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Advancing Bulk Metallic Glass Formation: Utilizing
Rare-Earth Elements in Zr-Based Alloys

KRZYSZTOF PAJOR, ŁUKASZ GONDEK, DOROTA TYRAŁA, PIOTR BŁYSKUN,
ŁUKASZ CIENIEK, and TOMASZ KOZIEŁ

Zr-based bulk metallic glasses (BMGs) are characterized by excellent glass-forming ability,
combined with superior mechanical properties. However, oxygen impurities degrade both these
aspects as oxides serve as heterogeneous nucleation sites during solidification. Rare-earth
elements (REEs) are known to be good oxygen scavengers, binding oxygen to less harmful
forms. The most stable rare-earth oxide (REO) is M2O3, which occurs in three polymorphic
forms, depending on the radius of metal cation: cubic, hexagonal, and monoclinic. Here, we
show the effect of Sc, Y, Lu, Nd, and Gd additions in relation to the oxygen content on the
glass-forming ability of the Zr52.5Cu17.9Ni14.6Al10Ti5 alloy. Microscopic observations (SEM)
supported by chemical analysis (EDS, WDS), structure identification (XRD), and thermal
analysis (DTA) were carried out. The critical diameter for glass formation (Dc) in the high
oxygen alloy doped with cubic oxide-forming elements (Sc, Y, and Lu) can be even higher
(Dc = 9 mm) compared to the undoped alloy synthesized from low oxygen components.
Therefore, we have demonstrated that it is feasible to produce BMG using low-purity
constituents with REE-based oxygen scavengers. This bridges the gap between laboratory
development and cost-effective commercial applications.
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I. INTRODUCTION

OXYGEN contamination in Zr-based bulk metallic
glasses (BMGs) has been the subject of scientific
research for many years.[1–3] It is well known that this
impurity is the key limiting factor for wide application
of BMGs, as it degrades their glass-forming ability
(GFA) and mechanical properties.[4–6] The most oxy-
gen-sensitive GFA parameter is the critical diameter
(Dc—maximum amorphous thickness), which has a
logarithmic dependence.[6] Therefore, high-purity com-
ponents and strict casting conditions, such as vacuum
systems and protective atmospheres, are required during
BMG production, thus, generating high synthesis costs.

The vitrification of BMG alloys using commercial
purity components is very difficult. The first approach
was reported by Turnbull’s group, where a 1 cm sample
without crystalline products was obtained through the
deoxidation of the Pd40Ni40P20 alloy in a molten flux of
dehydrated boron oxide.[7] However, this procedure is
complicated, since it involves multiple alloy remelting,
together with the initially prepared high-purity B2O3

(preheated at 1000 �C for 36 hours in a palladium
crucible to remove residual water). The remelting cycle
temperatures had to be carefully selected to not exceed
or go below the glass transition temperatures of the
alloy and B2O3, respectively. These very strict conditions
make this method unsuitable for a wide range of
applications.

Alternatively, Hydrogen Arc Melting (HAM) has
been proposed as a method of deoxidizing BMGs.[8]

Increasing the hydrogen percentage in the gaseous
mixture allowed to decrease the oxygen content in the
alloy from 900 to 270 wt ppm. However, this method
also has its limitations. Hydrogen can form gas bubbles
in the as-cast alloys or be absorbed by the melt, affecting
its glass-forming ability and the physical properties of

final product.[8,9] The simplest approach for reducing
oxygen impurities is doping with elements possessing
higher affinity to oxygen compared to the constituent
elements.
Due to the high Gibbs free energy of ZrO2 formation

(� 521.4 kJ mol�1 per mole of oxygen at 25 �C[10]), the
ideal candidates are rare-earth elements (REEs), as most
of them are characterized by even higher free energy of
oxide formation (examples for investigated REE: Sc2O3

� 606.5 kJ mol�1
, Y2O3 � 605.5 kJ mol�1

, Lu2O3

� 596.3 kJ mol�1
, Gd2O3 � 577.4 kJ mol�1, and Nd2O3

� 573.7 kJ mol�1).[10] However, not all REEs can be
easily used for various reasons, such as too low
evaporating temperature (Sm, Eu, Yb), spontaneously
combustion when exposed to air (Pr, Eu) or radioactiv-
ity (Pm). There are a lot literature reports on dealing
with Zr-based BMG doping with Sc,[11–13] Y,[14–21]

La,[11,22] Ce,[21–23] Pr,[23] Nd,[21,22,24] Gd,[20–23] Tb,[20,23]

Dy,[20,21] Ho,[20] Er,[15,20] Tm,[20] Yb,[20] and Lu.[20,21,25]

However, only two of the papers cited above gave a
specific concentration of REE in relation to oxygen
content, whereas other papers actually studied com-
bined scavenging and alloying effects.[11,12]

The use of an appropriate amount of REE for the
doping of metallic glasses is of great importance. While
the scavenging effect has a generally positive effect on
glass-forming ability, the alloying effect can change the
composition of the matrix, leading to partial crystal-
lization during solidification. In addition, REEs are
expensive materials due to limited availability and costly
extraction and should, therefore, be used in strictly
defined quantities.
In our previous work, we presented a novel approach

of doping the ternary Zr50Cu40Al10 glass-forming alloy
with a known oxygen content and including contami-
nations originating from the REEs.[26] The rare earths
were selected based on the crystallographic structures of
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their sesquioxides, which are stable in the temperature
range of alloy synthesis: cubic (Sc2O3, Y2O3, and
Lu2O3), hexagonal (Nd2O3), and with the polymorphic
transition from monoclinic to cubic (Gd2O3).

[27] In this
study, these aspects were studied in greater detail in the
more complex quinary Zr52.5Cu17.9Ni14.6Al10Ti5 alloy.
As will be demonstrated, the effect of doping can differ
significantly depending on the alloy system.

II. MATERIAL AND METHODS

The alloys of nominal composition (at. pct)
Zr52.5Cu17.9Ni14.6Al10Ti5 were prepared using high-
purity elements (at least 99.99 wt pct) and two Zr metal
purities: 99.95 wt pct (nominal oxygen level of 150 wt
ppm) and 99.8 wt pct (nominal oxygen level of 1200 wt
ppm). Depending on the Zr purity, the as-cast samples
were designated as low oxygen (LO) and high oxygen
(HO), respectively. The appropriate amount of
rare-earth dopant necessary to scavenge all oxygen
from the solution (including contamination coming
from themselves, see procedure described in Reference
26) was calculated based on oxygen analysis in the HO
variant. This was done via the inert gas fusion method
(LECO RO 416 DR, ASTM E1409 standard) and the
following REE-oxygen relations: stoichiometric
(sesquioxide M2O3—hereafter referred to as 2/3), dou-
ble- (4/3), and triple-stoichiometric (6/3) (REE = Sc, Y,
Lu, Gd, and Nd). Alloys were synthesized by means of
arc melting in a high-purity Ti-gettered argon (6N)
atmosphere and then suction cast into copper mold
rod-shaped cavities (dia. 3 to 10 mm). The water cooling
system temperature was set to 290 ± 1 K
(17 ± 1 �C).[28]

The microstructure observations, phase analysis, and
thermal studies were carried out on samples taken from
the central part of the as-cast alloys. The critical
diameters (Dc) were determined based on scanning
electron microscopy (SEM, FEI Nova NanoSEM 450)
and X-ray diffraction (XRD, Panalytical Empyrean).
The largest diameter of the alloys characterized by the
absence of diffraction peaks and the presence of only
trace amounts of crystals was considered to be Dc. The
chemical composition was measured using energy-
dispersive X-ray spectroscopy (EDX, EDAX Apollo
X, Octane Elect Plus) and wavelength-dispersive X-ray
spectroscopy (WDS, EDAX TEXS HP, Transition
Element X-ray Spectrometer—High Precision) detectors
installed within the SEM.

The GFA was studied using differential thermal
analysis (DTA, Setaram Labsys) at a constant heating
rate of 20 K/min in a protective argon (5N) gas flow of
20 ml/min. On the DTA curves, characteristic temper-
atures were determined: Tg—glass transition (inflection
point according to ASTM E1356 standard), Tx—onset
of crystallization, Tp—peak of crystallization, Tm—
solidus, Tl—liquidus. Based on these values, the GFA
indicators with the best coefficient of determination to
the Dc were calculated: DTxg = Tx � Tg, Trg = Tg/Tl,
and d = Tx/(Tl � Tg).

III. RESULTS AND DISCUSSION

A. Oxygen Contamination and Characterization
of Reference Alloys

The oxygen level in the reference (undoped) LO and
HO variants was measured to be 565 ± 58 and 957 ± 62
wt ppm, respectively. It means that oxygen contamina-
tion in the LO alloy originates not only from Zr (the
nominal oxygen concentration of 150 wt ppm according
to the producer certificate), but also from other com-
ponents (probably Ni and Ti). These oxygen levels
allowed to obtain Dc = 6 mm for LO alloys and below
3 mm for the HO alloy (XRD diffraction patterns shown
in Figure 1). Casting rods with a smaller diameter (e.g.,
1 or 2 mm) is problematic due to the high cooling rate in
a copper mold, which leads to clogging below the inlet
and the formation of many casting defects. Liu et al.[29]

achieved 7 mm glassy samples of the Zr52.5Cu17.9
Ni14.6Al10Ti5 alloy prepared from an extremely high-
purity Zr crystal bar with oxygen content of 12.3 at.
ppm (2.2 wt ppm). Kündig et al.[11] obtained Dc = 4
mm in this alloy with oxygen content in the range of 100
– 120 wt ppm, while Dc = 6 mm for 90 wt ppm. More
comprehensive studies were carried out by Campos
Neto et al.,[30] who synthesized several alloys with
oxygen levels between 200 and 1250 wt ppm. According
to the criterion of the 5 pct threshold crystalline areas,
they obtained 6 mm for 500 wt ppm. This means that the
oxygen level is only one factor affecting glass-forming
ability, and the effect of processing route should not be
neglected. As we showed in Reference 28, the water
cooling system (WCS) temperature dramatically affects
the axial cooling rate (CR) in the casting process. This
effect is more evident in the case of smaller diameters.
For example, axial CR of a 3 mm cast is 212 and 177 K/s
for WCS temperatures of 290 K (17 �C) and 295 K
(22 �C), respectively. Similarly, for a 5 mm cast sample,
the axial CR is 65 and 55 K/s, respectively. Therefore,
ensuring proper casting conditions is as important as
using high-purity constituent elements.
As mentioned previously, the nominal additions of

REEs were calculated based on HO variant analysis,
and are summarized in Table I, along with the actual
added REE amounts.

Fig. 1—X-ray diffraction patterns (amorphous—black, partially
crystalline—gray) of reference LO and HO alloys.
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Figure 2 shows selected SEM-backscattered electron
(BSE) images of the reference (undoped) LO and HO
alloys. Microscopic observations of 6- and 7-mm diam-
eter LO samples confirmed the XRD results. A feature-
less appearance was observed only for the 6-mm dia.
sample [Figure 2(a)], whereas in the central part of the
7-mm dia. sample [Figure 2(b)], several crystallites can
be seen, which were also detected in the XRD.
SEM-EDX analysis indicates no difference between the
matrix (Figure 2; Table II, spot 2) and the crystalline
areas (spot 3). This is probably related to the polymor-
phous transformation, i.e., crystallization without chem-
ical composition change. To identify this phase, an
additional 10-mm diameter sample was cast, which lead
to increased peak intensity (Figure 3). According to
database records (mp-13470 number), the lattice param-
eters of Zr3Al2 are a = b = 7.65 Å, c = 6.98 Å.[31] In
the literature, a variety of lattice parameters of tetrag-
onal Zr3Al2-like phases have been reported. Campos

Neto et al.[30] estimated the parameters of this phase in
Zr52.5Cu17.9Ni14.6Al10Ti5 alloy as a = 7.40 Å, c = 6.66
Å. In turn, Xing et al.[32] identified Zr3Al2 in Zr69.5Cu12
Ni11Al7.5 with a = 7.88 Å, c = 7.10 Å. The difference
in lattice parameters results from the supersaturation of
this phase by various elements during polymorphous
crystallization. The stoichiometric chemical composition
of Zr3Al2 is 60 pct Zr/40 pct Al, while in the investigated

Table II. Results of SEM-EDX Semiquantitative Analysis of

References Alloys (Fig. 2), At. Pct

Alloy Spot Zr Cu Ni Al Ti Phase

LO-6 mm 1 51.3 17.4 13.7 12.8 4.8 matrix
LO-7 mm 2 51.4 17.1 13.5 13.4 4.6 matrix
LO-7 mm 3 52.0 17.0 13.5 13.1 4.4 Zr3Al2
HO-3 mm 4 51.4 17.4 13.3 13.1 4.9 matrix
HO-3 mm 5 49.5 16.8 9.9 19.9 3.9 s3

Fig. 2—Microstructures (SEM-BSE) of the reference alloys. Top row shows 6-mm (a), 7-mm (b), and 10-mm (c) diameter LO samples. Bottom
row (d through f) shows the 3-mm diameter HO sample. (f) shows the WDS line scan of oxygen content. White arrows mark areas of EDX
analysis (results given in Table II).

Table I. Nominal and Actual Rare-Earth Additions in (Zr52.5Cu17.9Ni14.6Al10Ti5)100-xREEx Alloy (HO Variant)

REE-to-Oxygen Ratio Nominal REEs Additions (At. Pct)

Actual REEs Additions (At. Pct)

Sc Y Lu Gd Nd

2/3 0.290 0.292 0.307 0.310 0.290 0.333
4/3 0.580 0.588 0.653 0.667 0.581 0.780
6/3 0.869 0.888 1.045 1.082 0.873 1.408
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alloy, this ratio is 52.5 pct Zr/10 pct Al. Other
components can replace Zr and Al, having metallic
radii of 160 pm and 143 pm, respectively. The metallic
radii of Cu and Ni (total concentration of both elements
in the investigated alloy is 32.5 pct) are 128 pm and 124
pm, respectively.[33] Significant differences in atomic
radii of constituents affect the parameters of the unit
cell, leading to diffraction peak shifting relative to its
reference positions in database. In our case, Le Bail
refinement revealed that two Zr3Al2-like phases (space
group P42/mnm) with slightly different lattice parame-
ters could have contributed to the diffraction pattern.
The parameters are a = 7.4011(1) Å, c = 6.6514(1) Å
for the main phase (first row of Bragg reflections in
Figure 3), and a = 7.4405(1) Å, c = 6.6886(1) Å for
the secondary phase (second row of Bragg reflections in
Figure 3). The necessity of using two phases is evident
after inspecting the reflection shapes between 30 and
40 deg of 2h, as presented in Figure 3’s inset. This
finding is in line with previously discussed literature
data.

SEM-BSE images of the 3-mm diameter cast HO
alloy rod are shown in Figures 2(d) through (f). In this
case, a small amount of dendritic phase is randomly
dispersed across the transverse cross section. Such
inclusions in Zr-Cu-Al-(Ni, Ti) alloys with increased
oxygen levels are often interpreted as NiZr2 or Zr4Ni2O
phases.[34,35] More convincing interpretation was pre-
sented in the last few years, referred to the s3 phase
(Zr51Cu28Al21) that is associated with oxygen impuri-
ties.[4,26,36–38] According to Zhou et al.,[38] the oxygen
contamination in the alloy is responsible for the
stabilization of this phase and, depending on the level,
affects its morphology, volume fraction, and oxygen
content in the phase itself. The authors showed that very
low oxygen amounts (86 wt ppm) allowed obtaining a

precipitate-free casting in the Zr50.75(Cu90Ni10)40.25Al10
alloy, while at 350 wt ppm, they observed small
precipitates of regular shapes. A further increase in the
oxygen level increased the size and complexity of the s3
phase, reaching a maximum at 830 wt ppm, above which
no significant changes were found. The morphology of
s3 takes on a dendritic shape, which suggests its
formation in liquid phase. Our previous work confirmed
this statement, where the s3 was stable far beyond the
melting temperature of the Zr50Cu40Al10 alloy. In the
experiments carried out by Zhou, the lattice parameter
of the s3 phase (space group Fm3m) depended on the
oxygen content and was calculated to be 11.895, 11.898,
11.907, and 11.904 Å for 350, 660, 830, and 1900 wt
ppm, respectively.[38] The results presented in this work,
i.e., morphology (Figures 2(d), (e)), chemical composi-
tion (Table II, spot 5) and WDS line scan [Figure 2(f)]
all indicate towards the formation of the s3 phase.

B. Alloys Doped with Cubic Oxide-Forming REEs

Our previous investigations of the Zr50Cu40Al10 alloy
with a high oxygen level showed that the best scavenging
effect was obtained when doping with cubic oxide-form-
ing REEs (Sc, Y, and Lu).[26] The largest critical
diameter was determined in alloys doped with Y, with
the Dc increased from< 3 mm up to 8 mm for the 6/3
variant, whereas Sc and Lu only allowed for Dc values of
5 mm and 6 mm, respectively. In this study, all cubic
sesquioxide-forming elements increased the glass-form-
ing ability up to 9 mm, although some differences can be
seen.
Figure 4 shows the X-ray diffraction patterns of rod

samples with diameters corresponding to their Dc value,
as well as Dc + 1 mm along with representative
SEM-BSE images. The highest critical diameter value
(Dc = 9 mm) for Sc and Y additions was obtained in a
double-stoichiometric (4/3) variant with respect to the
measured oxygen content. The main crystalline phase
detected in the samples with diameters exceeding the
critical diameter value (Dc + 1 mm) was the Zr3Al2
phase, observed as dark contrast areas (Figure 4;
Table III, spots 3 and 6). However, some s3 phase was
also observed in the case of the HO 2/3Sc variant. This
means that oxygen was not fully bound by the dopant,
and the minimum Sc concentration necessary to scav-
enge this impurity in this alloy is higher than that
determined by the single stoichiometric addition.
Interestingly, the most promising results were

obtained for Lu additions, achieving Dc = 9 mm for
all variants. It is worth noting that the critical diameter
is determined based on the discrete method, with the real
Dc being in the range of 9 to 10 mm. When studying the
diffraction pattern in more detail, a drop in peak
intensity is observed with increasing Lu content indi-
cating that the actual Dc of these alloys slightly
increased. Therefore, after binding all oxygen from the
alloy, Lu has a positive effect on the alloy’s glass-
forming ability. A similar effect was reported in our
previous work (Zr50Cu40Al10), as well as Deng et al.[21]

(Cu47Zr45Al8) and Zhou et al.[25] (Zr50Ti2Cu38Al10);

Fig. 3—Le Bail refinement of the XRD data of the 10-mm diameter
LO alloy sample to analyze the Zr3Al2 phase (P42/mnm), as
discussed in Section III–A.
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however, ternary and quaternary systems are simpler
compared to the studied Zr52.5Cu17.9Ni14.6Al10Ti5 alloy.
The 10-mm dia. HO 2/3Lu alloy possessed the largest
number of high intensity peaks and a weak amorphous
‘‘halo.’’ This is due to the alloy’s high degree of
crystallinity, which, apart from the Zr3Al2 phase and
s3 inclusions, also contains CuZr2 and Zr6NiAl2 phases.
These two phases are most likely the decomposition
products of the non-equilibrium (saturated with other
elements) Zr3Al2 phase formed due to insufficient
cooling rates during solidification, seen as precipitation
inside Zr3Al2 (Figure 4, inset of HO 6/3Lu variant).[32]

Furthermore, in all patterns, there is a small peak visible
at 2h = 30� originating from the Lu2O3 phase, despite
the volume fraction of oxides being far below 1 pct. No
additional phases were observed on the microstructures,
even in the HO 4/3Lu sample (higher noise on XRD
pattern); therefore, these samples were treated as amor-
phous. Compared to scandia and yttria, lutetia on
SEM-BSE images has a white contrast due to the high
atomic number of Lu. The chemical composition of
lutetium oxide (Figure 3; Table III, spot 8) does not
include Al, due to the overlapping energy of the

characteristic radiation of lutetium and aluminum (Al
Ka = 1.486 keV, Lu Ma = 1.581 keV).
Despite the high oxygen level in the Zr52.5Cu17.9

Ni14.6Al10Ti5 alloy, the critical diameter can be signif-
icantly increased, even exceeding the value obtained in
the LO alloy, by doping it with cubic oxide-forming

Fig. 4—Microstructures (SEM-BSE) and the XRD patterns of the HO alloy doped with Sc, Y, and Lu in stoichiometric (2/3),
double-stoichiometric (4/3), and triple-stoichiometric (6/3) REE-to-oxygen ratios. White arrows mark areas of EDX analysis (results given in
Table III).

Table III. Results of SEM-EDX Semiquantitative Analysis

of HO Alloys Doped with Sc, Y, and Lu (Fig. 3), At. Pct

Spot Zr Cu Ni Al Ti REE O Phase

1 5.2 1.0 0.7 0.6 0.0 40.4 52.1 Sc2O3

2 49.9 16.8 9.4 20.1 3.8 — — s3
3 51.9 17.4 13.2 13.0 4.5 — — Zr3Al2
4 51.7 17.2 13.5 12.9 4.7 — — matrix
5 0.0 1.6 1.3 4.2 0.5 72.4 20.0 Y2O3

6 51.4 16.6 13.9 12.8 5.3 — — Zr3Al2
7 51.6 17.0 13.6 12.9 4.9 — — matrix
8 5.4 2.8 8.0 — 0.5 36.5 46.8 Lu2O3

9 48.7 17.2 9.6 20.1 4.4 — — s3
10 50.3 17.5 14.0 13.7 4.5 — — eutectoid
11 51.2 17.2 13.6 13.2 4.8 — — Zr3Al2
12 50.3 17.2 14.0 13.7 4.8 — — matrix
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REEs (6 mm for 565 ± 58 wt ppm of oxygen in LO
variant vs. 9 mm for 957 ± 62 wt ppm variant doped
with REE forming cubic sesquioxides). As we pointed
out in Section III–A, Dc strongly depends on the oxygen
impurity, which means that proper doping of the LO
variant should also increase the critical diameter to 9
mm, but it was not the case in the present study.

C. Alloy Doped with Transition (Monoclinic to Cubic)
Oxide-Forming REE

The Gd2O3 oxide is characterized by a polymorphous
transformation from monoclinic to cubic at 1425 K
(1152 �C) during cooling; however, the presence of the
C-type structure for Gd2O3 at low temperatures is still
unclear.[27] In our previous study, STEM analysis

showed a BBC (Ia3) structure, and no evidence of
transformation was found.[26] However, a change was
seen in the element distribution, i.e., apart from the
oxides, gadolinium was also detected in the amorphous
matrix. A Dc of 3 mm was obtained for the 6/3 variant,
meaning that the partial dissolution of Gd inhibited the

scavenging effect.[26] Here, Gd additions led to Dc values
of 6 mm for all variants (Figure 5), which corresponds
to the value obtained in the LO reference alloy.
The s3 phase was observed in the microstructure of

2/3 and 4/3 variant samples, with diameters exceeding the
critical diameter value (Dc + 1mm),where in the latter, it
was finely dispersed and the dominant crystalline phase
(inset in Figure 5).As theywere so fine, it was not possible
to quantitatively analyze their chemical composition;
however, it was possible to track the change in element
distribution (Figure 5; Table IV, spot 2).
With increasing Gd concentration, more Zr3Al2 phase

formed at the expense of s3 In sample HO 6/3Gd (dia. 7
mm), no traces of s3 phase were detected, neither in the
XRD pattern nor during microstructural observations.

D. Alloy Doped with Hexagonal Oxide-Forming REE

Among all studied rare-earth elements, neodymium
(oxide of which crystallizes in a hexagonal structure)
showed the lowest effectiveness in improving the
glass-forming ability. The maximum value of critical

Fig. 5—Microstructures (SEM-BSE) and XRD patterns of the HO alloy doped with Gd in stoichiometric (2/3), double- (4/3), and
triple-stoichiometric (6/3) REE-to-oxygen ratios. White arrows mark areas of EDX analysis (results given in Table IV).

Table IV. Results of SEM-EDX Semiquantitative Analysis of HO Alloys Doped with Gd (Fig. 4), At. Pct

Spot Zr Cu Ni Al Ti RE O Phase

1 18.3 6.1 4.4 4.0 1.3 21.6 44.3 Gd2O3

2 49.5 17.0 10.2 18.7 4.6 — — s3
3 51.6 17.3 13.8 12.8 4.5 — — Zr3Al2
4 51.9 17.4 13.8 12.8 4.6 — — matrix

Fig. 6—Microstructures (SEM-BSE) and diffraction patterns (XRD) of the HO alloy doped with Nd in stoichiometric (2/3), double- (4/3), and
triple-stoichiometric (6/3) REE-to-oxygen ratios. White arrows mark areas of EDX analysis (results given in Table V).
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diameter (Dc = 6 mm) was obtained only in variant 4/3.
It is interesting that, unlike Gd, the s3 phase was almost
completely eliminated already in variant 2/3, where its
presence was found only in some areas of sample HO
4/3Nd (Figure 6; Table V, spot 4). Due to the small
oxide size, the signal collected during EDX analysis also
included matrix (Figure 5; Table V, spot 1). Apart from
oxides, the dominant crystalline phase was Zr3Al2 with
the chemical composition corresponding to that of the
matrix (Figure 6; Table V, spots 2 and 3).

E. The Critical Diameter Comparison

A summary of the Dc values determined in the
reference (LO and HO) and doped alloys is shown in
Figure 7. In general, the highest Dc was obtained for
double-stoichiometric additions (variant 4/3). However,
for the Zr50Cu40Al10 alloy, we observed continuous

growth.[26] This may be influenced by the initial
glass-forming ability of both reference alloys.
Zr52.5Cu17.9Ni14.6Al10Ti5 contains 5 elements with dif-
ferent metallic radii and heat of mixing between them, so
a slight change in chemical composition can easily
disturb this fragile balance. Partial dissolution of rare
earths in the liquid changes the chemical composition,
thus, affecting its vitrification. This is especially evident
in the case of Nd and Gd, which were observed in the
matrix.[26] In comparison, the 3-component alloy has
not reached its potential, and dissolution of an addi-
tional element can still improve its glass-forming ability.
These considerations show that the presented issues are
very complex and difficult to solve unambiguously.

F. Thermal Analysis

Figure 8 shows DTA curves performed on the highest
glassy diameter samples at a heating rate of 20 K min-1.
Characteristic temperatures and selected GFA indica-
tors are listed in Table VI. The undoped LO alloy is
characterized by a glass transition temperature of 676 K
(403 �C), followed by two exothermic peaks (crystal-
lization events) starting at 708 K (435 �C). The amor-
phous phase crystallizes in two stages; however, thermal
effects overlap at this heating rate, leading to the two
peaks merging.[39] Although the critical diameter of this
alloy is 6 mm, the obtained supercooled liquid region
DTxg was only 32 K. A similar thermal behavior was
noticed for the HO variant with a sample size of 3 mm;
however, the measured DTxg value was lower (28 K). No
additional thermal effects were observed between crys-
tallization and melting, indicating that the crystalliza-
tion products are stable up to the solidus temperature.
The melting range, i.e., the difference between the
solidus and liquidus temperatures, was significantly
higher for the HO variant (54 K vs. 42 K).
The thermal behavior of the HO alloys doped with

rare-earth elements did not cause significant change of the
characteristic temperatures. In our previous work, dop-
ing the ternary Zr50Cu40Al10 alloy with the same REEs
leads to a visible change in these temperatures and
consequently GFA parameters.[26] Similar observations
were made in other works.[12,15,21,22] In this study, the Tg

temperature of all doped alloys decreased with increasing
rare-earth concentration, reaching values close to those of
the LO alloy. A similar relationship was also found with
respect to theTx temperature; therefore, the value ofDTxg

slightly increased in all cases, exceeding in some variants
even that obtained in the low oxygen alloy.
No other transformations were observed between the

crystallization and melting processes in doped alloys,
except at higher concentrations of neodymium
(Figure 8f). There, an additional exothermic effect was
observed around 873 K (600 �C). Additional X-ray or
neutron diffraction experiments at elevated tempera-
tures would be necessary to identify this type of
transformation. The temperature that significantly
affects the GFA is the liquidus temperature Tl. Only
the addition of yttrium caused a pronounced decrease in
Tl, even below that obtained in the LO alloy. An
interesting observation is the behavior of Y and Gd, the

Fig. 7—Dependence of Dc on the Sc, Y, Lu, Nd, and Gd doping
variant of Zr52.5Cu17.9Ni14.6Al10Ti5 (the real REEs concentration
according to Table I, at. pct). Dashed lines represent reference LO
and HO alloys.

Table V. Results of SEM-EDX Semiquantitative Analysis of

HO Alloys Doped with Nd (Fig. 5), At. Pct

Spot Zr Cu Ni Al Ti REE O Phase

1 35.7 9.3 7.2 11.2 2.7 25.0 8.9 Nd2O3

2 51.2 17.0 15.2 13.1 3.5 — — Zr3Al2
3 50.8 17.7 13.9 12.8 4.8 — — matrix
4 50.0 16.3 9.0 21.1 3.6 — — s3
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addition of which resulted in a significant extension of
the melting effect.

Based on the characteristic temperatures (Tg, Tx, and
Tl), different GFA indicators and their coefficient of
determination (COD) to the critical diameters were

calculated.[40,41] Among 21 indicators, the best correla-
tion was obtained for DTxg (COD = 0.308), Trg

(COD = 0.513), and d (COD = 0.452). The differences
in Tg and Tx temperatures were not significant; there-
fore, their impact on the GFA indicators was only

Table VI. Characteristic Temperatures and GFA Indicators of Reference (LO and HO) and Doped Alloys; DTxg = Tx – Tg,

Trg = Tg/Tl, d = Tx/(Tl – Tg)

Alloy D, mm

Characteristic Temperatures, K GFA Indicators

Tg Tx Tp Tm Tl DTxg Trg d

LO 6 676 708 722 1027 1069 32 K 0.632 1.802
HO 3 685 713 730 1021 1075 28 K 0.637 1.828
HO2/3Sc 6 684 715 729 1027 1075 31 K 0.636 1.824
HO4/3Sc 9 674 710 727 1021 1075 36 K 0.627 1.771
HO6/3Sc 8 679 711 727 1013 1076 32 K 0.631 1.791
HO2/3Y 7 679 713 729 1030 1072 34 K 0.633 1.814
HO4/3Y 9 675 710 724 1025 1068 35 K 0.632 1.807
HO6/3Y 7 673 706 722 1015 1060 33 K 0.635 1.824
HO2/3Lu 9 678 712 727 1030 1074 34 K 0.631 1.798
HO4/3Lu 9 674 710 725 1021 1070 36 K 0.630 1.793
HO6/3Lu 9 673 709 723 1019 1070 36 K 0.629 1.786
HO2/3Gd 6 677 710 731 1024 1066 33 K 0.635 1.825
HO4/3Gd 6 675 710 728 1017 1064 35 K 0.634 1.825
HO6/3Gd 6 674 711 725 1017 1064 37 K 0.633 1.823
HO2/3Nd 5 680 711 730 1025 1066 31 K 0.638 1.842
HO4/3Nd 6 673 707 722 1025 1069 34 K 0.630 1.785
HO6/3Nd 5 674 706 722 1024 1064 32 K 0.633 1.810

Alloys with critical diameter below 3 mm is given in bold

Fig. 8—DTA curves of the reference LO and HO alloys (a), HO alloy doped with Sc (b), Y (c), Lu (d), Gd (e), and Nd (f). Characteristic
temperatures: Tg—glass transition (found according to ASTM E1356 standard, see inset), Tx –crystallization onset, Tp—peak of crystallization,
Tm—solidus, Tl—liquidus.
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slight. Similar observations were made by Campos Neto
et al.,[30] who in the same alloy found a narrowing of the
DTxg range with increasing oxygen content. The rela-
tionship between Dc and GFA indicators is convergent
within one rare earth; however, they are not comparable
between alloys doped with different REEs. For example,
the highest critical diameter (9 mm) was obtained for
HO 4/3Sc, HO 4/3Y, and all Lu variants for which the
Trg indicator was 0.627 ‚ 0.632, while higher values
(0.633 ‚ 0.635) were obtained for alloys doped with Gd
which exhibited lower Dc.

IV. SUMMARY AND CONCLUSIONS

In the presentwork, we presented the influence of Sc,Y,
Lu, Nd, and Gd dopants on the glass-forming ability
(expressed by the critical diameter and calorimetric
criteria) of the Zr52.5Cu17.9Ni14.6Al10Ti5 alloy containing
957 ± 62 wt ppm of oxygen. Our results conclusively
show the significant benefit of REEs microdopants on
GFA, allowing this group of materials to be taken out of
the domain of basic research domain and limited appli-
cations. In the light of the results presented and their
discussion, the following conclusions can be drawn:

(1) The critical diameter for glass formation in the
Zr52.5Cu17.9Ni14.6Al10Ti5 alloy strongly depends
on the level of oxygen impurities, here 565 ± 58
and 957 ± 62 wt ppm, and was determined as 6
mm and below 3 mm, respectively.

(2) Doping the high oxygen variant with rare-earth
elements allowed to obtain Dc values exceeding
those obtained in the low oxygen variant.

(3) Rare earths forming cubic sesquioxides (Sc2O3,
Y2O3, and Lu2O3) are the best oxygen scavengers
allowing to obtain the highest critical diameter
value of 9 mm.

(4) Despite the weak scavenging effect of Gd and Nd,
the critical diameter increased to 6 mm.

(5) The greatest critical diameters were generally
reached when using a double-stoichiometric
REE-to-oxygen ratio, which corresponds to a
nominal concentration of 0.580 at. pct of REE.
Further increasing the concentration had no
positive effect on Dc and in some cases even
caused a decrease (Sc, Y, and Nd).

(6) Calorimetric indicators of glass-forming ability
can be used only in limited cases. Most of the
indicators showed weak or no correlation with the
critical diameters in the studied alloy.
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