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Fe-P-Si alloys with two levels of phosphorous (0.11 and 0.33 wt%) were prepared through the wrought alloy
route. The as-cast alloys were forged and rolled at high temperature (> 1000 °C) followed by stack hot rolling up
to ~0.5 mm thickness. The alloys were further solutionized at 1000 °C/1h followed by aging at 500 °C/30 min
and characterized for microstructural, magnetic and electrical properties. X-ray diﬀraction studies revealed that
the alloys are of single phase α-Fe. From electron backscattered diﬀraction (EBSD) analysis, it was inferred that
the grains were equiaxed with no retained austenite phase in the alloys. Transmission electron microscopic
(TEM) and Electron Energy Loss Spectroscopy (EELS) showed the presence of Fe3P/Fe3(P,Si) nanoprecipitates
whose volume fraction increased from 1.17% to 2.08% as P content (wt.%) of the alloys increased from 0.11 to
0.33%, with a corresponding increase in precipitates size from 1.7 nm to 2.6 nm. To rationalize the inﬂuence of
various microstructural parameters on the magnetic and electrical properties of the alloys, we have used the
existing theoretical models. As a result, it is now possible to estimate the relative contributions of the microstructural features to the various electrical and magnetic properties. Low core loss (~186 W/kg) combined with
low coercivity (47 A/m) and high saturation magnetization (2.1 T) obtained in high P content (0.33%) Fe-P-Si
alloy makes it a promising material for automotive applications.

1. Introduction
Soft magnetic materials are indispensable in electric motors, alternators, and other devices. The eﬃciency and performance of these
devices to a large extent depend on the physical properties of soft
magnetic materials [1–3]. High saturation magnetization (Ms ), low
coercivity (Hc ) and low core loss (PT) are the most desirable properties
for these devices. The Fe-based soft magnetic materials obtained using
various processing routes such as wrought alloy [4], rapid solidiﬁcation
[5] and powder metallurgy (P/M) processes [6] have been studied
extensively. The wrought alloy process is the most preferred route for
the bulk production of the laminated sheets and cores used in electric
devices.
The low resistivity of pure iron (Fe) and concomitant high core loss
restricts the use in soft magnetic applications despite its high magnetization and low coercivity [7]. The addition of Si to Fe considerably
increases the electrical resistivity with a marginal reduction in the
magnetic properties [2]. The non-oriented Si steel having Si content up
to 3–3.5 wt% produced by wrought alloy process is the most extensively

used soft magnetic material for automotive applications owing to its
high magnetization and low core loss [2]. The Si content beyond 3.5%
in Fe is beneﬁcial to obtain the low core loss. However, processing of
high Si content Fe-based alloys by wrought product route for large scale
applications has been unsuccessful due to the inadequate ductility and
limited formability of these alloys [2,5]. There are other Fe-based alloys
such as Fe-Ni and Fe-Co for soft magnetic application which have been
studied extensively [4,8]. The Fe-Ni alloys exhibit a high permeability
and a low core loss but have limited applications due to their low Ms
value (< 1.6 T). Although the Fe-Co based alloy is known to exhibit the
highest Ms value (~2.46 T), it is expensive and diﬃcult to process.
Phosphorus (P) is another promising alloying addition to Fe and has
been well studied [9,10]. The Fe-P produced by P/M process exhibits
high electrical resistivity which is suitable for high-frequency applications, however with reduced DC magnetic properties [6,11]. On the
otherhand, the Fe-P alloys produced by the wrought process exhibit
good DC magnetic properties provided the cold shortness due to P
segregation to the grain boundaries is mitigated [11,12].
A few studies have investigated eﬀect of Fe3P nanoprecipitates in
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FULLPROF software. The microstructural features of the A1 and A2
alloys were investigated using electron backscattered diﬀraction
(EBSD). The samples were prepared by electrolytic polishing using a
solution of 10% HClO4 + 90% CH3OH at 32 V for 20 secs at –30 °C. The
EBSD was carried out using Inspect F Field Emission Scanning Electron
Microscope with Hikari high-speed camera. TSL-OIM 7.2.1 system was
used for data acquisition system with 2 µm step size at 30 kV voltage
and 230 µA emission current. More than 2–3 scans of 2 × 2 mm2 were
performed on both the alloys to get the suﬃcient statistics and the
average values were reported. The transmission electron microscopic
(TEM) investigations were performed using FEI Tecnai G2 200 kV microscope with LaB6 ﬁlament. A double-lit specimen holder with beryllium ring was used to minimize the background during the observation. Samples of ~80 µm thickness were prepared from the aged sheets
and punched to 3 mm diameter discs, which were further thinned to
electron transparency by a Struers TenuPol-5 twin-jet electrochemical
polishing in a solution of 10% HClO4 + 90% CH3OH at 24 V and
−30 °C. The thin electro polished foils were argon ion milled using
precision ion polishing system for 10 min to remove the surface contamination. Using ImageJ software, the size measurement for more than
5000 precipitates was carried out to estimate the average precipitate
size. The volume fraction of the precipitates (f) and inter-particle spacing (S) was estimated using the Eqs. (1) and (2) as given below [19]:

Fe-P alloys [13,14]. Gopalan et al. have obtained a high Ms (1.9 T) and
a low Hc (40 A/m) values in melt spun Fe-P ribbon [13]. Chandrasekhar
et al. have also reported high DC magnetic properties of Fe-P alloy
produced by the wrought process [14]. Both these studies have discussed that a good combination of the soft magnetic properties obtained
in the Fe-P alloy is due to the presence of Fe3P nanoprecipitates in α-Fe
(P) matrix. In the case of Gopalan et al. work, the alloys were produced
by melt-spun technique and are not suitable for large scale applications
[13], while in the case of Chandrasekhar et al., eventhough the alloy
was processed by wrought product, it exhibited a high core loss [14].
From the above studies, it can be inferred that a ternary Fe-P-Si
alloy will provide the right combination of magnetic and electrical
properties. A few investigators have studied the eﬀect of the addition of
P (< 0.1 wt%) in non-oriented Si-steel and reported low core loss
[16,17]. Ravi et al. [18] have obtained DC and AC magnetic properties
in Fe-P-Si (P < 0.2 wt%, Si < 1.0 wt%) which are comparable to
commercial non-oriented Si steel (M530-50 A5; Si < 1.7 wt%). The
magnetic properties of the Fe-P based alloy can be improved further
with increase in P content without increasing the Si content beyond
1 wt%. In all these studies pertaining to Fe-P based alloys, no systematic
investigation has been carried out on the eﬀect of Fe3P nanoprecipitates
in Fe on microstructural changes and its dependence on magnetic and
electrical properties.
The objective of the present work is to explore the eﬀect of increasing P content in Fe-P-Si alloy on microstructural changes and
correlated to magnetic and electrical properties. We have analyzed the
relative contribution of the grain size, solute content and nanoprecipitates on physical properties such as Ms, Hc, ρ, PT of Fe-P-Si alloys and
experimental data obtained has been validated using existing theoretical models.
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n represents the number of precipitates having diameter d, A is the total
projection area and t is the TEM foil thickness. The thickness of the foil
[20] was calculated from the thickness mapping obtained using Electron Energy Loss Spectroscopy (EELS) equipped with TEM. The EELS
elemental mapping was performed using a Gatan GIF tridiem in the
DigitalMicrograph. Further, the thickness of the foil was used to calculate the volume fraction of the precipitates.
The magnetic properties of the alloys were measured using the
Physical Property Measurement System (PPMS) (DynaCool from
Quantum design, USA) and with a BH loop Tracer (Laboratorio
Elettroﬁsico AMH-20K-HS). For BH Loop measurements, ring samples
with outer diameter (OD = 30 mm) and inner diameter (ID = 20 mm)
were prepared and three such rings were stacked to form a toroid. The
Primary (200 turns) and secondary (50 turns) windings were made on
the toroid sample for BH Loop measurement. The Curie temperature of
the alloys was measured using vibrating sample magnetometer (VSM,
LakeShore 7404). Using the standard four-probe potentiometric technique (Keithley 2182A nanovoltmeter and Keithley 6221 current
source) the electrical resistivity was measured in 40 × 4 × 0.5 mm3
rectangular samples. The DC current was varied in steps up to 100 μA
and the V-I curve was plotted from which the average resistivity value
was estimated.

2. Experimental
Two alloys Fe-0.11wt.%P-1.07wt.%Si and Fe-0.33wt.%P-1.07wt.%
Si were prepared by melting Armco Fe and master alloys of Fe-P and FeSi in suitable weight ratios using vacuum induction melting. The melt
was cast into a pre-heated mould to obtain an ingot of 65 mm in diameter and 400 mm in height. The composition of the alloys was analyzed by Thermo ARL optical emission spectrometer and is presented in
Table 1. In Table 1, the composition of the Armco Fe is also provided.
The ingot was hot forged and hot rolled at high temperature
(> 1000 °C) up to a thickness of ~2.0 mm. Subsequently, the hightemperature glass coating was applied over the sheets to protect it from
oxidation during hot rolling. The coated sheets were stacked together (3
sheets) and hot rolled to thin sheets of ~0.5 mm thick. The rolled sheets
were solution treated at 1000 °C for 1 h to ensure that P completely
dissolves in Fe. The solutionized alloys were rapidly quenched from
1000 °C to form a metastable supersaturated solid solution of P in α-Fe.
The rapid quenching inhibits the segregation of the P at grain boundaries. Further, the solutionized alloys were subjected to an aging
treatment at 500 °C for 30 min followed by water quenching. The Fe0.11P-1.07Si and Fe-0.33P-1.07Si aged alloys are identiﬁed as A1 and
A2 respectively for easy reference of further discussion in this paper.
X-ray diﬀraction (XRD) studies were carried out on aged alloys
using PANalytical X’Pert Pro diﬀractometer for phase analysis. The
lattice parameters were evaluated by Rietveld reﬁnement using
Table 1
Identiﬁcation and composition of the alloys studied in the present work.
Alloy Id

A1
A2
Armco Fe

Composition (in wt.%)
Fe

P

Si

C

Al

Mn

Ni

Cr

Mo

Cu

Balance
Balance
Balance

0.11
0.33
0.01

1.07
1.07
0.05

0.02
0.01
0.02

0.1
0.08
0.1

0.17
0.16
0.20

0.09
0.06
0.10

0.03
0.04
0.05

0.012
0.009
0.01

0.009
0.016
0.06
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Fig. 1. Rietveld reﬁnement of XRD pattern of a) A1 and b) A2 alloys.

3. Results

authors claimed that the precipitation of Fe3P sweeps out Si from the
matrix [23]. Thus, it is inferred that these precipitates in Fe-P-Si alloys
can be Fe3P and/or Fe3(P,Si). For ease of discussion with the rest of the
text, these precipitates stoichiometry will be referred as Fe3P.

3.1. Structural characterization
3.1.1. X-ray diﬀraction (XRD):
The XRD patterns shown in Fig. 1 reveal that the alloys A1 and A2
are single phase α-Fe with no traces of the secondary phases. The lattice
parameters of A1 and A2 alloys have been calculated by Rietveld reﬁnement of the XRD pattern. No signiﬁcant change has been observed
in the lattice parameter value of both the alloys and is almost comparable to that of α-Fe (2.867 Å) [21]. The XRD pattern of the alloys
showed no signature peaks of the Fe3P precipitates.

3.2. Magnetic properties
3.2.1. DC magnetic properties
The magnetic induction (B) of the A1 and A2 alloys were measured
using BH Loop tracer and are presented in Fig. 5a. The magnetic induction, B100 (B at 10 kA/m) values obtained from Fig. 5a are given in
Table 2. There is no signiﬁcant diﬀerence in B100 value between A1 and
A2 alloys. However, at low ﬁeld (< 3 kA/m) the A2 alloy shows marginally higher B value than the A1 alloy, suggesting that it has higher
permeability than the A1 alloy. Owing to experimental limitations
(number of windings on ring sample) in achieving the high magnetic
ﬁeld in the BH loop tracer, the saturation magnetization (Ms) was
measured using PPMS and is shown in Fig. 5b. The magnetic properties
data obtained from BH loop tracer and PPMS measurement are summarized in Table 2 which clearly indicate that the Ms values of A1 and
A2 alloys are nearly the same.
Fig. 6a shows the DC hysteresis loops of the alloys measured using
the BH loop tracer. The coercivity (Hc) of the alloys was evaluated from
the second quadrant of the hysteresis curves, which is shown as inset in
Fig. 6a. The maximum permeability (µmax) was determined from the
initial magnetic induction curve and is presented in Fig. 6b. The Hc and
µmax determined using Fig. 6a and 6b are listed in Table 2. From
Table 2, it can be inferred that with increase in P content from A1 to A2
alloy, there is a reduction of Hc by ~24% and an increase in µmax by
~35%. The low Hc and high µmax obtained in A2 alloy as compared to
the A1 alloy can be attributed to the higher grain size of the A2 alloy (as
shown in Fig. 2); thus, revealing that the P addition to Fe has resulted in
the improvement of the DC magnetic properties.

3.1.2. Microstructural studies
Fig. 2a and 2b show the inverse pole ﬁgure maps of A1 and A2
alloys and are used to analyze the grain size distribution and phase
purity. In the case of Fe based soft magnetic alloys, if the retained
austenite phase persists, it will deteriorate the magnetic properties of
the alloys, as the phase is paramagnetic [22]. The EBSD studies show
the presence of randomly oriented fully recrystallized equiaxed grains
with no sign of the retained austenite phase. The grain size distribution
of both the alloys are shown in Fig. 2c and 2d and the average grain size
was found to be around 49 ± 32 µm and 74 ± 50 µm for A1 and A2
alloys respectively. The observed increase in the grain size with P
content is consistent with the earlier reports [15,16].
The bright ﬁeld (BF) TEM images of the alloys A1 and A2 are shown
in Fig. 3a and 3d with the corresponding selected area electron diffraction (SAED) pattern obtained from the [0 0 1] zone axis. The BF
images reveal the presence of nanoprecipitates in the α-Fe matrix
(marked by arrow). The weak diﬀraction spots in the SAED patterns of
both the alloys along the [0 0 1] zone axis correspond to the Fe3P nanoprecipitates. The presence of Fe3P nanoprecipitates was further
conﬁrmed through the dark ﬁeld (DF) images (Fig. 3b and 3e) obtained
by selecting the Fe3P diﬀraction spot from the SAED pattern. The
average size (d) of these precipitates as estimated by considering
around 5000–7000 precipitates is around 1.72 ± 1.0 nm in A1 alloy
and 2.6 ± 1.5 nm in A2 alloy (Fig. 3c and 3f). The percentage volume
fraction of the precipitates (f) determined using Eq. (1) for A1 and A2
alloys are 1.17% and 2.08%, whereas the inter-precipitates distance (S)
for both the alloys as estimated from Eq. (2) is found to be nearly the
same (10 nm for A1 alloy and 11 nm for A2 alloy). The EELS elemental
mappings of A1 and A2 alloys are shown in Fig. 4(a–c) and (d-f), respectively. From the EELS map, it can be noticed that both the alloys
have P present in all the precipitates. In addition, some precipitates are
also found to contain Si (marked by circle). Even though Si has more
solubility than P in Fe, the presence of Si in some of the precipitates is
an interesting feature of this study. Ohnuma et al. reported a similar
observation through XRD in Fe-P-Si amorphous alloys, where the

3.2.2. Electrical resistivity and AC magnetic properties
The electrical resistivity measurement of the alloys showed that the
alloy A2 exhibits a higher resistivity (410 nΩ m) than that of alloy A1
(370 nΩ m). The resistivity diﬀerence in these alloys is expected to
inﬂuence the core loss, as it is one of the factors on which the core loss
is dependent.
In soft magnetic materials, the core loss (PT) is considered as the
most important AC magnetic properties which determines the energy
eﬃciency of the electric motors [2,3]. The low core loss enhances the
eﬃciency which in turn lowers the heat energy dissipation of the AC
machines. The variation of the total core loss (PT) measured from the
AC hysteresis loops at diﬀerent frequencies up to 1 kHz at Bmax = 1 T is
shown in Fig. 7. The A2 alloy exhibits a lower core loss value of
186 ± 5.6 W/kg at 1 kHz whereas the A1 alloy which contains a lower
3
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Fig. 2. EBSD results of A1 and A2 alloys showing inverse pole ﬁgure map (a and b) and grain size distribution (c and d) respectively.

P shows comparatively higher core loss value of 211 ± 6.5 W/kg.
From Fig. 7, it is clear that the alloy A2 shows low core loss at all the
frequencies as compared to the alloy A1. Thus increase of P in low Si

(< 1 wt%) containing alloy (A2) has been found to exhibit high saturation magnetization, low coercivity and high permeability. Hence
the A2 alloy emerges as a potential alloy for the automotive

Fig. 3. TEM microstructure showing (a) Bright ﬁeld and (b) Dark ﬁeld images of Fe3P nanoprecipitates in α-Fe matrix in alloy A1 and (c) the size distribution of the
precipitates in alloy A1. The corresponding SAED pattern of alloy A1 from [0 0 1] zone axis is shown as an inset in ﬁg. a; (d) Bright ﬁeld and (e) Dark ﬁeld images of
Fe3P nanoprecipitates in α-Fe matrix in alloy A2 and (f) the size distribution of precipitates in alloy A2. The corresponding SAED pattern of alloy A2 from [0 0 1] zone
axis is shown as an inset in ﬁg. d.
4
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Fig. 4. EELS analysis of A1 and A2 alloys. (a) overall microstructure, (b) Phosphorous and (c) Silicon energy-ﬁltered elemental maps of A1 alloy; (d) overall
microstructure, (e) Phosphorous and (f) Silicon energy-ﬁltered elemental maps of A2 alloy; Reﬂect the presence of P riched nanoprecipitates with Fe and/or Si in Fe
enriched matrix (marked by circle).

applications.

Table 2
Experimental and calculated magnetic properties of A1 and A2 alloys.
Alloy ID

4. Discussion

Measured using BH loop tracer

Measured using
PPMS
(at 4000 kA/m)

B (T)
at 10 kA/m

Hc (A/m)

µmax

Ms (T)

1.84
1.82

62.1
47.2

5157
8000

2.115
2.096

Calculated

4.1. Eﬀect of P and Si on the magnetization of A1 and A2 alloys
It has been reported that the addition of P and Si within the solubility limit reduces the saturation magnetization of Fe [10,24]. Among
P and Si, the eﬀect of P is more predominant than that of Si in the
reduction of magnetization [24]. In the present study, it can be observed from the EELS analysis of A1 and A2 alloys (Fig. 4, discussed in
Section 3.1.2) that Si is in solid solution with Fe whereas P is precipitated out in the form of Fe3P nanoprecipitates which is ferromagnetic [25]. In order to estimate the magnetization of the A1 and A2
alloys due to present of Si and Fe3P phase, the net saturation

A1
A2

2.103
2.099

magnetization (Ms) of the alloy can be expressed in the form of the
following equation [24,26]

Ms = [Mα − Fe − (kSi WSi )](1 − f ) + MFe3 P f

(3)

Fig. 5. (a) Initial magnetic induction curves of A1 and A2 alloys measured using BH Loop tracer at 10 kA/m; (b) Initial magnetization curves of A1 and A2 alloys
measured using PPMS.
5
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Fig. 6. (a) DC hysteresis loop for A1 and A2 alloys measured using BH Loop tracer. The inset shows the second quadrant curves for both the alloys, from which the
coercivity has been evaluated. (b) Relative permeability vs Applied ﬁeld curves for A1 and A2 alloys estimated from the initial magnetic induction curve. The
variation of µmax among the alloys can be seen.

dislocations and other lattice defects play a crucial role on deciding the
structure sensitive magnetic properties such as the coercivity, Hc and
the permeability, µ [5,27]. Among A1 and A2 alloys, the alloy A2 has
lower Hc and higher µmax (shown in Table 2) than those of A1 alloy. The
variation of Hc and µmax in A1 and A2 alloys can be explained based on
the microstructural parameters as indicated above. Hc and µ are inversely related and hence we discuss only the Hc dependence on the
microstructural parameters as given below [5]:

Hc = Hcd + Hcg +Hcp

(4)

Hcd is the coercivity due to pinning of the domain wall motion by
the dislocations; Hcg is the coercivity due to grain boundary impedance
to the domain wall (or coercivity due to grain size); Hcp is the coercivity
due to domain wall interaction with precipitates.
The contribution of dislocation to coercivity can be determined by
using the relation between coercivity and dislocation density (N) expressed as [28]
Hcd = γD N

(5)

γD represents the speciﬁc dislocation coercivity and equal to
4.9 ± 0.8 × 10−6 A [29]. N is the dislocation density. In the present
study, the rolled sheets were solution treated at 1000 °C and subsequently aged at 500 °C. Thus, the N value is expected to be around
1010 m−2 corresponding to the annealed state [30]. The Hcd value estimated using Eq. (5) and the above γD and N value equals 0.5 A/m
which is less than 1% of the total coercivity of the Fe-P-Si alloy.
Therefore, the coercivity contribution due to Hcg and Hcp are only
considered for the discussion in this work. The coercivity due to domain
wall interaction with precipitates can arise due to two eﬀects: Surface
tension eﬀect, HcT and internal magnetic poles eﬀect, Hcm [31,32]. The
details of these eﬀects are discussed in Appendix A. The derived parameters and calculation methods of the coercivity due to Hcg and Hcp are
shown in Appendix A and can be expressed as:

Fig. 7. Total core loss vs frequency behavior of A1 and A2 alloys at 1.0 T
magnetic induction. The curves were plotted from the AC hysteresis loops
measured at diﬀerent frequencies.

where Mα-Fe and MFe3 P are the saturation magnetization of the α-Fe and
Fe3P phase respectively, kSi = dM/dW is the rate at which magnetization reduces with wt.% of Si addition in Fe (taken as 0.0435 T/wt.%
[24]) and WSi is the wt.% of Si in solid solution with Fe (equal to 1.07%
as shown in Table 1). The inﬂuence of trace impurities on magnetization in alloys A1 and A2 are not considered for analysis as the Armco Fe
used in the present study for melting the alloys has same level of impurities. The saturation magnetization of Armco Fe (Mα-Fe) as measured
using PPMS was found to be 2.154 T and this value was used in Eq. (3)
for analysis. Also the MFe3 P was taken as 1.71 T as reported elsewhere
[25] for analysis using Eq. (3). Substituting these values in Eq. (3), the
saturation magnetization values of A1 and A2 alloys are estimated to be
2.103 T and 2.099 T respectively which is comparable to those measured with the help of PPMS as indicated in Table 2. Thus, the precipitation of the ferromagnetic Fe3P phase does not aﬀect the magnetization value of the Fe-P-Si alloys.

Hc = Hcg + HcT + Hcm
Hc =

(6)

γ
γ ⎞ ⎛ d ⎞3/2
2L
M d 7/2
2L
f ln
+ 2.8 ⎛ s 5/2 ⎞ f ln
+ 2.8 ⎛
Ms D
δ
δ
⎝ LMs ⎠ ⎝ δ ⎠
⎝ Lδ
⎠
⎜

⎟

⎜

⎟

(7)

The various magnetic parameters used in Eq. (7) are presented in
Table 3. Following the above procedure, Hc was calculated for A1 and
A2 alloys and compared with experimentally obtained Hc values in
Table 3. It can be noted from Table 3 that as P content increases from
A1 to A2 alloy, there is a reduction in the magnetic anisotropy (K) and
the domain wall energy (γ). Further, it can be observed from the

4.2. Coercivity and permeability
The microstructural features such as grain size, precipitates,
6
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Table 3
Theoretically estimated magnetic parameters used in Eq. (7) and experimentally obtained coercivity of A1 and A2 alloys.
Alloy ID

Calculated
2

A1
A2

Experimental
5

3

γ (mJ/m )

K (10 J/m )

δ (nm)

HcT (A/m)

Hcm (A/m)

Hcg (A/m)

Total Hc (A/m)

Total Hc (A/m)

5.0
4.1

1.57
1.07

25
30

3.3
5.1

3.4 × 10-7
1.2 × 10-6

48.1
26.6

51.4
31.7

62.1
47.2

Δρdl = Nrdl

derived values as shown in Table 3 that the contribution of the domain
wall interaction with Fe3P nanoprecipitates to the coercivity (Hcp ) is
minimal and the main contribution to coercivity originates only from
the grain boundary pinning (grain size eﬀect). The internal magnetic
pole eﬀect to coercivity (Hcm ) is negligibly small in A1 and A2 alloys
due to domain wall sweeping over Fe3P nanoprecipitates whose size is
less than the domain wall width. Hence, it can be concluded that in FeP-Si alloys (A1 and A2), the grain size eﬀect plays a dominant role in
deciding the coercivity despite the presence of Fe3P precipitates.

where, N is dislocation density and rdl is the speciﬁc dislocation resistivity (has a value of 10 ± 4 × 10-25 Ω m3 for Fe [40]). From Eq.
(11), it can be inferred that if the contribution of resistivity due to
dislocation (Δρdl ) has to be signiﬁcant (say > 1%) as compared to the
total resistivity of the alloys, then the N value needs to be > 1015 m−2.
However, in the present study wherein, the alloys are subjected to solution treatment at 1000 °C, the N value is expected to be around 1010
m−2 [30]. Hence, the overall contribution of dislocation to resistivity is
found to be negligible.
Using the values of ρo, Δρgb, Δρsol and the experimentally measured
value of ρ, we can estimate the contribution of the nanoprecipitates to
the resistivity of the alloys by rearranging Eq. (8) as given below

4.2.1. Electrical resistivity
In this Section, we quantitatively estimate the contribution of various microstructural factors on electrical resistivity (ρ) of A1 and A2
alloys using Matthiessen's rule [33]:

ρ = ρo + Δρgb + Δρsol + Δρdl + Δρppt

Δρppt = ρ − (ρo + Δρgb + Δρsol )

2
3.24
⎞
γ ⎛
3 sgb ⎝ D ⎠

The values of Δρppt estimated using Eq. (12). are presented in
Table 4. It can be noted that the resistivity due to Fe-matrix, grain
boundary and solute elements are nearly the same in both the alloys.
This can be due to the presence of same solute elements in both A1 and
A2 alloys with negligible contribution of the grain boundary to resistivity. The only diﬀerence is the higher P content in A2 alloy as
compared to A1 alloy. The alloy A2 exhibits a higher volume fraction
(2.08%) and size (2.6 nm) of the Fe3P nanoprecipitates as compared to
alloy A1. The higher volume fraction of the Fe3P nanoprecipitates in A2
alloy is responsible for its higher resistivity.
A perusal of Table 4 indicates that the dominant contribution to the
total resistivity is from solid solution. For example, the solid solution
contribution is 47% and 42% in the case of A1 and A2 alloys respectively. It is also clear from Table 4 that the second dominant contribution to overall resistivity is due to Fe3P nanoprecipitates – 26% in
the case of A1 alloy and 35% in the case of A2 alloy.

(9)

γsgb is the speciﬁc grain boundary resistivity (160 × 10 Ω m for Fe
[36]), D is the grain size. The Δρgb values for A1 and A2 alloys estimated
using Eq. (9) are presented in Table 4 which indicates that the contribution of the grain boundary to total resistivity is negligible.
The eﬀect of the solute elements on resistivity can be modelled
using the Eq. (10) provided all the elements present in the A1 and A2
alloys are in solid solution [37,38].
-16

2

4.2.2. AC magnetic properties:
The AC magnetic characteristics of the Fe-P-Si alloys are shown in
Fig. 7. The A2 alloy exhibits consistently lower core loss over the entire
frequency range as compared to the A1 alloy. The total core loss is a
combination of the hysteresis loss (Phys), the classical eddy current loss
(Pe) and the excess loss (Pexc) [41,42]. These losses have to be minimal
in designing an AC device and hence optimizing the soft magnetic
materials parameters such as sheet thickness, grain size and the domain
structure which determine these losses becomes important. The Phys can
be further quantiﬁed by using Steinmetz hysteresis loss model [43]

Δρsol
= 10.9P + 13.5Si + 4C + 11.8Al + 5Mn + 1.5Ni + 5.4Cr + 3.4Mo + 4
(10)
Cu
In Eq. (10), each alloying element is expressed in weight percent
(presented in Table 1). In the present case, all the elements are considered in solid solution except P which has been incorporated in the
Fe3P nanoprecipitates. The estimated values of Δρsol using Eq. (10) are
shown in Table 4.
The contribution of dislocation to resistivity can be expressed as
[39]:

n
Phys = kh Bmax
ν

Calculated resistivity due to various factors (nΩ m)
Fematrix,
ρo

A1
A2

97.8
97.8

Grain
boundaries,
Δρgb
0.63
0.46

Solute
content,
Δρsol
175.9
170.2

Precipitates,
Δρppt

95.7
141.5

(13)

The hysteresis loss coeﬃcient, kh and n value (exponent of Bmax)
were evaluated by the least square ﬁtting of loss per cycle (Pcyc) curve
measured at diﬀerent Bmax in DC magnetic ﬁeld for both the alloys,
which is shown in Fig. 8a. These values (kh and n) are presented in
Table 5. The Phys values were estimated by multiplying the frequency
n
(ν) with the DC hysteresis loop area (kh Bmax
) and are represented in
Fig. 8b. The classical eddy current loss, Pe can be directly calculated
using Maxwell’s equation and presented in Fig. 8c [43]

Table 4
Theoretically estimated resistivity due to diﬀerent contributing factors and
experimentally obtained resistivity of A1 and A2 alloys.
Alloy ID

(12)

(8)

In Eq. (8), ρo is the temperature dependent electrical resistivity of
pure Fe caused by thermal vibrations (taken as 97.8 nΩ m at 300 K)
[34], Δρgb is the resistivity due to grain boundaries; Δρsol is the resistivity due to solute elements; Δρdl is the resistivity due to dislocations;
Δρppt is the resistivity due to precipitates.
The eﬀect of grain boundary on resistivity can be determined using
the equation developed by Andrews et al. [35,36]

Δρgb =

(11)

Experimental
resistivity, ρ (n
Ω m)

Pe =

370
410

2
π 2t 2Bmax
v2
6ρσ

(14)

where t is sheet thickness and σ is density (=7.7 g/cm ). The excess
3

7
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Fig. 8. (a) Variation of loss per cycle with Bmax at diﬀerent DC magnetic ﬁeld. Frequency dependence of (b) AC hysteresis loss, Phys (c) Classical eddy current loss, Pe
and (d) Excess loss, Pexc for A1 and A2 alloys measured at 1.0 T.

It is clear from the Eq. (15) that Pexc can be lowered by decreasing
the grain size and by increasing the resistivity. In our study, the A2
alloy with coarser grain and higher resistivity exhibits larger Pexc than
A1 alloy. Hence, the grain size plays a key factor for lowering the excess
loss. Hence there is a scope for reducing the Pexc by increasing the resistivity of the alloy while keeping the grain size same so that a further
reduction in the total core loss of the Fe-P-Si alloy is possible.

loss, Pexc is the diﬀerence between the measured core loss (PT) and the
sum of the calculated hysteresis loss (Phys) and classical eddy current
loss (Pe). Pexc was calculated at diﬀerent frequencies and are presented
in Fig. 8d. It can be observed from Fig. 8b and 8c that the Phys and Pe of
the A2 alloy are lower than those of the A1 alloy, suggesting that the
obtained results are consistent with the total loss behavior shown in
Fig. 7. However, the excess loss (Pexc) in A2 alloy is higher while
compared to that of A1 alloy.
Table 5 presents all the core loss parameters estimated at 1 kHz from
the data presented in Figs. 7 and 8. The estimated loss components
corroborate well with the physical parameters (grain size, coercivity
and resistivity) measured for the two alloys A1 and A2. The lower
hysteresis loss and classical eddy current loss obtained in A2 alloy as
compared to those of A1 alloy is due to the fact that the A2 alloy has
lower coercivity and higher resistivity than the alloy A1.
The Pexc arises from the non-uniform micro-eddy current distributions generated around the moving domain walls and depends on the
parameters like micro/macro structural and domain structural features
[44]. The Pexc can be correlated to the microstructural features using
the equation reported by Hong et al. [41]:

Pexc = C1

D 2 2 3/2
t Bmax ν
ρ

5. Conclusions
In this work, a systematic study has been carried out to understand
the process-microstructure-property correlation in Fe-P-Si alloys for
their suitability to automotive applications. The following are the
salient observations:

• Two Fe-P-Si alloys with composition Fe-0.11P-1.07Si and Fe-0.33P•
•

(15)

1.07Si (in wt.%) were prepared using wrought alloy route and were
subjected to the solution and aging treatment.
By adopting an aging treatment, the ferromagnetic Fe3P/Fe3(P,Si)
nanoprecipitates (< 3 nm) dispersed in the α-Fe matrix were obtained and conﬁrmed using TEM/EELS studies.
The increase in P content from 0.11 to 0.33 wt% in Fe-P-Si alloys has
resulted in the decrease of the coercivity (Hc) from 62 to 47 A/m,

Table 5
Total core loss and loss components of A1 and A2 alloy.
Alloy ID

A1
A2

Hysteresis loss coeﬃcient, kh

0.0286
0.0211

Exponent of Bmax, n

1.97
1.89

Losses at 1 kHz, 1 T (W/kg)
Total core Loss, PT

AC Hysteresis Loss, Phys

Classical Eddy Current Loss, Pe

Excess loss, Pexc

211
186.6

28.5
20.9

119.3
82.9

63.2
82.8
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•
•
•

•

Si alloy exhibits promising soft magnetic properties for automotive
applications.

increase in the maximum permeability (µmax) from 5157 to 8000
and increase in electrical resistivity (ρ) from 370 nΩ m to 410 nΩ m
with no signiﬁcant reduction in saturation magnetization (Ms).
The grain size eﬀect is found to be the dominating factor aﬀecting
the coercivity of the Fe-P-Si alloys.
Si addition and formation of Fe3P nanoprecipitates are found to play
a key role in enhancing the electrical resistivity of the alloys.
The hysteresis loss (Phys), classical eddy current loss (Pe) and excess
loss (Pexc) were estimated using the existing loss separation equations. With increase of P content in the alloys, Phys was found to
decrease due to decrease in Hc and also due to increase in grain size
while the decrease in Pe was found to be due to increase in ρ. On the
other hand, there was increase in Pexc value due to increase in the
grain size. However, the total core loss (PT) decreased from 211 to
186 W/kg with increase in P content in Fe-P-Si alloy.
The present study thus clearly indicates that the high P content Fe-P-
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Appendix. Calculation of the coercivity of A1 and A2 alloys
The Coercivity of A1 and A2 alloys can be estimated quantitatively by considering the contribution due to two eﬀects: 1) Grain size eﬀect and 2)
domain wall interaction with precipitates and can be expressed as

Hc = Hcg +Hcp

(A.1)

Coercivity due to grain size eﬀect (Hcg ): It is well known that if the grain size, D is larger than the domain wall thickness (δ) in a ferromagnetic
material, the coercivity will increase with decrease in grain size till it reaches the single domain size [45]. In such a situation, the grain boundaries
act as a barrier to the domain wall motion and coercivity will be increased [45]. As the grain size increases, the grain boundaries area decreases,
resulting in the reduction of the coercivity, which is due to less hindrance to the domain wall motion. Thus, the coercivity can be expressed by using
the relation [5]

Hcg =

γ
Ms D

(A.2)

γ is the domain wall energy which is estimated using the equation [5]
γ=4

0.2kTc K
a

(A.3)
-23

where k is the Boltzmann constant (1.38 × 10 J/K); a is the atomic lattice parameter (Section 3.1.1); Tc is the Curie temperature (measured
using VSM and found to be 1032 K for both the alloys) and K is the eﬀective magnetic anisotropy constant which is estimated using Law of Approach
to Saturation (LAS) by ﬁtting the M-H curve measured at 300 K using PPMS. The equation of LAS for a polycrystalline ferromagnetic material is
expressed as [46]:

105 ⎛
M⎞
1−
8 ⎝
Ms ⎠

K = Ms H

⎜

⎟

(A.4)

where, M is the magnetization and H is applied magnetic ﬁeld. The estimated values of the magnetic anisotropy constant (K) and the domain wall
energy, γ as per the above mentioned Eq. (A.3) and (A.4) for A1 and A2 alloys are listed in Table 4.
Coercivity due to domain wall interaction with precipitates (Hcp ): The increase in coercivity due to domain wall interaction with non-magnetic
precipitates was ﬁrst explained by Kersten et al. as simple surface eﬀect [47]. The domain walls have a tendency to interact with the precipitates to
reduce its total wall energy. Subsequently, Neel extended the theory further by considering the eﬀect of the formation of the magnetic poles at the
interface between the matrix and the precipitates [48]. Neel proposed that when a domain wall interacts with the precipitates, it causes a redistribution of the magnetic internal poles and reduces the magnetostatic energy. Later, these theories were investigated by many authors and a
modiﬁed theory was proposed, which is applicable for the magnetic precipitates also [31,49]. Hence, the coercivity due to the domain wall interaction with precipitates has two contributing eﬀects: 1) Surface tension eﬀect, HcT and 2) Internal magnetic poles eﬀect, Hcm [31]. The coercivity
(Hcp ) due to the domain wall interaction with precipitates in the case of d ≪ δ (precipitates size is smaller than domain wall thickness) can be
expressed as [31]

Hcp = HcT + Hcm
where,

γ ⎞ ⎛ d ⎞3/2
2L
f ln
HcT = 2.8 ⎛
δ
⎝ LMs ⎠ ⎝ δ ⎠
⎜

⎟

(A.5)

M d 7/2
2L
Hcm = 2.8 ⎛ s 5/2 ⎞ f ln
Lδ
δ
⎝
⎠
⎜

⎟

(A.6)
0.2kTc π 2

L is domain size (~2 µm) [31,32]; δ =
is domain wall width [5].
Ka
From Eq. (A.2), (A.5) and (A.6), coercivity of A1 and A2 alloys due to various contributing factors can be obtained, and Eq. (A.1) can be
represented as
9
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Hc =

γ
γ ⎞ ⎛ d ⎞3/2
2L
M d 7/2
2L
f ln
+ 2.8 ⎛
+ 2.8 ⎛ s 5/2 ⎞ f ln
Ms D
δ
δ
⎝ LMs ⎠ ⎝ δ ⎠
⎝ Lδ
⎠
⎜

⎟

⎜

⎟

(A.7)

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jmmm.2019.165743.
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