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A B S T R A C T

In this work, we report on advanced insights into the effects of fluxing on Fe50Ni30P13C7 bulk metallic glasses.
We find that the employed oxide fluxing agent results in significant incorporation of boron in the alloy by atom
probe tomography analysis. It demonstrates that the improved glass-forming ability induced by fluxing attributes
to not only the reduction of heterogeneous nucleation, but also boron alloying. In addition, the more densely
packed microstructure of the fluxed alloys is also related to amount of boron addition. Such an understanding is
of great importance to adequately process glass-forming liquids, in order to achieve optimized bulk metallic glass
parts with enhanced thicknesses and improved mechanical properties.

G R A P H I C A L A B S T R A C T

1. Introduction

Fe-based bulk metallic glasses (BMGs) have been investigated for
potential uses in electrical transformers, motors, high frequency switch-
ing power supplies, and other electrical energy conversion devices
[1–5]. However, the commercialization of Fe-based BMGs has been
mainly limited by two factors: low critical thickness and high brittleness

[6–10]. There is no doubt that the essential challenge of future Fe-based
BMGs is to obtain the alloys with combination of large glass-forming
ability (GFA) and excellent compressive ductility. Kui et al. observed
that the GFA can be improved by fluxing the Pd40Ni40P20 alloy in B2O3

[11]. Exploiting this principle, the Pd40Ni20Cu20P20 glassy alloy was
prepared in a bulk form with a diameter up to 80 mm [12]. Meanwhile,
it is important to note that most BMGs featuring the best mechanical
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properties have been prepared by fluxing. Thereby, ductile
Pt57.7Cu14.7Ni5.3P22.5 [13] and “liquid-like” Pt74.7Cu1.5Ag0.3P18B4Si1.5
[14] BMGs can sustain compressive loadings to failure strains exceeding
20%. Similarly, damage tolerance was also attained for a fluxed Pd-rich
composition [15], and this BMG exhibits high strength along with a
fracture toughness of 200 MPa·m1/2, which is even higher than that of
conventional structural metals. Recently, some results indicated that
Fe-based BMGs subjected to flux treatment exhibit a promising
combination of higher critical thicknesses and improved mechanical
properties [16–20]. Moreover, the soft magnetic properties [21] and
magnetocaloric effect [22] of fluxing Fe-based BMGs were also
enhanced. It has been demonstrated that fluxing can significantly
promote the purification effects [16,23]. However, further in-depth
investigations of the purification mechanism still need to be pursued.
Shen et al. [24,25] postulated that the GFA of the fluxed alloys is
related to the amount of influencing oxygen. Chen et al. [26] revealed
that fluxing induced improvement of GFA and ductility must be
attributed to phase transformations and structural change, respectively.
Granata et al. [27,28] proposed that the improved ductility of fluxed
BMGs is induced by the purification effects. These debates indicate that
a physical understanding of the mechanisms affecting this fluxing is still
unsettled. Therefore, it is important to improve our understanding of
the mechanisms of fluxing effects in Fe-based BMGs.

In this work, we report the effects of fluxing on Fe50Ni30P13C7

BMGs, and demonstrate that the general assumption based on the
reduction of heterogeneous nucleation does not reflect the complete
picture for understanding the mechanisms affecting this fluxing. By
atom probe tomography (APT) analysis, we found that the employed
oxide fluxing agent results in significant incorporation of boron in the
alloy. The higher/improved GFA and more densely packed microstruc-
ture of the fluxed alloys are induced by the componential modification.
This work is helpful for designing new BMGs with combination of high
critical thicknesses and improved mechanical properties by improving
the fluxing agents.

2. Experimental

Fe50Ni30P13C7 − xBx (x = 0, 1 and 2) (at. %) master alloys were
prepared by torch-melting a mixture of pure Fe powders (99.90 mass
%), Ni powders (99.99 mass %), graphite powders (99.95 mass %), Fe3P
pieces (99.50 mass %) and pure B (99.50 mass %) crystals under a high-
purity argon atmosphere. Four different modifications of Fe50Ni30P13C7

samples were performed and labeled as follows: unfluxed rod, unfluxed
ribbon, fluxed rod and fluxed ribbon. For unfluxed samples, the
Fe50Ni30P13C7 glassy rods and ribbons were prepared by water quench-
ing [22,29] and the single-roller melt spinning method using the master
alloys, respectively. For fluxed samples, the alloy ingots were fluxed in
a fluxing agent composed of B2O3 and CaO with a mass ratio of 3:1 at
1500 K for several hours under a vacuum of ∼10 Pa. After flux
treatment, the rods and ribbons were prepared by water quenching
and single-roller melt spinning methods, respectively. Moreover, un-
fluxed Fe50Ni30P13C7 − xBx (x = 0, 1 and 2) samples were also prepared
by water quenching and single-roller melt spinning methods, respec-
tively.

The nature of glassy samples was ascertained by D8 Advance X-ray
diffraction (XRD) with Cu Kα radiation, NETZSCH DSC-404 differential
scanning calorimetry (DSC) with a heating rate of 0.67 K/s, and high-
resolution transmission electron microscopy (HRTEM) using a Tecnai
F20 microscope. Crystallization treatment was carried out by annealing
the as-quenched amorphous specimens at 773 K for 10 min under
vacuum followed by water quenching. Microstructure of crystalline
samples was examined by XRD. Needle-shaped specimens for atom
probe tomography (APT) were fabricated by standard two steps electro-
polishing. The standing voltage on the apex of the specimen was varied
automatically in order to maintain an evaporation rate of 1 ion in every
100 pulses. The APT analysis was performed in a Cameca Instruments

(a)

(b)

Fig. 1. (a) XRD spectra illustrating the glass-forming ability of the differently processed
Fe50Ni30P13C7 samples. (b) DSC curves of the differently processed Fe50Ni30P13C7 samples
(heating rate 0.67 K/s).

Fig. 2. XRD patterns of the fluxed and unfluxed Fe50Ni30P13C7 glassy ribbons annealed at
773 K for 10 min.
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LEAP 4000× HR in either voltage or laser (pulse energy: 60 pJ,
λ = 365 nm, 200 kHz pulse repetition rate) modes, the specimen was
kept at a temperature of 50 K.

The specimens for compression test were cut out from the glassy
rods, and each end was polished to make it parallel to each other prior
to the compression test. The mechanical behavior of at least 5 glassy
samples with a diameter of 1.0 mm and an aspect ratio of 2:1 was
examined under uniaxial compression using an Instron testing machine
at room temperature, and the strain rate was 5 × 10−4 s−1.

3. Results and discussion

Fig. 1 shows the XRD spectra and DSC curves illustrating the GFA of
the differently processed Fe50Ni30P13C7 samples. From Fig. 1(a), only
broad peaks, without crystalline diffraction evidence, can be seen for
the ribbons and fluxed rods, while the unfluxed rod specimen with
diameter of 1.0 mm shows crystalline diffraction peaks. Fig. 1(b) shows
the DSC curves of the differently processed Fe50Ni30P13C7 samples. It
can be seen that the thermal characteristics of unfluxed rod and
unfluxed ribbon are completely different. These results suggest that
the unfluxed bulk sample is not amorphous structure. Meanwhile, there
is no obvious difference in exothermic peaks between the fluxed rod
and ribbon. The crystallization enthalpy for the glassy rod was similar
to that of glassy ribbon within the experimental error. The XRD and
DSC results shown in Fig. 1 are complementary, indicating the fully
amorphous structure of the fluxed cylinder rods. Apparently, all these
results show that the fluxed Fe50Ni30P13C7 glassy alloys can be easily
produced in bulk form with a diameter exceeding 1.0 mm, confirming
that this alloy possesses large GFA. Furthermore, it is worthwhile to
mention that the exothermic peaks strongly depend on the process
conditions; the differently processed ribbons exhibit different shapes of
exothermic peaks. The exothermic peaks are important material

characteristics which are sensitive to the alloy composition [26,30],
indicating the fluxing agent may induce componential modification in
Fe50Ni30P13C7 BMGs.

Fig. 2 shows the XRD patterns of crystalline phases of the unfluxed
and fluxed Fe50Ni30P13C7 glassy ribbons annealed at 773 K for 10 min.
Some sharp diffraction peaks can be observed, and the corresponding
crystalline phases can be identified as (Fe, Ni)2P, Fe3(P, C), and Fe3Ni2
phases. Interestingly, it can be found that some diffraction peaks
identified as (Fe, Ni)2P and Fe3(P, C) phases in the XRD pattern of
the fluxed-treated glassy ribbon are obviously shifted to higher wave
vector. According to the Bragg equation: 2r1sinθ = λ, the position of an
X-ray halo maximum is directly related to the average radius of the first
coordination shell r1, the X-ray wave length λ, and the scatter angle
corresponding to the halo maximum 2θ. The shifts of diffraction peaks
may indicate the changes of configuration coordination and topological
rearrangements of atoms by fluxing. In other words, the crystalline
phases in fluxed sample display a more densely packed microstructure
with a smaller mean atomic distance and lager coordination number.

In order to determine the factors underlying this GFA increasing,
thermal characteristics changing and more densely packed microstruc-
ture of samples after fluxing, the APT analysis was conducted. The
68 × 68 × 69 nm3 section of an atom map and a corresponding
elemental concentration profile of fluxed Fe50Ni30P13C7 glassy rod are
shown in Fig. 3 and Table 1, separately. Based on the APT data, no
evidence of phase separation is observed, and all the elements are
homogenously distributed without any chemical segregation. It can be
found that the fluxed Fe50Ni30P13C7 glassy rod exhibits lower content of
C and P contents than its nominal composition, especially C. Surpris-
ingly, some unexpected elements such as B and N appear in the atom
map of Fe50Ni30P13C7 glassy rod. The negligible N atoms in the Fe-
based MGs were mainly attributed to the crystalline Fe-base raw
materials (the N element in interstitial sites in a b.c.c. material) [31].
This work is important to point out that fluxing has induced B addition
in Fe50Ni30P13C7 metallic glasses.

According to metallurgical physical chemistry, Fe-rich melts can
dissolve large amounts of oxygen [32]. Therefore, the following
reactions in the fluxing process may take place concerning B2O3,
CaO, C, P and FeO [33–35]:

B O + 3C = 2B + 3CO2 3 (1)

FeO + CO = Fe + CO2 (2)

FeO + C = Fe + CO2 (3)

Fig. 3. The 68 × 68 × 69 nm3 section of corresponding elemental concentration profile for fluxed Fe50Ni30P13C7 glassy rod. The corresponding atom map for (a) the Fe distribution, (b)
the Ni distribution, (c) the P distribution, (d) the C distribution, (e) the B distribution, and (f) the N distribution.

Table 1
Elemental concentration in the fluxed Fe50Ni30P13C7 glassy rod.

Elements Atomic fraction (%) Atomic fraction (sigma)

P 12 1.9 × 10−04

Fe 50 4.6 × 10−04

Ni 34 3.6 × 10−04

B 1 6.2 × 10−05

C 3 9.1 × 10−05

N – 1.7 × 10−05
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2P + 5FeO + 4CaO = 4CaO⋅P O + 5Fe2 5 (4)

Generally, reaction (1) only occurs spontaneous above 2000 degrees
Celsius. Interestingly, the CaO can promote the reaction that can occur
during fluxing process [35], which results in incorporation of B into the
alloy during the fluxing. In order to eliminate the residual air bubbles,
the fluxing agent composed of B2O3 and CaO has been heated above
1500 K more than 10 min under a vacuum of ∼10 Pa before the metal
is added to flux. In spite of this, the bubbling has also been observed on
the interface between fluxing agents and melts (see Supplementary
movie). It is confirmed that the CO and/or CO2 has been formed. The
CO, C and P are capable of reacting with FeO and also of binding the
dissolved oxygen to form CO2 and Calcium orthophosphate which are
soluble in the quartz tube and fluxing agent, respectively. Therefore,
both C and P contents have decreased and this much more than by the
quantity of the B incorporation. It is worth mentioning that the oxides
from reaction inside the melt can be transferred to the surface by
moving the solidification front where they are trapped along with

surface impurities. From a chemical perspective, boron oxide is capable
of reacting with other oxides and also of binding the dissolved oxygen
to form metaborates which are soluble in the fluxing agents [27]. Thus,
there is a rare existence of oxygen atoms in the fluxed glassy samples,
although these elements (P, C and B) have reacted with oxygen.

Fig. 4(a) shows the XRD patterns of unfluxed Fe50Ni30P13C7 alloys
compared with unfluxed Fe50Ni30P13C5B2 alloys with 1.0 mm in
diameter. It can be seen that the XRD pattern displays broad diffraction
maxima, which is the characteristic of glassy structure. Meanwhile, the
HRTEM image of Fe50Ni30P13C5B2 rod and their corresponding selected
area electron diffraction (SAED) pattern are shown in Fig. 4(b). No
crystalline phase appears in the HRTEM, and the SAED pattern consists
of a single diffraction halo without sharp diffraction rings. The thermal
properties, i.e. glass transition temperature Tg, crystallization tempera-
ture Tx and the resulting supercooled liquid region ΔTx (summarized in
Table 2), were analyzed by means of DSC for all processes in Fig. 1(b)
and Fig. 4(c). The fluxed Fe50Ni30P13C7 ribbon features a Tg of 642 K
and a Tx of 669 K, whereas the fluxed rod displays a Tg of 642 K and a Tx
of 666 K. Apparently the thermal characteristics depend strongly on the
applied cooling rate during preparation. Previous results indicated that
Tg and Tx increased with increasing the metalloids (P and C) content in
Fe-P-C glassy systems [36]. From above analysis, besides B alloying, the
C and P contents were also released in Fe50Ni30P13C7 glassy samples
during the fluxing. Thus, the unfluxed Fe50Ni30P13C7 − xBx (x = 1 and
2) ribbons exhibit higher glass transition temperatures and crystal-
lization temperatures than the fluxed Fe50Ni30P13C7 ribbons. Moreover,
the DSC investigations demonstrate that the ΔTx progressively increase
with B content from 20 K to 38 K for unfluxed Fe50Ni30P13C7 − xBx

Fig. 4. (a) XRD patterns of 1.0 mm unfluxed Fe50Ni30P13C7 rods compared with 1.0 mm unfluxed Fe50Ni30P13C5B2 rods. (b) HRTEM image of the Fe50Ni30P13C5B2 glassy rod. The inset is
the related SAED pattern. (c) DSC plots of unfluxed Fe50Ni30P13C7 − xBx (x = 0, 1, 2) glassy specimens. (d) XRD patterns of the Fe50Ni30P13C7 − xBx (x = 0, 1, 2) glassy specimens
annealed at 773 K for 10 min.

Table 2
Thermal stability data of glassy specimens: the glass transition temperature Tg, crystal-
lization temperature Tx and supercooled liquid region ΔTx.

Samples Tg (K) Tx (K) ΔTx (K)

Fe50Ni30P13C7 Fluxed ribbons 642 669 27
Fluxed rods 642 666 24

Fe50Ni30P13C7 − xBx Ribbons x = 0 642 662 20
x = 1 650 679 29
x = 2 652 690 38
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(x = 0, 1, 2) glassy ribbons. Hence, in accordance with the Turnbull
criterion [37], the GFA of Fe50Ni30P13C5B2 is larger than that of
unfluxed Fe50Ni30P13C7 alloy. This result further confirms the fact that
proper B additions can enhance the critical casting thickness of Fe-
based amorphous alloys [38]. Furthermore, we find that the shape of
crystallization peaks is practically sensitive to the B content. With the
increasing B content, crystallization peaks changed from three peaks of
Fe50Ni30P13C7 to the only one peak of Fe50Ni30P13C5B2 alloy and the Tg
and Tx increased with increasing the B content, as displayed in Fig. 4(c).
It is well known that the Tg of fluxed samples is notably shifted to lower
temperatures as compared to the unfluxed case [27]. Hence, here the
compositional changes lead to no change in Tg of fluxed Fe50Ni30P13C7

ribbon and unfluxed Fe50Ni30P13C7 ribbon. With a similar trend
observed in Fig. 1(b), these data further confirm that fluxing induces
B addition in Fe50Ni30P13C7 metallic glasses. It is found that the amount
of P and C in fluxed alloys is lower than that of their nominal
composition. Therefore, the fluxing induced modified composition must
be attributed to the more densely packed microstructure with a smaller
mean atomic distance and lager coordination number of (Fe, Ni)2P and
Fe3(P, C) phases, as displayed in Fig. 2. The atomic sizes of P
(0.108 nm) and C (0.091 nm) are larger than that of B (0.086 nm)
and N (0.075 nm) [39], respectively. Compared with
Fe50Ni30P13C7 − xBx (x = 1 and 2), the master alloy of Fe50Ni30P13C7

does not contain B element. Thus, it can be expected that some
diffraction peaks in the XRD pattern of Fe50Ni30P13C7 − xBx specimens
shift to higher wave vector with the increasing B content, which can be
confirmed in Fig. 4(d). The crystalline phases in XRD patterns of
Fe50Ni30P13C7 − xBx (x = 1 and 2) glassy ribbons annealed at 773 K for
10 min can be identified as Fe3P0.37B0.63, Fe3B, and Fe0.64Ni0.36 phases.
Apparently, the Fe3P0.37B0.63 and Fe3B phases display more densely
packed microstructure with smaller mean atomic distance and lager
coordination number than that of (Fe, Ni)2P and Fe3(P, C) phases,
respectively.

Up to now, boron oxide has been the standard fluxing agent for Fe-,
Pd-, Pt-based BMGs [14,40,41], as introduced to the community by Kui
et al. in 1984 [11]. In general, glass-forming compositions subjected to
boron oxide fluxing feature the best combination of high fracture
toughness and compressive ductility [13], and fluxed BMGs also exhibit
improved GFA [42] and enhanced thermal stability [41]. Especially, the
fluxing-induced improvement of ductility was found for various alloys
prepared [14,15,27,41,43]. As previous researches, the mechanical
properties were also performed for fluxed and unfluxed glassy rods.
The plastic strain of fluxed glassy rods reaches values of ~20%
(comparable to reported values in ref. [19]), whereas the plastic strain

is only ~10% for the unfluxed sample, as shown in Fig. 5. The
substantial enhancement of compressive plasticity can be correlated
with lower contents of oxygen [27] and larger volume of shear
transformation zones [41]. Here, fluxing induced B alloying in Fe-
based BMGs was observed firstly in this study. Generally speaking,
proper addition of B is an effective approach to improving the GFA and
thermal stability in Fe- [44], Ni- [45] and Co-based BMGs [46]. But
there are exceptions that the minor B alloying degrades the achievable
GFA of Pd-Si-Cu BMGs due to an increase in the liquids temperature
[25]. In principle, the performances of BMGs are strongly affected by
compositional modifications and thermal history. Therefore, the devel-
opment of further fluxing agents is crucial for enhancement of the key
properties of BMGs.

4. Conclusion

In this work, the effects of fluxing on Fe50Ni30P13C7 samples were
studied using atom probe tomography. It is shown that the reduction of
heterogeneous nucleation does not reflect the complete picture for
understanding the mechanisms affecting fluxing treatment. The GFA
and thermal characteristics are strongly linked with different prepara-
tion processes, e.g. fluxing and unfluxing. It is demonstrated that
fluxing leads to compositional modification and influences the GFA
and local microstructure difference of Fe50Ni30P13C7 BMGs. A large
amount of carbon in the alloy is substituted by boron. Such an
understanding is of great importance to adequately process glass-
forming liquids, in order to achieve optimized metallic glassy parts
with enhanced thicknesses and improved mechanical properties.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.matdes.2017.05.020.
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