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Abstract: Amorphous alloy ribbons of (FesoNiso)735Si135BsNbsCu; were fabricated by rapid cooling
technique on single copper wheel. After fabrication, the crystalline structure of the ribbons were
examined by X-ray diffraction method. The results show that the samples possess a complete
amorphous state. The crystallization process was studied by using a differential thermal analyzer
(DSC). The DSC analysis show that there are two exothermic peaks corresponding to two crystalline
phases appeared in the alloy ribbons. By changing the heating rate (i.e. 5, 10, 15, 20 and 25 °C/min)
and by using the Kissinger method, The activation energy of crystallization of the crystalline phases
determined for one phase was found to be E; = 350 kJ/mol and for other one, E; = 375 kJ/mol. Based
on these results, we have chosen the appropriate annealing mode for the alloy ribbons. After
annealing, the alloy ribbons were achieved nanocrystalline states of FeNi and a-Fe nano-particles
with the grain size ranging from 5 to 15 nm and the fraction of crystallization between the crystalline
and amorphous phases of 46, 67, 85 and 96 % respectively for the annealing regimes at 500 °C for
20, 30, 50 and 60 minutes.
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1. Introduction

Amorphous alloys of a composition of (Fe,Ni,Co)-Si-B-Nb-Cu with adjunct portion of nanocrystals
are ultralsoft magnetic materials having very small coercive force Hc, high permeability p, and are
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widely used in industry. The alloy ribbons in amorphous state are heat treated to form crystalline phases
with nanometer-size particles. These nano-sized crystals strongly reduce the effective magnetic
anisotropy of the alloys. The appropriate ratio of the amorphous phase to the crystalline phase will result
in a compensation between the negative magnetostriction of the crystalline phase and the residual
positive magnetostriction of the amorphous phase. The appropriate grain size and crystalline phase ratio
will provide to the alloy with best soft magnetic properties [1-7]. According to the previous researches
of Herger [8, 9], the nanocrystalline alloys on amorphous substrates possess multiphase structures,
including both the crystalline and the amorphous phases. The crystalline phase usually consists of Fe(Si)
particles with size D = 10+20 nm. This size is smaller than the exchange interaction length (D << L),
so the related magnetic anisotropy is replaced by the effective magnetic anisotropy <K> ~ D6 [10]. The
soft magnetic properties of the nanocrystalline alloys depend heavily on the elemental composition, phase
composition and fabrication technology. In this work, we present the fabrication and investigation of
crystallization kinetics of (FesoNiso)735Si135BsNbsCus alloy ribbons under different heat treatment conditions.

2. Experiment

Amorphous alloy ribbons of (FesoNiso)735Si135BgNbsCui composition with appropriate crystalline
phase are fabricated by rapid cooling on single rotating copper wheel at a cooling speed not less than
10°°C/s. The resulting ribbons have a thickness of about 20 um and a width of 10 mm. The possible
phases of ribbons before and after annealing were investigated by X-ray diffraction using Cu-Ka
radiation with wavelength A = 1.54056 A. The analysis of phase transition temperatures and the
crystallization activation energy were performed on a differential thermal analyzer Thermoplus EV02
(DSC 8231). Alloy ribbons were annealed at 500 °C for different times (i.e. at from 10 to 60 minutes)
on an XD 1600MT annealing furnace in a protective Ar atmosphere. We compared the DSC result from
the alloy sample without annealing with the one from the annealed alloy sample, then we determined
the crystallization activation energy and the corresponding fraction of the crystalline phase.

3. Rerults and Discussion
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Figure 1. X-ray diffraction patterns of as-cast (FesoNiso)735Si135BsNb3sCus ribbon.

Fig. 1 presents the X-ray diffraction patterns of as-cast (FesoNiso)735Si135BsNb3zCuy ribbon. It shows
that the patterns exhibit only one broad peak around 26 ~ 45°, therefore the ribbon sample exhibits
almost amorphous structure. The results of DSC analysis on amorphous ribbon performed with heating
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rates from 5 °C/min to 25 °C/min in the temperature range from room temperature to 650 °C are
presented in Fig. 2. From this figure, it is clear that there are two exothermic peaks of crystallization
starting from about 500 °C to 580 °C. The first peak and the second peak appeared, respectively
corresponding to with the crystallization of FeNi phase and a-Fe phase, which is consistent with the
results of the previous work [5, 6].
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Figure 2. DSC curves with different heating rates
of ribbons (FE‘50Ni50)73_5Si13_5Bng30U1.

From the DSC curves of the ribbon with different heating rates, the crystallization activation energy
can be calculated based on the Kissinger formula [10]:
BY__E L
In(Tz?) =R + const . (1)
where B is the heating rate, T, temperature at exothermal peak, kg the Boltzmann constant and E the
activation energy of crystallization.
Fig. 3 shows that the Kissinger curve (Eg. 1) is almost straight. From the slopes of the straight line,

one can calculate the crystallization activation energy, and it was found to be E; = 350 kJ/mol for
FeNi phase, and E; = 375 kJ/mol for a-Fe phase. These values are close to 413 and 418 kJ/mol for the

Finemet [12].
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Figure 3. Kissinger plots for determination of crystallization activation energy of FeNi (a) and a-Fe (b) phase.
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Fig. 4 shows the results of DSC measurement of the as-cast and annealed ribbons (500 °C for 20
minutes) (FesoNiso)735Si135BgNbsCui. After annealing, the ribbons appeared partially crystallized, then
when measured by DSC, the area containing the exothermic peak of crystallization is smaller than that
of the as-cast sample.
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Figure 4. DSC curves of as-cast and annealed ribbons (FesoNiso)735Si13.5B9NbsCusfor estimation
of thecrystallization volume fraction.

The fraction of crystallinity of the amorphous alloys that are heat treated at 500 °C for different time
periods is determined by the formula [13]:

AH,—AH
Xr=—pg. ()

where AH, and AH; are the crystallization enthalpies of the as-cast sample and of the sample annealed
for the time t, respectively. The calcutation results are presented in Table 1.

Fig. 5 shows the X-ray diffraction patterns of (FesoNiso)735Si135BgNbsCus ribbon measured after
annealing at 500 °C for 20 to 60 minutes. One can see that the intensity of the diffraction peak at the
angle of 20 = 45° corresponding to the FeNi and a-Fe crystalline phases increases with the increase of
the annealing time, that is consistent with the increase in crystallization rate presented in Table 1.
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Figure 5. X-ray diffraction patterns of annealed ribbons (FesoNiso)735Si135BgNbsCui(Ta= 500 °C and 20-60 min).
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Also, from Fig. 5, one can calculate the average size of the crystal grains to be in the range from 5
to 15 nm (Table 1) by using the Sherrer formula [14]:

0.91
" B.cos(6p) (3)

where D is the mean size of the crystalline particle, A the X-ray wavelength, (3 the line broadening,
i.e.the half width at the maximum of intensity peak, 6 the Bragg angle.

Table 1. The crystallinity fraction and average grain size of the alloys (FesoNiso)73.5Si13.5BgNbsCus
annealed at 500 °C for 20-60 minutes

Time (minutes) 20 30 40 50 60
Crystallization fraction (%) 46 67 - 85 96
D (nm) 5 8 10 12 15

4. Conclusion

Research on the crystallization process of the amorphous alloy ribbon (FesoNiso)735Si13.5BsNbsCuy
fabricated by rapid cooling method, followed by annealing at 500 °C for different periods of time shows
that the heat treatment time of about 50 minutes is enough to obtain FeNi and a-Fe crystalline phases of
about 85% with the grain size of ~ 12 nm and the crystallization activation energy of E; = 350, E; = 375
kJ/mol, respectively. The obtained results contributed to the elucidation of the formation and growth
process of crystal grains. Therefore, it helps to apply the technological regime in order to manufacture
the alloys with necessary properties.
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