Effect of Yttrium Additions in Relation to Oxygen
Content on Glass Formation in the Zr5oCuyoAl;g Alloy
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The effect of yttrium additions on the glass formation of the ZrsoCuygAl;q alloy with high
oxygen content was investigated. Unlike other reports showing the positive effect of alloying
Zr-based alloys with a few percent of rare earth elements, we examined the Y-to-oxygen ratios.
As calculated, a stoichiometric amount of yttrium (2808 at ppm) is required to bind all the
oxygen (4212 at ppm) to form the Y,0;. Additionally, the influence of half (1404 at ppm) and
double stoichiometric (5616 at ppm) levels of yttrium, with respect to the measured oxygen
content to be bound was evaluated. The Y-doped alloys were synthesized by arc melting,
followed by suction casting into copper molds with conical and rod cavities. The critical
diameter of the undoped alloy was below 3 mm, while stoichiometric and double stoichiometric
yttrium concentrations allowed to obtain 5 and 7 mm diameter glassy samples, respectively.
Microstructure observations confirmed the scavenging effect of yttrium, leading to the
formation of a cubic (la3 space group) yttrium sesquioxide. The glass forming ability of the
alloys was additionally determined based on differential thermal analysis, allowing to propose
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the best indicator for the studied Zr-Cu-Al alloys.

https://doi.org/10.1007/s11661-020-05875-1
© The Author(s) 2020

I. INTRODUCTION

Z.R-BASED bulk metallic glasses (BMGs) belong to
the group of modern metallic materials. The fabrication
of such materials, i.e., obtaining an amorphous struc-
ture, requires sufficiently fast cooling rates during
solidification to bypass the crystallization process. In
comparison to their crystalline counterparts, BMGs are
characterized by superior mechanical, physical and
chemical properties.l! These characteristics make them
a promising structural and functional material for many
engineering  applications, e.g., sport  goods,
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high-performance springs, micro-geared motor parts,
pressure sensors, biomedical application, ez¢.>!

Unfortunately, the fabrication of Zr-based BMGs is
very expensive, due to the necessity of using high purity
constituent elements and strict processing conditions.
Special attention must be paid to oxygen content, as this
element dramatically reduces the alloy’s glass forming
ability (GFA) and deteriorates its mechanical proper-
ties. ® Such a dramatic drop in the GFA is caused by
the formation of oxides or other oxygen-induced inclu-
sions, acting as perfect heterogeneous nucleation sites
during solidification.” ' The ZrO, oxide is regarded as
a nucleation catalyst in Zr-based alloys. This oxide
exists in three crystallographic forms: monoclinic «
ZrO,, which is thermodynamically stable up to 1478 K,
tetragonal § ZrO, stable between 1475 K and 2650 K,
and finally cubic y ZrO, (CaF,—type) Phase, which is
stable up to the melting point, 2983 K.['!

In our previous work, we studied the ZrsyCuypAlig
alloy with two oxygen levels, 194 4+ 26 wt ppm and 918
+ 72 wt ppm. The critical diameter D, (the maximum
amorphous thickness) of this alloy was determined to be
8 mm and below 3 mm for the alloy with low and high
oxygen contents, respectively. If the sample diameter
exceeded the critical size, the metastable CuZr phase,
with a small amount of the 13 (Zrs;CusgAl,;) phase,
were observed for the low oxygen variant. In compar-
ison, only the 73 phase was present in the high oxygen
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Table I. Chemical Composition of Investigated Alloys

Chemical Composition (At. Pct)

Alloy Designation Y-to-Oxygen Atomic Ratio Zr Cu Al Y
B — 50 40 10 —
B1/3 1:3 49.930 39.944 9.986 0.140
B2/3 2:3 49.860 39.888 9.972 0.281
B4/3 4:3 49.719 39.775 9.944 0.562
level sample. According to the ternary phase diagram,!'*! Y03 — 13923 kJ/mol and — 763.7 kJ/mol at

13 is the first solidifying phase for this chemical
composition. This shows that oxygen impurities facili-
tate the 73 phase formation by providing heterogeneous
nucleation sites during solidification.

It is not possible to completely eliminate oxygen from
raw elements, due to the high chemical affinity of
zirconium and oxygen. Moreover, high purity and
Hf-free zirconium is not commercially available, as it
exhibits a very low neutron capture cross-section, which
made it a strategic material for nuclear power plant
applications.!™) Commercially available Zr-sponge can
contain more than 1000 wt ppm of oxygen.

Therefore, an idea of doping low-purity (high oxygen)
alloys with rare-earth elements (REEs) was proposed by
Zhang et al.l'® Such elements, with higher affinities to
oxygen than zirconium, can act as an oxygen scavenger
and form a less harmful oxide. So far, various glass
forming systems doped with different rare-earth ele-
ments have been investigated.!'® ¥ Significant attention
was paid to g/ttrium, which increases the GFA of
Zr-Al-Ni-Cu,””"  Zr-Co-ALPY  Zr-Ti-Cu-Ni-Be,!'
Cu-Zr-Al P2 alloys. However, yttrium additions and
oxygen concentrations were not correlated. Addition-
ally, yttrium was changed monotonically (1, 2, 3 pct,
etc.), meaning that the total effect of yttrium is a sum of
scavenging and alloying effects. As REEs exhibit strong
affinities with oxygen, their scavenging effect should be
studied with respect to the known, to be bound, oxygen
content in the alloy. More detailed investigations were
carried out by Kiindig et al. '”) where the effects of Sc
and La additions on the GFA were studied in the
Zr52A5Cu17A9Ni14A6A110Ti5 alloy that could be cast into
4 mm glassy sample without the necessity of doping.
Small Sc additions, preceded by careful oxygen mea-
surements, to the undoped alloy significantly increased
the D.. The highest GFA was obtained for 0.03 to 0.06
pct of Sc, reaching D, of almost 12 mm. This Sc
contents range corresponds to the stoichiometric and
double stoichiometric level required to form the Sc,O3
oxide.

In this paper, we systematically studied the effect of
yttrium additions to the ZrsqgCuyoAlyo alloy, with high
oxygen content, on its glass-forming ability. Yttrium is
generally considered a heavy REE, due to its similar
ionic radius to Dy.*®! Similarly to other REEs, the
Y,035 sesquioxide is the most stable type of oxide. The
Gibbs-free energy of yttrium oxide formation is
significantly lower in comparison to zirconium
oxide within the entire temperature range: Y,Os:
— 1816.6 kJ/mol and ZrO,: — 1042.8 kJ/mol at 298 K;
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1800 K. The crystallographic structure of Y,Os will
play a key role in the formation of undesirable phases
during solidification. During heating, these sesquioxides
polymorphically transform from a cubic (/a3 space
group ) to a high-temperature hexagonal (P63/mmc space
group) structure at 2600 + 30 K, becoming stable until
reaching its melting point (2712 K).*” Two other forms
of Y,03 can be found at higher pressures: monoclinic
above 13 GPa and hexagonal above 24.5 GPa.*®! As
these two phases do not occur at ambient pressure, they
are not considered in the present study.

II. MATERIAL AND METHODS

Based on our previous work,* the oxygen level in the
undoped ZrsoCuyoAlyg alloy (918 £ 72 wt ppm) was
recalculated into atomic percentage (4213 at ppm) and
this amount of oxygen is intended to be bound by
yttrium. The stoichiometric yttrium concentration to
bind all oxygen into the Y,O; oxide (herein referred to
as B2/3) was calculated to be 0.281 at. pct. Moreover,
half (B1/3) and double stoichiometric (B4/3) levels of
yttrium with respect to oxygen content were studied.
The chemical compositions of the investigated alloys
and sample designations with respect to the Y-to-oxygen
ratios are presented in Table I. The alloys were synthe-
sized by means of arc melting and suction-casting into
copper mold cavities in a Ti-gettered argon atmosphere
(6 N) using low-purity Zr (99.8 pct) and high purity Cu
(99.99 pct), Al (99.999 pct) and Y (99.9 pct). First,
cone-shaped samples were produced to find the approx-
imate D., which was determined using a threshold of
5 pet crystalline material.' As the critical diameter
obtained from the garallel—edge molds may differ from
the conical ones,*?*! a series of rod samples with a
gradually increasing diameter were cast and character-
ized by microstructure observations and X-ray diffrac-
tion (XRD, Panalytical Empyrean diffractometer) with
Cu K, radiation. The rod sample with the highest
diameter, in the absence of sharp Bragg peaks on XRD,
was assumed to be amorphous, and this diameter was
taken as the critical value. Critical diameter values
determined on conical and rod samples are designated as
D¢ and D7, respectively.

All prepared samples were cut (cones—Ilongitudinally,
rods—crosswise), grinded (SiC paper up to 7000-grit),
polished (mixture of colloidal silica and hydrogen
peroxide), etched (25 ml H,O + 22.5ml HNO; + 5
drops HF), and then studied using optical microscope
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(Nikon ECLIPSE LVI150N). Scanning electron micro-
scopy (SEM) observations were carried out using Versa
3D (FEI) microscope equipped with an energy disper-
sive spectrometer (EDS). A high-resolution scanning
transmission electron microscope (FEI, Titan Cubed G2
60-300) equipped with EDX ChemiSTEM was used for
detailed observations of small precipitates. Lamella for
STEM study was extracted using the SEM-FIB tech-
nique (ZEISS NEON CrossBeam 40EsB).

The GFA indicators were determined based on
differential thermal analysis (DTA, Setaram Labsys).
The calorimeter was carefully calibrated before mea-
surements. After resetting the correction coefficients in
the DTA software, new melting measurements of the
reference elements (Sn, Zn, Al, Cu, and Ni) were
performed at different heating rates (10, 20, and 40 K/
min). Based on the registered onset melting points and
thermal effects, new correction coefficients were entered
in the analyzer software. DTA measurements were
conducted on thin slices cut from the middle of the
as-cast samples using 100 pul alumina pans at a constant
heating rate of 20 K/min and protective argon (5 N
purity) gas flow with 20 ml/min.

All characteristic temperatures (7,-glass transition,
T'-onset of crystallization, T,-peak of crystallization, T
and Tstart and finish of the eutectoid transformation,
Ty-solidus, Ti-liquidus) were determined by the DTA
software. 7T, temperatures were estimated as the
inflection points on the DTA curves. Based on these
values, several GFA indicators were evaluated: AT

T, — 7,0 T = Ty = T (T, + Ty, =
(2T, —T)/Tl[ Yo, = 2T, —T)/(T+T)34andthe
%= (T — )/(T1 TOHTNT, — T 470

III. RESULTS AND DISCUSSION

A. Critical Diameter Determination

Microstructures of the doped alloys cast in the form
of cones are presented in Figure 1. In the case of B1/3
and B2/3 alloys (Figure 1(a)), crystalline inclusions were
observed across their entire longltudlnal section, simi-
larly to the reference (undoped) alloy.! SEM observa-
tion revealed uniform distribution of crystalline
inclusions and yttrium oxides, even at the bottom part
of the cones (Figures 1(b), (c)). This effect can be
observed, as the lateral surface of the cone is not parallel
to suction direction (taper angle of 10 deg), which
causes intense convection in the melt and spreading of
crystalline inclusions in the whole volume. Therefore, it
was not possible to accurately determine the D¢ for these
variants. Similar oxides were also observed in the case of
double stoichiometric amount of yttrium with respect to
the measured oxygen content to be bound (B4/3).
However, their volume fraction was significantly lower
(Figure 1(d), (e)) and the critical diameter was estimated
as D{ = 5 mm.

Critical diameters of the doped alloys were deter-
mined on rod samples. Figure 2 shows XRD patterns of
the reference ZrsoCugpAl;y alloy (3 mm diameter rod)
and a series of doped alloys cast in the form of 4 mm
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B1/3 B2/3 B4/3

Fig. I—Longitudinal microstructures (light microscopy) of B1/3, B2/
3 and B4/3 alloys cast in the form of cones (a) with magnified SEM
micrographs from the bottom end of the cones: (b) B1/3, (¢) B2/3,
(d, e) B4/3.

and 5 mm (B1/3), 5 mm and 6 mm (B2/3), as well as
7 mm and 8 mm (B4/3) diameter rods. A characteristic
amorphous halo was observed in all samples, however,
in the case of sample diameter D = D!, no crystalline
peaks could be detected. The positive effect of yttrium
additions on the amorphous thickness of the
ZrsoCuyoAlyg alloy is evident even in the case of
insufficient amounts to bind all oxygen. The addition
of only 0.140 at. pct yttrium (B1/3—half stoichiometric
level required to bind all oxygen) to the alloy containing
918 £+ 72 wt ppm of oxygen allowed to obtain a 4 mm
diameter glassy sample. A lower cooling rate in the
higher diameter sample (5 mm) did not allow to bypass
the crystallization process and partial crystallization of
the 13 phase was confirmed. This phase was identified b;/
comparison of 20 positions with the one in Reference.!
As there are no crystallographic data of this phase,
Yokoyama et at. synthesized a sample with a compo-
sition corresponding to this phase and compared
diffraction peaks of a homogenized sample with the
peaks coming from the partially crystallized sample.

A slightly higher critical diameter (D! = 5 mm) was
obtained using the stoichiometric level of yttrium
addition (0.281 at. pct) required to bind all oxygen.
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Fig. 2—XRD patterns of the ZrsoCuyoAljo reference (undoped) B
alloy with high oxygen level (black pattern- reprinted with
permission from Ref. [4] © Elsevier) and Zr-Cu-Al-Y alloys with
different Y-to-oxygen ratios: half stoichiometric (B1/3; blue
patterns);  stoichiometric (B2/3; red patterns) and double
stoichiometric (B4/3; green patterns) (Color figure online).

The further increase in yttrium concentration to the
double stoichiometric level, allowed to obtain a similar
value of critical diameter (D, = 7 mm) to that value
determined in the low oxygen alloy (8 mm ™). More-
over, in the case of D + 1 mm sample, the CuZr phase
was detected instead of the 73 phase. The presence of a
cubic primitive CuZr phase (Pm3m space group) dis-
persed in the glassy matrix is known to be an effective
method of enhancing plasticity of CuZr-based
alloys.?¢-37

Our results show that the stoichiometric amount of
yttrium addition in relation the measured oxygen
content is not sufficient to bind all oxygen. This is most
probably related to the partial dissolution of yttrium in
the matrix and/or additional oxidizing coming from
yttrium itself. To prevent oxygen-induced formation of
the 73 phase, excess yttrium is required. The formation
of the 75 phase during solidification depletes the remain-
ing melt in Zr and reduced GFA. If the amount of
yttrium was sufficient to bind all oxygen, the critical
diameter would be close to the value determined in the
high purity (low oxygen) alloy.

B. Microstructure Observations of Doped Alloys

SEM observations of B2/3 and B4/3 alloys cast in the
form of rods with sizes corresponding to D! and
D’ +1 mm showed the presence of yttrium oxides in
all samples (dark contrast in Figure 3), as confirmed by
the EDS spectrum in Figure 3(b). It should be noted,
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that the absence of sharp Bragg peaks on the XRD
pattern was taken as the amorphicity criterion. In fact,
the oxides were observed in the rod samples corre-
sponding to D!, however, their volume fraction was
below XRD detection limit. For the D! +1 mm variants,
an additional 73 phase (grey contrast) was identified for
the  stoichiometric  concentration of  yttrium
(Figure 3(b)), whereas for the B4/3 alloy, CuZr crystal-
lites embedded in the amorphous matrix were observed
(Figure 3(d)). It is worth noting that the CuZr phase
crystallized on the oxide array, which indicates that the
yttrium oxide can also act as a nucleation site. In
contrary to the 73 phase, which was uniformly dis-
tributed in the whole sample, the CuZr was observed
only in the central part of the rods.

The B2/3 alloy in the form of 6 mm diameter rod was
submitted to detailed (S)TEM observations. Figure 4
shows high-angle annular dark-field (HAADF) image
and EDS elemental distribution maps. It is clear that the
precipitate is composed of yttrium and oxygen.
Figure 5(a) shows a high-resolution scanning transmis-
sion electron microscopy (HRSTEM) image of this
phase in HAADF contrast. The electron diffraction
investigation (Figure 5(b)) proved that this particle is
the Y,0; oxide with a cubic Ja3—space group and a
lattice parameter of 10.6(0) A. This type of Y,0j; is
thermodynamically stable below 2600 K.*”' The EDS
analysis of the area near the oxide showed slightly
increased oxygen contents, as well as enrichment of Al
at the expense of copper compared to the matrix. Such
composition corresponds to the 73 phase (Zrs;CusgAl,,).
Figures 5(c) and (d) show HRSTEM-HAADF images
and corresponding electron diffraction patterns of this
phase. As there is no reference pattern of the 73 phase in
the database, the diffraction spots are not indexed.
Figures 5(e) and (f) show HRSTEM-HAADF images of
the interface between 73 and Y,O; phases, with corre-
sponding electron diffraction patterns. These investiga-
tions proved that there is no coherence between these
phases, which is favorable if nucleation is expected to be
avoided during solidification. A typical “salt and pep-
per” contrast for the amorphous structure is shown in
Figure 5(g). Some medium-range order (MRO) zones
form a network of dark regions in the bright matrix,
with an area of approx. 8 nm”. The electron diffraction
pattern (Figure 5(h)) of the amorphous region shown in
Figure 5(g) consists of a typical amorphous halo. TEM
studies and EDS analysis clearly prove that the observed
oxides are the low-temperature cubic Y,Os3 phase. If
yttrium is added to the alloy, it binds with oxygen and
forms yttrium oxide in the melt, due to the Gibbs free
energy of Y03 formation being significantly lower than
that of ZrO, (— 1392.3 vs. —763.7 kJ/mol at 1800 K
[29)) As the solidification range of Zr-based alloys is
between 1200 K and 700 K, the crystallographic type of
inclusions dispersed in the undercooled melt within this
temperature range plays a key role. Apart from
rare-earth elements being considered as oxygen scav-
engers,'”! it is also clear that any crystalline phase
dispersed in the melt promotes heterogeneous nucle-
ation during solidification. As shown in Figure 3(d), the
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Fig. 3—SEM-BSE images of doped alloys: (a) B2/3, D =D, = 5mm, (b) B2/3, D = 6 mm, (c) B4/3, D =D, = 7mm, (d) B4/3, D = 8 mm.

Inset in (b) shows EDS spectrum of the yttrium oxide.

Y,053 dispersed in the melt facilitates CuZr phase
crystallization. However, this phase was only observed
in a higher diameter sample, and a relatively low-cooling
rate is sufficient to avoid its formation. In turn, the 3
phase was observed even in the lower diameter (rapidly
solidified) samples with high oxygen, especially if the
yttrium content was insufficient to bind the oxygen.
Therefore, it should be noted that yttrium acts as an
oxygen scavenger, leading to stabilization of the super-
cooled liquid and enhancement of the GFA, as well as
the formation of yttrium oxides do not facilitate
heterogeneous nucleation during solidification.

C. Glass Forming Ability

As the determination of the critical diameter is a
time-consuming process, thermal analysis during heat-
ing is commonly used to describe the glass forming
ability of a given alloy. Despite characteristic tempera-
tures being higher in comparison to the applied cooling
conditions (during solidification), they allow to easily
estimate GFA. The DTA curves recorded during
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heating of the undoped ZrsoCuypAl;o alloy (B; 3 mm
diameter rod) and its doped variants, with sizes corre-
sponding to their D’ values, are plotted in Figure 6. All
samples exhibit a distinct glass transition temperature,
followed by a supercooled liquid region and two-sta%e
crystallization. According to our previous work,™
increased oxygen levels lower the temperature of the
first crystallization peak (7};) from 781 K to 764 K, and
increase the second one (7},) from 934 K to 967 K. In
the case of the doped alloys, the increase in yttrium
concentration shifted the crystallization events to higher
temperatures, while the glass transition temperature is
almost unchanged. A distance between these two tem-
peratures (ATy, = Tx — T,) is referred to as the super-
cooled liquid region and is one of the GFA indicators
(the wider AT,, the higher the GFA). The temperature
of the first crystallization peak increases from 764 K
(curve B) to 775 K, 777 K, and 792 K for B1/3, B2/3
and B4/3, respectively. The second crystallization peak
did not change for B1/3 and B2/3 (approx. 967 K),
however, in the case of B4/3, it is too smooth to be
accurately determined. Further heating leads to an
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Fig. 5—-HRSTEM HAADF images of the B2/3 alloy (Zr49360CU39.800Al9.972Y0.281) With corresponding diffraction patterns: (a, b) Y,03 oxide
(la3—space group), ZA: [001]; (¢, d) crystalline 73 phase (d; = d, = 4.26 A); (e, f) interface between Y,0; and 73 phases (superposition of
diffraction patterns (green—Y,0;, red—13)); (g, /) amorphous matrix (Color figure online).

eutectoid transformation of the crystallization products
into the CuZr phase, accompanied by an endothermic
event. The start (7;) and finish (77) temperatures of this
transformation are the same in all cases (1047 K and
1078 K, respectively), both in the reference alloys (with
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high and low oxygen levels) and doped alloys. The last
endothermic peaks correspond to the melting process,
where T stand for the end of this event and this value is
included in most GFA indicators. In our previous
study,¥ we showed that a high oxygen level in the alloy
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causes broadening and splitting of the melting event into
two peaks, due to the shifting the alloy to the off-eutectic
composition. Here, we may conclude that that increase
in yttrium addition decreases the liquidus temperature
and narrows the melting range, thereby improving
GFA.

Summarized data of T, Tx, T}, T) temperatures and
calculated GFA indicators, including data of the low
oxygen (A) and high oxygen (B) undoped Zrs5qCuypAl;g
alloy.'” are presented in Table II. Alloy B is character-
ized by the lowest values for almost all indicators, the
highest value (the best GFA) was found for the low
oxygen variant, whereas intermediate values were cal-
culated for the B1/3, B2/3 and B4/3 alloys. The 7",

20K/min T

B4/3

Exothermic Heat Flow (a.u.) —>

500 700 900 1100 1300
Temperature (K)

Fig. 6—DTA curves of the studied alloys: B1/3 to 4 mm, B2/3 to
5 mm, B4/3 to 7 mm, sizes corresponding to the D!, and B—3 mm
(reprinted with permission from ™ © Elsevier); characteristic
temperatures: Ty—glass transition, T,—onset of crystallization, T,
T,—first and second peak of crystallization, T and Ty—start and
finish of the eutectoid transformation, 7,,—solidus, Ti—liquidus.

parameter, which includes only 7, and 7} temperatures,
does not correlate with the critical diameter values. The
most sensitive indicators are ATy, (it varies between
40 K and 68 K) and y (0.252 to 0.521) parameters. The
GFA is strongly associated with the stability of the
liquid phase and its crystallization resistance. On the one
hand, although consisting of only two characteristic
temperatures (I — T,), ATy, was confirmed to be in
good agreement with the critical cooling rate for glass
formation.®® On the other hand, the y parameter was
confirmed to best correlate the GFA with D"
Figure 7 shows a good linear relationship between these
parameters. The y value of the undoped ZrsoCuypAlig
alloy containing 918 + 72 wt ppm of oxygen (B) was
calculated as 0.252, which corresponds to the critical
diameter of ~ 2.5 mm. Assuming that the critical diam-
eter should be an integer value, we may conclude that
Dl = 2 mm.

IV. CONCLUSIONS

The effect of controlled yttrium addition to the
Zr5oCuyoAlyq alloy, containing 918 + 72 wt ppm of
oxygen, on glass formation was studied and the follow-
ing conclusions were drawn:

1. The harmful effect of high oxygen content in
Zr-based alloys coming from the low purity of
raw materials can be minimized by controlled
yttrium doping. The yttrium addition resulted in
the formation of a cubic Y,O3 (la3 space group)
instead of a ZrO, phase, which inhibited the
formation of the intermetallic 73 phase that had
previously been observed in the undoped alloy.

2. The stoichiometric addition of yttrium, with respect
to the measured oxygen content in the undoped
alloy, required to bind all of the oxygen to the Y,0O;
oxide is not sufficient to fully utilize its scavenging
effect.

3. The double stoichiometric level of yttrium (0.562
at. pct) allowed to obtain a 7 mm diameter glassy
sample, which is only 1 mm below the critical
diameter obtained for the undoped ZrsoCuyoAl;q
alloy produced from elements with low oxygen
contents.

Table II. Characteristic Temperatures, Critical Diameters (in Brackets Predicted Value for Alloy B) and GFA Indicators of

Reference (A—Low Oxygen Content, B—High Oygen Content, Reprinted with Permission from Ref. [4] © Elsevier) and Doped
Alloys. A and B Correspond to the ZrsgCuyAl;g with Low Oxygen (194 & 26 wt ppm) and High Oxygen (918 &+ 72 wt ppm),
Respectively

Characteristic Temperatures Glass Forming Ability Indicators

Alloy Di (mm) Tg (K) Tx (K) Tpl (K) Tl (K) ATxg (K) T”rg Y Ym Wy X
A M 8 711 779 781 1157 68 0.614 0.417 0.732 0.438 0.521
B ™ <32 720 760 764 1163 40 0.619 0.404 0.688 0.416 0.252
B1/3 4 723 770 775 1158 47 0.624 0409 0706 0424 0332
B2/3 5 723 773 777 1157 50 0.625 0.411 0.711 0.426 0.364
B4/3 7 723 783 792 1154 60 0.627 0.417 0.731 0.435 0.485
ATy = Ty — TP T2 = TJTPY 9 = TY(T, + VY oy = QT — THITPY w4 = QT — TN+ TYPY  x = (T — T/

(T — TOMT(Ty — T 7 B3

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 51A, SEPTEMBER 2020—4569



0.7

0.6 1

054 R2=009887

0.4 1

0.3 1
0252 }|——>

0.2 1

¥ parameter

0.1 1

0 T T T T T T T T
1 2 3 4 5 6 7 8 9 10

Critical diameter D;(mm)

Fig. 7—Relationship between y parameter and critical diameter D,
Red lines show the predicted D! for the undoped ZrsoCu4oAl;o alloy
with a high oxygen level (Color figure online).

4. The increase in yttrium concentration did not
influence the glass transition temperature, however,
it significantly increased the crystallization temper-
ature and lowered the liquidus temperature. Good
agreement between the y parameter and D, allowed
to determine the critical diameter of the undoped
Zr50CugpAlyg alloy containing 918 £+ 72 wt ppm,
which was predicted to be 2 mm.
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