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Abstract: Soft magnetic properties of Fe-based metallic glasses (MGs) are dependent on
their nanocrystallization behavior, particularly the precipitation of α-Fe embedded in the
amorphous matrix. In this study, the effects of metalloid elements of C, B, Si, and P on thermal
stability, nanocrystallization behavior, and soft magnetic properties of typical Fe-based amorphous
alloys, i.e., the Fe-Cu-(CBSiP) glassy alloys, were investigated systematically. It is found that the
addition of the metalloid elements can effectively retard the precipitation process of α-Fe during
reheating of the Fe-based MGs due to the long-range diffusion of the metalloids; however, their
individual effects on the compositional portioning and formation of other crystalline phases are varied.
To achieve desirable soft magnetic properties, a species of metalloids and their concentrations have to
be carefully controlled so that the formation of α-Fe does not interfere with that of other crystalline
phases, especially those hard-magnetic phases.

Keywords: metalloid elements; nanocrystallization behavior; soft magnetic properties; Fe-based
metallic glasses

1. Introduction

Fe-based metallic glasses (MGs) have attracted extensive attention due to their unique combination
of good mechanical and soft magnetic properties [1–5]. Currently, a variety of soft magnetic
Fe-based amorphous alloys and their composites have been developed, such as METGLAS, FINEMET,
NANOPERM, HITPERM, and NANOMET [6–10]. Some of them have been widely using in
transformer, motor, sensor, and other electric and electronic parts [11–15]. By proper annealing of these
Fe-based metallic glasses, nanocrystallization of α-Fe would occur, resulting in a composite structure
consisting of ultrafine grains homogenously distributed in amorphous matrix. The coupling effect
between α-Fe particles and the amorphous matrix, and the release of residual stress generated during
preparation, tend to lead to better magnetic properties, including higher saturation magnetization
MS and lower coercivity HC. It was reported that to achieve desirable soft magnetic properties, the
following aspects should be taken into account:
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1. Primary nanocrystallization of α-Fe has to be carefully controlled. In general, small sizes, high
density, and homogenous distribution of α-Fe are beneficial for achieving large magnetization.
In other words, nucleation of α-Fe should be stimulated, while its growth rate should be retarded.

2. Annealing usually tends to embrittle Fe-based MGs; the higher the annealing temperature, the
more brittle the MGs would become. Therefore, precipitation of α-Fe at low temperatures is
beneficial and preferred.

3. The stability of the residual amorphous matrix should be insufficiently high so that the formation
of hard magnetic phases such as Fe3(B,C,P) can be avoided.

As elaborated above, as far as soft magnetic properties are considered, the thermal stability of
both the α-Fe primary phase and the remaining amorphous matrix have to be controlled, which is
closely related to the types of metalloid constituents and their total concentration in Fe-based MGs.
From a standpoint of glass-forming ability (GFA), nevertheless, α-Fe precipitation needs to be retarded
during undercooling, which somewhat conflicts with the requirements for obtaining decent soft
magnetic properties. To solve this dilemma and manipulate primary crystallization of α-Fe, effects
of metalloids including C, B, Si, and P on thermal stability and soft magnetic properties of Fe-based
MGs have to be investigated in detail. Currently, no consensus in this regard has been reached, and
some experimental findings even contradict each other. For example, by studying FINEMET alloy,
Kim et al. reported that the addition of P increased the primary crystallization temperature and
coarsened the grain size, which led to the increased coercivity [16]. However, Cui et al. found the grain
size dramatically decreased from 200 to about 20 nm with addition of 4 at. % P to FeSiB alloy [17].
For the metalloid element Si, it was also noted that by Si substituting P, the GFA was increased
in Fe70Al5Ga2P12.65−xC5.75B4.6Six alloys but decreased in Fe83P16−xSixCu1 alloys [18,19]. Moreover,
effects of B and C are also not well understood; in many alloy systems such as (Fe, Cr)-metalloid
(metalloid = C, B, or P) [20] and FePCB [21], B and C are effective at improving GFA. Nevertheless,
it was reported that the increase of B in Fe-Zr-B amorphous alloys gave rise to the decrease of structural
homogeneity in the bcc (body-centered-cubic) phase, resulting in the deterioration of soft magnetic
properties [22].

In our previous work, an interesting series of FeCBSiPCu BMGs with high GFA and excellent
soft magnetic properties [23] was developed. Unfortunately, formation of α-Fe overlapped with
crystallization event of the residual amorphous matrix [i.e., formation of hard magnetic phase
Fe3(B,C,P)]. Consequently, it is hard to obtain a uniform distribution of nanosized α-Fe particles
without the formation of hard magnetic phases, which dramatically increase coercivity. In this paper,
Fe79.3C3.1B6.9Si2.7P7.3Cu0.7 MG with a high Fe content was selected as a base alloy with which to
scrutinize the effects of the metalloids on thermal stability and soft magnetic properties. The findings
not only shed new insights into understanding nanocrystallization in amorphous solids, but also
provide a useful guideline for developing novel soft magnetic amorphous alloys with a much wider
annealing process window and better overall properties.

2. Materials and Methods

All alloy ingots with nominal compositions of Fe77.3+xC5.1−xB6.9Si2.7P7.3Cu0.7,
Fe77.3+xC3.1B8.9−xSi2.7P7.3Cu0.7, Fe77.3+xC3.1B6.9Si4.7−xP7.3Cu0.7, and Fe77.3+xC3.1B6.9Si2.7P9.3−xCu0.7

(X = 0, 1,2,3, and 4 at. %) were prepared by arc-melting mixtures of Fe (99.99 wt. %), Si (99.99 wt. %),
B (99.9 wt. %), Cu (99.99 wt. %), and industrial Fe-P master alloys (P: 24.81, Si: 1.4, C: 0.028,
S: 0.034, Cr: 0.14, Mn: 2.24, Ti: 1.37, B: 0.0075, Al: 0.21, wt. %) in a high purity argon atmosphere.
Amorphous ribbons, typically 1–1.5 mm wide and 25–30 µm thick, were produced by the melt-spinning
technique with a surface speed of 40 m/s.

Thermal properties of all as-spun amorphous ribbons were evaluated using differential scanning
calorimetry (DSC) at a heating rate of 0.33 K/s with argon as purging gas. According to the
corresponding DSC curves, the amorphous specimens were annealed at different temperatures for
600 s under argon atmosphere. Microstructures of the as-spun and annealed ribbons were identified
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by X-ray diffraction (XRD) with Cu Kα radiation. Some ribbons with representative compositions and
magnetic properties were further investigated by transmission electron microscopy (TEM). The MS
values of all the as-spun and some annealed ribbons were characterized with a vibrating sample
magnetometer (VSM) under a applied field of −800 to 800 kA/m. Coercivity (HC) was measured by
using a B–H loop tracer under a field of 1000 A/m.

3. Results and Discussion

3.1. Thermal Stability

XRD patterns for all as-spun ribbon samples are shown in Figure 1. Clearly, all specimens exhibit
a diffuse peak, indicative of their fully amorphous nature. Figure 2 demonstrates the corresponding
DSC curves of these as-prepared Fe-based MGs at a heating rate of 0.33 K/s. Similar crystallization
behavior showing two main exothermic peaks was observed for all the selected compositions. TC, Tx1,
and Tx2 correspond to Curie temperature, and crystallization temperature of the 1st and 2nd peak,
respectively. All the related thermal stability parameters are summarized in Table 1.
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Figure 1. XRD patterns of as-prepared FeCBSiPCu MGs.

As can been seen from Figure 2a, with the increase of the C content, the first peak shifts
gradually toward higher temperatures, while the second peak keeps almost unchanged. The first
peak temperature (Tx1) and the second peak temperature (Tx2) as a function of C content are listed
in Table 1. As demonstrated in Figure 2b, the addition of B in these alloys has similar effects on their
crystallization behavior, i.e., the first peak temperature shifts toward higher temperatures, while the
second peak position is the same. All these observations reveal that increasing the content of either C
or B can appreciably suppress the precipitation of primary phase during annealing process but has
little impact on the crystallization of residual amorphous phase.
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The influence of Si addition on the crystallization behavior of the current Fe-based MGs is
presented in Figure 2c. From the DSC curves, it is known that increasing the Si content shifts both
crystallization peaks to higher temperatures, but rise of the first peak temperature is much larger
than the second peak temperature (see Table 1 as well). These results uncover that increasing Si in
the alloys could retard both crystallization stages, but is more pronounced on the crystallization of
primary phase.

Figure 2d displays effects of P on the crystallization behavior of Fe-based MGs. Surprisingly, the
two exothermic peaks move closer as the P content is raised. As also tabulated in Table 1, when P
increases from 5.3 to 9.3 at. %, the first peak temperature Tx1 increases from 697 to 760 K, while the
second peak temperature Tx2 decreases from 807 to 785 K. It is clear that addition of P could retard the
crystallization of primary phase but destabilizes the residual amorphous phase.
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As shown in Table 1, Fe81.3C3.1B4.9Si2.7P7.3Cu0.7 alloy has the largest ∆Tx—(Tx2 − Tx1) of 108 K
among all the alloys investigated, which provides the widest annealing window for subsequent
heat treatment. Thus, it is much easier to control the precipitation of α-Fe and Fe3P(C,B) by annealing
in such a wider temperature range. To investigate detailed crystallization process associated with these
exothermic events, TEM characterization of the specimens annealed at certain temperatures for 10 mins,
i.e., the temperature after the 1st and 2nd peak were conducted for as-spun ribbons. As an example,
Figure 3 shows the bright-field TEM images, selected area electron diffraction (SAED) patterns, and
high resolution microstructures for Fe81.3C3.1B4.9Si2.7P7.3Cu0.7 alloys of as-cast and annealed at different
temperatures. Figure 3b shows that nano-scale α-Fe grains embedded in residual amorphous matrix
uniformly for Fe81.3C3.1B4.9Si2.7P7.3Cu0.7 alloy annealed at 743 K for 10 min, which corresponds to
the SAED pattern consisting of both a diffused halo ring pattern produced by residual amorphous
matrix and distinct spot rings generated by the nanocrystalline α-Fe. Figure 3c–e shows the SAED
pattern and high resolution microstructures for Fe81.3C3.1B4.9Si2.7P7.3Cu0.7 alloy annealed at 843 K for
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10 min. It can be seen clearly that complex phase forms in residual amorphous matrix. According to the
high resolution microstructures, the new phase is Fe3P(C,B), which is consistent with the XRD results.
So Tx2 corresponds to the formation of phosphorus-enriched phase Fe3P(C,B).
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Figure 3. TEM images for Fe81.3C3.1B4.9Si2.7P7.3Cu0.7 alloys of as-cast (a), annealed at 743 K (b), and
annealed at 843 K (c) for 10 min; HRTEM images for Fe81.3C3.1B4.9Si2.7P7.3Cu0.7 alloy annealed at 843 K
for 10 min (d,e) and XRD patterns of Fe81.3C3.1B4.9Si2.7P7.3Cu0.7 alloy as-cast and annealed at different
temperatures (f).

As elaborated above, the first crystallization peak corresponds to precipitation of the α-Fe phase,
while the second at higher temperatures related to crystallization event of the remaining amorphous
phase can be confirmed by TEM characterization shown in Figure 3. Based on the above experimental
data, adjusting the type or/and concentration of metalloid elements could manipulate crystallization
behavior of Fe-based MGs so that desirable characteristics of α-Fe particles and a wide annealing
process window (i.e., the temperature span between the two crystallization peaks) can be achieved. It is
clear that addition of all the metalloid elements investigated, i.e., P, C, B, and Si, can effectively retard
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the precipitation process of α-Fe during reheating of the Fe-based MGs. According to phase diagrams,
the solid solution limit of α-Fe with C, B, Si, and P is 0.1, 0, 19.6, and 4.9 at. %, respectively. Thus,
during the primary crystallization of α-Fe, long-range diffusion of the metalloids is necessary because
of their limited solubility in Fe. Rejection of these metalloids suppresses formation of α-Fe, shifting the
crystallization event to higher temperature remarkably, i.e., increasing the Tx1 value. In general, glass
formation is virtually to avoid formation of any crystalline phases; suppression of α-Fe would usually
result in large GFA.

As revealed in Figure 3, this late crystallization stage is mainly related to formation of Fe3P(C, B).
Note that, according to Miedema’s theory [24], formation enthalpy of Fe3C, Fe3B, Fe3Si, and Fe3P were
calculated to be −1.4, −23, −21, and −50 kJ/mol, respectively. The estimated standard formation
enthalpy of Fe3P is much larger than that of Fe3C, Fe3B, and Fe3Si, suggesting that Fe3P can form
much easier than Fe3C, Fe3B, and Fe3Si. Therefore, phosphorus-enriched phase tends to be formed
with the solution of other metalloids like C, B, and Si. As phosphorus-enriched phase is formed easier
than the other three phases, so Tx2 is mainly affected by formation of this phase. Thus, as presented by
Figure 2, decreasing carbon content leads to few changes of Tx2. The invariant of Tx2 results from the
constant level of P content. Namely, decreasing carbon content has nearly no remarkable influence
on the precipitation of phosphorus-enriched phase. Additionally, increasing boron content is similar
to that of C. However, influence of Si on Tx2 of all alloys is different: for the increasing of Si content,
the Tx2 moves to higher temperature. Part of Si is solute in α-Fe, with rest of it remaining in residual
amorphous matrix. Thus, by increasing Si content, residual amorphous matrix could be more stable
and leads Tx2 to higher temperature. Effects of P on thermal stability are different from those of
other metalloids. According to Fe-P phase diagram, it can be seen that the liquidus tend to move to
lower temperature by increasing P content, which leads to the process of crystalline changing from
hypoeutectic type to eutectic type consistent with DSC results.

Table 1. Thermal stability and magntic properties of FeCBSiPCu MGs.

Alloys X
Thermal Stability Soft Magnetic Properties

Tx1 (K) Tx2 (K) ∆Tx (K) MS (T) TC (K) HC (A/m)

Fe77.3+xC5.1−xB6.9Si2.7P7.3Cu0.7

0 746 795 49 1.45 630 9.8
1 726 792 66 631 8.0
2 709 791 82 1.51 628 11.1
3 698 793 95 621 15.9
4 691 788 97 1.58 610 21.4

Fe77.3+xC3.1B8.9−xSi2.7P7.3Cu0.7

0 745 793 48 1.43 632 11.0
1 729 794 65 631 5.8
2 709 791 82 1.51 628 11.1
3 699 793 94 610 12.0
4 683 791 108 1.63 601 20.2

Fe77.3+xC3.1B6.9Si4.7−xP7.3Cu0.7

0 752 802 50 1.40 638 11.5
1 728 796 68 634 26.2
2 709 791 82 1.51 628 11.1
3 696 781 85 620 8.4
4 682 773 91 1.55 608 7.3

Fe77.3+xC3.1B6.9Si2.7P9.3−xCu0.7

0 746 774 28 1.43 628 5.4
1 721 783 62 628 8.2
2 709 791 82 1.51 628 11.1
3 696 795 99 618 8.6
4 686 799 82 1.61 618 23.4

3.2. Soft Magnetic Properties

Figure 4a shows the MS measured with VSM of Fe77.3+xC5.1−xB6.9Si2.7P7.3Cu0.7,
Fe77.3+xC3.1B8.9−xSi2.7P7.3Cu0.7, Fe77.3+xC3.1B6.9Si4.7−xP7.3Cu0.7, and Fe77.3+xC3.1B6.9Si2.7P9.3−xCu0.7

(X = 0, 2 and 4) amorphous as-spun ribbons, respectively. When the content of metalloid elements
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is decreased, MS has an increasing trend for all as-prepared ribbons. Specifically, the MS increases
gradually from 1.45 T to 1.58 T, 1.43 T to 1.63 T, 1.40 T to1.55 T, and 1.43 T to 1.61 T when the content of
C, B, Si and P is decreased. Due to the large negative mixing heat between Fe and metalloid elements,
the addition of metalloid elements tends to generate Fe-metalloid atomic pairs. It should consider the
electron interactions of Fe and metalloid elements. For C, B, Si, P elements, which all have p electrons,
the p orbitals interact with 3d electrons of Fe, which would lead to the reduction of the effective
magneton number. As a result, with the addition of metalloid elements, the saturated magnetization
tends to be decreased, which is consistent with previous work [16,22].Metals 2018, 8, x FOR PEER REVIEW  7 of 10 
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Figure 4b shows the composition dependence of Curie temperature for all investigated
FeCBSiPCu MGs. As can be seen in Figure 4b, each curve shows a decline trend,
indicating that the Curie temperature declines gradually by decreasing metalloid elements.
For Fe77.3+xC3.1B8.9−xSi2.7P7.3Cu0.7 (X = 0, 1, 2, 3, 4) alloys, the TC shifts from 632 to 601 K, which
is the maximum decrease compared with that of adjusting C, Si, and P contents. It is obvious that all
curves have plateaus, especially for Fe77.3+xC3.1B6.9Si2.7P9.3−xCu0.7 (X = 0, 1, 2, 3, 4) alloys; the Curie
temperature even keeps as a constant value when P content is more than 7.3%, indicating that effects
of metalloid elements on Curie temperature of FeCBSiPCu amorphous alloys are not remarkable if the
content of metalloid elements reach to relative high value. According to molecular field theory, Curie
temperature is proportional to exchange-integral constant A, which is affected by type of alloying
element and distance between magnetic element. For FeCBSiPCu amorphous alloys, exchange-integral
constant A is only related to Fe-Fe interaction, since there exists only one type of magnetic element Fe
in FeCBSiPCu alloy system. For FeCBSiPCu amorphous alloys, AFe-Fe increases, since the addition of
metalloid elements such as C, B, Si, and P increases distance between two Fe atoms, which results in
the increasing of Curie temperature.

Moreover, effects of metalloid elements on coercivity (HC) of the current FeCBSiPCu MGs were
also investigated. Coercivity as a function of the content of metalloid elements is shown in Figure 4c
for the as-prepared Fe-based amorphous ribbons. It is of importance to point out that the lowest HC
value was achieved at the alloy with 4.1 at. % C and 7.9 at. % B, respectively. However, Si and P have
different effects on the coercivity. It can be seen that for the alloy with 3.7 at. % Si, HC is much higher
than that of the rest alloys with 4.7, 2.7, 1.7, and 0.7 at. % Si. By decreasing the P content, HC seems to
be quite stable. When the P content decreases to 5.3 at. %, HC increases sharply from 8.6 to 23.4 A/m.
The influence of metalloid elements on HC may be related to the GFA. It is generally accepted that
the alloys with higher GFA have a more homogeneous structure, usually resulting in lower HC [25].
For example, excessive or too little addition of C and B could deteriorate the GFA and lead to the
higher HC. As mentioned eariler, P has a relatively high solute limit with Fe and addition of P is
beneifical for glass formation. As a result, the alloys with a high amount of P have a low coercivity
value, but once the P content is lowered to 5.3 at. %, HC sharply increases, suggesting that too little
addition of P leads to the deterioration of GFA.

4. Conclusions

Partial subsititution of metalloid elements with various contents of iron in the
Fe77.3+xC5.1−x B6.9Si2.7P7.3Cu0.7, Fe77.3+xC3.1B8.9−xSi2.7P7.3Cu0.7, Fe77.3+xC3.1B6.9Si4.7−xP7.3Cu0.7,
and Fe77.3+xC3.1B6.9Si2.7P9.3−xCu0.7 (X = 0, 1, 2, 3 and 4) alloy system has been conducted, and the
effects of metalloid elements on the thermal stability and soft magnetic properties of our FeCBSiPCu
MGs has been investigated. The main conclusions are as follows:

1. C and B have similar influences on the crystallization behavior of investigated alloys. Increasing
C or B leads to the increasing of Tx1, while the Tx2 remains unchanged. Increasing Si content
results in the increasing of both Tx1 and Tx2. However, the increase of P content enhances Tx1 and
makes Tx2 shift to lower temperature.

2. When the content of the metalloid elements is increased, MS has a decreasing trend for all
as-prepared ribbons. The dependence of MS on the metalloid elements contents could be
explained from the standpoint of the interactions between sp orbitals of metalloid elements
and 3d electrons of Fe by increasing the content of metalloid elements.

3. For FeCBSiPCu MGs, Curie temperature declines gradually by decreasing the metalloid elements.
However, the effects of metalloid elements on the Curie temperature of FeCBSiPCu MGs are not
remarkable if the content of metalloid elements reaches a relatively high value.

4. The effects of metalloids on coercivity are closely related to their roles on the GFA. If their
addition is beneficial for glass formation, then the coercivity value of the resultant glassy alloys
will be reduced.
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