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a b s t r a c t

To clarify the underlying mechanism of effects of P on amorphous forming ability (AFA) for FeeSieBeP
alloy system, the AFA and melting viscosity of (Fe76Si9B10)(100-x)/95Px (x ¼ 0e3) amorphous alloys
measured in the temperature range of 1200e1450 �C by oscillating cup method were investigated. A
viscosity hysteresis occurs at about 1350 �C between the heating and cooling processes for all alloys, and
the values of viscosity almost increase as P content increases at each measured temperature under
cooling process. However, only considering viscosity cannot provide a satisfactory explanation for the
trend of AFA for this alloy system. Afterwards, the mechanism was well revealed by calculating the Gibbs
free-energy difference and speculating the interfacial tension. In addition, a positive correlation between
magnetic properties (coercivity and effective permeability) and the AFA of this alloy system was also
founded, which can provide an auxiliary in understanding the mechanism of AFA to some extent.
Meanwhile, when x ¼ 3, the alloy shows excellent soft magnetic properties including low coercivity of
0.9 A/m and high effective permeability of 17,000, which is promising for future electromagnetic device
application.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Amorphous forming ability (AFA) has been being a hotspot
research topic and an unresolved issue since the FeePeC amor-
phous alloy was invented firstly by P. Duwez and his co-workers in
1967 [1]. In order to enhance the AFA and clarify its mechanism for
Fe-based amorphous alloys, many efforts were devoted in the past
decades. As a result, numerous Fe-based amorphous alloys
including FeePeB [2], (Fe, Co, Ni)eSieB [3], Fe-(Nb, Cr, Mo)-(Al,
Ga)-(P, B, C) [4], Fe-(Cr, Mo)-(C, B)-Ln [5], and FeeBeSi-M (M ¼ Zr,
. Zhang), hean@nimte.ac.cn
Nb, Hf and Ta) [6], etc. were developed and the FeeSieB alloys (e.g.
Metglas2605SA1) have been widely applied in industry [7]. How-
ever, the AFA of Fe-based amorphous alloys still remains at a low
level. Especially for those commercialized alloys, the low AFA
makes the thickness of corresponding ribbon less than 50 mm,
leading to low packing density of transformer core, and hence in-
crease in core loss [8]. Meanwhile, the AFA evaluations for Fe-based
amorphous alloys are mostly based on some empirical indicators
including reduced glass transition temperature (Trg), supercooled
liquid region (DTx), g and so on [9e13], which can be determined
easily from differential thermal analysis (DTA) and differential
scanning calorimetry (DSC). However, S. Mukherjee et al. [14],
found that the Trg parameter was not always consistent with the
experimental results. Moreover, Lu et al. [15], also pointed out that
there is no one parameter or criterion that can provide a
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Fig. 1. XRD patterns of the (Fe76Si9B10)(100-x)/95Px (x ¼ 0, 1, 2 and 3) as-spun alloy
ribbons prepared at different wheel speed.
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satisfactory explanation for the AFA of all bulk metallic glasses
(BMGs), especially for Fe-based alloys with relatively low AFA,
although they can supply some useful guidance in the development
of BMGs. Therefore, continuous studies are still necessary in this
field, for the preparation of most Fe-based amorphous alloys are
performed in laboratory currently and themechanism of AFA is also
unclear.

As an essential factor to determine the AFA, the nucleation rate
under solidification process [16], including driving force for crys-
tallization, viscosity and interfacial tension between the nuclei and
liquid phase, can be calculated thermodynamically and kinetically.
The driving force for crystallization can be estimated by Gibbs free-
energy difference between undercooled liquid and crystal. Unfor-
tunately, the measurement of the interfacial tension can scarcely be
achieved in experiments. Up to date, viscosities at high temperature
of Fe-based amorphous-forming alloys were reported [17e22].
However, most of these studies focus much on the effect of in-
gredients on the viscosity itself, whilst the explicit relationship
among AFA, viscosity, free-energy difference and interfacial tension
of alloys have not been well discussed.

The metalloid element P plays an important role in the field of
amorphous alloys. After many years of continued effort, many
classic P-contained alloys systems, such as Pd-(Cu, Fe)eNieP,
FeePeC and FeeSieBeP-(C) [23e28], were developed, which has
provided an important groundwork for further research on the
physical properties and mechanism of metallic glasses [29e32]. Up
to date, besides as magnetic materials in electronic devices, the P-
contained Fe-based amorphous alloys have made great progress in
many other practical applications as catalysts [33,34], coatings
[35,36], and dye wastewater treatment agents [37]. Furthermore,
the P also has obvious effects in adjusting the AFA and magnetic
properties of Fe-based amorphous alloys. For instance, substituting
Si or Fe for P could promote AFA and magnetic properties of
FeeBeSi alloys [38,39]. However, the effects of P on AFA for the Fe-
based amorphous alloys are still unclear.

In this paper, with the aim of clarifying the potential mechanism
of effects of P on FeeSieB alloy system, the (Fe76Si9B10)(100-x)/95Px
alloy system was designed. The viscosity was measured using
oscillating cup method over a large temperature range. Collabo-
rating viscosity, free-energy difference and interfacial tension, the
mechanism of the effect of P on the AFA of FeeSieBeP alloy system
were revealed. Moreover, the magnetic properties have a close
relationship with the AFA for an amorphous alloy [32,40]. Generally
the change of AFA of one alloy will be reflected in its magnetic
properties [41]. Therefore, in this paper the magnetic properties
alsowere investigated to provide auxiliary to better explain the AFA
of this alloy system.

2. Experimental procedures

The master alloys with a nominal composition of
(Fe76Si9B10)(100-x)/95Px (x ¼ 0e3) were prepared by arc-melting the
mixture of pure Fe (99.97 wt%), Si (99.999 wt%), pre-alloy of Fe-
23.31%P, and Fe-17.64%B in purified Argon atmosphere. The alloys
were renamed according to the P content as alloy P0 (x¼ 0) to alloy
P3 (x ¼ 3). The AFAwas assessed by the critical wheel speed (vcr) of
producing fully amorphous ribbons with width of about 0.9 mm
prepared by using single-roller melt-spinning method. The wheel
speed changes with a step of 5 m/s.

The phase identification of the as-cast ribbons with different
thickness was carried out by using an X-ray diffractormeter (XRD)
with Cu Ka radiation. The thermal properties associated with
crystallization temperature (Tx) and the Curie temperature (Tc)
were measured by DSC at a constant heating rate of 0.67

�
C/s.

Melting (Tm) and liquidus (Tl) temperatures were characterized by
DTA at rate of 0.67 and 0.067
�
C/s, respectively.

High temperature viscosity was measured by the oscillating cup
method corresponding measuring procedures and principles have
been described in detail in Ref. [42]. The samples with a mass of
about 140 g were put into a heat-resistant alundum crucible con-
tained in a graphite vessel that was hung in a torsional suspension
chamber. To avoid oxidation at high temperature, the furnace
chamber was filled up with Argon after evacuating to a pressure of
10�3 Pa. All experiments were carried out in Argon with a constant
temperature interval of 50 �C from 1200 to 1450 �C upon heating
and cooling at a rate of 0.167

�
C/s. In order to obtain a homogeneous

melt, the sample was held for 30 min under isothermal conditions
at each targeted temperature before measurements. The viscosity
was measured at least three times at each temperature and the
average value was used.

The saturation magnetic induction (Bs), coercivity (Hc) and
effective permeability (me) were measured with a vibrating sample
magnetometer (VSM) under an applied field of 800 kA/m, a BeH
loop tracer under a field of 800 A/m and an impedance analyzer
under a field of 1 A/m, respectively. The density of all samples was
measured using the Archimedean method. All the measurements
were performed at room temperature.

All the experiments in this work, such as viscosity, magnetic
properties, DSC and DTA curves, have been repeated three times
and at least three samples were prepared for each measurement,
such as magnetic properties, DSC and DTA curves, in order to
ensure the repeatability.
3. Results

The AFA of alloys is closely related to the composition, and can
be evaluated by the critical cooling rate (minimum wheel speed,
vcr) of preparing fully amorphous ribbons confirmed by XRD. The
corresponding patterns of as-spun ribbons prepared at different
wheel speeds are shown in Fig. 1. For alloy P0, when the wheel
speed is 30m/s, a sharp peak superimposed on the amorphous halo
at about 2q¼ 45�, relating to the reflection of (110) plane of a-Fe (Si)
crystalline phase, can be identified. With the speed increasing to
35 m/s, only one broad peak and no evident sharp peak can be
observed for this alloy, indicating its fully amorphous structure. The
ribbons prepared with speed of 40 m/s, 35 m/s and 20 m/s are
partially amorphous due to the sharp peaks occurring at about
2q ¼ 65� identified as a (200) crystal plane of a-Fe (Si) phase for the
alloy P1, P2 nd P3, respectively. At the same time, these peaks
vanishwhen thewheel speed increases to 45m/s, 40m/s and 25m/



Fig. 2. DSC curves of melt-spun (Fe76Si9B10)(100-x)/95Px (x ¼ 0, 1, 2 and 3) amorphous
alloys.

Fig. 3. DSC and DTA curves of (Fe76Si9B10)(100-x)/95Px (x ¼ 0, 1, 2 and 3) alloys upon
melting and solidification processes.
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s, respectively. Here, it is worth noticing a peculiar phenomenon
which the sharp peaks appear at different position for P0 alloy and
others. This phenomenon is closely related to the crystalline
texture. As is well known, the segregation of P element can easily
occur in FeeP alloys and is an important factor controlling the
variation of orientation during the crystallization [43]. For the P0
alloy, its a-Fe (Si) phase have a random orientation. After the
doping of P, the (110)-plane in the precipitated a-Fe (Si) phase
changed to preferred orientation (200)-plane which parallels to the
ribbon surface. The similar result also was reported in the
Fe84.3Cu0.7Si4B8P3 alloy [44]. According to these results, it can be
noticed that the AFA of FeeSieB alloys dose not present mono-
tonically enhanced tendency with the P addition.

Fig. 2 shows the DSC traces of as-spun amorphous ribbons of
this alloy system. As is shown in Fig. 2, the Tc slightly increases from
387.9 to 397.7 �C with the P content rising. This results can be
explained by the BetheeSlater curve. According to this curve,
especially when the content of metalloid elements in Fe-based al-
loys is no more than 25 at.%, as the Fe content decreases, the atomic
spacing would increase and the magnetic exchange interaction
between Fe atoms will be strengthen, leading to the increasing of Tc
[27,45]. Hence, in this experiment, the Tc increased with the P
doping and the decreasing of the Fe content. All the amorphous
ribbons exhibit directly crystallization behavior without observing
any glass transition temperature Tg, meaning the parameters
associated with Tg cannot be obtained. The Tx shifts to higher
temperature with the increase of P content. For the crystallization
stage, according to the literatures [46e48], the first and second
exothermic peaks relate to the primary crystallization of a-Fe (Si)
grains and the precipitation of FeeB compounds, respectively. It
can be also found the temperature interval between Tx and Tc in-
creases from 116.8 to 146.5 �C, which is beneficial to widen
annealing temperature window and release stress completely in
industrial annealing process. Fig. 3 exhibits the DSC and DTA curves
of the investigated amorphous alloys during melting and solidifi-
cation processes. The corresponding results of Tm and Tl for all
investigated alloys are listed in Table 1. Here, it is found that the Tm
drastically reduces from 1149 to 995.1 �C with addition of 1 at.% P
and subsequently increases slowly to 1005.7 �C as the P content
further increases to 3 at.%. This phenomenon can be explained by
the binary phase diagrams of FeeSi, FeeB, and FeeP alloys [49]. In
this diagram, the liquidus temperatures for the FeeP alloy exhibit a
descent tendency as the content of P element increases, which
basically accords with the FeeB alloy but higher than that of FeeSi
when the single metalloid element (B, P and Si) content is lower
than 7.5 at.%. According to the diagram, certainly, the Tm will
decrease firstly with the P content varying from 0 to 1 at.%. Sub-
sequently, as the content of P further increases from 1 to 3 at.%, the
content of Si and B in the alloy will decrease accordingly, and the Tm
will surely increase slightly again. Moreover, the mixing entropy of
FeeP is �31 kJ/mol transcending that of FeeB (-11 kJ/mol) and
FeeSi (�18 kJ/mol) [27,49], making the numbers of FeeP com-
pounds increase as the P content rises. Therefore, the Tm decreases
and then increases with increasing the P content. Meanwhile, the Tl
gradually reduces from 1186.3 for the alloy P0 to 1059.6 �C for the
alloy P3. These changes indicate that the alloy gradually approaches
a eutectic point with an increase of P content from 0 to 3 at.%.

It is widely accepted that the viscosity determines the nucle-
ation process and governs the AFA of an alloy to a large extent [50].
Therefore, viscosity is systematically studied here to clarify the
reasons for P affecting the AFA of the FeeBeSi alloy. Fig. 4 shows the
temperature dependence of viscosity for the (Fe76Si9B10)(100-x)/95Px
(x ¼ 0, 1, 2 and 3) alloy melts during heating and cooling processes.
The values of viscosity for all the alloy melts over the measured
temperature interval are less than 14 mPa s, which is consistent
with the magnitude reported in FeeSieBePeC alloys [22]. From
Fig. 4, a monotonic decrease trend of viscosity can be observed for
each alloy melt with the increasing of temperature. There is a
sharply decrease for each sample when the temperature is near to
1350 �C. This abnormal temperature is usually named as dissolu-
tion temperature Tdis [51]. Meanwhile, a hysteresis of viscosity for
all melting alloys also is observed after all samples heated to
1450 �C, and then cooled (the viscosity values, measured in cooling
process are lower than those obtained upon heating process). For
alloy P0, the hysteresis maintains even the temperature is 1200 �C,
which accords with the result reported in Fe80B14Si6 melt [18]. For
alloys P1 and P2, the viscosity curves are relatively smooth, and
overlap again when the temperature is near to 1250 �C. Cooled
below 1300 �C, an evident increase of viscosity is observed for the
P3 alloy melt.

In fact, viscosity is an essential reflection of the evolution of the
melt structure. Hence, the viscosity anomalies can be explained
from aspects of clusters and structural transformation. According to
Dong et al. [52,53], many kinds of clusters, including FeeB, FeeSi,
FeeP and pure Fe, exist in FeeSieBeP alloy systems, and the types,
structure and number of cluster vary accordingly with the variation
of composition and temperature. In the heating process, owing to
the heating rate and thermal relaxation, the types, structure and



Table 1
The AFA (critical wheel speeds), thermodynamic parameters, and magnetic properties of P0, P1, P2 and P3 amorphous alloys.

Alloy AFA (vcr, m/s) Tx1 (oC) Tm (oC) Tl (oC) DHl (kJ/mol) DGl�x (kJ/mol) me (1 kHz) Hc (A/m)

P0 35 504.7 1149 1186.3 12.99 2.59 10,200 1.7
P1 45 517.8 995.1 1157.6 11.41 2.28 8300 1.9
P2 40 539.5 999.8 1119.0 10.40 2.08 9200 1.5
P3 25 544.2 1005.7 1059.6 10.31 2.06 17,000 0.9

Fig. 4. Temperature dependence of viscosity for the (Fe76Si9B10)(100-x)/95Px (x ¼ 0, 1, 2
and 3) alloy melts during heating (-) and cooling processes (,).

Fig. 5. The temperature dependence of viscosity for the (Fe76Si9B10)(100-x)/95Px (x ¼ 0, 1,
2 and 3) alloy melts during cooling process.

Fig. 6. Hysteresis BeH loops of (Fe76Si9B10)(100-x)/95Px (x ¼ 0, 1, 2 and 3) amorphous
ribbons. Inset is the enlarged view of part of the hysteresis BeH loops.
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number of cluster existing in the melts may remain a relative
thermodynamic equilibrium state before the temperature is above
Tdis. Around Tdis, the atomic bonds in these clusters will be
destroyed dramatically and the movement of the atoms will be
more fast, leading to a large decrease of viscosity in the subsequent
short heating period. Conversely, during the cooling process, the
thermodynamic equilibrium state would maintain over a larger
temperature range before a sudden increase in viscosity. Conse-
quently, the existing clusters, their structural transformation as
well as the thermal relaxation will lead to the result that the vis-
cosity values measured in cooling process are lower than those
obtained upon heating process and the formation of viscosity
hysteresis [18]. While the trend of viscosity can be generally
attributed to the composition change, the relation of viscosity be-
tween heating and cooling processes, involving the member, types
and superfine structure of clusters, will be more complicated and
need further study.

Here, the viscosity under cooling process for this alloy system is
mainly considered, for the amorphous alloy was prepared by
adopting a rapid solidification technology. In Fig. 5, the
corresponding data in cooling process are illustrated together to
facilitate the comparison and understand the mechanism of P on
the AFA for this alloy system. It is obvious that the viscosity of each
melt almost has a same value at the 1450 �C, and presents an in-
crease trend with the decreasing temperature. At same tempera-
ture, as the P content increases from 0 to 2 at.%, the viscosity shows
an evidently increase. However, for alloy P3, the viscosity has a
lower values compared with that of other alloys over the temper-
ature range of 1450 to 1350 �C, and subsequently displays a rapid
increase when the temperature is below 1300 �C. Overall, the
higher the P content, the higher viscosity values for this alloy sys-
tem at low temperature range, especially when the temperature is
below 1250 �C, which is consistent with the trend of Tl.

The magnetic properties (Bs, Hc and me) for this alloy system are
shown in Figs. 6 and 7. All ribbon samples for magnetic properties
measurements have annealed for 10 min at the temperatures of Tx



Fig. 7. The coercivity (a) and effective permeability as a function of applied field frequency (b) of (Fe76Si9B10)(100-x)/95Px (x ¼ 0, 1, 2 and 3) amorphous ribbons annealed for 10 min at
the temperature of Tx1 e 90 �C.
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e 90 �C by using isothermal furnace under a low pressure of about
5� 10�3 Pa to release internal stress. During this stage the defects
like free volume can be eliminated, which results in a more uniform
microstructure and hence optimizes magnetic performance. As is
shown in Fig. 6, the Bs are 1.62,1.60,1.57 and 1.55 T for P0, P1, P2 and
P3 annealed ribbons, respectively. It is clear that the Bs presents a
monotonically decreasing trend as the increase of P content, which
is attributed to the reducing of Fe content. Meanwhile, The Hc
showed in Fig. 7(a) increases at first and then decreases as P content
elevates, and the alloy P3 has the lowest value of 0.9 A/m. The
frequency dependence of me under a field of 1 A/m for this alloy
system is shown in Fig. 7(b). It can been found from Fig. 7(b) that
the me of alloy samples exhibit a similar change tendency compared
to the Hc. And the alloy P3 presents a high value of 17,000 at 1 kHz,
which is much higher than that of other Fe-based amorphous alloys
[54e56]. The magnetic properties and AFA of all alloys are also
summarized in Table 1, which will be discussed more detail below.

4. Discussion

The thermal properties of this alloy system are studied at first to
explore the mechanism of AFA under the experimental results in
Fig. 1. However, there is no distinct glass transition can be observed
for all samples, so the parameters associated with Tg cannot be
calculated. According to the previous literatures [10,57], it seems
that the compositions of alloys with good AFA are at or very close to
the eutectic point. Currently, the widely accepted theory is that
when the alloy composition is close to the eutectic point, a variety
of crystal phases will be competing for precipitation and viscosity
of the alloy will increase exponentially with decreasing tempera-
ture. Therefore, the atomic rearrangement becomes more difficult
during the cooling process, which is advantageous for the forma-
tion of amorphous state [57]. However, this cannot perfectly
explain why the alloy P0 has the highest Tl compared with alloy P1
and P2 simultaneously possesses the best AFA.

From the discussion above, it can be found that the thermody-
namic parameters obtained from DSC and DTA curves cannot well
explain the effect of P on the AFA of FeeSieB alloy system and other
factors should be taken into consideration. According to Turnbull,
the typical nucleation rate Iv can be expressed as [58]:

IvðTÞ¼ Av
hðTÞ exp

 �16p
�
sl�x

�3
3kT

�
DGl�xðTÞ

�2
!

(1)
where Av is a constant, k the Boltzmann’s constant, T the absolute
temperature, sl�x the interfacial tension between the liquid and
crystalline, h(T) the temperature dependence viscosity, and DGl�x

the free-energy difference between the liquid and crystal.
In terms of the viscosity h(T), according to Eq. (1), it is evident

that a higher value or a rapid drops of viscosity with decreasing
temperature will lead to a lower nucleation rate, which is beneficial
to the AFA. As illustrated in Fig. 5, the values of viscosity in cooling
processes exhibit a rising trend with the increasing of P content.
Meanwhile, the AFA also enhances progressively for alloy P1, P2 and
P3, which accords well with the trend of viscosity. However, the
special phenomenon that alloy P0 exhibits lowest viscosity and
better AFA compared with that of alloys P1 and P2 cannot be
explained by only viscosity.

The free-energy difference DGl�x can be calculated by using an
approximate method. After taking into account the Turnbull’s
approximation, the difference of the specific heat capacity (Dcl�x

p )
between the liquid and crystal will equal to 0 for the temperature
below Tl, and free-energy difference can be estimated through the
formula proposed by Alexander et al. [59], which can be expressed
as:

DGl�x y � DHl
Tl

DT (2)

where DHl is the enthalpy of fusion, DT the undercooling degree
and Tl the liquids temperature. These parameters are detailed listed
in Table 1. The DGl�x are 2.59, 2.28, 2.08 and 2.06 kJ/mol for P0, P1,
P2 and P3 alloys, respectively. A smaller DGl�x leads to a lower
nuclei according to Eq. (2). From this point of view, the AFA of this
alloy system should be gradually improved with the P content
increasing, which does not completely agree with the experimental
results.

It is worth noting here that in addition to viscosity and free-
energy difference, the interfacial tension between the liquid and
crystal also plays an important role in the nucleation rate. Partic-
ularly, the nucleation rate is more sensitive to interfacial tension
compared with free-energy difference and viscosity, because the
interfacial tension has a cubic dependence on interfacial tension
[60]. A higher interfacial tension is beneficial for the suppression of
the nucleation process, whereas the interfacial tension is barely
measured experimentally. Fortunately, the effect of P on the surface
tension of FeSiBPC alloys have been reported by Dong et al. [61].
This study indicated that the surface tension presents a decrease
trend with increasing P content. The P element is a surface active
element, which canweaken the interaction between the liquid and
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clusters in melt, leading to a lower surface tension. Hence, it can be
speculated here that, in the FeeSieB alloy systems, the surface
tension will decrease with the addition of P element. For P element
will aggregates into the surface layer of the liquid, which weakens
the interaction between the liquid and the solid phase, the inter-
facial tension would also decrease.

Hence, although alloy P0 shows the lowest value of viscosity and
highest free-energy difference, the AFA of the P0 alloy is better than
that of the P1 and P2 alloys as it possesses the highest interfacial
tension among all the alloys, which has a greater influence on the
nucleation rate. The phenomenon the AFA again gradually rise with
the P content further increases from 1 to 3 at.% can be attributed to
that the viscosity and free-energy difference together show much
greater influence than interfacial tension on the nucleation rate.

In addition, it has been proved that the microstructure and
quality of amorphous products have a significant effect on their
magnetic properties. Therefore, in this work, the magnetic prop-
erties also be studied systematically to verify the change of AFA in
this alloy system. According to Fig. 7 and Table 1, it is surprised that
the variation of magnetic parameters are well consistent with the
trend of AFA for these alloys, and the lowest Hc and highest me are
corresponding to the highest AFA. This phenomenon can be well
interpreted by the changes of AFA. In general, an alloy with better
AFA also possesses a more uniform microstructure and less free
volume, resulting in less number of magnetic domain pinning sites,
smaller magnetic anisotropy and hence a lower Hc and higher me.
Moreover, The me for the alloy P3 have high value of about 14,000 at
10 kHz, which are useful in a variety of high-frequency application
such as high-frequency transformer cores.

5. Conclusions

In summary, the effect of P content on the AFA of
(Fe76Si9B10)(100-x)/95Px alloys has been investigated in this work. In
this alloy system, the viscosity presents an increase tendency upon
the cooling process with the P content rising. The free-energy dif-
ference and the interfacial tension speculated based on previous
studies gradually decreases with increasing the P content. Finally,
the change of AFA and the underlying mechanism for this alloy
system are explained thermodynamically and kinetically by
collaborating the viscosity, free-energy difference and interfacial
tension. In addition, The change of Hc and me are also consistent
with the AFA, and the relationship between magnetic properties
and the AFA of this alloy system are verified.
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