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In this work, the effects of Cr on the microstructure, physical, and AC magnetic properties of
the Ni49Fe51 alloy was studied. In this respect, three series of thin sheets of (Ni49Fe51)100�xCrx
(x = 0, 3, and 7 at. pct) alloys with a final thickness of 120 lm were prepared by means of
severe cold rolling and an 1150 �C annealing process at H2 atmosphere. Optical microscopy
(OM), scanning electron microscopy (SEM), X-ray diffraction (XRD), (200) X-ray pole figure,
and magnetic force microscopy (MFM) were employed to study microstructure, texture, and
magnetic domain structure of the alloys. The magnetic characteristics of the samples were
evaluated using BH-hysteresis loop tracer at a frequency range of 0.5 to 300 Hz. Based on the
results obtained, it was shown that the mean magnetic domain width was increased from 1.006
to 1.398 lm for 0 Cr and 7 Cr samples, respectively. Furthermore, the magnitude of the static
hysteresis loss increased and the excess and classical eddy current loss decreased for the
Cr-added thin sheets.
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I. INTRODUCTION

50NI-FE alloys have a high saturation induction
(about 1.5 T) and a great relative permeability (10 to 55
thousands).[1] These remarkable soft magnetic proper-
ties have attracted them wide interest for a variety of
applications such as transformer cores, relays, low
power consumption signal transformations, electronic
sensors, magnetic seal systems, and moderate frequency
electromagnetic field shielding.[2,3]

Theses alloys are produced in sheet form by five basic
processes: (I) ingot casting, (II) homogenizing of the
ingot, (III) hot rolling, (IV) cold rolling, and finally, (V)
reducing atmosphere annealing in hydrogen.[4–10] It has
already shown that most of the soft magnetic materials
are used in the forms of sheets or tapes and therefore,

cold rolling is an important process in the production of
theses alloys.[11] For the Ni50Fe50 alloys, stacking fault
energy (SFE) is about 100 mJ m2,[12] which makes them
easy to cold roll down to a micro-scale thickness.[12] The
improvement of soft magnetic properties mainly relies
on the additives and development of final texture and
phases through the cold rolling process and suitable heat
treatment.[14–17] It is shown that based on the cold
rolling degree, a random oriented or a cube texture can
be formed during the subsequent annealing.[13,14]

Cube-textured Ni50Fe50 alloys are well known for
application such as tape toroidal magnetic amplifier
cores and radar pulse transformers.[1]

Among the various additives studied, the substitution
of Cr for Fe and Ni atoms has been reported to increase
the hardness and resistivity and to decrease saturation
magnetization and coercivity of the Ni50Fe50
alloys.[6,7,15] However, the effect of Cr was not investi-
gated on the dynamic magnetic properties of these
alloys. Various works have investigated the dynamic
magnetic properties of soft magnetic materials by
determining the core loss using AC hysteresis loop
tracer, e.g., References 16 through 18. The Core loss, as
an extrinsic magnetic property, mainly relies on the
composition and development of appropriate
microstructure and texture through production process
conditions. It is shown that the total core loss per
magnetization cycle (J m�3) of a magnetic core consists
of three contributing sources related to the static
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hysteresis loss,[2,11] Whyst, classical eddy current loss,
Wcls, and the excess eddy current loss, Wexc. The core
loss is shown to be expressed by Ref. [19]

W ¼ Whyst þWcls þWexc

¼ 4khystB
a
max þ

p2t2

6q
B2
maxfþ
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ffiffiffi

q
p B3=2

maxf
1=2 ½1�

where f is the frequency and Bmax is the amplitude of
sinusoidal magnetic induction, q is resistivity and t is the
thickness of the sample. It is shown that the hysteresis
loss is affected by the defect structures interacting with
the material’s magnetic domain walls and magnetization
process.[20] The a and khyst in the Eq. [1] represent the
effect of defects on the core loss. The kexc represents the
effect of microstructure such as grain size fluctuations or
wavelengths of stresses.[2]

Based on the model developed by Maxwell’s electro-
magnetism equation for sinusoidal flux density, it is
shown that the classical eddy current loss throughout
the thickness of an isotropic sample, considering con-
stant permeability and no skin effect, can be expressed
by Reference 21

Wcls ¼
p2t2

6q
B2
maxf ½2�

The excess eddy current loss is attributed to the non-si-
nusoidal, non-uniform, and non-repetitive domain wall
motion.[22] Various models have been developed for
describing the excess loss.[23–26] Bertotti et al.[27] from a
statistical point of view, showed that the excess core loss
of crystalline materials decreases by increasing the active
domain walls (�n) by considering that

Wexc ¼
8

ffiffiffiffiffiffiffiffiffiffiffiffi

GSV0

p
ffiffiffi

q
p B3=2

m f1=2 � �n0V0

4f
; ½3�

where S is the cross-section area of the sample, G is a
dimensionless damping parameter, and �n0 is simultane-
ously active domain walls when f � 0 and a magnetic
field of V0. When considering a sample with fine domain
structure, the �n0V0=4f term can be neglected due to the
activation of domain walls in dynamic condition and the
deletion of any memory of the quasi-static state.
Improvement of dynamic magnetic properties of the
alloys containing fine domain structures has also been
reported by Overshott[28] and Li et al.[18] in nanocrys-
talline materials.

Considering the relationship between magnetic
domain structure and core loss mechanisms, it can be
concluded that the materials with fine domain struc-
tures, i.e., when the number of domain walls is enor-
mously large (i.e., domain width/sheet thickness< 0.2),
the velocity of an individual wall is expected to be small.
Thus, the magnetization process should be quite homo-
geneous and consequently, the classical eddy current
loss should dominate the total core loss.[11,25,29] The
work presented here was therefore inspired by consid-
ering possible advantages of the addition of Cr on
microstructure and magnetic core loss of (Ni49Fe51)Cr
thin sheets.

II. MATERIALS AND EXPERIMENTAL
METHODS

Ni-Fe alloys ingots, of nominal compositions
(Ni49Fe51)100�xCrx (x = 0, 3, 7), were prepared using
extra-pure constituting elements by Vacuum Arc
Remelting (VAR, FZKH-300VAR-I furnace) in
ultra-high-purity Ti-gettered Ar atmosphere on a
water-cooled copper crucible. Each alloy was remelted
three times to ensure compositional homogeneity and
finally, the prepared melt was poured into a
3 9 2 9 4 cm copper mold.
The prepared ingots were homogenized at 1150 �C for

3 hours and then hot rolled at 1100 �C to 800 �C with a
50 pct thickness reduction. In order to investigate the
effect of Cr on the microstructure and magnetic prop-
erties, only the samples with similar microstructures
were chosen for the subsequent cold rolling process. The
average grain size of the 0 Cr, 3 Cr, and 7 Cr samples
after the hot rolling process was about 99, 96, and
98 ± 2 lm, respectively. The billets were cold rolled
with 99 pct thickness reduction (final thickness of
120 lm). The prepared sheets were annealed at
1150 �C for 3 hours in a dry H2 atmosphere, and then
the samples were cooled inside the furnace to 200 �C,
followed by an air-cooling to room temperature.
The microstructural study of the thin sheets was

carried out using an optical microscope (Olympus
BX60) and a field emission scanning electron micro-
scope (Mira II LMU Tescan FE-SEM) at an accelerat-
ing voltage of 20 kV equipped with an energy-dispersive
X-ray spectrometer (EDS). The metallographic samples
were electro-etched using 30 mL methanol and 10 mL
HNO3 electrolyte etchant. The grain size of the samples
was measured on three planes (i.e., RDTD, RDND, and
TDND planes), and the average size of them was
determined using the standard linear-intercept
method.[30] Here, the RD, TD, and ND demonstrate
the rolling, transverse, and normal directions in the thin
sheets, respectively.
The crystalline structure of the annealed samples was

examined by X-ray diffraction technique using PHI-
LIPS-PW1730 and Cu-Ka1 radiation. The lattice param-
eters were determined using Nelson–Riley extrapolation
method[31] with error estimation about ± 0.002 Å.
X-ray pole figures were surveyed on (200) fcc planes in
5 deg steps using Co-Ka1 radiation. Vickers microhard-
ness measurements were carried out on the polished
RDND surface of thin sheets using Reicher-Duromat
4000E instrument. Five indentations were averaged for
each sample.
The room temperature electrical resistivity of the

samples was measured with a square four-point probe
technique using PROVA-700 instrument. Considering
an infinite 2D sheet, the specific electrical resistivity
values were determined by Reference 32

q22D ¼ 2
pt
ln 2

V

I
F; ½4�

where t is the thickness of the sheet and F is the
correction factor.
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The magnetic microstructure of the samples was
investigated using Magnetic Force Microscopy (MFM,
ARA-AFM Advanced Multi-mode). In order to obtain
equilibrium domain patterns, samples were demagne-
tized at 10 Hz, then their surface was scanned using
Co-Cr tip. The obtained MFM images of the samples
show stray fields of magnetic domain walls, therefore a
derivative was performed on them in order to distin-
guish magnetic domains and domain wall in the images.
The procedure will be discussed later in details in
another paper. Domain widths were estimated using
average intersection distance of domain walls with
random test lines within three MFM images for each
specimen.

The dynamic B-H loop and magnetic core loss
(J m�3) at a frequency range of 0.5 to 300 Hz were
determined on the ring-shape samples which were
prepared according to ASTM A34 standard[33] using a
B-H loop tracer.

III. RESULTS AND DISCUSSION

A. Microstructure and Physical Properties

Figure 1a shows the microstructure of 7 Cr-annealed
sample. It can be seen that primary recrystallized grains
are uniformly distributed in the microstructure. The
grain size distribution of the annealed alloys is also
shown in Figure 1(b). Various reports have confirmed
the bimodal distribution of grain size during secondary
recrystallization process.[34] It is well known that the rate
of nucleation increases with increasing degree of cold
work in heavily deformed materials.[35–37] Therefore, in
the annealing process, more nuclei are produced due to
the severe cold rolling with 99 pct area reduction and

accordingly a fine-grained structure is created in the
specimens.
Figure 2 shows XRD multiplot patterns of annealed 0

Cr, 3 Cr, and 7 Cr samples. As can be realized in this
figure, only one high intensity peak (around 2h� 51�
XRD patterns of the samples. The identified peak could
be indexed as (200) austenite c(FeNi) phase with fcc
structure.[38] Here the comparison of XRD patterns
obtained for these three alloys shows that by increasing
of Cr up to 7 at. pct, the intensity of observed diffrac-
tion (200) peak increases. This could be suggesting the
formation of stronger texture in the Cr-added alloys.[39]

Fig. 1—(a) Optical microscope image of annealed 7 Cr, (b) grain size distribution of 0 Cr, 3 Cr, and 7 Cr.

Fig. 2—X-ray diffraction patterns of (Ni49Fe51) Cr thin sheets for
the annealed samples.
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Pole figure results of annealed 0 Cr and 3 Cr samples
are presented in Figures 3(a) and (b). Here, the observed
sharp [001] orientation in the pole figures highlights the
formation of cube texture in the samples. Previous
studies[40,41] have reported that if a highly sharp cube
orientation can be formed during the primary recrystal-
lization process, then the strength of cube components
improves during the high-temperature annealing process
due to the lack of secondary ‘‘nuclei’’ among the
primary recrystallized grains. In this work, a high
degree of cold rolling has provided enough stored
energy for the formation of cube texture.

Table I summarizes various refined parameters
obtained for the as-rolled and annealed samples. The
microstructural observations revealed that the average
grain size of the samples is slightly decreased by adding
Cr in the (Ni49Fe51)100�xCrx alloys. This is due to the
lower diffusion rate of grain boundaries in the Cr-added
alloys during the recrystallization process.[42]

On the other hand, as it is shown in Table I, the mean
microhardness is increased for the Cr-added as-rolled
samples. Čebron et al.[43] have reported a directly
proportional relationship between hardness and stored
energy during the cold rolling process. Here, the
observed rising of microhardness with increasing of Cr
is in close agreement with the rising of lattice parameter
in the Cr-added as-rolled samples. The smaller micro-
hardness for the annealed 7 Cr sample (i.e., 137 Hv for 7
Cr in comparison to 142 Hv for 0 Cr) indicates a higher

degree of recovery transformation during annealing
process for the Cr-added samples.[44,45]

The calculated lattice parameters of the annealed 0 Cr
sample, based on XRD results, was 3.5707 Å, which is
in close agreement with previous reports.[46] The c(Fe,
Ni) phase of the Ni49Fe51 alloys has a Fm�3m lattice
structure, in which iron and nickel atoms with a 50-50
chance are placed in surfaces or in corners of the
lattice.[1,47] Here, the observed increase of lattice param-
eter (Table I) is possibly due to the larger atomic radius
of Cr compared to that of Fe and Ni atoms in the lattice
structure, since it is believed that Cr atoms are substi-
tuted for Ni or Fe atoms in c(Fe, Ni) phase.[15]

It is reported[48] that the lattice parameter of a
disordered Ni50Fe50 is larger than the L10-FeNi ordered
alloys which have a P4=mmm lattice structure. There-
fore, the order–disorder phase transformation during
the final annealing process could be also effective in
variations of the lattice parameter. According to the
phase diagram of Ni-Fe system, ordering transforma-
tion of L10-FeNi can occur during very slow cooling
(approximately 1 �C per 4.6 billion years) at a temper-
ature range from 350 �C to room temperature during
the annealing process.[49] Also, it is shown that the
addition of Cr to Ni-Fe alloys has a delaying effect on
the kinetics of long-range ordering.[50] Here, this delay-
ing effect may have led to the reduction of the degree of
ordering and consequently increasing the lattice param-
eter for Cr-added samples (Table I). The L10-FeNi

Fig. 3—(200) pole figure of the (a) 0 Cr and (b) 3 Cr samples annealed at 1150 �C.

Table I. Average Grains Size, Lattice Parameter, Resistivity, Average Vickers Microhardness for (Ni49Fe51)1002xCrx Thin Sheets

Sample Thickness (mm) Grain Size (lm) Lattice Parameter (Å) Resistivity (lX cm) lHardness As-Roll Annealed (Hv)

0 Cr 0.122 ± 0.01 29 ± 15 3.5707 ± 0.002 34 ± 1.5 287 ± 8 142 ± 1
3 Cr 0.126 ± 0.01 25 ± 16 3.5786 ± 0.002 52 ± 1.5 293 ± 23 139 ± 6
7 Cr 0.114 ± 0.01 27 ± 16 3.5832 ± 0.002 79 ± 1.5 316 ± 13 137 ± 7
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ordered phase is not a soft magnetic phase (since it has a
coercivity of 500 to 4000 Oe).[51,52]

B. Magnetic Properties

Figures 4(a) through (c) show the as-captured and
processed MFM images of the 0 Cr-, 3 Cr-, and 7
Cr-annealed samples. As can be seen from these figures,
a labyrinthine domains structure is evident for all of the
samples and the domain structure of 0 Cr sample is
significantly finer than the domain structure of the
Cr-added alloys. The distribution of the magnetic
domain width of the samples is shown in Figure 5. It
is interesting to note that the average width of magnetic
labyrinthine domains is increased by increasing of Cr,
i.e., 1.066 , 1.319 and 1.398 lm for 0 Cr, 3 Cr, and 7 Cr
samples, respectively (with a standard deviation of
0.3 lm).

Figure 6(a) displays the variation of magnetization vs
applied field at a frequency of 50 Hz for 0 Cr-, 3 Cr-, and
7 Cr-annealed samples. As shown in Figure 6(b), the
magnitude of measured saturation induction of 0 Cr
sample is higher than Cr-added samples. This is mainly
related to the substitution of Cr atoms as an antiferro-
magnetic element for Fe and Ni in the lattice structure.
It is already reported that the magnetic moments of Fe
and Ni atoms is reduced by substituting Cr for Fe and
Ni atoms.[53] Replacing Fe and Ni with Cr atoms in the
Ni-Fe phase changes the local environment of some of
the Ni-Fe atoms and can give rise to the exchange
weakening of two neighboring ferromagnetic atoms.
Therefore, in the 0 Cr sample, a higher value of Bs

(1.44 T) is obtained due to the higher concentration of
Fe and Ni atoms.

Further, the squareness of the hysteresis loops, Br/Bs,
vs Cr content is shown in Figure 6(b). As can be seen,
squareness is significantly increased for Cr-added sam-
ples compared to 0 Cr alloy. The higher level of
squareness for Cr-added sample is due to the formation
of a sharper cube texture, as confirmed by the pole
figure results (Figure 3). Moreover, higher permeability
and lower core loss at a frequency of 50 Hz obtained for
the 3 Cr and 7 Cr alloys, imply significant improvement

of dynamic soft magnetic properties of the Cr-added
samples (Figure 6(c)).
The total core loss of annealed specimens against

frequency at magnetic fields of 0.2 and 0.8 T are
presented in Figures 7(a) and (b), respectively. Three

Fig. 4—Raw MFM images showing magnetic stray fields scanned on the surface of the annealed samples and their processed images
representing magnetic domain structure: (a) 0 Cr, (b) 3 Cr, and (c) 7 Cr.

Fig. 5—Distribution of domain width in the magnetic structure of
the annealed samples.
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Fig. 6—(a) B-H hysteresis loops measured at Hmax ¼ 650A=m at f ¼ 50Hz, (b) and (c) the resultant characteristics from the loops vs Cr content
in (Ni49Fe51)100�xCrx system (x = 0, 3, 7).

Fig. 7—Frequency dependence of the total magnetic core loss of the annealed samples, measured at (a) Bmax ¼ 0:2 T and (b) Bmax ¼ 0:8T where
the experimental data were fitted using Eq. [5].
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coefficients of the core loss in the Eq. [1] can be
expressed by

W ¼ Chys þ Cclfþ Cexcf
1=2; ½5�

where Chys ¼ 4khystB
a
max, Ccl ¼ p2t2

�

6q
B2
max , and Cexc ¼

kexc
�

ffiffiffi

q
p B

3=2
max are the fitting coefficients for hysteresis loss,

classic loss, and excess loss, respectively. In this equa-
tion, Ccl is determined by the electrical resistivity and
thickness of the samples that are presented at Table I
and Cexc and Chys are determined by curve fitting of
Eq. [6]. Khys and a are determined by solving the first
term of Eq. [5] at two different inductions, i.e., 0.2 and
0.8 T. The calculated constants of the total core loss of
the samples are shown in Table II. The root of the mean
square deviations between fitted and experimental val-
ues was about 1-1.5 pct, which shows a good degree of
confidence between them.

The calculated classical coefficients for the annealed
samples, Ccl, are presented in Table II, which indicates
that the classical eddy current loss is decreased by the
addition of 3 and 7 at. pct Cr to the Ni49Fe51 alloy. This
is mainly related to the increase of resistivity in the
Cr-added specimens (Table I). The measured room
temperature electrical resistivity, obtained for 0 Cr, 3
Cr, and 7 Cr samples were 34, 52, and 79 lX cm,
respectively. Static hysteresis coefficient (Chys in
Table II) was lower for 0 Cr alloy compared to those
of Cr-added samples. Considering that the hysteresis
loss is generally similar to the coercive force,[2,54,55] then
the Whys can be expressed by

Whys /
ffiffiffiffiffiffiffiffiffiffiffi

K1=a
p

Bmdk
: ½6�

Therefore, the observed lower value of hysteresis loss for
0 Cr-annealed sample can be attributed as partly due to
the higher value of saturation induction, Bs

(Figure 7(b)) and partly due to larger grain size, dk,
for this sample compared to 3 Cr and 7 Cr samples
(grain size, Table I).

As can be seen from Table II, the excess coefficient
(Cexc) is decreased with increasing of Cr in the alloy.
However, it is also observed that the addition of Cr has
led to an increase in Wexc/Wcls ratio of thin sheets

(Table II). Later case is related to coarsening effect of Cr
on the domain structure of the samples (Figure 5), while
the first case is due to increasing of resistivity of alloys
(Table I) which is in close agreement with previous
studies.[24,25,27] It is well known that the excess loss is
mainly related to the micro eddy currents around the
moving domain walls during magnetization pro-
cess[2,11,56]; i.e., this component mainly depends on
resistivity and domain structure. Further, the compar-
ison of Ccl and Cexc data obtained for the alloys
(Table II) also revealed the positive effect of Cr on the
reduction of eddy current losses is more significant than
the negative effect of this element on the microstructure
of magnetic domains.
It is interesting to note that the total core loss for

Cr-added samples was lower at 0.8 T than 0.2 T. As can
be realized from Figure 7(a), the magnitude of core loss
for the 7 Cr alloy is 6 pct more than that of 0 Cr sample
at a frequency of 50 Hz and magnetic induction of 0.2 T
(Figure 7(a)), while it is 11 pct lower at 0.8 T
(Figure 7(b)). Furthermore, the core loss was 41 pct
lower for 7 Cr compared to that of 0 Cr alloy at
maximum induction condition (Figure 6(c)). However,
the role of the efficient number of active domain walls is
much more pronounced at higher Bm.

[20] Therefore, the
impact of the excess loss on the total loss becomes less
apparent while the contribution of the eddy current loss
in the total loss becomes more dominant.

IV. CONCLUSION

Based on the results obtained, it was shown that Cr
has a marked effect on the magnetic domain structure
and also AC magnetic properties and specially core loss
of the FeNi alloy. The Cr-added thin sheets exhibited a
higher power efficiency for AC applications.

(1) The formation of cube texture was confirmed for
the samples cold rolled with 99 pct area reduction
and annealed at 1150 �C based on our XRD and
pole figure results.

(2) The addition of Cr up to 7 at. pct was found to
increase the mean microhardness from 287 to
312 Hv for the as-rolled samples and to decrease
from 142 to 137 Hv for the annealed samples,
suggesting that the addition of Cr in Ni49Fe51
alloy accelerated the recovery and primary recrys-
tallization during the annealing process while,
postponing the secondary recrystallization.

(3) The formation of a labyrinthine stripe domain
structure in all of the thin sheets was detected
based on magnetic force microscopy (MFM)
analysis. It was shown that by adding 7 at. pct,
the domain size width is increased from 1.006 to
1.398 lm.

(4) Ultrasoft magnetic behavior was observed for the
Cr-added annealed samples based on BH-hystere-
sis results at a frequency of 50 Hz. Permeability
and squareness of Cr-added samples were
increased, while maximum induction and core

Table II. Parameters of Magnetic Core Loss Obtained for
the Samples

Parameter/Sample 0 Cr 3 Cr 7 Cr

Ccl at 0.2T (J m�3 s) 0.0032 0.0021 0.0011
Ccl at 0.8T 0.0504 0.0327 0.0173
Chys at 0.2T (J m�3) 5.588 6.576 7.097
Chys at 0.8T 58.06 58.51 62.03
Cexc at 0.2T (J m�3 s0.5) 0.4341 0.3172 0.2741
Cexc at 0.8T 6.548 6.249 4.575
Khys 84.63 83.166 87.93
a 1.689 1.577 1.564
Kexc 0.00271 0.00628 0.00273
Wexc/Wcl at 0.2 T and 50 Hz 20.64 22.88 36.89
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loss of them were decreased compared to that of 0
Cr thin sheet.

(5) It was observed that the 0 Cr thin sheet sample
has the lower loss at lower frequencies due to
smaller static hysteresis loss (Whys) which is
believed to be related to the coarser grain size
and higher saturation induction. On the other
hand, it was shown that addition of Cr leads to a
decrease in the contribution of the classical and
excess eddy current losses (Wcl and Wexc, respec-
tively) at higher frequencies, which consequently
led to a lower total core loss. The coarser
magnetic domain structure observed in the
Cr-added alloys causes an increase in Wexc=WCl

ratio, however, this negative impact on the losses
was less important than the significant increase of
electrical resistivity of Cr-added thin sheets.
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