders of magnitude [38], i.e. the viscosity of the supercooled
liquid decreases with increasing temperature. Since viscosity and
diffusivity are inversely related [39], the diffusion increases in the
supercooled liquid region. Diffusion of atoms makes it feasible for
clusters which may temporarily adopt the structure of the crys-
talline solid to be converted to stable nuclei by transfer of atoms
across the interface. Hence, there is the possibility of short-range
ordering/crystallization during thermal treatment. The changes
observed in Fig. 3 and the quantitative changes observed in Table 3
are a manifestation of the microstructural changes caused due to
the thermal treatment. Previous microstructural studies using TEM
have found that thermal treatment in the supercooled liquid region
also leads to formation of 4-6 nm sized nanocrystals in a predomi-
nantly amorphous matrix [40]. However, conventional XRD fails to
detect the presence of these nanocrystals [40]. Thus, synchrotron
radiation measurements as shown here are useful in this aspect and
can give qualitative as well as quantitative information about the
microstructural changes taking place in the material.

4. Conclusions

CuyyTiz3Zr11NigSi; metallic glass powders synthesized by
gas-atomization and subsequently thermally treated have been
characterized using conventional XRD, DSC and synchrotron
light. Calorimetric investigations reveal that the as-atomized
Cuy;Tis3Zrq1NigSiy alloy exhibits a broad exothermic event which is
due to structural relaxation as well as nanocrystallization. Thermal
treatment, as evinced in the calorimetric trace leads to disappear-
ance of this broad exotherm. Conventional XRD fails to detect this
change. Conversely, synchrotron data show changes in the local
structure that occur due to either structural relaxation as well as
formation of nanocrystals. The differences observed are in the total
structure factor. The differences in the first coordination shell upon
thermal treatment can be successfully modelled using Gaussian
profiles.
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