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ARTICLE INFO ABSTRACT

Keywords: Minor alloying has been developed as an effective method to modify and optimize various properties of bulk
Bulk metallic glass metallic glasses (BMG). In this work, as inevitable minor alloying elements, two major impurities, hafnium (Hf)
Impurities' N and oxygen (O) were quantitatively confirmed to co-exist in two zirconium (Zr) raw materials with different
SII::;'cfi”émmg ability grades of impurities. The effects of these two impurities on the thermal properties, crystallization behavior, glass-

forming ability (GFA), and mechanical properties of the nominal ZrssCuspAl1oNis BMG were systematically
studied. The O impurity was found to promote the formation of the AlsNi3Zry intermetallic compound phase,
which could account for the poor GFA, thermal stability, and plasticity associated with BMGs with higher O
content in the Zr raw material. In contrast, although the impurity of Hf has a much higher content than O, a
negligible effect of Hf on the ZrssCuspAl1oNis BMG was revealed. These findings were further confirmed by
deliberately adding extra O and Hf with designed contents into the Zrs5CusoAl;oNis BMG. Our results clarify the
effects of different impurities in Zr raw materials on the Zr-based BMG and will help guide industrial production

and applications of Zr-based BMGs.

1. Introduction

Bulk metallic glasses (BMGs) with the capabilities of combining su-
perior properties of both conventional glasses and metallic alloys are
promising to have widespread applications [1, 2]. Various studies have
shown that the properties of BMGs are sensitive to minor alloying ele-
ments [3-10]. Other than intended additions of minor alloying ele-
ments, it has been found that common impurities in metallic raw
materials such as oxygen (O) can significantly affect the glass forming
ability (GFA), plasticity, relaxation, and thermal stability of BMGs
[11-16], which might hold the key to address the diversity in GFA and
plasticity for BMGs with the same nominal compositions reported by
different research groups [17-20].

In industrial production, the purity of raw materials is critical, which
significantly affects the final contents of impurities in designed alloys
and the costs of products [12, 14]. Thus, it is essential to clarify the
relationship between the properties of produced BMGs and the various
common impurities in their raw materials. Zr-based BMG is one of the
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most widely studied BMG systems with good GFA and is also promising
for various industrial applications [21], although the major element
zirconium (Zr) is challenging to be purified. It had been believed that a
large amount of oxygen (more than 1000 ppm) was poison for GFA and
the plasticity of BMGs [4]. However, Wang et al. [7] and Wu et al. [8]
recently found that a considerable amount of oxygen could still elevate
the plasticity of BMGs. In addition, Qiao et al. found that substituting Zr
with Hf can substantially increase the GFA in a Zr-based BMG [5]. These
results inspire us to re-think the problems regarding impurities in
Zr-based BMGs. Hf (naturally an intergrowth element with Zr) and O
(strong affinity for Zr atoms [13]) are inevitable to co-exist as main
impurity elements in Zr raw materials. It calls for a systematic study on
the comprehensive effects of Hf and O impurities in Zr-based BMGs
rather than separate studies on individual impurity as previously re-
ported. The questions such as which impurity plays a dominant role,
how to choose the appropriate impurity grade of raw materials for a
specific application of Zr-based BMGs, etc., also remain unclear.

In this work, two Zr raw materials with different grades of impurities
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were used to synthesize the Zrs5CugpAl;gNis BMG. Detailed composi-
tional characterization with ultrahigh accuracy was carried out to
measure the contents of all common impurities in the synthesized BMGs.
Hf and O were found to be two major impurities in two raw materials,
respectively. Further, we systematically investigated the effects of Hf
and O impurities on various properties of the two BMGs. We confirmed
that the O impurity at the hundreds of ppm level plays a dominant role
and degrades almost all properties of the ZrssCugpAl; gNis BMG, while Hf
impurity has no dramatic effect.

2. Materials and methods
2.1. Sample preparation

The master ingots of the ZrssCuspAl;gNis (nominal composition in
atomic ratio) alloy were prepared by arc-melting a mixture of Zr, Cu
(99.999%), Al (99.999%), and Ni (99.995%) metals under a Ti-gettered
argon atmosphere. Extra samples with intended doping of O or Hf for
comparison were synthesized by adding CuO powder (99.995%) or Hf
metal (99.99%), respectively. Two raw Zr materials with different purity
levels were purchased from ZhongNuo Advanced Material (Beijing)
Technology Co., Ltd. (China) as starting materials. Specifically, the price
of the high-purity grade Zr (99.89%, low Hf content) is ~500 USD per
kilogram, and the other low-purity grade Zr (98.17%, high Hf content) is
only ~75 USD per kilogram, which are named as HP-Zr and LP-Zr
hereafter for convenience. Chemical uniformity was ensured by flip-
ping and multiple re-melting (at least four times) of all the master ingots.
The cylindric samples with a diameter of ~2 mm, plate-shaped samples
with a sectional dimension of ~1 x 10 mm? and triangular plate samples
were all prepared using the copper-mold suction casting technique in an
arc-melting system.

2.2. Materials characterization

The typical impurity species and contents in Zr raw materials and the
Zrs5CugpAl oNis BMGs were measured by the inductively coupled
plasma optical emission spectroscopy (ICP-OES) using ICAP 6300
spectrometer (Thermo Fisher Scientific, USA). The contents of light el-
ements, including oxygen, carbon, and sulfur, were measured using the
inert gas fusion method (ONH836, LECO) and the high-frequency
infrared CS instrument (CS844, LECO). The amorphous nature was
analyzed by x-ray diffraction (XRD, Malvern Panalytical Empyrean)
with the Cu-K, radiation and a beam size of 1 x 10 mm?. All the BMG
sample surfaces were carefully polished before XRD measurements to
avoid artifacts in the thin surface layer due to chemical contamination or
heterogeneous nucleation. Synchrotron XRD experiments were per-
formed at the beamline 13W1 at the Shanghai Synchrotron Radiation
Facility (SSRF), China. The synchrotron x-ray wavelength was 0.3066 A,
and the beam size was ~45 x 5 um?. The software Dioptas [22] was used
to integrate the two-dimensional diffraction images into
one-dimensional XRD patterns. Thermal properties were examined
using differential scanning calorimetry (DSC, PerkinElmer DSC 8500) at
constant heating rates ranging from 0.083 to 1.67 K s ~ ! after instru-
mental correction. The second heating curve of crystallized sample
served as the baseline. The melting behavior of all the samples was
measured using another high-temperature DSC (Netzsch DSC 404F) with
a constant heating rate of 0.33 K s ~ 1. Sample densities were measured
by Archimedes method using an analytical balance with a density kit
(Mettler Toledo XSE105DU, resolution of 0.01 mg). Each sample was
measured at least ten times for good statistics. Standard deviation was
used as the experimental error when calculating the mean density value
from multiple measurements.

2.3. Mechanical testing

Uniaxial compression tests were carried out on an Instron 5966
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Table 1

Contents of impurities in two zirconium raw materials measured by ICP-OES.
The error is less than 1 ppm. The value less than 0.2 or 0.5 means that the
content of these elements in materials are below the detection limit.

Name Zr purity (wt.%) Impurity elements’ content (ppm in mass ratio)

Hf Fe Cr Mn Mo Ti

LP-Zr 98.17 18,000 0.21 <0.2 <0.2 <0.5 1.5
HP-Zr 99.89 2.6 3.9 0.29 <0.2 <0.5 3.4

machine at room temperature under a constant displacement rate of 1 x
10~* s ~ L. Testing samples had a diameter of ~2 mm and an initial
aspect ratio (height:diameter) of ~2:1. Before testing, both ends of
samples were ground by a custom device designed to make sure they
were parallel and perpendicular to the loading axis. The fracture sur-
faces and the lateral surfaces of samples after testing were examined by
scanning electron microscope (SEM, FEI Versa 3D).

Nanoindentation tests were performed using an instrumented nano
Indenter (G200, Keysight, USA) equipped with a standard Berkovich
diamond indenter at room temperature. Sample surfaces were carefully
ground and polished to a mirror finish before tests. The nanoindentation
measurements were carried out under a displacement-control mode
with a maximum load of 20 mN at a strain rate of 0.05 s ~ 1. The elastic
modulus and nano-hardness were calculated by fitting the load-
displacement (p-h) curve using the Oliver-Pharr method [23].

3. Results and discussion
3.1. Characterization of impurities and their effect on the thermal process

The ICP is a powerful tool for trace element analysis and is widely
used because of its low detection limits (part per billion, ppb) [24].
Except for some light elements (e.g., hydrogen), almost all common el-
ements can be detected. Firstly, the two raw materials of Zr named as
HP-Zr and LP-Zr were dissolved, then the contents of their impurity el-
ements, including Hf, Fe, Cr, Mn, Mo, Si, and Ti, were measured by the
ICP method (results were summarized in Table 1). Secondly, the con-
tents of similar impurity elements were measured using ICP method in
the Zrs5CuspAl;oNis BMGs rods (2 mm in diameter) prepared using the
two different Zr raw materials under the same experimental conditions
(results summarized in Table 2). In addition, the contents of light ele-
ments, including O, C, and S, in the two BMGs were also measured. The
main impurities in the two BMGs prepared with LP-Zr and HP-Zr are Hf
and O, respectively, while the other impurities are minor and negligible.
Specifically, the Hf impurity in the BMG with LP-Zr accounts for 1.237
wt.% (mass ratio) and is three orders of magnitude higher than the Hf
content in the BMG with HP-Zr. The content of the Hf impurity in BMGs
shows good inheritance from the Zr raw materials, in which the content
of the Hf impurity in LP-Zr raw materials is 1.800 wt.%. The content of O
in the BMG with HP-Zr is 695 ppm (part per million in mass ratio) and is
nearly three times of that in the BMG with LP-Zr. By calculating, sur-
prisingly, we can find the contents of O impurity in the HP-Zr raw ma-
terial is nearly 700 ppm higher than the LP-Zr. The actual purity of the
LP-Zr and HP-Zr raw materials are experimentally determined to be
98.17 wt.% and 99.89 wt.%, respectively. According to the composi-
tional analysis above, the actual compositions of the two BMGs syn-
thesized with LP-Zr and HP-Zr are Zrs4 39CusoAl;gNisOg 11Hfy 50 and
Zrs54.67CugoAl1gNisOp 33 (atomic ratio), respectively, which will be
named as Zr(Hf) and Zr(O) BMGs, respectively, hereafter for
convenience.

The amorphous nature of the Zr(Hf) and Zr(O) BMGs was confirmed
by synchrotron XRD, shown in Fig. 1(a). The position of the first
diffraction peak (¢1) of the Zr(Hf) BMG is 2.632 A~! by fitting the peak
using a Gauss function and is slightly larger (by 0.15%) than that of the
Zr(O) BMG, which is 2.628 AL According to the power law between
density and the q; [25, 26], the density of the Zr(Hf) BMG would be
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Table 2
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Contents of impurities in the Zr(Hf) and Zr(O) BMGs. The unit is ppm in mass ratio. The errors of the contents of O, C, and S elements are less than 1%. Other elements

were measured by ICP-OES and the errors are less than 1 ppm.

Name (0] C S Hf Fe Cr Mn Mo Ti Si True composition (at.%)
Zr(Hf) 232 40 70 12,370 57 439 11 5 74 43 Zrs4.30CU30Al; oNisOg.11Hfo 50
Zr(0) 695 33 80 12 172 442 11 13 119 98 Zrs4.67Cu30Al1oNisOp 33
o
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Fig. 1. Characterization of the glass nature of the Zr(Hf) and Zr(O) BMGs.
(a) Synchrotron XRD patterns showing typical amorphous features of the as-cast
Zr(Hf) and Zr(O) BMGs with a diameter of 2 mm. (b) the DSC traces of the Zr
(Hf) and Zr(O) BMGs heated to 800 K and 1250 K (the inset) at a heating rate of
0.33Ks L

higher than the Zr(O) BMG. The measured density of the Zr(Hf) and Zr
(O) BMGs (p,) is 6.824 g cm > and 6.766 g cm >, respectively, consistent
with the estimation of a slightly higher density of Zr(Hf) than Zr(O)
based on their XRD peak positions. DSC measurements of both BMG
were conducted to investigate the effect of the Hf and O impurities on
their thermal properties. Fig. 1(b) and the inset show the DSC traces of
Zr(Hf) and Zr(O) BMGs obtained from as-cast samples with a heating
rate of 0.33 K s ~ L. Different crystallization behavior is observed in DSC
traces, i.e., the Zr(Hf) BMG shows multiple crystallization peaks while
the Zr(O) BMG only has a single crystallization peak. During melting,
one more peak appears around 1150 K for the Zr(O) BMG (see the inset).
The characteristic temperatures, including glass transition temperature
(Ty), crystallization onset temperature (T), and liquidus temperature
(T1), determined by the crossing point temperature of the extrapolated
line [27], are listed in Table 4. Both Tg and Ty of the Zr(Hf) BMG are

20 25 30 35 40 45 50 55 60 65 70 75 80
2 Theta (deg.)

Fig. 2. Ex-situ study of crystallization products of the Zr(Hf) and Zr(O)
BMGs. The XRD patterns of the Zr(Hf) BMG quenched from 768 K and 800 K
and the Zr(O) BMG quenched from 757 K and 800 K. The heating rate and
cooling rate are 0.33 K s ~ ' and 0.83 K s ~ !, respectively.

higher than those of the Zr(O) BMG, suggesting higher thermal stability
of the Zr(Hf) BMG than the Zr(O) one. The characteristic temperatures
Tg and Ty are all close to the values previously reported in the literature
[28]. The Tj of the Zr(O) BMG is 1173 K and higher than that (1147 K) of
the Zr(Hf) BMG.

To further explore their difference in crystallization behavior, both
BMGs were heated to the temperatures around and above (800 K) their
Ty and then cooled down to the room temperature immediately to get
the initial and complete crystallization products. The temperature when
the crystallization fraction reached 15% (calculated by enthalpy change
during crystallization) was used as the reference annealing temperature
for producing the initial crystallization products. The XRD patterns in
Fig. 2 reveal the different crystallized products of the Zr(Hf) and Zr(O)
BMGs with two different degrees of crystallinity. For the Zr(Hf) BMG,
the products of partially crystallized sample quenched from 768 K are
the same as the fully crystallized sample quenched from 800 K. Most of
the Bragg XRD peaks in these two samples of Zr (Hf) can be identified as
Zr4Al3 65Cug 35 (Pearson’s crystal number #1,005,084), Aly s52Nig 48Zr
(PDF#01-5951), and AlCuZr (PDF#18-3885) phases, which is not
consistent with the crystal phases reported previously in some literature
[29-32]. This discrepancy may be associated with their different levels
of various impurities and or different crystallinity. More interestingly,
the partially crystallized product of the Zr(O) BMG quenched from 757 K
can be identified as the AlsNisZry intermetallic compound phase
(PDF#54-0437), which is a cube phase with the space group of Fm3m
and a large unit cell (lattice constant a = 1.204 nm and a low density of
5.63¢g em3). With temperature increases, the AlsNis3Zr, phase persists
even when the Zr(O) BMG is fully crystallized at 800 K. Other phases of
the Zr(O) sample quenched from 800 K are exactly the same as the three
crystallization phases of the Zr(Hf) BMG. The AlsNisZro phase is likely
the origin of the extra melting peak in the Zr(O) BMG in Fig. 1(b). These
results indicate that the ZrssCusgAl;gNis BMGs with different impurities
show different crystallization behavior and products. Notably, the
enhanced O impurity promotes the formation of the AlsNisZr, phase in
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Table 3

Density measurement of the alloys. The p, and p. are the average density of
amorphous and crystallized alloys, respectively, measured by the Archimedes
method. The error is less than 0.1%.

Name pa (g cm™) pe(gem™) (pepa)/pa
Zr(Hf) 6.824 + 0.001 6.846 + 0.009 0.32%
7r(0) 6.766 =+ 0.002 6.796 % 0.007 0.44%

the Zr(O) BMG, which could also explain the observation of the
AlsNigZrp phase in some previous studies on the crystallization of
Zr-based BMGs [31, 32]. Dramatic effects of O doping on the crystalli-
zation products were also reported before, however, the specific crystal
phase and its crystallinity may vary due to the different O contents and
synthesis and or post-fabrication treatment conditions [33-35].

Microstructure dictates the properties of materials, and BMGs are no
exception to this relationship. Based on computer simulations, many
parameters were proposed to bridge the gap between the local micro-
structure and physical properties in BMGs, such as soft spots, local
fivefold symmetry, local yield stress, and local atomic configuration
[36-39]. Some of those local structural features have been observed by
advanced experimental technologies [40-43] and correlated with
properties such as thermal ultra-stability and local hardness fluctuation
[44, 45]. Therefore, it is reasonable to speculate that the effect of minor
impurities on the BMGs could also be attributed to their difference in
local structures. For the Zr(O) BMG, the unexpected crystallization
product (AlsNisZr, phase) suggests its distinct local structure from that
of Zr(Hf) BMG. Considering the low density of the AlsNisZr, phase and
cluster hypothesis [46], it is speculated that the O atoms promote the
formation of local low-density zones with clusters close to the nuclei of
the AlsNigZr; phase, therefore, resulting in the precipitation of AlsNisZry
phase in crystallization. This speculation is also consistent with the
observation that Zr(O) BMG shows a reduction of 0.85% in the overall
density compared with the Zr(Hf) BMG (Table 3). Previous studies also
found “big cube phases” induced by minor O addition in Zr-based BMGs
[47, 48]; thus, the feature that big cube phases lower thermal stability
could be general in Zr-based BMGs. For the Zr(Hf) BMG, on the other
hand, the Hf impurity has a marginal effect on the local structure
because the Hf atoms usually play a similar role as the Zr atoms in BMGs
[20].

3.2. Effect of impurities on the GFA

After several decades of studies, many parameters were proposed to
be related to the GFA, such as the interval supercooled liquid region
(ATy = Tx-Ty), the reduced glass transition temperature (Tyg = Tg/T1),
and the y parameter (y = Tyx/(Tg+T1)) [49-51]. The ATy, Trg, and y pa-
rameters of the two BMGs were all calculated and summarized in
Table 4.

There is a negligible difference in ATy between the Zr(Hf) and Zr(O)
BMGs, however, both Ty and y of the Zr(Hf) BMG are higher than the Zr
(0) BMG, which indicates the higher GFA of the Zr(Hf) than the Zr(O)
BMG. Furthermore, DSC traces with different heating rates ranging from
0.083 to 1.67 K s ~ ! were measured on both samples. The apparent
activation energies of Ty, Ty, and T, (the temperature of crystallization
peak) were determined from the linear slope of the Kissinger plot [52].
The fitting values are listed in Table 4. The Zr(Hf) BMG has a close value
of Eg with the Zr(O) BMG. In contrast, the Ex and E;, of Zr(Hf) BMG are
291.33 and 265.66 kJ mol ™}, respectively, which are higher than those

Table 4
Thermal properties of the Zr(Hf) and Zr(O) BMGs.
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of the Zr(O) BMG (272.95 and 256.43 kJ mol’l, respectively). The
activation energies of Ty and T, are usually associated with the
crystal-nucleation and crystal-growth processes, respectively [53, 54].
The smaller values of the Ey and E, mean a lower ability to resist crystal
nucleation and growth, which are in line with the worse GFA of the Zr
(0) BMG [55].

Developing centimeter-sized BMG is important for further industrial
application [21]. It has been reported the ZrssCusgAl;oNis BMG has a
critical size of 20 mm in diameter using a conventional casting technique
[56]. Fig. 3(a) shows the XRD patterns of the Zr(Hf) and Zr(O) BMG
plate samples with a cross-section of 1 x 10 mm? (see in the inset). The
Zr(Hf) BMG is fully amorphous, while the Zr(O) BMG contains crystal
phases as indicated by the emerging Bragg peaks, which can be indexed
as the AlsNisZr; phase and ZrO phase. Usually, the critical size of BMG is
defined as the maximum diameter of fully amorphous BMG rods. Zhang
et al. developped a wedge-shaped mold method to evaluate GFA, and

(a)
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V AINi,Zr,

Intensity (a.u.)

Zr(0) 10 mm
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30 40 S0 60 70 80
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" Zr(0) 6 mm

~
o
~

Intensity (a.u.)

T T T T T T T

10 20 30 40 50 60 70 80
2 Theta (deg.)

Fig. 3. Glass forming ability of the ZrssCuspAl;oNis BMG prepared with
two different purity grades of Zr raw materials. (a) XRD patterns of the Zr
(Hf) and Zr(O) plate samples with a sectional dimension of 1 x 10 mm?>. (b)
XRD mapping of the Zr(O) BMG with triangular shape.

Name Ty (K) Tx (K) AT (K) Ty (K) Teg ¥ Eg (kJ mol™1) Ex (kJ mol 1) E, (kJ mol ™)
Zr(Hf) 665 764 99 1147 0.580 0.422 171+ 9 291+ 8 266 + 11
71(0) 659 759 100 1173 0.563 0.414 171+ 19 272 +£5 256 £ 6
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Fig. 4. Mechanical properties of the Zr(Hf) and Zr(O) BMGs. Engineering stress-strain curves of the as-cast Zr(Hf) (a) and Zr(O) (b) BMGs under uniaxial
compression. (c) The average value of yield strength and plasticity of the two BMGs; (d) The average value of Young’s modulus and hardness of the Zr(Hf) and Zr(O)

BMGs. The inset show typical load-displacement curves of the two samples.

found that the maximum size of fully amorphous regions in
wedge-shaped samples can be a good estimation of their critical sizes
[57]. Based on this, we further simplify the mold to a triangular plate
with a thickness of ~1 mm. Fig. 3(b) shows the XRD patterns at different
positions of the triangular sample of the Zr(O) BMG. The maximum size
of the fully amorphous region in the Zr(O) BMG is ~7 mm and smaller
than the Zr(Hf) BMG, which has a maximum size of more than 10 mm.
Apparently, O impurities degrade the GFA more severely than Hf im-
purity, although O impurity has one order less content than Hf impurity
in the Zr-BMGs.

Atomic packing efficiency has been proved to be an effective indi-
cator for the GFA of BMGs in both simulations and experiments [58-60].
Li et al. described that a small density change upon crystallization could
be used to determine the ease of glass formation [59]. The density of
fully crystallized samples (p.) of the Zr(Hf) and Zr(O) BMGs were
measured and summarized in Table 3. It is found that the density change
upon crystallization, (pc-pa)/pa, of the Zr(Hf) BMG is 0.32%, which is
smaller than that (0.44%) of the Zr(O) BMG. Therefore, this result
suggests higher atomic packing efficiency in the Zr(Hf) BMG. Previous
research also pointed out that the big cube phase formed in Zr-based
BMGs always causes worse GFA even with a low content of oxygen
such as 900 ppm [47, 48], supporting our scenario of the AlsNisZr, big
cube phase in the Zr(O) BMG.

3.3. Effect of impurities on the mechanical properties

Fig. 4(a) and Fig. 4(b) show the engineering stress-strain curves of
the Zr(Hf) and Zr(O) BMGs. To have better statistics, each composition
was tested under uniaxial compression six times. According to the stress-
strain curves, the Zr(Hf) BMG has better plasticity and the highest strain
reaches 3.51%. The average yield strength and plasticity of the Zr(Hf)
and Zr(O) BMGs are compared in Fig. 4(c). The average yield strength of
the Zr(Hf) and the Zr(O) BMGs are 1784 MPa and 1785 MPa, respec-
tively, which are almost identical. However, the average plasticity of the

Fig. 5. Morphology analysis after uniaxial compression tests. The lateral
surface micrographs of the Zr(Hf) (a) and Zr(O) (c) BMGs and the fracture
surface morphologies for the Zr(Hf) (b) and Zr(O) (d) BMGs. The fracture angle
in (a) and (c) are 42.3° and 42.5°, respectively.

Zr(Hf) BMG is 2.11%, which is much higher than the value (0.86%) of
the Zr(O) BMG. Furthermore, to measure the Young’s modulus and
hardness, the nanoindentation tests were performed on both BMGs. The
representative load-displacement (p-h) curves are shown in the inset of
Fig. 4(d). Ten indents were tested on each sample, and the average value
of Young’s modulus and hardness were summarized in Fig. 4(d). The Zr
(Hf) BMG has higher Young’s modulus (112.7 GPa) and hardness (6.81
GPa) than those (109.0 GPa and 6.72 GPa, respectively) of the Zr(O)
BMG. Roughly, these values of both samples are still close to the
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Fig. 6. Comparison of the effects of Hf and O impurity on the GFA and
plasticity in the ZrssCuszpAl;oNis BMGs. XRD mapping of Zr(0O)-Hf s (a) and
Zr(Hf)-Og 33 (b) BMGs with triangular shapes. (c) Engineering stress-strain
curves of the Zr(0)-Hfy 50 BMG.

previous reports by Aji et al. [61]. The local low-density zone related to
the precursor clusters of AlsNi3Zry phase may account for the lower
modulus and hardness in the Zr(O) BMG.

The plastic deformation of BMGs is mainly carried by narrow shear
bands, whose proliferation and propagation dictate plasticity of BMGs.
The fracture morphology of the Zr(Hf) and Zr(O) BMGs were observed
by SEM, shown in Fig. 5. It can be seen from Fig. 5(a) and 5(c) that the Zr
(Hf) BMG shows numerous and denser shear bands on the lateral surface
compared with the Zr(O) BMG, indicating a more ductile feature in the
Zr(Hf) BMG. The macroscopic views of the Zr(Hf) and Zr(O) BMGs show
that shear failure has occurred at an angle of 42.3° and 42.5° with the
compressive loading axis. In Fig. 5(b) and 5(d), the sheared fracture
surface of the Zr(Hf) BMG also presents a denser dimple-like structure
than the Zr(O) BMG. It is believed that dimple-like patterns result from
the local softening of melting within the shear bands induced by the
release of high stored energy during the instantaneous fracture [62].
Larger plasticity indicates more energy was released during the fracture
process, causing denser patterns. The width of each dimple were coun-
ted and the calculated average width of dimples in the Zr(Hf) (Fig. 5(b))
and Zr(O) (Fig. 5(d)) BMGs are 11.8 + 4.4 ym and 17.2 £+ 5.6 pm,
respectively. Such sizes are consistent with typical Zr-based BMGs [63].
Previous work reported that the yield strength increases when the size of
the dimple in fracture surface increases in BMGs [63, 64], and our re-
sults also show a slight increase of yield strength in Zr(O) BMG.

The shear transformation zone (STZ) model proposed by Argon has
been widely used to analyze the plasticity in metallic glasses [65]. The
shear band grows in STZ and can interact with each other to stop
breaking in metallic glasses [66]. Zhou et al. found that the STZ volume
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decreases with oxygen addition up to 3500 ppm, which depresses the
growth of shear bands in Zr-based BMGs [9]. In our work, the oxygen
content in the Zr(O) BMG is ~700 ppm. Thus, the lower plasticity caused
by O impurity is also expected in the Zr(O) BMG according to the STZ
perspective. Samavatian et al. [67] reported the plasticity of the as cast
Zr55CugpAl1oNis BMG is 1.9%, which is quite close to the plasticity
(2.11%) observed in our Zr(Hf) BMG. The results indicate that the Hf
impurity in Zr doesn’t affect the plasticity of the ZrssCusgAl;oNis BMG,
while the O impurity could significantly decrease the plasticity.

3.4. Which impurity plays a dominant role?

The above results suggest that the O impurity in Zr has more evident
effect than the Hf impurity on the Zrs5CugpAljoNis BMG, but other
possible factors could not be excluded. The intended minor addition of O
and Hf impurities into the two Zr-based BMGs (making their composi-
tion identical) could be a straightforward way to verify our conclusions
on the distinct effects of O and Hf impurities [4]. According to the actual
compositions of the two Zr-based BMGs determined in this work
(Table 2), extra Hf impurity (0.50 at.%) was added to the Zr(O) BMG to
prepare the sample with a composition of Zrs4 17CusgAl; gNisOg 33-Hf 50
and the new sample was named Zr(O)-Hfj 5o. Similarly, extra O impurity
(0.22 at.%) was added to the Zr(Hf) BMG to prepare the sample with a
composition of Zrs, 17CugpAl;oNisOg 11Hfy 50-00.22 and the new sample
was named Zr(Hf)-Og 33. The triangular samples of the Zr(O)-Hfy 50 and
Zr(Hf)-Og 33 BMGs were prepared. Fig. 6(a) and 6(b) show the XRD
mapping of the two triangular samples, and the arrows inside point to
the crystalline Bragg peaks, from which we can find the maximum size of
the Zr(0O)-Hfy 5o BMG is 6 mm, and the Zr(Hf)-Og 33 BMG is 5 mm. Their
maximum sizes are smaller than the Zr(Hf) BMG but close to the Zr(O)
BMG in Fig. 3. The maximum size decreases slightly from 7 mm in Zr(O)
BMG to 6 mm in Zr(O)-Hfy 50 BMG, which evidence the marginal effect
of Hf addition. In contrast, a significant role of O impurity was revealed
as the maximum size decreases from more than 10 mm in the Zr(Hf)
BMG down to 5 mm in the Zr(Hf)-Og 33 BMG upon addition of 0.22 at.%
of O impurity. It is worth noting that the crystallization products of the
Zr(0)-Hfp s and Zr(Hf)-Og 33 BMGs are the same as the Zr(O) BMG,
which means that the AlsNi3Zr; phase always forms when the content of
O impurity is up to 0.33 at.%. These results demonstrate that 0.50 at.%
of Hf addition has a minimal effect on the GFA of the Zr-based BMG
while 0.33 at.% of O addition can significantly degrade the GFA.

Fig. 6(c) shows the stress-strain curves of the Zr(O)-Hfyso BMG
during uniaxial compression. The average yield strength and plasticity
of the Zr(0)-Hfpso BMG are 1756 MPa and 0.64%, respectively, and
both are lower than the values of the Zr(Hf) BMG in Fig. 4(a). This result
suggests that once a small amount of O (0.33 at.%) impurity exists in the
system, the plasticity will show a huge reduction in the Zrs5CuzgAl;oNis
BMG, while the 0.5 at% of Hf impurity shows very little influence in
plasticity. Apparently, O impurity in Zr raw materials plays a more
dominant role than Hf impurity in two of the most important properties,
i.e., the GFA and plasticity, in the Zrs5CugpAl;oNis BMG.

4. Conclusion

The following conclusions have been inferred from the above
investigation:

(1) By accurate compositional characterization, Hf and O were found
to be the major impurities in two Zr raw materials with different
grades of purity, which are the dominant contribution to the
contents of impurities in final Zr-based BMGs.

(2) The O impurity was found to promote the formation of the
AlsNisZry intermetallic compound phase, which suppresses the
thermal stability, GFA, plasticity, Young’s modulus, and hardness
of the Zrs5CuszpAl;oNis BMG. In contrast, although the impurity of
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Hf has a much higher content than O, a negligible effect of Hf on
the Zrs5CuspAl;oNis BMG properties was revealed.

(3) By deliberately adding O and Hf with designed contents into the
two Zrs5CugpAl;oNis BMGs (synthesized with two different Zr
raw materials) to make their real compositions identical, the
dominant role O plays was verified, which suggests the O impu-
rity in Zr raw materials need to be carefully estimated while high
purity Zr raw materials with less Hf is unnecessary by considering
its high cost and high content of O impurity.

Our results clarify the effects of Hf and O impurities in Zr raw ma-
terials on the Zr-based BMG and will help guide industrial production
and applications of Zr-based BMGs with optimized properties but less
cost.
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