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ABSTRACT

Nanocrystalline Finemet® alloys of composition Fezs 5.«CrxCuiNbsSii3sBe with x = 1, 5, 10, 12.5, 17.5 were synthesized using the
melt spinning technique to study the impact of chromium (Cr) as a grain growth inhibitor on the crystallization kinetics. The alloys
were studied under several heat treatments starting from the as-cast to 600°C and the amorphousity of the ribbons is reduced as
well as the nucleation of crystallizations starts. Differential Scanning Calorimetry (DSC) analysis shows that increasing Cr content
shifts the crystallization temperatures to higher values, enhancing thermal stability. Moreover, the X-ray diffraction (XRD) and
Field Emission Scanning Electron Microscopy (FESEM) confirmed the development of an ultra-fine a-Fe(Si) nanocrystalline
phase, with the grain size decreasing as Cr content increased. The evolution of microstructure and thermal properties highlight the
role of Cr content in delaying crystallization and reducing grain growth, thus improving the nanocrystalline state of the material.
These findings provide insights into optimizing Fe-Si-B-based nanocrystalline alloys for advanced applications by balancing
thermal treatments and Cr concentration.
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1. INTRODUCTION

The Finemet® alloy with the composition Fez3sCuiNbsSii35Bs is identified as a metglass and has demonstrated
excellent capabilities in electronic, magnetic, and power electrical engineering applications [1-3]. Finemet® alloys
find application in a wide range of core-laminated products such as large power distribution transformers,
generators, and motors [4, 5]. Generally, the ribbon-shaped Finemet® alloy is produced by the melt-spinning
technique and the as-cast product is structurally amorphous [6-11]. N. Iturriza et al. reported that the melt-spun
ribbon of NisFesssCuiNbsSiiz3sBg composition was 25 um in thickness and 2 mm in width along with an
amorphous structure [12]. However, annealing of this alloy above the recrystallization temperature (>520°C)
produces ultra-fine a-Fe(Si) nanocrystallites of DOjs structure in the amorphous precursor [12, 13]. These
nanocrystalline grains embedded in the residual amorphous matrix make up the basic microstructure which allows
Finemet® alloys to display incredibly low coercive field values (~1 A/m) [14]. Therefore, the compositional
variation and annealing processes of Finemet® alloy have been subjected to intense research over the past 25 years
[15-18] in search of promising technological applications based on the correlation between microstructure and
soft magnetic properties [19-23]. Crystallization Kinetics is widely investigated for these alloys due to enormous
phase changes at the time of heat treatment [24-26]. However, the nanocrystals typically range in size from 10 to
20 nm, exhibiting a random orientation of their easy axis and a lower magnetoelastic energy than alloys in an
amorphous state. Moreover, the reaction kinetics of Fe-Si-B could be controlled by doping a slight amount of Cu
and/or Nb. Here, Cu doping favors the nucleation rate of the BCC a-Fe(Si) phase in the parent structure while Nb
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acts as a grain growth inhibitor, and their mutual interaction results in the nanocrystalline structure. Moreover,
some other metallic elements (Cr, Ta, Ti, Zr, V, etc.) also act as grain growth inhibitors in the Finmet® alloy [27].
However, the functional properties of the Finemet® alloys need to be controlled over a wide range of temperatures
for thermomechanical and thermomagnetic applications [28] like magneto impedance effect-based sensors with
very high sensitivity. Previous studies were carried out to meet the desire for high-temperature magnetic properties
by the partial substitution of Co for Fe in Finemet® [29-31]. Additionally, it is well known that adding Cr to Fe-
Si-B based amorphous alloys improves glass formation, mechanical properties, and thermal stability [26].

Therefore, the article studies the effect of Cr doping in a Finemet® alloy and heat treatment for the synthesized
composition Fez3s.xCrxCuiNbsSiizsBg with (x = 1, 5, 10, 12,.5, and 17.5). The growth of nanocrystals in these
samples due to extensive heat treatments has been severely studied using X-ray diffraction spectra and
thermoanalytical techniques. In parallel, the mutation of grain morphologies followed by the crystallization
kinematics has been explored.

1. EXPERIMENTAL PROCEDURE

Amorphous ribbons with the nominal composition Fezs5xCryCuiNbsSiizsBe (X = 1, 5, 10, 12.5, 17.5) were made
using the melt spinning technique in a single roller apparatus. At first the alloy ball was created by melting the
highly pure raw materials of Fe (99.98%), Cu (99%), Cr (99.5%), and B (99.5%) in an arc furnace after they had
been properly weighed. This alloy ball was melted again into a quartz tube crucible surrounded by an induction
coil that generates heat around 1,650°C and the whole process was performed in the Ar environment under 10
mbar pressure. The bottom of the quartz crucible features a rectangular nozzle tip that is 8 mm long and 0.7 mm
wide. The nozzle tip's position can be varied relative to the copper wheel surface and a proper ejection of the
molten alloy onto the wheel was obtained for the ~0.3 mm perpendicular gap. In addition, the copper wheel was
kept rotating at a surface velocity of 30 m/sec, and ejection of melt was performed by applying an overpressure
of ~250 mbar Ar supplied from an external reservoir via a nozzle. The resultant ribbon samples were roughly 6
mm in width and 20-22 pm in thickness. Then the crystalline temperatures of as-cast samples were determined by
Differential Scanning Calorimetry (DSC) with a heating rate of 20°C per minute. The synthesized ribbons were
cut into several pieces, and each piece was annealed for 30 minutes at different temperatures ranging from 480°C
to 650°C. The growth of the nanocrystalline phase in the parent sample was studied by the X-ray diffraction
(XRD) spectra recorded in a Philips X Pert Pro with Cu-K a-radiation of A = 1.54 A. Moreover, the grain growth
in the synthesized samples was obtained by the Field Emission Scanning Electron microscope (FESEM) of the
JEOL JSM 7600F model.

2. RESULT AND DISCUSSIONS

The DSC scan with a continuous heating rate of 20°C/min evaluated the kinetics of crystallization in the as-
prepared Ferss«CrxCuiNbsSiizsBg (x = 1, 5, 10, 12.5, 17.5) ribbons and displayed in Fig. 1. Where, the
crystallization of the a-Fe(Si) phase is represented by the first exothermic peak in curves, while the formation of
iron boride (Fe-B) is represented by the second peak. In addition, each phase crystallizes over a broad temperature
range, and the peak position temperature of DSC thermograph is shifts to the higher side as the Cr content is
increased. Therefore, Cr-substituted alloys are more thermally stable. The temperature of the primary exothermic
peak temperature and secondary peak temperature are identified as Tp; and Tp, respectively. The soft magnetic
properties correspond to the temperature (T, ) at which primary exothermic heat flow just begins to increase and
continues through the maximum peak of a-Fe(Si) nanograin formation. In parallel, the starting temperature of
secondary crystallization (T,,) corresponds to the Fe-B phase, which gives the nanocrystalline alloy magnetic
hardening. Table 1 represents all of these phase transition temperatures. The larger AT, (TEf** — TFeak) about
174°C implies that a single soft magnetic crystalline phase can be precipitated from the amorphous matrix in broad
temperature ranges, as is superior to the Finemet® (AT, = 115) °C [32, 33]. The structure of the synthesized
composition FezssxCrkNbsCuiSiizsBe (x = 1, 5, 10, 12.5, and 17.5) has been revealed by the XRD analysis as
illustrated in Fig. 2. In general, the peak at 26 =~ 45° corresponds to the a-Fe(Si) phase in Finemet® alloy.
However, the as-quenched samples of all compositions do not show any remarkable peak in the diffraction pattern
except a diffused extended hump observed at 26 =~ 45° (extended up to 10°) [34, 35].
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The diffraction peak becomes sharper and more intense as the annealing temperature (T,) increases indicating the
enlargement of the nanograins [36-38]. It is observed that for x = 1 (Fig. 2(a)) the temperature of nanocrystal
formation is quite compatible with the DSC thermogram except the crystallization is initiated at a temperature as
low as 500°C which is lower than T},; (526 °C). Similarly, the crystallization of the samples with higher Cr content
(x =5, 10, 12.5, and 17.5) starts slowly at a temperature lower than T,; and matures at a higher annealing
temperature (T,). It is clear from these XRD patterns that the onset of the crystallization is hindered as the Cr
content rises in the parent composition. Moreover, the crystallization process for the samples with x = 12.5 and
17.5 becomes extremely slow and insignificant until T, reaches 570°C which ensures the thermal stability for
higher Cr content [39] doping.
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Fig. 1. DSC thermograms of amorphous ribbons Fe73sxCrxCuiNbsSii3sBg alloys where x = 1, 5, 10, 12.5, and 17.5.

Table 1: Phase transition temperatures for FerssxCriCuiNbsSiizsBg (x = 1, 5,10, 12.5 and 17.5) showing
crystallization on set temperatures, primary (T,;) and secondary (T,,) peak with peak temperature of primary
(T,,) and secondary peak estimated from DSC curve.

Peak __ TPeak

Content (x) (-[IJ-();L) (Iél) (Ié:z) (Ig) ATX(TXZ (°C) Tt )
494 526 640 651 146
5 509 539 652 667 143
10 514 544 667 686 153
12.5 517 550 675 700 158

175 524 560 698 716 174
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Fig. 2. XRD pattern at different annealing temperatures of Fezs5xCr«NbsCuiSiissBs alloys for (a) x = 1, (b) x =5, (c) x = 10,
(d) x=12.5and (e) x = 17.5 (f) integral intensities of diffraction peaks at different temperature obtained for x = 1 sample.

It could be manifested from the above discussion that the crystalline volume fraction (Vcry) is increased due to
heat treatment where V.., can be determined from the XRD peaks following the equation [33, 40]

Icry
Vo =———|[1
cry Icry T Iam[ ]
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where, the integrated phase intensities of crystalline and amorphous structure are represented by I, and I,
respectively. Fig. 2(f) represents the integral intensities determined by the mathematical analysis of the area under
curve calculation. Apart from these, the full width at half maximum (B) for (110) peak has been obtained by

Gaussian fitting as shown in Fig 2(f) and the crystallite size (D) has been calculated from Scherrer’s formula
(D =0.94/Bcos0H) [41].
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Fig. 3. Annealing effect on structure showing (a) variation of crystalline volume fraction (Vcry) and (b) crystallite size (D)
for Fezs.s-xCrxNbsCuiSii3sBg alloys where, x=1, 5, 10, 12.5, and 17.5.
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Fig. 4. FESEM microstructure of FezssxCrxNbsCuiSii3sBg where x = 1 at (a) as cast and annealed at temperatures (b) 480°C,
(c) 520°C and (d) 550°C.
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Fig. 5. FESEM microstructure of Fez3sxCrxNbsCuiSi13sBe where x = 5 at (a) as cast and annealed at temperatures (b) 500°C,
(c) 540°C and (d) 570°C.

The variations of V., and crystallite size (D) with respect to annealing temperature (T, ) are depicted in the Fig.
3(a) and 3(b) respectively and both are increased with T,. However, the lower value of D is obtained for the high
amount of Cr content attributed to the delayed crystallization due to excess Cr [42]. Furthermore, Fig. 3(a)
confirms a high amount V.., for the samples with lower Cr content (x = 1, 5), and a slower increase of V., for
heat treatment is achieved for the samples x=10, 12.5, and 17.5. Therefore, Cr behaves as an active obstacle for
the crystallization of Finemet® though annealing helps for the growth of nanocrystals in the alloy. Additionally,
the microstructures of the studied samples are also concomitant to nanocrystal growth due to heat treatment. The
microstructure of the sample x=1 for T, = 0°C, 480°C, 520°C, and 550°C are displayed in Fig. 4(a-d) where the
clear background of the as-cast sample (Fig. 4(a)) exhibits no evidence of crystallization.

The other as-cast sample (x = 5, 10, 12.5, and 17.5) exhibits similar behavior, and grain growth is seen for
annealing these samples. Therefore, the size of different grains of the studied samples was determined by the
ImageJ 1.50i software using line interpolation and a calibration method. Then the average size of the grains (X,)
has been obtained from the Gaussian fitting of the size distribution as depicted by the inset of microstructures
(Fig. 4-6). Table 2 represents the values of X, for all studied samples and the values are concomitant to the XRD
results. For the sample x=1, cluster-like grains are visible in Fig. 4(b) at T, = 480°C which is identified as the
stage leading to the start of crystallization along with agglomeration. Furthermore, Fig. 4(c) illustrates the
microstructure of the sample annealed at 520°C where nanograins are well developed. However, grains are
separated from each other indicating less agglomeration.
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Fig. 6. FESEM microstructure of FerssxCrxNbsCu1SiizsBe where x = 10 (a) as cast and annealed at temperatures (b) 540°C,
and (c) 570°C.
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Fig. 7. FESEM microstructure of Fe735xCr«NbsCuiSi135Be where x = 12.5 (a) as cast and annealed at temperatures (b) 540°C,
(c) 570°C and (d) 600°C.
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Finally, the sample x = 1 annealed at 550°C represents a complete crystallization with the larger grains which
brings the grains closer. The microstructures of the sample with x=5 in as cast and annealed at T, = 500, 540,
and 570°C are displayed in Fig. 5(a-d) where the crystallization has begun at 500°C. For the sample x=10 the
microstructures in Fig. 6 represent the grain growth in this sample and the grains are well-matured for T, = 570°C
having average grain sizes~81 nm.
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Fig. 8. FESEM microstructure of FerssxCrxNbsCuiSiissBe where x = 17.5 (a) as cast and annealed at temperatures (b) 570°C,
(c) 600°Cand (d) 650°C.

Table 2: Average grain size (X,) estimated from SEM image of Fezs5.xCrxCuiNbsSiissBg with the variation of
Cr content and annealing temperature, T,.

x=1 Xx=5 x=10 x=125 x=175

Ta X, Ta X, X, X, X, X, Ta X,
(C) _(m) (°C)  (nm) (°C) (nm) (°C) (m)  (°C)  (nm)

480 54.7 500 66.35 550 69.24 540 41.89 570 33
520 61.42 550 71.33 570 80.92 570 61.40 600 55.44

550 127.34 570 87.27 - - 600 60.07 650 72.85

According to DSC data, it is found that the crystallization of the peak temperature for the sample of concentration
x =10 is Tp; = 54 °C and its crystallization onset temperature is found to be T,; = 51 °C. Additionally, the
microstructure development of the sample with Cr = 12.5 after annealing at 540°C, 570°C, and 600°C as displayed
in Fig. 7(b-d), and the matured grains are demonstrated for T, = 600°C with ~ 60nm size. Finally, the
microstructure of the sample with Cr = 17.5 in Fig. 8(b) represents the unique nanograins with ~33 nm annealed
at 570°C while grains are enlarged to ~73nm for annealed at 650°C (Fig. 8(d)). It is evident for the microstructure
of FerssxCrkNbsCuiSiizsBe (x = 1, 5, 10, 12.5, and 17.5) that these samples are highly influenced by the
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concentration of Cr and the thermal treatment temperature. The crystallization event is more difficult to occur at
higher Cr contents, indicating that Cr has a thermal stability effect that prevents crystallization [43].

3. CONCLUSIONS

The interaction between annealing temperature and grain growth inhibitors such as Cr can optimize the nanocrys-
talline state in Finemet alloys. As Cr content increases in a Finemet alloy, the crystallization temperature shifts
across a broad range. At higher Cr levels, the crystallization rate slows down and clusters together. The crystalline
volume fraction reaches a saturation point as the annealing temperature rises with higher Cr levels. The shift in
the crystallization temperature peak with increasing Cr content indicates that Cr-substituted alloys have improved
thermal stability.
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