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The structural origin of the high glass-forming ability (GFA) in Gd-doped CuZrAl bulk metallic
glasses was investigated via synchrotron radiation techniques combined with simulations. It is found
that 2 at. % Gd addition increases and stabilizes the solute-centered clusters, which leads to the
relatively high atomic- and cluster-level packing efficiency and GFA in CuyZr,sAl;Gd, alloy.
However, the presence of AI-Gd solute-solute bonding in CuysZry,Al;Gds decreases the packing
efficiency, deteriorating the GFA of this alloy. These findings may extend our understanding on the
sensitive dependence of GFA on the concentration of doping atoms in a number of multicomponent
bulk metallic glasses. © 2010 American Institute of Physics. [doi:10.1063/1.3485117]

Recently, the minor addition technique has been exten-
sively applied to search for bulk metallic glasses with high
glass-forming ability (GFA) and unique properties.l_4 For in-
stance, it was found that minor addition in CuZrAl alloys
would enhance its GFA that amorphous rods with centimeter-
scale critical diameter could be fabricated,sf11 which indi-
cates that CuZrAl-based multicomponent bulk metallic
glasses have potential application as engineering materials.
So far, phase separation and symmetry of clusters have been
studied, which were suggested to contribute to the enhanced
GFA in Gd-doped CuZrAl alloys.lz’13 However, the origin of
the high GFA caused by microalloying is still not well un-
derstood. In particular, the atomic structures of these Gd-
doped amorphous alloys are not revealed, which may have a
significant impact upon their formation.* In this work, a se-
ries of state-of-the-art synchrotron radiation-based experi-
ments and simulations are performed to investigate the
atomic structures of CuZrAlGd glassy alloys. It is found that
minor Gd addition can change the local structure around sol-
ute atoms (such as Al atoms), contributing to a high packing
efficiency and the increase in GFA. We also explained the
sensitive dependence of GFA on the Gd concentration dem-
onstrated by experimentsg_11 from the perspective of atomic
structure.

CuyZry;_Al;Gd, (x=0,2,5) amorphous ribbons were
fabricated usin% the same preparation method described in
previous work. * Their amorphous structural natures were
confirmed by Cu K, x-ray diffraction and high-resolution
transmission electron microscopy. Subsequently, another
synchrotron radiation-based x-ray diffraction measurement
was performed for all samples at beam line BW5 of Hasylab
in Germany, with high energy x-rays of 108.9 keV. Two-
dimensional diffraction patterns were recorded by a Mar345
image plate, and further transferred into reciprocal space data
via a standard procedure of reduction, resulting in a structure
factor S(Q) and correspondingly reduced to a pair distribu-
tion function G(r). Transmission mode was adopted to mea-
sure Zr K-edge (17.998 keV), Cu K-edge (8.979 keV) and
Gd Ls-edge (7.243 keV) extended x-ray absorption fine
structure (EXAFS) for ribbon samples at beam lines X1 and
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E4 in Hasylab. The EXAFS data were further normalized to
obtain high signal-to-noise ratio spectra via a standard
procedure > by using software VIPER. Moreover, reverse
Monte Carlo (RMC) simulation upon four sets of S(Q) and
EXAFS data simultameouslylé’17 was carried out by using
cubic boxes containing 40 000 atoms to match the selected
CuyeZry;_4Al;Gd, compositions. Finally, the structural model
obtained by RMC simulation was analyzed by using the
Voronoi tessellation method.'*"

Figures 1(a)-1(d) show the experimental S(Q), Zr,
Cu K-edge, and GdLj;-edge EXAFS data of
CuyeZry;_ Al,Gd,. Slight differences are detected in Fig. 1.
Because of the rather low and experimentally inaccessible
energy value of the Al K-edge (1.560 keV), EXAFS did not
allow to measure the local structure around the Al atoms.
Therefore, more detailed structural information is needed.
The RMC-base simulated patterns of CuysZrysAl;Gd, (those
of CuyeZry7Al; and CuygZrs,Al;Gds are not shown here) are
plotted in Figs. 2(a) and 2(b), along with their corresponding
experimental data. The good matching between experimental
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FIG. 1. (Color online) (a) Structure factor S(Q), (b) Zr K-edge, (c)
Cu K-edge, and (d) Gd Ls-edge EXAFS spectra. The solid, dashed, and
dotted lines denote CuyeZry;Al;, CuyeZrysAl;Gd,, and CuyeZry,Al;Gds,
respectively.
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FIG. 2. (Color online) Experimental (solid line) and simulated (dotted line)
curves of (a) S(Q), (b) Zr K-edge, Cu K-edge, and Gd L;-edge EXAFS.
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and simulated pairs confirms the quality of this simulation.
Furthermore, the atomic-level structural results of
CuyeZry;_Al;Gd, samples could be deduced from the RMC
simulated structural model, which are listed in Table I, in-
cluding the first-shell coordination numbers (CNs) and
atomic pair distances.'” The cut-off distances are set to be
3.90 A, 3.60 A, 3.60 A, 4.10 A, 3.30 A, 3.30 A, 3.80 A, 3.40
A, 390 A, and 4.50 A for Zr—Zr, Zr—Cu, Zr-Al, Zr-Gd,
Cu—Cu, Cu-Al, Cu-Gd, Al-Al, Al-Gd, and Gd-Gd atomic
pairs, respectively. It is found that both the CNs and pair
distances around Cu and Zr centers barely change when the
Gd concentration increases from O to 2 and 5. However, it is
worth noticing that both the CN of Al centers and Al-Zr

TABLE 1. Atomic structure information, including: first-shell CNs of M (M =Zr, Cu,
Al, and Gd) atoms and atomic pair distances obtained by RMC simulation.

CuyeZryzAly CuyeZrysAl;Gdy CuyeZrypAl;Gds
R(A)+0.01 CN=0. R(A)*001 CN=x0. R(A)*0.01 CN=xO0.l

Cu-Cu 2.59 5.0 2.60 5.1 2.60 52
Cu-Zr 2.88 5.4 2.89 5.0 2.89 45
Cu-Al 2.61 0.7 2.60 0.7 2.61 0.7
Cu-Gd 3.04 03 3.05 0.6
Zr—Cu 2.88 5.4 2.89 5.7 2.89 538
Zr-Zr 3.20 5.9 3.19 5.4 3.20 5.0
Zr-Al 2.82 038 276 038 2.80 0.7
Zr-Gd 327 02 329 0.6
Al-Cu 2.61 4.9 2.60 5.1 2,61 54
Al-Zr 2.82 5.7 2.76 5.1 2.81 49
Al-Al 2.70 0.1 2.70 0.1 271 0.1
Al-Gd 3.14 0.0 3.15 0.4
Gd—Cu 3.04 6.7 3.05 6.8
Gd-Zr 342 5.8 343 52
Gd-Al 3.14 0.1 3.15 05
Gd-Gd 0.0 3.56 0.2
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FIG. 3. Distribution of Voronoi clusters centered with (a) Al and (b) Gd
atoms.

length in CuyZr,5A1,Gd, are obviously smaller than those in
CuyeZry;Al; and CuygZry,Al;Gds. This indicates that the Al-
centered local structure in CuyZrysAl;Gd, may be different
from those in CuyeZry;Al; or CuygZryrAl;Gds.

To obtain more structural information, the Voronoi tes-
sellation method was performed to investigate the micro-
structure at cluster scale.” Considering the concentrations of
Zr, Cu, Al, and Gd components in the selected ZrCuAlGd
alloys, Zr and Cu atoms should be regarded as solvents while
Al and Gd atoms as solute spheres. Usually solutes are re-
garded as the centers while solvents are regarded as the shell
atoms of a cluster in some atomic structural models, such as
the quasiequivalent cluster model®! and the efficient dense
packing models.”>* Thus, we only deduce Voronoi clusters
centered with the solute spheres (Al and Gd atoms) here. The
corresponding distributions of various Voronoi clusters with
Al or Gd centers are plotted in Fig. 3. It is interesting that the
clusters with large (small) CNs have obviously lower
(higher) fractions in CuyZrssAl;Gd, than in CuyeZry;Al;.
For instance, the 12-CN “large” clusters indexed as
(0,0,12,0),¢0,2,8,2), and 0,3,6,3) have a total weight of
12% and 7% in CuyueZry;Al; and CuyeZrysAl;Gd,, respec-
tively. However, when adding 5 at. % Gd in CuZrAl, on the
contrary, the large (small) clusters account for relatively
higher (lower) fractions. Concerning the clusters centered
with Gd atoms, it is observed that their distributions are al-
most the same in both Gd-containing glassy alloys. To fur-
ther analyze the cluster-scale local structure, we calculated
the volumes of Voronoi clusters centered with Al or Gd sol-
ute atoms in CuyeZry;_ Al;Gd, samples. The volume differ-
ence of Al- or Gd-centered clusters between CuygZry;Al;
and CuyeZrysAl;Gd,, and between CuygZrysAl,Gd, and
CuyeZryrAl;Gds are plotted in Fig. 4. It is found that all the
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FIG. 4. The volume differences of Voronoi clusters centered with (a)
Al and (b) Gd atoms. The solid and striped columns denote the relative
volume  differences  between  CuyeZrysAl;Gd, and  CuyeZry,Aly
Veuzrqal,), and between CuyeZry,Al;Gds
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and  CuyeZrysAl,Gd,
respectively.

Al-centered clusters in CuygZrysAl,Gd, are smaller than their
counterparts in CuyeZry;Al;, which is due to the fact that
Al-Zr bonds are relatively shorter in the former. However,
the volumes of all the Al-centered clusters increase instead of
decrease when Gd concentration increases from 2% to 5%.
For various Gd-centered clusters, there is no obvious volu-
metric increase or decrease between these two samples.
These results also indicate that the local structure around Al
atoms rather than Gd centers is strongly related to the Gd
concentration.

Based on the results deduced above, we can reveal the
origin of enhanced GFA caused by 2 at. % Gd addition in
CuZrAl from structural perspective as follows. First, as sug-
gested in an efficient packing model, if the atomic structure
is made up by dense packing of smaller (larger) clusters cen-
tered with a (B) solute atoms, it contributes to the formation
of glassy alloys.24 In CuyeZrysAl,Gd,, it is evident that Al
(Gd) solute atoms are apt to locate in the center of relatively
smaller (larger) clusters, leading to avoidance of solute—
solute bonding.25 These solute-centered clusters should be
the favored building blocks in glassy alloys. Compared with
CuyeZr,7Al;, more Cu and Zr solvents atoms take the shell
sites in the Al or Gd centered clusters, which result in higher
packing efficiency in atomic structure.”® Second, it is con-
firmed that the volumes of various Al-centered clusters in
Cuy¢ZrysAl,Gd, universally decrease compared with their
counterparts in CuyeZry;Al;, which indicates that atoms are
more densely packed inside the clusters in the former. Both
the atomic and cluster dense packing effects discussed above
can significantly enhance the GFA of CuyZr,5Al,Gd, alloy.

On the other hand, the deterioration of GFA by adding
5 at. % Gd in CuZrAl also could be explained. First, it is
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shown in Table I that some Al and Gd solute atoms are
directly connected with each other in CuygZr,,Al,Gds while
not in CuyeZrysAl;Gd,, which leads to structural frustration
in forming ideal solute-centered clusters®! % densely
packed in the former. Second, some Gd large atoms take the
shell sites in Al-centered clusters in CuyZry,Al;Gds. These
clusters accordingly expand by 1%—-6% compared with those
in CuyZrysAl;Gd,, which may decrease the atomic-level
packing efficiency inside these clusters.

In summary, the atomic structures of CuyeZry;_Al;Gd,
glassy alloys are investigated. It is revealed that 2 at. % Gd
addition can affect the local structure around Al atoms, lead-
ing to higher atomic- and cluster-level packing efficiency.
This is the structural origin of high GFA in CuyeZr,sAl;Gd,.
However, when 5 at. % Gd atoms are added, its packing
efficiency decreases rather than increases due to the direct
Al-Gd solute-solute bonding, resulting in the deteriorated
GFA in this composition.
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