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A B S T R A C T

Lower Si and C-content Fe83.3Si2B13-xPxC1Cu0.7 alloys were prepared in order to investigate the influence of P
substitution on thermal, structural and soft magnetic properties. Thermodynamic investigation reveals that
proper P addition not only favors the amorphous formation but also expands the crystallization window and
inactivates the annealing sensitivity of alloys. Microstructure and X-ray photoelectron spectroscopy analysis
indicate P addition facilitates homogeneous precipitation of α-Fe nanocrystals but results in the formation of
loose packing structure, favors the p-d hybridization and promotes the annihilation of effective magnetic mo-
ments of Fe atoms, leading to the decrease in saturation magnetic flux density (Bs) of amorphous phase. By
proper isothermally annealing, the Fe83.3Si2B9P4C1Cu0.7 nanocrystalline alloy was developed combined with
high Bs of 1.78 T, low coercivity of 4.6 A/m, and high permeability of 15100.

1. Introduction

Over the past decade, nanocrystalline FeSiBPCu alloys (NANOMET)
have got much attention for their outstanding comprehensive soft
magnetic properties (SMPs), including high magnetic flux density (B) of
1.8–1.94 T which is close to that of oriented silicon steels and ultra-low
core loss with only ~1/3 of the latter at power frequency [1–3]. Being
free of precious metal elements i.e. Nb, Co, Ge, etc., the NANOMET
alloys also possess an advantage of low material cost compared with
traditional nanocrystalline alloys [4–7]. However, the amorphous
forming ability (AFA) of NANOMET is relatively poor, as they can only
be prepared into amorphous ribbons and the thickness has to be sup-
pressed to < 20 μm, which limits their applications. Therefore, how to
improve the AFA has become the principal matter for NANOMET alloys.

Very recently, our group has successfully developed novel
Fe83.3Si4B8P4-xCxCu0.7 alloys with high AFA and good SMPs by minor C
doping. The increase in AFA is associated with lower melting entropy,
the approaching to eutectic and micro-alloying effect [8]. Nevertheless,
the substitution of C element on the expense of P will deteriorate the
SMPs to a certain extent, as it has been reported that P exerts an im-
portant influence on SMPs of NANOMET-type alloys by easily inducing
the Cu-P clusters during quenching [9], which possibly can provide
nucleation sites for α-Fe grains and consequently lead to a homo-
geneous structure with good SMPs [8–11]. Meanwhile, it has been
proved that Si element is favorable to obtain a finer and more uniform

nanostructure with less strict annealing treatment, since the addition of
Si can significantly stabilize the thermal stability of residual amorphous
phase [12]. However, excessive Si addition also leads to large local
field-induced magnetic anisotropy, especially when the crystallization
volume fraction (Vcry) is particularly large, which deteriorates the SMPs
[13]. Therefore, on the balance between thermal stability and SMPs,
lower Si and C-containing Fe83.3Si2B13-xPxC1Cu0.7 alloys were prepared
with the aim of further understanding the role of P in novel FeSiBPCCu
alloy system. The influence of P doping on thermal, structural and soft
magnetic properties of Fe83.3Si2B13-xPxC1Cu0.7 alloys was investigated.

2. Experimental procedure

Master ingots of Fe83.3Si2B13-xPxC1Cu0.7 (x = 0–6, denoted as P0 to
P6, respectively) were prepared by induction melting the mixture of
pure Fe (99.98 mass%), Si (99.999 mass%), B (99.5 mass%), Cu (99.99
mass%) and pre-melted Fe-P and Fe-C alloys in an Ar atmosphere.
Single roller melt-spinning was used for producing alloy ribbons with
~1 mm in width and 18–40 μm in thickness. The ribbon width was
mainly controlled by nozzle size while the thickness was controlled by
injection pressure and linear speed of copper roller. Thermal char-
acteristic parameters related to the melting and solidification behaviors
were measured by differential scanning calorimetry (DSC, NETZSCH
404C) at a heating/cooling rate of 0.33 °C/s. Isothermal curves were
measured by DSC at different isothermal temperature at a heating rate
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of 0.83 °C/s. Melt-spun ribbons were cut to ~60 mm in length for
isothermal annealing. In the annealing procedure, samples were placed
in a quartz tube under vacuum and then placed in a furnace preheated
to the annealing temperature (Ta) for a prescribed time, followed by
quench cooling in the water. Microstructures were identified by X-ray
diffraction (XRD, Bruker D8-Discover) with Cu Kα1 radiation and
transmission electron microscopy (TEM, Tecnai F20). The Bs was
measured by a vibrating sample magnetometer (VSM, Lake Shore 7407)
under a maximum applied field of 800 kA/m while the coercivity (Hc)
was measured by a DC B-H loop tracer (RIKEN, BHS-40) under an ap-
plied field of 1 kA/m. Effective permeability (μe) measurement was
carried out by an impedance analyzer (Agilent 4294 A) under the field
of 1 A/m. The valence-band spectra were evaluated by X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha+) with mono-
chrome Al Kα X-ray source. At least five samples of each alloy were
measured to allow the determination of average values and errors for
magnetic properties.

3. Results and discussion

Fig. 1 shows the XRD patterns of Fe83.3Si2B13-xPxC1Cu0.7 melt-spun
alloys. Here, all ribbon samples (~22–24 μm thick) are measured by
free-side. It is clear that the P0 to P4 alloys exhibit halo patterns, which
indicates the amorphous structural feature. Diffraction peaks at
2θ = 65° corresponding to (200)-reflection of α-Fe phase are detected
when P content increases to 5 and 6 at.%. This phenomenon is common
in Fe-based amorphous alloys, especially those with high Fe content,
which has been proved to be related to surface crystallization, because
the (200)-plane is oriented parallel to the ribbon surface hence it can be
easily detected [8, 14,15].

Thermal parameters of melt-spun alloys were measured in order to
further understand the AFA. Fig. 2 shows the melting and solidification
curves of Fe83.3Si2B13-xPxC1Cu0.7 (x = 0, 2, 4, 6) alloys. As can be seen,
in the melting process, both the onset and offset temperatures of the
melting endothermic event (denoted as Tm and Tlm, respectively) gra-
dually decrease with increasing P addition whereas the solidification
curve exhibits differently. Although the liquidus temperature (Tls) also
gradually decreases with minor P addition, the solidification exo-
thermic peak changes from one for P0 alloy to two for P2 alloy, in-
dicating a deviation of eutectic point (Te), as P addition can easily in-
duce the hetero-precipitation of α-Fe nanoclusters [9]. For the P4 alloy,
the existing single sharp exothermic peak again with the lowest Tls
indicates that the composition of this alloy is closer to Te compared with
other alloys, therefore favoring the formation of amorphous. While
further increasing P addition to 6 at.%, the Tls drifts to a higher

temperature and the solidification exothermic peak changes from one
to two again. Meanwhile, it is clear that the P6 alloy has a smaller
degree of undercooling (ΔTL = Tlm - Tls, as shown in the rectangular
grid area) than other alloys, which implies its liquid is less thermally
stable during cooling and therefore has a lower AFA [16].

In order to evaluate the AFA of these alloys, we further validate the
critical thickness and corresponding wheel speed for amorphous for-
mation versus P contents, as shown in Fig. 3. It is found that the alloys
with no or minor P addition possess obviously higher AFA, though there
is a slight decrease in critical thickness for P2 alloy (33 ± 1 μm) due to
the deviation of Te. On contrary, amorphous P6 alloy must be produced
under a high linear speed of ≥ 50 m/s and the critical thickness is only
18 ± 1 μm. It is noted that a good consistency can be found by
comparing the variation of ΔTL with the critical thickness and corre-
sponding wheel speed, that is, the ΔTL firstly decreases and then in-
creases with minor P addition, followed by a sharp decrease from 90 °C
for the P4 alloy to 42 °C for the P6 alloy. Accordingly, the AFA vali-
dation results are perfectly in agreement with microstructural and
thermal measurements, which indicates that excessive P addition de-
creases the thermal stability of supercooled liquid, promotes the surface
crystallization and hence deteriorates the AFA. Therefore, in order to
obtain amorphous alloys with easy preparation, the critical P content is
limited to 4 at.% in this alloy system.

Fig. 4 shows the DSC curve of crystallization process for

Fig. 1. XRD patterns of Fe83.3Si2B13-xPxC1Cu0.7 melt-spun alloys. Fig. 2. DSC curves of the melting and solidification processes for
Fe83.3Si2B13-xPxC1Cu0.7 (x=0, 2, 4, 6) alloys at the heating/cooling rate of 0.33
°C/s. The rectangular grid areas are guides for eyes.

Fig. 3. The critical thickness, corresponding linear speed and degree of un-
dercooling (ΔTL) of alloy ribbons versus P content (x = 0, 2, 4 and 6). The
dotted lines are guides for eyes.
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Fe83.3Si4B8P4-xCxCu0.7 melt-spun alloy ribbons. Here, we only discuss
the alloys with higher AFA (x = 0–4). It is seen that the first onset
crystallization temperature (Tx1) gradually shifts to a lower tempera-
ture with the increase in P contents, indicating that the replacement of
P for B is beneficial to the precipitation of initial α-Fe phase. Mean-
while, the crystallization temperature of second phases (Tx2) undergoes
an obvious increase firstly and then a slight decrease, hence the crys-
tallization interval between Tx1 and Tx2 is expanded by P doping, which
is beneficial for annealing to achieve single α-Fe phase.

Isothermal DSC was performed on P0 and P4 alloys for further in-
vestigating the crystallization behavior, as illustrated in Fig. 5(a) and
(c). There is an exothermic peak appearing after an incubation time (τ),
which is associated with the nucleation and precipitation process of α-
Fe phase [17]. The τ for P0 and P4 alloys is similar and shifts a little
leftward as isothermal temperature rises, which means τ become
shorter, while the precipitation of α-Fe phase for the latter undergoes an
obviously longer period. Fig. 5(b) and (d) illustrate the dependence of
Vcry on annealing time by integrating the area of isothermal curves
between the starting and ending time of crystallization. The crystal-
lization process exhibits a typical S-shape after a similar τ but the in-
clinations of curves are very different. The P4 alloy exhibits an ob-
viously flatter shape, which confirms a longer precipitation process of
α-Fe crystals.

Fig. 6 shows the temperature-time-transformation (TTT) diagrams

Fig. 4. DSC curve of the crystallization process for Fe83.3Si2B13-xPxC1Cu0.7 al-
loys.

Fig. 5. Isothermal curve and corresponding crystallization volume fraction (Vcry) dependent on annealing time for Fe83.3Si2B13-xPxC1Cu0.7 melt-spun alloys with (a)
and (b): x = 0, (c) and (d): x = 4, respectively.
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obtained from isothermal curves. Here t1% and t99% stand for the time
with 1% and 99% of crystallization, respectively. The diagrams were
therefore divided into non-crystalline, semi-crystalline and crystalline
regions [17]. In non-crystalline stage, the nucleation begins from small
crystals and grows, but the Vcry is not considerable. On the other hand,
the crystallization rate increases significantly in the semi-crystalline
stage and thus it can reveal the thermal stability of crystalline phase
[17]. Accordingly, the semi-crystalline region of P4 alloy is obviously
wider than that of P0 alloy, especially at higher temperatures, in-
dicating the α-Fe nanocrystals can be precipitated in a wide tempera-
ture and time range and confirming a better thermal stability. Taking
the above thermodynamic investigation into consideration, it can be
concluded that minor P addition expands the crystallization window of
FeSiBPCCu alloys, inactivates their annealing sensitivity and is conse-
quently advantageous for obtaining good SMPs.

Fig. 7(a) illustrates the dependence of Hc on Ta of
Fe83.3Si2B13-xPxC1Cu0.7 alloys. The inset shows the variation of Hc

versus annealing time at 470 °C for P3 sample. It is obvious that Hc

decreases significantly with increasing annealing time and reaches its
minimum at 2 min while 3-min annealing induces a large Hc of 13.8 A/
m, hence the annealing time is fixed as 2 min. Accordingly, the Hc first
decreases gradually with increasing Ta and reaches each minimum at ~
430–450 °C, which is attributed to stress release and partial crystal-
lization. Then for P0 and P1 alloys, Hc increases at 470 °C and takes a
dramatic increase with the further increasing Ta. The Hc for P2 to P4
alloys shows a similar variation, but the variation trend is much more
placid, implying better thermal stability of crystalline phase. The de-
pendence of μe on Ta shows an inverse variation trend (see Fig. 7(b)),
another obvious difference is that it reaches each maximum at 470 °C,

which means a higher Vcry.
Fig. 8(a) summarizes the dependence of Bs and Hc on P contents of

Fe83.3Si2B13-xPxC1Cu0.7 alloys annealed at 470 °C for 2 min. According
to the result, Bs shows a linear increase with increasing P content, while
Hc takes an opposite variation. Hysteresis loops of the annealed
Fe83.3Si2B13-xPxC1Cu0.7 alloys (see Fig. 8(b)) exhibit typical ferromag-
netic features. With P substitution, Bs increases dramatically from 1.63
T for x = 0 to 1.78 T for x = 4 alloy, respectively. It has been reported
that Bs is greatly associated with magnetization in crystalline (Bsc) and
amorphous (Bsa) phases and can be expressed by equation
Bs = BscVcry + Bsa(1-Vcry) [8,18]. The Bsc is ~2.1 T for α-Fe [18], while
Bsa can be obtained from the magnetization of melt-spun alloys, as il-
lustrated in Fig. 8(c). It is clear that Bsa shows a monotonous decrease
which means the increase in Bs is mainly attributed to the increasing
Vcry of α-Fe nanocrystals. Therefore, we further analyzed the micro-
structure of FeSiBPCCu annealed alloys as illustrated in Fig. 8(d). A
crystallization phase identified to the (110)-reflection of α-Fe super-
imposes on the amorphous diffusion halo for P0 and P1 samples, which
means the precipitation amount of α-Fe is so small that the grain size
(D) cannot be detected [19,20]. Increasing P addition obviously induces
a large amount of α-Fe grains. The Vcry is 27.5 ± 2.0%, 33.1 ± 2.0%
and 45.9 ± 2.1% for P2, P3 and P4 alloys, respectively, indicating that
P substitution significantly favors the precipitation of single α-Fe phase,
which confirms the reason for Bs increasing. Meanwhile, the increase in
Vcry also means the strengthening of exchange-coupling interaction
between crystalline and amorphous phases, which effectively decreases

Fig. 6. Temperature-time-transformation (TTT) diagrams of
Fe83.3Si2B13-xPxC1Cu0.7 melt-spun alloys with (a) x = 0 and (b) x = 4, re-
spectively. The dotted lines are guides for eyes. Fig. 7. The dependence of (a) coercivity (Hc) and (b) effective permeability (μe)

on annealing temperature (Ta) of Fe83.3Si2B13-xPxC1Cu0.7 alloys. The inset shows
the variation of Hc versus annealing time at 470 °C for x=3. The dotted lines in
the inset of (a) are guides for eyes.
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the magneto-crystalline anisotropy (<K>) and therefore reduces the
Hc [20–22].

Fig. 9 illustrates the bright-field TEM images and SAED patterns of
Fe83.3Si2B13-xPxC1Cu0.7 nanocrystalline alloys with x = 0 and 4. The

Fig. 8. Magnetic performance and microstructure of FeSiBPCCu alloys: (a) the dependence of saturation magnetic flux density (Bs) and coercivity (Hc) on P content
and (b) Hysteresis loops of Fe83.3Si2B13-xPxC1Cu0.7 nanocrystalline alloys, (c) the dependence of Bs and density (ρ) on P content of Fe83.3Si2B13-xPxC1Cu0.7 melt-spun
alloys and (d) XRD patterns of Fe83.3Si2B13-xPxC1Cu0.7 alloys annealed at 470 °C for 2 min. The dotted lines in (a) and (c) are guides for eyes.

Fig. 9. The bright-field TEM images, selected area electron diffraction (SAED)
patterns, grain size distribution and corresponding high resolution-TEM
(HRTEM) images of Fe83.3Si2B13-xPxC1Cu0.7 alloys annealed at 470 °C for 2 min
with (a) and (b): x = 0; (c) and (d): x = 4, respectively. The dotted line in the
inset of (c) shows Gauss fit.

Fig. 10. XPS valence-band spectra of Fe83.3Si2B13-xPxC1Cu0.7 melt-spun alloys
with x = 0 and 4.
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microstructure observation reveals that annealed P4 alloy exhibits a
much denser and uniform nanostructure than P0 alloy. The average D is
~21 nm and the number density (Nd) is ~9.5 × 1022 m − 3, which is
consistent with the literatures [8,23]. Meanwhile, HRTEM image shows
that the grain morphology appears irregular for P0 alloy, implying a
larger 〈K〉 induced by oriented growth of α-Fe crystals, therefore Hc of
this alloy is as high as 9.8 A/m. However, increasing P addition clearly
promotes the homogeneous precipitation of α-Fe crystals, resulting in
an obviously high Vcry and Nd. Therefore, the 〈K〉 is effectively aver-
aged out by magnetic exchange-coupling, leading to a uniform micro-
structure with circular grains [20–22]. As a result, good SMPs are
achieved for P4 alloy with high Bs of 1.78 T, low Hc of 4.6 A/m and high
μe of 15100.

It should be noted that the value of Bs for this alloy is only 1.78 T,
whereas the reported Bs for NANOMET-type alloys ranges from 1.8 T to
1.94 T [1–3]. Here we explain the difference found for SMPs. As dis-
cussed above, the Bs of nanocrystalline alloys is strongly dependent on
Vcry and composition of crystalline phase [15]. Vcry is mainly dominated
by annealing conditions whereas the latter is determined not only by
primitive composition but also the as-quenched state of ribbons. Firstly,
the density (ρ) of melt-spun alloys shows an evident decrease with P
substitution as illustrated in Fig. 8(c), indicating the formation of loose
packing structure, which not only decreases the AFA but also weakens
the exchange-coupling between Fe-Fe and Fe-metallic atoms hence
decreases the Bs [24,25]. Secondly, the formation of localized p-d type
hybrid bonds between Fe and P atoms due to the unpaired electrons in
2p/3p outer shell of P atom essentially promotes the ferro- and anti-
ferro-magnetic exchange-coupling between metals and metalloids and
leads to the weakening of magnetic moment [26–28]. Based on this
theoretical analysis, we investigated the valence electron density of
states of FeSiBPCCu melt-spun alloys with x = 0 and 4, as shown in
Fig. 10. It is clear that each of the spectra exhibits a broad visible peak
and the peak shifts nearer to the Fermi level (EF) with binding energy
from 3.48 to 3.08 eV with 4 at.% P substitution. Extensive studies re-
vealed that the peak near EF is closely related to the p-d hybridization.
The closer to EF, the stronger p-d hybridization will have [29,30].
Thereby, the shift of peak indicates that P substitution in FeSiBPCCu
alloys favors the p-d hybridization to EF and promotes the annihilation
of effective magnetic moments of Fe atoms, resulting in deterioration of
SMPs.

4. Conclusion

The influence of minor P substitution on amorphous formation,
thermal stability microstructure and SMPs of Fe83.3Si2B13-xPxC1Cu0.7
alloys has been investigated. Thermodynamic investigation reveals that
proper P addition favors the amorphous formation due to the im-
provement of thermal stability of supercooled liquid including the in-
crease in ΔTL, decrease in Tls and the approaching to Te, while excessive
P addition promotes the surface crystallization hence deteriorates the
AFA. Increasing P addition also obviously expands the crystallization
window by increasing the precipitation temperature and time range of
α-Fe nanocrystals and hence promotes the homogeneous precipitation
of α-Fe nanocrystals, resulting in a uniform nanostructure with high
Vcry and Nd. However, the P substitution for B also decreases the density
of melt-spun alloys by inducing loose packing structure, favors the local
p-d hybridization near EF and promotes the annihilation of effective
magnetic moments of Fe atoms, which deteriorates the SMPs. After
proper annealing, Bs increases linearly with increasing P content while
Hc takes an opposite variation. The Fe83.3Si2B9P4C1Cu0.7 nanocrystal-
line alloy is successfully prepared with high Bs of 1.78 T, low Hc of 4.6
A/m and high μe of 15100. The combination of high AFA and good
SMPs promises the potential applications in industrial magnetic de-
vices.
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