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a b s t r a c t

Fe–Si alloys have excellent soft magnetic properties, especially around 12 at.% Si. However, their industrial
applications are limited because they lack the ductility required in rolling operations for the fabrication
of thin sheets, thus leading to cracking. The brittleness of high silicon alloys is caused by order–disorder
reactions at low temperatures. This work involved an analysis of the effect of heat treatment on the
crystalline structure of thin sheets of Fe–5 wt%Si alloy obtained in a two-step fabrication route: (1) spray
vailable online 4 December 2010

eywords:
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olling

forming of Fe–3.5%Si + 2.0%Sip composite and (2) rolling and heat treatment of the composite to dissolve
the silicon and homogenize its content across the thickness of sheet samples. Structural and microstruc-
tural analyses indicated the success in fabricating thin sheets of Fe–5 wt%Si alloys with such strategy. The
presence of the ordered B2 phase had an important effect on the texture development and therefore on
the magnetic properties of these alloys.
össbauer spectroscopy

. Introduction

The addition of silicon to iron improves the latter’s magnetic
roperties by increasing the material’s electrical resistivity and
ecreasing its magnetic anisotropy constant and magnetostric-
ion [1]. However, at concentrations above 3.5 wt%, silicon strongly
ecreases the ductility of Fe–Si-alloys, rendering the material too
rittle to be cold or hot rolled without cracking during the produc-
ion of thin sheets for electromagnetic applications [2]. Iron-based
lloys containing 10–20 at.% Si form two kinds of ordered struc-
ures: B2 (Pm3m) and DO3 (Fm3m) on the basis of the fundamental
rystal lattice of bcc (Im3m) [3,4]. Up to about 11 at.% Si, the B2
tructure is formed from A2 (disordered solid solution with bcc lat-
ice) by unlike-atom pairing of the first nearest neighbors. A further
ncrease of the silicon content leads to a phase transition towards
he ordered DO3 structure through additional ordering between the
econd neighboring atoms. Between about 11 and 14.5 at.% both
tructures can be observed [3,5].

Viala et al. [6] reported that, at cooling rates below 1000 ◦C/min,
he ductile-fragile transition of Fe–6.5 wt%Si occurred by B2 phase
rdering, which led to the formation of super-lattice dislocation.
oreover, the magnetic properties of Fe–Si alloys are affected by
isorder–order transitions, a dependence that has been investi-
ated by several authors [7,8]. The DO3 phase has been observed
nly in low cooling rate processing.
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Narita and Enokisono [9] studied the magnetic properties of a
Fe + Si6.5 wt% alloy and concluded that the DO3 ordered structure
was more effective in improving the magnetic properties than the
B2 ordered phase. However Degauque et al. [10] concluded that
losses were lower in the Fe + Si6.5 wt% ribbons (which involved B2
ordered phase) than in those involving DO3 ordered structure. To
explain the origin of this difference, Altoe et al. [11] studied the
effect of aging treatments in the temperature range 400–700 ◦C on
the microstructure and the magnetic properties of Fe–6.4 wt%Si.
The authors concluded that the existence of l/4 [1 1 1] antiphase
boundaries of B2 showing a marked anisotropy induces a deteri-
oration of the magnetic properties since they lead to a reduced
mobility for the magnetic domain walls whereas large grain size
and more isotropic B2 antiphase boundaries seem to be promising.
In addition, Faudot et al. [12] showed that the DO3 phase hardens
the material whereas the B2 phase softens it.

The literature has reported several successful productions of
high Si content Fe–Si thin sheet by carefully controlled forming
processes and subsequent rolling operations. Yamaji et al. [13] pro-
duced Fe–6.5%Si sheets by CVD technique in the NKK Corporation,
in Japan. The thickness ranged from 0.1 to 0.3 mm and the max-
imum width was 600 mm. However, the manufacturing capacity
is limited, the costs for production are very high and it is asso-
ciated with environmental pollution induced by using SiCl4. Arai
and Tsuya [14] reported the preparation of ribbon-form Fe–Si alloy

containing around 6.5% silicon by rapid quenching technique. The
ribbon size was 20–150 �m in thickness and 2–25 mm in width.
Although the ribbons could be easily cold rolled, the thickness and
width were limited and the technique could not satisfy the com-
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Table 1
Chemical composition of the matrix alloy and particulate used in this work.

Elements Fe Si C Ca Al
R.D. Cava et al. / Journal of Alloys a

ercial production. Li et al. [15] tried to produce Fe–6.5 wt%Si alloy
y Powder Metallurgy. However, this technique has limited pro-
uction and there is the necessity of high temperature sintering,
hich increases the cost of the final product.

To overcome this lack of productivity and volume of the
nal product, our group has studied and reported the suc-
essful productions of high Si content Fe–Si thin sheet by
arefully controlled spray forming process and subsequent rolling
perations [16–21]. In recent work, Kasama et al. [21] have investi-
ated the disorder/order reaction (A2 → B2 + DO3) in spray-formed
e–5 wt%Si–1.5 wt% alloy at warm temperatures and have verified
he coexistence of the A2, B2 and DO3 phases in this temperature
ange. Related with this study, steel makers have recently begun
o take an interest in warm (ferritic) rolling, as it has the potential
o broaden the product range and decrease the cost of hot-rolled
trip. These advantages can affect all stages of the rolling process,
eginning with reheating, followed by warm rolling, pickling, and
old rolling [22].

The spray forming process is a variant of rapid solidification pro-
esses and is based on the atomization of a liquid metal stream by
n inert gas [23]. In this process, the atomized droplets are consol-
dated into a dense deposit on a substrate. Our group investigated
he possibility of keeping the A2-disordered phase metastable at
temperature below 973 K by adding Al to spray-form deposits

f Fe–Si alloys, which allowed these deposits to be rolled with-
ut cracking [24,25]. However, the addition of aluminum to the
lloy is associated with the formation of enhanced inclusions that
mpair its magnetic properties. Therefore, efforts have focused on
he fabrication of an Al-free alloy.

To overcome the lack of ductility, we developed a Fe–5.5 wt%Si
lloy as a composite: Fe–3.5%Si + 2%Sip produced by spray forming.
o improve the magnetic properties, the presence of texture after
nnealing, such as the 1 1 0 //rolling plane, is desirable and in the
resent work we evaluated the microstructure and the crystallo-
raphic texture of the spray formed Fe–3.5 wt%Si + 2 wt%Sip after
olling and heat treatment for thin sheets production.

. Experimental procedures

5 kg of commercial Fe–3.5 wt%Si matrix alloy was melted inductively in an alu-

ina crucible and superheated to 1650 ◦C. The molten alloy was disintegrated into a

ispersion of micron-sized droplets using nitrogen at a pressure of 0.80 MPa. Simul-
aneously, 2 wt% of commercial Si particles, ranging from 106 to 250 �m and with
n irregular morphology, was injected into the atomized spray under a nitrogen
ressure of 0.20 MPa. The flying distance was approximately 350 mm and the atom-

Fig. 1. Schematics of the spray forming equ
wt% Matrix Bal. 3.51 0.004 – –
Particulate – 99.4 0.004 0.33 0.08

ized metallic droplets and co-injected particles were deposited onto a 1020 steel
substrate rotating at 60 rpm. Fig. 1 resumes this procedure and shows schemat-
ics of the equipment [26]. Nitrogen of 99.99% purity was used for the atomization.
Table 1 shows the chemical composition of the matrix and particulate used for the
composite, determined by SEM-EDS.

Specimens with dimensions of 70 mm × 30 mm × 5.2 mm were machined from
the deposit, reheated at 850 ◦C for 5 min and warm rolled to the final thickness of
0.45 mm, corresponding to a total reduction of 91.3%. The sheet specimens were
heat-treated as follows: Heat Treatment (1) (which will be referred as HT1): was
made following industrial procedure to produce annealing and grain growth at
780 ◦C for 6 h and iron oxidation surface treatment for another 2 h at 510 ◦C (this
heat treatment was carried out in the industrial facility of an electrical motor man-
ufacturer); and Heat Treatment (2) (which will be referred as HT2): annealing at
1250 ◦C for 1 h in vacuum and cooling in air (carried out in laboratory conditions), to
increase the grain growth and to evaluate the effect of more isotropic B2 antiphase
boundaries in large grain sizes.

The phases and the first evaluation of preferential texture were identified by
X-ray diffraction (XRD) using monochromatic Cu-K� radiation with an angular pass
of 0.032◦ in a diffractometer equipped with a C-monochromator. Electron backscat-
tered diffraction (EBSD) analyses were performed in a field emission gun scanning
electron microscope (FEG-SEM) equipped with an EBSD system.

Mössbauer experiments for heat-treated materials were performed at room
temperature in transmission geometry with a constant acceleration signal employ-
ing a 57Co(Rh) source. The Mössbauer spectra were analyzed with Normos [27]
software, assuming Lorentzian peak shapes. The spectra were fitted employing dif-
ferent interactions, each corresponding to one type of Fe site surrounded by different
environments. The fitting parameters, isomer shift (ı) relative to �-Fe, quadrupole
splitting (�) and hyperfine field (B) were refined separately.

3. Results and discussion

Table 2 shows the Vickers hardness and grain size of rolled
and heat-treated samples. These results indicate that despite the
high grain growth promoted by HT2, the hardness increased in
this condition, showing that HT2 was more effective in dissolving
and distributing the silicon particles. The EDS analysis revealed the
presence of 4.9 wt% of Si in HT2, while HT1 showed only 3.51 wt%,
suggesting some lost of Si in HT1 samples. These results suggest a

probable formation of the ordered DO3 and B2 phases, as discussed
below.

To confirm the presence of magnetic phases, XRD and EBSD
techniques were used. Fig. 2 shows XRD patterns of HT1 and HT2

ipment and co-injection system [26].
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Table 2
Vickers hardness and grain size of rolled and heat-treated samples.

Sample Hardness (HV0.5) Grain size (�m)

Rolled material Heat Treatment (1) Heat Treatment (2) Rolled material Heat Treatment (1) Heat Treatment (2)

Mean value 256.60 186.00 203.80 14.70 146.51 361.51
Standard deviation 7.96 6.70 8.10 3.20 27.76 80.27
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ig. 2. (a) XRD patterns of HT1 and HT2 compared with the relative intensity of the
1 1 0) direction (100%) parallel to the rolling direction. (b) Amplified detail of Fig. 2a,
onfirming the presence of B2, DO3 and Fe2O3 phases.

ompared with the relative intensity of the (1 1 0) direction (100%)
arallel to the rolling direction. The peaks in Fig. 2a were identified
s bcc-Fe, B2, DO3 and Fe2O3 phases. Fig. 2b is an amplified detail
f Fig. 2a, confirming the presence of B2, DO3 and Fe2O3 phases.
ietveld analyses indicated that the quantities of B2 phase is 62%

arger in sample HT2 than in sample HT1, while the amount of Fe2O3
s almost the same in both samples. It is important to note that in
oth samples a strong texture can be observed ( 1 1 0 //rolling

irection); however, in the HT2 sample this texture was about 5
imes the relative intensity for the 100% peak and only 1.8 times
as observed in sample HT1. As mentioned before, this preferred

rientation can improve the magnetic properties.

able 3
össbauer parameters of composite alloy heat-treated in two conditions.

Structure Heat Treatment (1)

B [T] ı [mm/s] � [mm/s] Area [%

S1 33.0 0.013 0.00 31
S2 31.4 0.020 0.027 38
S3 30.4 0.060 −0.01 25
S4 27.2 0.10 0.02 3
S5 0.00 0.042 1.63 2
S6 19.6 0.25 0.02 0.00
Fig. 3. Mössbauer transmission spectra of (a) Heat Treatment (1), and (b) Heat
Treatment (2).

Due to XRD peak overlapping, the presence of the DO3 phase
was analyzed by Mössbauer measurements. Fig. 3 shows the Möss-
bauer spectra for the heat-treated alloys. The fitting parameters
(�, relative to �-Fe, � and B) and the relative area of the different
Fe sites are shown in Table 3.The Mössbauer spectra showed two
structures: a bcc-Fe with a hyperfine field of B = 33 T and Fe–Si with
a Fe3Si DO3 structure. In the latter structure, the hyperfine split-
ting was 3% lower than the reference value [28], probably due to
the effect of larger grain size. A comparison of these results with
recent findings [25] indicates that the area of the bcc-Fe struc-

ture increased from 24% [23] to 32% (HT1) and 42% (HT2), while
the DO3 structure decreases from 76% [23] to 66% (HT1) and 55%
(HT2) and the S6 structure was absent from the two alloys studied

Heat Treatment (2)

] B [T] ı [mm/s] � [mm/s] Area [%]

32.90 0.01 0 45.66
29.62 0.03 0.04 16.53
30.62 0.06 −0.01 33.70
27.08 0.10 0.02 1.35

0.00 0.03 1.53 2.75
19.60 0.25 0.02 0.00



nd Com

h
o
d
t
e
p
i
p
t
a
i
t

l
(

F
[

complete transformation as occurred for sample HT1. As observed
in other studies [10] phase ordering is a non-negligible parame-
ter for the magnetic properties and a well-developed B2 domain
contributes to increase these properties.
R.D. Cava et al. / Journal of Alloys a

ere. Also, from the six possible sub-spectra observed for DO3 [28]
nly three [B = 31.4, 30.4, 27.2 T] were present in this study and the
oublet observed in small percentage (2% and 3%) is possibly due
o some oxide formed during the sample preparation. The pres-
nce of A2 and B2-structures were not clear. Certainly, A2 is not
resent because it was not observed in XRD analysis but the non-

dentification of B2 could be due to the small amount, as already
ointed out in the XRD analysis. In addition, one can infer from
hese changes in DO3 findings that a larger amount of B2 was prob-
bly formed during the disorder/order reaction (A2 → B2 + DO3)
nducing the HT2 sample to acquire stronger preferential orien-
ation.
Fig. 4 shows TEM dark field images taken using a [2 0 0] B2 super-
attice reflection and [0 0 1] diffraction pattern for both samples, in
a) for HT1 and in (b) for HT2. The formation of B2 was not sup-

ig. 4. TEM dark field images taken using a [2 0 0] B2 superlattice reflection and
0 0 1] diffraction pattern for both samples, in (a) for HT1 and in (b) for HT2.
pounds 509S (2011) S260–S264 S263

pressed in both samples; it is also important to note that for HT2
the B2 domain structure is well developed and the B2 antiphase
domain size is in the range of 100–300 nm. For HT1 the B2 domain
structure is very diffuse indicating that the lower treatment tem-
perature, that resulted in reduced grain growth, did not led to a
Fig. 5. (a) Reference system used to analyze the pole figures. (b) Pole figure of the
EBSD plots obtained for HT1. (c) Pole figure of the EBSD plots obtained for HT2.
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Fig. 5 shows the EBSD plots of pole figures for the reference
ystem used to analyze the pole figures in (a) and the pole figures
btained for both samples: in (b) for HT1 and in (c) for HT2. Fig. 5a
hows the 0 1 1 pole figure, one of the poles is oriented parallel to
he Normal Direction of the rolling plane (ND) (center of the pole
gure) but the other ones will be at 60◦ or 90◦ angles but tilted 45◦

rom the rolling direction (RD), and, in this case, the (0 1 1) plane is
riented towards the ND and the [0 0 1] inside the (0 1 1) plane is
long the RD. Fig. 5b and c shows that sample HT2 acquired better
referential orientation than that for HT1. For HT2 the microtexture

s preferentially the Goss ( 1 1 0 //rolling direction) while in HT1
e only see a tendency to form such preferential orientation.

The best results, concerning preferential orientation, are
scribed to the higher silicon content and to the recrystallized-
oarsen grain size present in sample HT2. The antiphase boundaries
f ordered B2 and the grain size seems to play a role in the pref-
rential orientation (consequently in the magnetic properties) of
hese alloys and could be responsible for the high difference in
he texture results for the HT2. In fact, the antiphase boundaries
f B2 with a marked anisotropy, as observed in sample HT1, can
esult in poor preferential texture due to the reduced interphase
obility whereas large grain size and more isotropic B2 antiphase

oundaries seem to be promising for the texture development.

. Conclusions

The production of a composite material by co-injection of sili-
con particles into a Fe–Si spray allowed the fabrication of thin
sheets of Fe–Si alloys with higher Si content than that found in
commercial alloys.
Heat Treatment at a high temperature (1250 ◦C) under vacuum
was efficient to promote grain growth and silicon dissolution and
homogenization throughout the thickness of the sheets.
The structural characterization of these alloys showed only the
presence of the ordered DO3 and B2 phases.
The antiphase boundaries of ordered B2 and the grain size seems
to play a role in the preferential orientation (consequently in the

magnetic properties) of these alloys and could be responsible for
the high difference in the texture observed for HT2 condition.
The antiphase boundaries of B2 with a marked anisotropy, as
observed in sample HT1, can result in poor preferential texture

[

[

mpounds 509S (2011) S260–S264

due to the reduced interphase mobility whereas large grain size
and more isotropic B2 antiphase boundaries seem to be promis-
ing for the texture development.
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