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The Cuq2,6Zr405Al469 and Cus; 7Z167Alg06 amorphous alloys are synthesized in metallic multilayered films
by ion beam mixing in the present study. Formation mechanism of amorphous phases is discussed in
terms of the atomic collision theory. To further analyze the structure and composition of the obtained
Cu-Zr-Al metallic glasses, structure factor S(q) is calculated based on the results of molecular dynamics
simulations. It is found that the Cuy6Zr40.5Al46.9 and Cus;, 7Zrs 7Algo s metallic glasses are mainly consisted
of Al-Zr and Al-Al, Cu-Cu amorphous phases, respectively. The calculated results turn out to match well
with the experimental observation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Since the first finding of millimeter-diameter glassy rods in
the Pd-Cu-Si system [1], the bulk metallic glasses (BMGs) have
attracted tremendous attention due to their superior mechanical
properties and excellent corrosion resistance [2-5]. In particular,
there has been a huge interest in the Cu-Zr-Al system currently,
which is expected to be an advantaged candidate for BMGs because
of its high glass-forming ability (GFA) [6,7]. A series of Cu-Zr-Al
based BMGs or BMG composites have also been obtained in exper-
iments. The obtained BMGs exhibit extraordinarily high strength
and good compressive ductility [8-11]. To clarify the atomic struc-
tures and compositions of the Cu-Zr-Al BMGs, investigations have
been conducted from both experimental and theoretical aspect,
such as using molecular dynamics (MD) simulations by Wang et al.
[12] and in situ synchrotron X-ray scattering measurements by Fan
etal.[13].

To study the glass-forming-ability or glass-forming-region of
the Cu-Zr-Al system, the long range smoothed second-moment-
approximation of tight-binding potential for the Cu-Zr-Al system
has been constructed by fitting the physical properties of Cu, Zr,
Al and their compounds [14]. Based on the constructed poten-
tial, MD simulations were carried out using solid solution model
to compare the relative stability of the crystalline solid solution
versus its disordered counterpart as a function of solute concentra-
tion. Simulations reveal that the physical origin of metallic glass
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formation is crystalline lattice collapsing while solute concen-
tration exceeding critical value, thus predicting a hexagonal
composition region, within which the Cu-Zr-Al ternary metallic
glass formation is energetically favored, as shown in Fig. 1 [14].

For the experimentally obtained Cu-Zr-Al metallic glasses, the
great majority of their compositions fall within the predicted glass-
forming favored region. Further inspecting Fig. 1, one may find that
the experimental work has so far been focused on the Cu-Zr-based
system with minor addition of Al [15-17]. In the present study,
two Cu-Zr-Al multilayered films were designed with the overall
compositions of Cuqi3ZrgpAly7 and CuspZrgAlgy, which are exactly
in the predicted hexagonal region. On one hand, we can study the
metallic glass formation in Al-rich composition, because whether
the Cu-Zr-Al metallic glasses can be obtained in the Al-Zr-based or
the Al-Cu-based system by experiment is still an open issue. On the
other hand, the experimental results can also serve as a comparison
with the MD simulations.

2. Cu-Zr-Al ternary metallic glasses formed by ion beam
mixing

Considering the individual and total thickness of Cu-Zr-Al mul-
tilayered films, the samples were both designed to be 8 layers.
Two sets of initial multilayered films were prepared by deposit-
ing alternatively pure Cu (99.99%), Zr (99.99%) and Al (99.99%) at
a rate of 0.2A/s onto NaCl single crystal substrates in an e-gun
evaporation system with a vacuum level on the order of 10~7 Pa.
The as-deposited Cu-Zr-Al multilayered films were then irradiated
by 200 keV xenon ions in an implanter with a vacuum level bet-
ter than 5 x 104 Pa and the irradiation dose was in a range from
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Fig. 1. The crystal-amorphous state phase diagram derived from MD simulations for
the Cu-Zr-Al ternary system [11], and the “blank” region delimited by the contour
line CDKLHG predicts the formation of amorphous phase.

8 x 10 to 5 x 1015 Xe*/cm?. During irradiation, the sample holder
was always cooled by liquid nitrogen (77 K) and the ion current
density was confined to be about 2 pAcm~2 to avoid overheat-
ing effect. The as-deposited and irradiated Cu-Zr-Al samples were
examined by transmission electron microscopy (TEM) and high res-
olution transmission electron microscopy (HRTEM) for structural
characterization. X-ray fluorescence (XRF) was used to determine
the compositions of the samples.

The composition of the two sets of as-deposited samples are
determined by XRF to be CU]2‘BZI'40.5A145‘9 and CU32.7ZI'5.7A160.6,
which are exactly located in the amorphous formation region pre-
dicted by MD simulation [14]. Metallic glasses were obtained in
the Cuqy6Zr405Al469 and Cusy 7Zrg7Algp g Samples upon ion beam
mixing (IBM) in irradiation dose ranges of 3 x 101> to 5 x 1013
and 1 x 10! to 5 x 10'3 Xe*/cm?, respectively. The HRTEM graphic
and the selected area diffraction (SAD) pattern of the irradiated
Cuq.6Zr405Al46 sample are shown in Fig. 2(a) and (b), respectively.
From Fig. 2(a) and (b), it can be seen that a unique amorphous
phase was synthesized in the Cuy;gZrgos5Alsg samples. Fig. 2(a)
presents the micro-morphology of an homogeneous metallic glass,
and Fig. 2(b) shows the halo due to the amorphous structure.
In the cases of the Cusy7Zrg7Alggg irradiated sample, the bright
field image and selected area diffraction (SAD) pattern are shown
in Fig. 2(c) and (d), respectively. Fig. 2(c) shows the bright field
image with a contrast that can be explained by the presence of
an amorphous dual-phase resulting from a phase separation. The
SAD pattern of Fig. 2(d) shows a unique broad halo as a conse-
quence of the overlapped halos of the two amorphous phases,
indicating a quite similar structure of the two metallic glasses.
For further analysis, energy-dispersive spectrum (EDS) was utilized
to determine the composition of the separated phases formed in
the Cus, 7Zrg7Algg g Samples, however, the composition differences
could not be detected possibly due to the limitation of instrument
accuracy.

By comparing the halos shown in Fig. 2(b) and (d), it can
be found that their locations are varied, showing that there are
some structural or compositional differences existing between
the two amorphous phases. Based on the camera constant and
measured radius of halos in SAD patterns, the average distances
of nearest-neighbor atoms were estimated to be 2.30A and 2.76 A
for the CujygZra05Als69 and Cusy;Zrg7Alggg metallic glasses,

200nm

Fig. 2. HRTEM image (a) with the corresponding SAD pattern (b) of the
Cuy2,6Zra05Al469 alloy and bright field image (c) with the corresponding SAD pattern
(d) of the Cusy 7Zrs7Algos alloy after an irradiation dose of 3 x 105 Xe*/cm?.

respectively. The structures and compositions of the two metallic
glasses will be discussed in detailed in Section 3.

According to the atomic collision theory [18,19], the process of
IBM in the Cu-Zr-Al multilayered films occurs as follows: initially,
a sequence of ballistic collisions induce the interfacial mixing in the
Cu-Zr-Al multilayered films upon ion irradiation, and after irradi-
ation to an adequate dose, atomic mixing would result in forming
a highly energetic and disordered Cu-Zr-Al atomic mixture. When
the atomic collision cascade is eventually terminated, the highly
energetic mixture has to relax toward equilibrium. However, the
relaxation period is extremely short, lasting for about 10-10s, so
only a very minor atomic rearrangement could take place. Thus,
the complete relaxation of the highly energetic state may become
frustrated, and therefore the disordered state was preserved, lead-
ing to the formation of amorphous phases in the Cuy;Zr405Al469
and Cusy 7Zrg7Algp 6 Samples.

3. Structural quantities of the Cu-Zr-Al metallic glasses

As shown above, the Cu-Zr-Al amorphous alloys were obtained
by IBM in the CU12_6ZF40.5A146_9 and CU32.7ZI‘6.7A160.5 Samples, and
the compositions were right in the predicted glass-forming favored
region by MD simulations. Interestingly, some structural or compo-
sitional differences were also found in the two amorphous phases
synthesized by IBM. To develop a better understanding of the atom
configurations in the amorphous alloys, structure factor S(q) [20,21]
as a function of wave vector q, was derived for the two Cu-Zr-Al
alloys.

From the atom positions obtained in MD simulations, the struc-
ture factor S(q) can be calculated as following. Specifically, in a cubic
box, we may examine fluctuations for which k=(2m/L)(kx, ky, kz),
where Lis the box length and ky, ky and k; are integers. One quantity
of interest is the spatial Fourier transform of the number density
[22]

N

(k) = Zexp(il; ) (1)

i=1
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Fig. 3. Calculated total and partial static structure factors of the Cuy,,6Zr405Als69 (a) and Cusy 7Zrg7Algo6 (b) samples.

Fluctuations in p(k) are related to the structure factor S(q)

S(q) = N"Y(p(q)p(—q)) (2)

which may be measured by neutron or X-ray scattering exper-
iments. Thus, S(q) describes the Fourier components of density
fluctuations in the samples. It is related, through a three-
dimensional Fourier transform to the pair distribution function, and
S(q) can be expressed in terms of partial structure factors as

> VEaiciifiSi(q)
S(q)iZ of?

where S;;(q) are Ashcroft-Langreth’s [23] partial structure factors

(3)

* sin(gr
Sij(@) = & + Cicfp/ [g;(r) - 11%4711'2 dr (4)
0

where p is the total number density, C; is the concentration of the
i species, and fi(q) are the X-ray scattering factors of the atoms of
type i tabulated by Doly and Turner [24].

Based on the above formulas and MD simulation data in ref-
erence [14], the total and partial structure factors S(q)s of the
Cuqyy6Zr405Al469 and Cusy7Zrg7Alggg samples were calculated,
and the results are shown in Fig. 3(a) and (b), respectively. In the
figures, both total S(q) curves are mainly consisted of first sharp
peak and second, third low-lying peaks, and when g increases up
to 10A-1, the curves begin converging to 1. It can be observed that
the two total S(q) curves both correspond to amorphous phases,
and the first sharp peaks present nearest-neighbor atoms. For com-
parison, the two total S(q) curves are both presented in Fig. 4,
and the first sharp peaks locate at g=2.75 and q=2.50A-1, for
the CuyygZrgosAlysg and Cusy7Zrg7Algge samples, respectively.
It is therefore determined that the average distances of nearest-
neighbor atoms are calculated tobe 2.29 Aand 2.51 A. As mentioned
in the IBM experimental results, the halo locations of the two
metallic glasses are different, by comparing the two sets of nearest-
neighbor atom distances, we found a good agreement between the
calculated and the IBM experimental results.

From Fig. 3(a), it is found that the total S(q) of Cuy3.6Zr405Al46.9
samples is mainly consisted of Al-Al, Al-Zr and Zr-Zr partial 5(q)s,
as the contributions of other curves such as Al-Zr, Cu-Zr and
Cu-Cu are nearly zero, they have thus not been shown in the
figure. Accordingly, it could be supposed that the metallic glass
obtained in the CuyygZrsgsAlysg samples is consisted of Al-Zr
based unique amorphous phases with some few Cu atoms dis-
solved in it. Basically, the deduction is considered to be reasonable
because of the following actual factors: the atomic percent of Cu
in Cuqy6Zry05Al469 samples is at around 12%, and also, Cu atoms

could easily be dissolved into the Al-Zr-based matrix because of
the minor atomic radius. Similar calculated results are observed in
Fig. 3(b), and the amorphous matrix in the Cusy7Zrg7Algos Sam-
ples is reflected by the total S(q) curve. In Fig. 3(b), Al-Al, Al-Cu
and Cu-Cu partial S(q) curves are listed, and Al-Zr, Cu-Zr and
Zr-Zr partial S(q)s are neglected since their contributions are small.
Accordingly, it is found that the contribution of Al-Al partial S(q)
is dominant, followed by that Cu-Cu partial one, and the con-
tribution of cross-term Cu-Al partial S(q) is nearly zero, which
is different from the results of CujygZrsosAlssg samples. Based
on the calculated results, the metallic glasses synthesized in the
Cusy 7Zrg7Algp ¢ Samples are mainly consisted of Al-Al and Cu-Cu
amorphous phases, consisting with the results of phase separation
of two amorphous phases in IBM experiment. Therefore, we can
conclude that Al-Al and Cu-Cu based metallic glasses were both
synthesized in the whole Cus; 7Zrg7Algg ¢ irradiated samples, and
only trace amount of Al-Cu combination were existed.

Based on the discussion above, the Cuj;gZrs05Al469 and
Cusy 7Zrg7Algg ¢ irradiated samples are mainly consisted of Al-Zr,
and Al-Al, Cu-Cu based amorphous phases, respectively. Accord-
ing to Miedema’s model [25], the formation heats of Al-Zr and
Al-Cu are —83 and —10KkJ/mol, respectively, indicating that there is
a more intense binding force between Al and Zr rather than Al and
Cu, which makes the combination of atoms Al and Zr closer, i.e. a

S(q)

a(A™)

Fig. 4. Calculated total static structure factors of the CujpeZraosAlssg and
Cusy7Zre7Algos samples.
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shorter distance of nearest-neighbor atoms. Otherwise, the forma-
tion heat of Al-Cu is near to zero, which is not effective enough for
driving the combination of Al and Cu atoms, and it is this reason
that a phase separation occurred in the Cus;7Zrg7Alggs samples
instead of forming unique Al-Cu based amorphous phases.

4. Conclusions

In summary, for the Cu-Zr-Al system, CuqyZrs05Al469 and
Cusy 7Zrg7Algps metallic glasses were obtained by ion beam
mixing, and the composition locates exactly in the Cu-Zr-Al glass-
forming favored region calculated by MD simulations. According
to the MD simulation results, structure factors of the two
Cu-Zr-Al alloys were calculated and the results revealed that the
Cuq26Zr405Al469 and Cusy 7Z1rg7Algg ¢ metallic glasses are mainly
consisted of Al-Zr and Al-Al, Al-Cu based amorphous phases,
respectively, showing a quite good agreement with the available
experimental results.
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