Journal of Alloys and Compounds 773 (2019) 401—412

journal homepage: http://www.elsevier.com/locate/jalcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

JOURNAL OF

ALLOYS AND
COMPOUNDS

Oxygen-driven impurities scavenging before solidification of Fe-based n

metallic glasses

Check for
updates

Weiming Yang °, Qiangian Wang b1 Haibo Ling , Haishun Liu ", Lin Xue b Yezeng He °,

Qiang Li ¢, Baolong Shen ™"

@ School of Mechanics and Civil Engineering, Institute of Massive Amorphous Metal Science, China University of Mining and Technology, Xuzhou, 221116,

People's Republic of China

b School of Materials Science and Engineering, Southeast University, Nanjing, 211189, People's Republic of China
€ School of Physics Science and Technology, Xinjiang University, Urumgqi, Xinjiang, 830046, People’s Republic of China

ARTICLE INFO ABSTRACT

Article history:

Received 11 July 2018

Received in revised form

17 September 2018

Accepted 19 September 2018
Available online 20 September 2018

Oxygen and impurities are basically unavoidable during the manufacturing of Fe-based metallic glasses,
frequently impeding the products' performance and greatly increasing the processing cost. Until now,
how oxygen affects the glass-forming ability remains controversial, and eliminating the adverse effects of
oxygen and impurities is still a huge challenge. Here we discover a new force of oxide inclusion flotation
that drives the occurrence of purification, by blowing oxygen into the Fe-based melts, which help to mix
the melts well to accelerate the oxidization and elimination of impurities from commercial raw mate-
rials. The synergistic reaction of oxygen and impurities not only improves the glass forming ability,
magnetic and mechanical properties of the products, but also makes the stringent processing re-
quirements, e.g. high-purity starting materials and/or high-purity argon, unnecessary. This study un-
covers the mystery of oxygen in the glass formation, extends the innovation of fabrication process and
highlights a significant technological breakthrough to reduce industrial production cost of Fe-based
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1. Introduction

The materials purity and the vacuum degree in the manufac-
tories are not as desirable as in the laboratories, restraining the
large-scale industrialization of research findings, among which Fe-
based metallic glasses (FMGs) are typical examples. FMGs have
attracted great research development interests [1] ever since their
first synthesis in 1967 [2] because of their superior soft magnetic
[3], mechanical and chemical [4,5] properties [6], as well as their
relatively low cost of manufacture [7]. Especially, many large-sized
FMGs have been developed in the laboratories since the discovery
of bulk FMGs in 1995 [8], and they were considered to possess
promising applications as structural and surface coating materials
[9,10]. However, the actual number of FMGs suitable for the com-
mercial production is quite limited and their applications,
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particularly as structural materials, are rarely reported. The strin-
gent processing requirements for the formation of FMGs, i.e. under
high vacuum and using high-purity starting materials, aiming to
reduce the detrimental effects of oxygen and the inclusions (e. g. Al,
Si, Cr, S and their oxides), increase the production cost and impede
the industrialization of these alloys.

There is no debate about the adverse effect of the inclusions as
their alloying assists heterogeneous nucleation and deteriorates the
chemical, mechanical and soft magnetic properties of FMGs [11,12].
Nevertheless, the role of oxygen in metallic glasses preparation has
remained controversial for more than 20 years [13—16]. W. L.
Johnson et al. found oxygen detrimental to glass formation as it
induced formation of harmful oxides and/or metastable phases
which act as heterogeneous nucleation sites [17]. J. Eckert et al.
suggested that inclusions of oxygen impurities changed the crys-
tallization process from single to multiple stages and then
decreased the supercooled liquid region [18]. On the contrary, D. ].
Sordelet et al. revealed that a critical level of oxygen could promote
glass formation [19—22]. Moreover, the oxygen concentration var-
ies significantly in different samples even of the similar


mailto:liuhaishun@126.com
mailto:blshen@seu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2018.09.242&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2018.09.242
https://doi.org/10.1016/j.jallcom.2018.09.242
https://doi.org/10.1016/j.jallcom.2018.09.242

402 W. Yang et al. / Journal of Alloys and Compounds 773 (2019) 401—412

compositions [23], e.g. the oxygen concentration measured by V.
Ponnambalam et al. [24], as low as 50 ppm or less in FesgCris.
Mo14Y2C15Bg glassy alloy, which is about 20—50 times lower than
that in similar glassy alloys synthesized by Z.P. Lu et al. [25]. These
debates indicate that a physical understanding of the mechanisms
of oxygen alloying in FMGs is still unsettled. As the oxygen and
inclusions alloying are basically unavoidable during the large-scale
industrial processing, it is vital to understand and overcome its
adverse effect in the glass formation process, in order to produce
the similar (or better) samples in commercial production as in the
laboratories and facilitate the applications of FMGs tremendously.

Recently, it was found that oxygen-scavenger elements, e.g. Al, Y,
function well in decreasing the oxygen concentration to improve
the manufacturability in the glass matrix via the formation of ox-
ides [25,26]. From the other point of view, oxygen is also capable to
trap these scavenger elements and eliminate their impact to the
matrix [27]. The FMGs also can be successfully synthesized in air
[28,29], even in oxygen [22]. These standpoints enlighten us a new
possibly-effective approach to reduce the adverse impact of the
impurities for the industrial production of FMGs, by blowing a
suitable amount of “impurity-scavenger"—oxygen in the metallic
melts. This will definitely reduce the industrial production cost of
FMGs, as neither high-purity starting materials nor high vacuum
degree is necessary for this approach.

To verify the above idea, taking typical Fe-P-C ternary system as
an example, we built a torch-heated transparent quartz tube sys-
tem and blew oxygen/argon during the melting process to prepare
FMGs. The relative low affinity for oxygen of P and C during melting,
as well as the simplicity of the ternary system, allow us to inves-
tigate most of the impurity elements without obscure. The trans-
parent quartz tubes enable us to observe the experimental
phenomenon easily and control the gas flow precisely. Fluxing
treatment was performed on the alloys prior to the melting process
to eliminate the oxygen dissolved in the starting materials. We
found that the oxygen blew during the melting and the casting
process function as the “impurity-scavenger”, and provide a new
force of oxide inclusion flotation that drives the occurrence of pu-
rification, which assists the glass formation and promotes the
magnetic and mechanical properties of bulk FMGs. This finding not
only uncovers the mystery of oxygen in the formation process of
FMGs, but also gives a useful guideline in the innovation of fabri-
cation process for reducing their industrial production cost.

2. Methods
2.1. Materials and preparation

Mother alloy ingots with nominal compositions of FeggP13C7 (at.
%) were prepared by employing commercial raw materials: Fe-P,
Fe-C alloys and iron powder (99.8 wt % Fe, other constituents
including Al, Cr and their oxides). Wet chemical composition
analysis results of the industrial grade raw materials Fe-P and Fe-C
are shown in Table 1. The alloy ingots were fluxed with a fluxing
agent composed of B,O3 and CaO (mass ratio of 3:1) at 1500 K for
several hours under a vacuum of ~10Pa, to decrease the initial
amount of oxygen dissolved in the melts.

After fluxing treatment, the alloy was transferred into the
transparent quartz tube system, which consists of two tubes with
different diameters connecting to each other. The typical di-
mensions of the larger tubes are 5—10 cm in length, with inner/
outer diameter being 11/13 mm. The smaller tubes are 5—10 cm in
length, 0.1—0.2 mm in wall thickness and 1—-2 mm in inner diam-
eter, respectively. The tube system was connected to a mechanical
pump and evacuated to ~5 x 1073 Torr first, and then blew with
corresponding high purity (below 1 atm) Ar or O, gas continuously.
The ingot was melted using a torch and heated the melt to ~1450 K
by holding for 5, 10 and 15s. To achieve rapid quenching, the melt
was then pushed into the smaller quartz tube. Subsequently, the
tube system was moved out of the furnace and quenched in cold
water (room temperature) for several minutes. The cylindrical alloy
samples with diameters of 1.0—2.0 mm and lengths of a few cen-
timeters were obtained.

2.2. Structure characterization

The nature of samples was ascertained by X-ray diffraction
(XRD) (D8 Advance) with Cu Ko radiation, differential scanning
calorimetry (DSC) (NETZSCH DSC-404) with a heating rate of
0.33K/s, and high-resolution transmission electron microscopy
(HRTEM) (Tecnai F20). The as-quenched glassy rods were cut in half
along the longitudinal axis, polished and etched by a 5% HNOs-
C,H50H solution, the inclusions inside the samples were observed
and identified by optical microscope, scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS).

The binding states of glassy rods were evaluated by X-ray
photoelectron spectroscopy (XPS) using a Kratos AXIS ULTRAPL?
instrument with a monochromic Al K, X-ray source
(hv =1486.6 eV). The power was 120 W and the X-ray spot size was
set to be 700 x 300 um. The pass energy of the XPS analyzer was set
at 20 eV. The base pressure of the analysis chamber was better than
5 x 1072 Torr. All spectra were calibrated using the binding energy
(BE) of C 15 (284.8 eV) as a reference, ultraviolet source (He I 21.2 eV
and He II 40.8eV) and etching condition (beam energy 2.0 kV,
extractor current 100 uA, raster size 4 mm).

Needle-shape specimens for atom probe tomography (APT)
were fabricated by a lift-out method in a FEI Nova™ 200 Nanolab™
focused ion beam instrument. The APT analyses were performed in
a Cameca Instruments LEAP 4000X HR in either voltage or laser
(A =400 nm, 100 kHz pulse repetition rate) modes.

2.3. Performance measurement

The specimens for compression test were cut out from the as-
quenched rods, and each end was polished to make it parallel to
each other prior to the compression test. The mechanical behavior
of at least 10 specimens for each sample with a diameter of 1.0 mm
and an aspect ratio of 2:1 was examined by uniaxial compression
using an Instron testing machine at room temperature, and the
strain rate was 5x 10 #s~L The tests were carried out in a
constant-crosshead-displacement-rate control manner.

Magnetic properties of saturation magnetization (Ms) were
measured on the glassy rods at room temperature with a vibrating

Table 1

The main chemical composition of Fe-P and Fe-C commercial raw materials.
Materials (wt %) Fe Si Cr P Al C S Others
Fe 99.800 0.050 0.084 0.012 0.010 0.008 0.006 0.030
Fe-P 73.161 0.009 - 26.803 - 0.015 0.012 -
Fe-C 94.351 1.559 — 0.106 — 3.984 - -
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sample magnetometer (VSM) under an applied field of 800 kA/m.

2.4. First-principles calculations

First-principles calculations were used to study the adsorption
behavior of the a-Al,03 based on density functional theory within
the generalized-gradient approximation and with the Perdew-
Burke-Ernzerhof functional and ultrasoft pseudo potential. The
Brillouin zone was sampled with (5x5x1) k points of a
Monkhorst-Pack grid. The energy cutoff for the plane-wave
expansion of the eigenfunctions was set to 400eV. To simulate
the adsorption on the surface of ¢-Al,03, we constructed a slab
model with a 15 A vacuum depth along the [0001] direction and a
surface unit cell with a 2 x 2 dimension. For all surface calculations,
the bottom three layers were kept frozen and the other layers were
allowed to relax. The structure optimization was performed until
the Hellmann-Feynman force on each atom less than 0.02 eV/A. The
convergence of the total energy is considered to be achieved until
two iterated steps with energy difference is less than 10~° eV. The
adsorption energy is calculated as Eq = E(aa/Al,03)-E(Al,03)-E(aa).
In the equation, E(aa/Al;03) and E(Al,O3) are the total energies of
the supports with and without the adsorption atoms, respectively,
while E(aa) is the total energy of the adsorption atoms.

3. Results

3.1. Comprehensive properties of glassy rods prepared in argon and
in oxygen

To clarify the effect of oxygen in the preparation of FMGs, we
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prepared FegoP13C; glassy rods using commercial raw materials
under high purity argon (Ar-rod) and oxygen (O,-rod) atmosphere
respectively (see Methods part for sample preparation details), and
analyzed their glass forming ability (GFA), magnetic and mechan-
ical properties subsequently. The critical diameter of the Ar-rod is
1.0 mm, while 2.0 mm glassy rods are successfully obtained by
blowing high purity oxygen during heating, referring to higher GFA,
as X-ray diffraction (XRD) patterns show in Fig. 1 (a). The DSC an-
alyses of the obtained glassy rods are presented in Fig. 1 (b). The Ar-
rod exhibits a single sharp exothermic peak, suggesting a simul-
taneous formation of the different crystalline phases. Interestingly,
the crystallization behavior of the O,-rod changes from single to a
double-step process. Further study of the splitting crystallization
peaks is presented in the discussion part in this work. Magnetic
properties analyses of as-cast glassy rods were carried out via VSM
as shown in Fig. 1 (c). We find that Ar-rod and O,-rod display similar
M-H loop shape and exhibit similar values of Ms, only that the Ms of
0,-rod sample is slightly larger than that of Ar-rod. Typical me-
chanical properties of engineering fracture strength and compres-
sive plastic strain of Ar-rod and O,-rod samples also have been
compared, as shown in Fig. 1 (d). Although the yield strength of
FegoP13C7 glassy alloys prepared in argon and oxygen are similar,
about 3.4 GPa, the plastic strain increases visibly from 1% for Ar-rod
to 3% for Oy-rod.

3.2. Structure and composition analyses of glassy rods prepared in
argon and in oxygen

SEM analyses of the surface and interior of Ar-rod and O,-rod
are presented in Fig. 2. The surface morphology of the two samples
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Fig. 1. (a) XRD patterns of FegoP13C7 glassy rods with various diameters prepared using commercial raw materials under high purity argon (Ar-rod) and oxygen (O,-rod) atmo-
sphere, respectively. (b) DSC curves of Ar-rod and O,-rod with a diameter of 1.0 mm. (c) Hysteresis M-H loops of Ar-rod and O,-rod with a diameter of 1.0 mm. (d) Mechanical

properties of Ar-rod and O,-rod with a diameter of 1.0 mm.
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Fig. 2. (a) and (b) SEM images of the surfaces of the Ar-rod and the O-rod, respectively, the insets show their macroscopic compression samples before breaking. (c) and (e) SEM

images of the interiors of the Ar-rod. (d) and (f) SEM images of the interiors of the O,-rod.

subjected to compression test (prior to failure) are completely
different. Nearly no inclusions are observed on the surface of the
Ar-rod (Fig. 2 (a)), while a large amount of inclusions accumulate on
the surface of the O,-rod (Fig. 2 (b)). These inclusions are primarily
composed of Al;03, Cr03, Cas, SiO; etc. (see Fig. 3 and Table 2) and
minor amounts of bubble-like cavities. A special feature also has
been regularly observed on the O,-rod surface, on which the ma-
jority of inclusions tend to combine to form the large oxide-based
inclusions.

The special interior features of these two kinds of glassy rods are
presented in Fig. 2 (c)~(f). There are many small spherical inclusions
(<1um), together with seldom large inclusions, embedded
randomly in the whole Ar-rod samples as shown in Fig. 2 (c) and (e).
However, nearly no inclusions are observed in most scanned re-
gions in the O,-rod samples, except that seldom appears single
large spherical inclusion without any other feature around as
shown in Fig. 2 (d). Luckily, the formation process of these large but
rare inclusions in Oy-rod is captured under SEM, lots of embryos of
small inclusions colliding with each other and coalescing into

bigger ones, as shown in Fig. 2 (f). Meanwhile, cavities are also
found in some scanned regions under SEM (EDS results see Fig. 4).
The inner wall of the cavities is rather smooth without any den-
dritic feature (Fig. 5), which means that gas should exist in the
formation process of the cavities.

Wet chemical composition analyses were performed on the
commercial raw materials used in this work, presenting trace
amount of Si, Cr, Al, S and other impurities in the alloys, as shown in
Table 1. To eliminate the influence of oxygen coming from the raw
materials, we utilized melt fluxing method on the ingots prior to
carrying out the experiments in the tube system. The overall oxy-
gen concentration of flux-melted alloys is usually below 2 ppm
[30,31]. To trace the distribution of these impurities and oxygen,
EDS line scanning were performed on the inclusions and the glass
matrix both in Ar-rod and O,-rod. Representative EDS line scanning
result is shown in Fig. 6, uncovering the existence of Ca and S in the
inclusion. S comes from the impurities of the starting materials,
while Ca coming from the fluxing treatment process. Impurity el-
ements distribute in different inclusions, e.g. Si, Cr or Al, are not
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Fig. 3. Morphologies of the represented inclusions on the surface of O,-rods.

The composition results (wt.%) of the inclusions in Fig. 3 analyzed by EDS.

Fe P C (0] Al Cr Si S Ca  other
Fig.3(a) 5464 335 135 2065 13.87 6.13 — - - -
Fig. 3 (b) 4.68 048 66.03 2843 0.09 -— - 029 — —
Fig.3(c) 2320 140 5149 1959 014 - - 1.27 0.16 4.46
Fig.3(d) 69.20 15.76 627 8.65 005 -— 0.02 0.02 0.03 —
eps/ev
4.0
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75%
‘Al si [Pl Ca

detected in the inclusions in Fig. 6 but present in other inclusions
(Fig. 3, Table 2). The oxygen distribution is also obtained via EDS
line scanning. Surprisingly, no matter what kind of airs, oxygen or
argon are blown during the preparation process, the oxygen con-
centration in the glass matrix is always very low, which is
confirmed by 3DAP results (Fig. 7), while it is much higher in the
inclusions. In contrast, the concentration of Fe and P in the
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Fig. 4. The coexistence of alumina, silicides and other oxides in the interior of the samples prepared in argon. (a) The EDS result for inclusions in Fig. 2 (c); (b) The EDS result for

inclusions in Fig. 2 (e).
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Fig. 7. Atom probe analysis of (a) O,-rod and (b) Ar-rod. The concentration of oxygen is
too low to be detected by Mass spectrum analysis.

inclusion is lower than that in the glass matrix. It clearly reveals
that the oxygen is only absorbed and dissolved homogeneously into
the inclusions. This result also suggests that oxygen is not intro-
duced into the glass matrix by blowing oxygen. Iron-rich melts can
dissolve large amounts of oxygen. The oxygen in ferro-alloys mainly
exists in oxides form because of its limited solubility in ferro-alloys.
On cooling this melt, the dissolved oxygen will precipitate into
crystalline oxide inclusions that may become potential hetero
nucleates.

In order to obtain further microstructure information of the Ar-
rod and O;-rod, we applied XPS to both samples over a wide
binding energy region to measure the peaks of Fe-2p, P-2p, C-1s, Al-
2p, S-2s, Cr-2p, Si-2p, O-1s, etc. There is no difference of the XPS
spectra of Fe-2p, P-2p and C-1s measured for all specimens
(2—4 nm detection depth). The Fe-2p spectra of both Ar-rod and O»-
rod display the characteristic features for metallic states and the P-
2p and C-1s spectra display the characteristic features for non-
oxidized states (Data not shown). For Ar-rod samples, the S exis-
tence is well confirmed using XPS in Fig. 8 (a). The S-2p spectrum
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Fig. 8. (a), (b), (c) and (d) the XPS data of Al-2p, S-2p, Cr-2p and Si-2s in the Ar-rod and O,-rod, respectively. (Blue line represents elementary state, green line represents ion state,
red line represents the sum of elementary and ion states). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

consists of one set of 2p3/2 (164.0 eV) and 2p1/2 (162.5 eV) peaks.
The peak at 162.1-162.5 eV is assigned to S-2p electrons of S?~ ions.
Although the integrated intensities of Al, Cr, and Si peaks are small
in the Ar-rod, their existence can still be detected. The peak at
72.9—73.1 eV corresponds to the metallic state (Al®), while the Al-
2p peak at 74.3—74.5 eV corresponds to the AP+ state appear for
Ar-rod in Fig. 8 (b). The peak at 578—581 eV corresponds to Cr® and
Cr** in Fig. 8 (c), while the peaks at 149—152 eV and 154 eV cor-
responds to Si and Si** in Fig. 8 (d) in Ar-rod, respectively. The
distinct chemical shifts towards higher binding energies were
observed due to the additional contributions from Al,03, CaS, etc.
inclusions in alloy prepared by blowing Ar. In contrast, from the XPS
analyses we reveal that the peaks of Al, S, Cr and Si are very slight or
disappear if the samples were prepared by blowing oxygen. These
results imply that the role of oxygen seems to be the scavenger of
inclusions.

3.3. Pesudo-in situ observation of the inclusions formation process
in melts

To elaborate the effects of oxygen in the formation of inclusions
in the production of FMGs, we analyzed the microstructure trans-
formation inside the obtained rods via the holding time of the melts
in argon and oxygen atmosphere respectively. Before quenching
the tube system in cold water, we held the melts in the tube system
in an oven at ~1450 K for 5, 10 and 15 s, blowing argon and oxygen,
respectively. The microstructure of these melts was then “frozen” in
the obtained rods by quenching, providing pseudo-in situ obser-
vation of the inclusion formation process. Real-time pictures of
these melts after holding were taken and presented in Fig. 9. Some
melts and inclusions splash on the inner wall of the transparent

tubes, and the whole melts becomes stable after 10s with oxygen
blowing, while all the tubes with argon blowing are very clean. The
obtained rods after quenching were cut and polished to be analyzed
under optical microscope. Cross sections of O,-rods with different
holding time are presented in Fig. 10 (a)~(c). When blowing oxygen
during the heating process, with the increasing holding time, the
size of the inclusions increases but the amount of the inclusions
decreases significantly and finally disappear. A large amount of
small inclusions is trapped in the O,-rod by heating the melt for 5 s;
the amount of inclusions is significantly reduced despite the exis-
tence of some relatively large inclusions formed from the accu-
mulation of the small inclusions by heating the melt for 10s;
Surprisingly, by heating the melts for 15 s, no inclusion is visible on
the cross section of the O,-rod. These results reveal that the gas
atmosphere has a primary effect on inclusions cleanliness. When
blowing argon during the heating process, neither the size nor the
amount of inclusions changes much (Fig. 10 (d)-(f)). Inclusions with
diameters in the range of 0.5—5um are trapped in the Ar-rods
when holding the melt for 5s, 10s or 15s. On the other hand, DSC
analysis of obtained Ar-rod and O,-rod with different holding time
reveals that, longer heating time leads to the splitting crystalliza-
tion peaks in the O-rods (Fig. 11). This result implies that the in-
clusions change the crystallization process of O,-rods.

4. Discussion

Among all the efforts for GFA improvement, employing oxygen-
scavenger in the glass matrix has been proved to be an effective
method [15,26]. Some elements have stronger affinity for oxygen
than other elements and thermodynamically more favored to react
with oxygen to alleviate the oxygen impurity impact in the system,
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Fig. 9. (a)~(c) The optical graphs for the FegoP13C; melts under high-purity oxygen atmosphere at different continuous heating time, 5s, 10s and 15s. (d)—(f) The optical graphs for
the FegoP13C; melts before cooling in a quartz tube under high-purity argon atmosphere at different continuous heating time5s, 10s and 15s.

Fig. 10. Optical microscopy analyses of obtained O,-rods and Ar-rods with different melt-state: Blowing oxygen and holding the melt for (a) 5s, (b) 10s and (c) 15s; Blowing Argon
and holding the melt for (d) 5s, (e) 10s and (f) 15s.

so they are called “oxygen-scavenger”. Minor addition of the scavenger elements, e.g. Y, Al, Ti, function well in decreasing the
oxygen-scavenger will improve the GFA of the matrix [25]. Oxygen- oxygen concentration in the glass matrix. From another point of
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view, oxygen is also capable to trap these scavenger elements and
eliminate their impact to the matrix [32]. In fact, the inclusions (e. g.
Al, Ti, Y and their oxides) sometimes are brought into the alloy
casually as the impurity elements due to the low purity of com-
mercial starting materials. In this case, the oxygen should be
referred as the “impurity-scavenger” in the glass matrix. In addi-
tion, compared with the traditional melt spinning process under
vacuum, blowing oxygen input dynamic force to the melt,
tremendously increase the mixing movement of the melt and the
collision opportunity of the inclusions. The massive collision of the
inclusions not only accelerates the oxidation and coalescence of the
impurities, but also assists the evaporation of the inclusions.

Based on the above results, here we propose three steps of
oxygen-induced inclusions edulcoration in the formation of FMGs:
i) Oxides, coming from the oxidation reaction between impurity
elements and oxygen, nucleate and grow quickly. This stage is
mainly controlled by the concentration of oxygen and the impurity
elements. ii) Large inclusions form via random collision and coa-
lescing of oxides, as well as adsorbing surrounding ions. When
growing large enough, the movement of inclusions follows Stokes'
Law [33] in the turbulent fluid. iii) Buoyancy rising, bubble
attachment, and fluid flow transport large inclusions from the melt
bulk to the top slag or to the refractory walls of the vessel. Details of
these steps are illustrated as follow.

According to Kubaschewski [34], compared with the Fe, P and
C, the Al, Si, S, etc. inclusions have stronger affinities with oxygen
in the system (Ca>Al>Si>C>P). The reaction between these in-
clusions (Ca, Al, Si, etc.) and oxygen is more thermodynamically
favored compared to the reaction between oxygen and the other
elements in the system. Around the interface between oxygen and
Fe, FeO is firstly generated but then diffuse into the liquid metal,
followed by the oxidation of inclusions (Al, Cr, Si, S, and carbides)
to form Al;03, Cry03, SiO, particles and SO,, CO gases [35], as
Equation (1) shows.

X[M] + yFeO = MyOy + yFe (1)

The adequate oxygen content promotes the oxidation of the
impurity elements and increases the amount of oxides. From the
homogeneous nucleation theory, the oxide embryos nucleate only
when the oxides saturate in the liquid. Hence, a large number of
oxides are unavoidably formed via the chemical reaction between
the impurity elements and oxygen when blowing oxygen in the

melt as shown in Fig. 10 (a). As the dissolved oxygen concentration
is extremely low in the melt protected by argon, rare oxides are
formed in the Ar-rod as shown in Fig. 10 (d).

With the increasing heating time, lots of oxide embryos in the
0, blew melts collide with each other and coalesce into bigger ones
as shown in Fig. 2 (f). Owing to the weak wettability of oxides
during the solidification process, the oxides particles would not
only be inclined to agglomerate together but also adsorb the sur-
rounding S, Ca or other atoms to form larger inclusions rapidly and
become more buoyant. These behaviors are chemically evidenced
by first-principles calculations. Owing to the strong electronic hy-
bridizations, O and Al, on the surface of a-Al,03 favorably traps the
free Ca and Si atoms and bond them with S and O to nucleate the
CaS and SiO; clusters, respectively. As shown in Fig. 12 (a), the
trapped Ca atom is tightly bounded to the nearest neighboring O
and S atoms through the Ca-S and Ca-O bonding. The adsorption
energy of the CaS-like clusters is —2.74 eV. Similarly, the trapped Si
atom is tightly bounded to the nearest neighboring O atoms
through the Si-O bonding and the trapped O atom is tightly
bounded to the nearest neighboring Al atom through the AI-O
bonding as shown in Fig. 12 (b). The adsorption energy of the
SiO-like clusters is —8.40 eV. Containing more oxygen and oxides
embryos, most inclusions in the oxygen blew melts thus encounter
fast particle growth, whereas the growth of inclusions in the argon
blew melts is not stimulated. This conclusion can be verified in
Fig. 10, where inclusions in O,-rod are much larger than those in Ar-
rod when the holding time is long enough.

According to the Stokes law [33], the oxides inclusions would be
inclined to agglomerate together and grow rapidly in the melts. The
size of the inclusions has been theoretically calculated from the
Stokes Law, as shown in Eq. (2),

%
r—— (2)

1 _ 8¥pm—por*t
181,

where r is the radius of inclusion; r* is the initial radius of inclusion
nucleus; « is the volume percentage of inclusion in the melt; g is
gravity; pn is the density of melt; ps is the density of inclusions; 7,
is the viscosity of melt. The radius of inclusions after collision and
coalescing in the melt is related to the initial scale of inclusions, as
well as the heating time. With p,; = 7100 kg/m?, ps = 3000 kg/m?,
Nm = 0.005Pas, a« =0.18, we obtained the plot of the final size of
inclusions with different initial scales vs. heating time, as shown in
Fig. 13 (a). The inclusions with bigger nucleus size experience faster

Fig. 12. First principles calculations of the adsorption behavior. (a) Nucleating process
of CaS clusters by trapping S and Ca atoms on the Al,03 (0001) surface. (b) Nucleating
process of SiO, clusters by trapping Si and O atoms on the Al,03 (0001) surface.
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Fig. 13. (a) The relationship between radius of inclusions and holding time from
theoretical arithmetic. (b) The number density change of inclusions with different
scales with holing time.

particle growth than the smaller ones. The floating velocity of
particles in fluids is proportional to the square of their diameters,
which means that the bigger inclusions have higher rising veloc-
ities to float onto the free surface quickly. Based on the Stokes Law,
the change rate of inclusion number density in melts can be ob-
tained as the following equation [33]:

r 2
d
Tcll(tr) — % Jn(ri)odﬂ(ri, rj)n(rj) <%> dr;
0

n(ryv

—n(r) [n(q)alﬁ(r,-,rj)drj— i — Mr?n(r) (3)
0

where n(r) is the inclusion number density; A is the effective
collision coefficient of inclusion; r, rj are the radius of inclusion i, j
respectively (m); M is the constant for the calculation of adhesion of
inclusion to the solid surfaces; §(7;r;) is the collision rate constant of
r; and r1; inclusions (m3/s). With Eq. (3), we plotted the density
change rate of inclusions with different radius, as shown in Fig. 13
(b). From the plot, larger inclusions may succeed to escape from the

melts after a period of time, while the smaller ones are trapped in
the melts eternally. Similar result was obtained for metallurgy
research recently, the oxide inclusions with diameters >30 um are
able to float onto the top of the melts rapidly and their influences
on the solidified melts easily vanish [32], while the oxides with
diameters <30 pum float weakly and slowly to drift with the current
of the thermosolutal convection from flotation-driven purification
theory [33], and finally to be captured in the cooled solids. The
oxygen blew into the melt also helps to mix the melt well to
accelerate the oxidization and evaporation of inclusions. The in-
clusions in the melt can be oxidized by oxygen, and then the oxides
and oxide-based inclusions evaporate out of the melt, which pu-
rifies the metallic melt. The typical preparation methods of glassy
alloys, e.g. melt spinning, copper mold casting etc., are fast casting
processes, similar as metallurgical casting, only with high cooling
speed. As the inclusions in the O, blew melts are much larger than
those in the argon blew melts, they can float out of the melts much
easier and faster. As a result, the O,-rods have rough surface but
homogeneous interior, while the Ar-rods have smooth surface but
inclusions spreading all over the interior, as Fig. 2 shows.

From the above analyses, the inclusions formed in the melts are
made of oxides mostly, including Al,03, CaS, SiO;, P05, FeO, etc.
However, only CaS and Al,03 can survive as solid particles in the
melts due to their high melting points. These particles serve as
heterogeneous nucleation sites during solidification and signifi-
cantly deteriorate the GFA of the obtained alloys. From Bramfitt's
planar lattice disregistry model [36], the lattice of these oxides
matches well with a-Fe [37], thus the oxides would decrease the
interfacial energy for a-Fe precipitation. Trapping more inclusions
inside the obtained rods, the samples prepared in argon are more
likely enduring phase transformation from the amorphous state to
the a-Fe phase with relatively short-range atomic diffusion. XRD
results of samples annealed at 720 K and 750 K in Fig. 14 reveal the
primary phases of Ar-rod and O,-rod are a-Fe, Fe3(P,C) and Fe»3Cg,
respectively. The Fe;3Cg phase possesses a lattice parameter larger
than 1 nm including 116 atoms [38], drastically retarding its for-
mation upon solidification due to the difficulty of the geometrical
rearrangements in the relatively long-range ordering structures.
Although the crystallization peaks of O,-rod is splitted in Fig. 1 (b),
the complicated atomic structure of its primary phase Fey3Cg re-
quires higher energy for O,-rod to crystallize. This explains why the
Oy-rod present larger GFA than the Ar-rod. Furthermore, the

(2) O,rod * s oFev Fe(P,C) — 750K

A W
1 1 1 1 1 1 1

Intensity (a.u.)

(b) Ar-rod s a-Fe v Fe(P,c) — 750K
—— 720K
v v -

WW%WMW&MMWKVMWMWWWWWWMWWWWW
30 35 40 45 50 55 60 65 70
20 (deg.)

Fig. 14. XRD traces of FegoP13C7 glassy rods prepared using commercial raw materials
under high purity oxygen (a) and argon (b) atmosphere annealed at 720K and 750K,
respectively.
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Fig. 15. XRD and DSC traces of FegoP13C; glassy rods prepared using high-purity
starting materials in argon and oxygen atmosphere.

magnetic and mechanical properties of BMGs also strongly depend
on the type and amount of inclusions. The existence of the oxide
inclusions in the FMGs should reduce their average magnetization
and resist shear [17,30,39]. Thus, the enhancements of saturation
magnetization and ductility of glassy rods prepared in oxygen
probably result from a reduction of the inclusions formed in the
FMGs.

To further verify our discoveries, 2.0 mm rods were prepared
using high-purity starting materials in argon and oxygen atmo-
sphere respectively. XRD analyses confirm the fully glassy structure
of both samples. For high-purity starting materials, DSC analyses
find no appreciable difference in Ty, T, or crystallization process in
the samples prepared in argon or oxygen atmosphere (Fig. 15),
which is consist with previous results by W. H. Wang et al. [22].
Without presence of the impurity elements, blowing oxygen
doesn't facilitate the improvement of the GFA of the samples
compared to blowing argon. It provides supportive evidence for the
results that oxygen is the scavenger of inclusions in the formation
of FMGs and the controllable blowing oxygen process is a very
promising approach to reduce the industrial production cost of
FMGs.

5. Conclusions

This work demonstrates that oxygen acts as “impurity-scav-
enger” during the preparation of FMGs, which means that the high-
quality FMGs can be prepared using commercial raw materials by
blowing oxygen. High-purity starting materials or high vacuum
degree is not necessary for FMGs production. This discovery will for
sure reduce the industrial production cost and promote the ca-
pacity of commercial production for FMGs greatly. Just as the ox-
ygen top blown converter steelmaking brought the revolution of
steel industry, this work not only provides an important insight into
the understanding of the oxygen effect on glass formation, but also
gives a useful guideline in the innovation of fabrication process for
the industrial production of FMGs. However, there are still some
critical issues need to be explored, for example, the composition of
the inclusions depends on time, temperature and flow rate of ox-
ygen. How to control the inclusions quantificationally? To address
these issues, more refined scrutiny of experimental data is desired
in future work.
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