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The growth of a-Fe(Si) nanocrystalline grains as a func-
tion of temperature in amorphous Feze.s5-xNbxCu1Sii35Bg
(x=1, 3, 5, 7) alloys and study their hardness
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A. Z. Ziauddin Ahmed and M. A. Hakim

Abstract- An amorphous ribbon of composition Fezss- I. INTRODUCTION

xNbxCusSii35Be (X = 1, 3, 5, and 7) was synthesized by the rapid
solidification of chilling metallic liquids by melt spinning
technique. The crystallization onset temperatures for the
studied samples have been evaluated from Differential Scanning
Calorimetry (DSC). X-ray diffraction pattern confirms the
growth of the nano-crystalline Fe(Si) phase on the amorphous
matrix. Moreover, the microstructure and grain size for all
samples have been determined by field emission scanning
electron microscopy (FESEM). It is observed that the
crystallization phase and grain sizes increase due to heat
treatment. However, the sizes of grains are reduced for the
replacement of Fe3* with a high amount of Nb%*. In addition, the
hardness also increases along with the increase of Nb content
and heat treatment. Finally, a brief study on crystalline phase
kinetics and its controlling parameters for the Finemet® alloy
system has been explored.

Index Terms- Microstructure, Annealing, Amorphous ribbon,
Crystallization, Microhardness.
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Finemet® is known as a Fe-based alloy with fine nano-
crystalline grains which was first invented by Yoshizawa
et al. in 1988 [1]. This system has tremendous applications in
the electrical industry. In general, this system is a class of
metallic glass materials that do not have long-range atomic
order and structurally they are amorphously characterized
like that of liquid state. These materials are a great option for
high-frequency electronic applications due to their ultrasoft
magnetic properties [2-4]. However, the microstructure of
this system controls the magnetic properties of this system
following the Random Anisotropy model proposed by Herzer
et al [5]. In addition, this alloy system exhibits high initial
permeability, high saturation magnetization, low core loss,
and low coercivity, simultaneously [6, 7]. Due to high
permeability, they are used to make energy-saving materials
like Electromagnetic interference (EMI) filters, magnetic
shielding sheets, common mode chokes, current sensors,
electromagnetic wave absorbents, and magnetic sensors. The
low core loss property of these alloys enables them for high-
performance device applications like magnetic amplifiers,
surge protectors, high-voltage pulse transformers, and pulse
power cores. The low magnetostriction is useful for high-
frequency tools like high-frequency power transformers,
active filters, smoothing choke coils, and accelerator cavities.
Ribbon-shaped Finemet® samples are typically created by
rapidly chilling liquid metallic alloys with a very high rate of
chilling (10°-10% K/s). Therefore, nucleation and growth of
the crystalline phase are kinetically bypassed in the as-cast
sample and no microstructural inhomogeneities are observed.
However, the amorphous state is metastable, and researchers
have been paying attention to 5-10% Si and 75-78% Fe to
formulate Fe(Si) based alloys. In addition, some
nanocrystalline grains can be dispersed easily in a residual
amorphous matrix with increasing temperature in these Fe-
Si-B based alloys, and o-Fe(Si) and Fe(B) phases are
considered as primary and secondary crystallization
respectively [8-10]. Subsequent annealing above the
recrystallization temperature develops a Fe-Si solid solution
of BCC structure embedded in the amorphous matrix of
parent Fe-Si-B-based alloys and grains of approximately 10-
15 nm are observed. Differential scanning calorimetry is the
most common technique to determine the phase transition
temperatures of crystallization [11]. The crystallization
follows the route as Amorphous — Cu rich area — the
nucleation of bee Fe from Cu beec — Fe(-Si). The reaction
kinetics can be controlled by adding Cu and Nb in the parent
Fe-Si-B-based alloy. Here, Cu promotes nucleation by
developing the BCC Fe-Si phase while Nb acts as the grain
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growth inhibitor. Finally, a nanocrystalline ultrafine soft
grain of about 10-25 nm [9] could be achieved. In addition,
the compositional variation leads to significant changes in
both the temperatures of a-Fe crystals precipitation and the
Curie temperature, Tc. It is well known that the excellent soft
magnetic  properties of Finemet-type alloys are
microstructure-dependent [12,13], which could be controlled
by the synthesis procedure and thermal treatment. Several
researchers observed the magnetic properties of these alloys
under different annealing conditions [14-16]. In addition,
certain correlations between thermal and magnetic properties
are observed in amorphous and nanocrystalline Finemet®
microwires [17,18]. Therefore, analyzing the evolution of
fundamental characteristics of Finemet® materials (phase
composition, microstructures, distribution of elements within
phases, etc.) is of great importance to achieve the expected
magnetic properties.

In this paper, we evaluate the structure and microstructures
of a Finemet® composition due to the substitution of a small
amount of Nb at Fe along with the growth of a-Fe(Si)
nanocrystalline grains in the amorphous due to heat
treatment. The nucleation of crystallization and temperatures
of structural transformation are studied by differential
scanning calorimetry (DSC). In addition, the hardness of the
synthesized samples due to Nb doping was observed.

I1. EXPERIMENTAL:

Metglass ribbon samples of nominal composition Fezss-
xNbxCu1SiizsBg (x=1, 3, 5, 7) were synthesized. The starting
materials of analytical grade Fe, Nb, Cu, Si, and B were
collected from Johnson Mathey (Alfa Aesar) with purity of
99.98%, 99.5%, 99%, 99.9%, and 99.5% respectively.

Fig. 1. Sample preparation as depicted by (a) Flow chart of synthesization,
and components of apparatus showing (b) pressure-controlled chamber filled
by Ar gas and (c) copper wheel attached with an induction coil and vacuum
sealed quartz tube with raw materials.
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The stoichiometric amounts of these raw materials were
weighed very carefully for the stated composition and kept
inside a quartz tube under an argon pressure of 0.5 atm.
Afterwards, the raw materials were melted at 1450 °C by an
induction furnace as shown in Fig. 1. The liquid cast was
rapidly solidified by ejecting on a spinning Cu wheel that was
under 35 turns/second speed. Finally, the ribbon-shaped
samples with dimensions of 6 mm width and 20 to 22 um
thickness were prepared by melt spinning technique for the
present study. The as-cast products of the samples were then
sealed in evacuated quartz tubes and annealed at 500°C,
550°C, 600°C, and 650°C temperatures respectively. The
differential scanning calorimetry (DSC) measurement for the
present ribbon samples was performed in the standard
instrument of model DSC-2960 SDT, (USA), and the
crystallization temperatures were confirmed from the DSC
data. Additionally, the structure was analyzed by recording
X-ray spectra for the samples using the Philips X Pert Pro
(PW3040) diffractometer with Cu-Ko radiation (A\=1.5405 A)
over a scanning range of 30° < 26 < 90°. Moreover, the
microstructures of the synthesized samples were studied
using a Field Emission Electron Microscope (FESEM) of
model JEOL JSM 7600F with an energy ranging from 0.2
keV to 40 keV and operational accelerating voltage of 200V
to 30kV. Hardness tests were finally performed on samples
synthesized and annealed at 650°C using the nano-
indentation technique with a Digital Micro Vickers Hardness
Tester (Vexus MHV-1000Z Series). The hardness values
were calculated based on the stiffness obtained from the
unloading curve at a final indentation depth of 1000 nm.
Additionally, the experiment was conducted at three different
locations on each sample, with 10 indents at each position, to
ensure the accuracy and reliability of the hardness
measurements.

I1l. RESULT AND DISCUSSIONS

A. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) with a constant
heating rate of 20°C/min has been performed on the selected
composition of FezesxNbxCu1Sii3sBg for x =3, 5, and 7, and
the temperature ranging from 100°C to 800°C. Fig. 2
illustrates the DSC curve for the studied samples and the
observed exothermic peaks correspond to the crystallization.
Each of the three samples shows two subsequent peaks,
signifying the occurrence of primary and secondary
crystallization at different temperatures. In general, the
exothermic peak (P;) at a lower temperature as depicted in
Fig.2(a) indicates the formation of the a-Fe(Si) phase, a body-
centered cubic (BCC) mixture of silicon and iron. Moreover,
the higher temperature exothermic peak, labeled P; in Fig.
2(a), corresponds to the formation of the Fe-B crystalline
phase in the Finemet samples. During annealing, Finemet
partially crystallizes, transforming some of its amorphous
structure into the crystalline a-Fe(Si) phase, which is
typically dispersed within the remaining amorphous matrix.
However, as the Nb content increases, the primary and
secondary crystallization temperatures move to a higher
temperature range, suggesting that adding Nb improves the
alloy's thermal stability. As a result, the primary
crystallization temperature moves to 589°C for the sample
with a higher Nb content (x = 7), making the crystallization
event more challenging than it was for the sample with a
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lower Nb content of x = 5. The DSC thermogram in Fig. 2
shows that the secondary peak shifts to a higher temperature
due to an increase in Nb content.

Fig. 2. DSC thermogram obtained for Fezs 5.xNbxCu;Sii35Bg alloys with x=3,
5, and 7 that is illustrated by (a) phase formation temperatures and (b) at
heating rate 20°C/min.

Fig. 3. Change of enthalpies evaluated from the area under the curve of
exothermic peak originated during a-Fe(Si) crystallization in amorphous
Fezs.5.xNbxCu;Sisz alloys where (a) for x=3 (b) for x=5, and (c) for x=7.

The results of these crystallization temperatures have been
presented in Table 1. Moreover, the reaction kinetics have
been studied from the area under the curve of the reaction
peaks as shown in Fig. 3 for the studied samples which
evaluate the enthalpy (AH;) during the o-Fe(Si) phase
formation in these amorphous samples. It is observed from
Fig.3(a) that the value of AH, is small (AH; = 60.4]/g) for
a high amount of Fe concentration (73.5 at.%) in
Fez3sNbsCusSiizsBg sample that is correlated to the early
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participation of a-Fe(Si). The enthalpy of phase formation,
AH increases to 76.6]/g as Nb content goes up as in the
sample FegosNb7CuiSii35Bg. On the other hand, the value of
AH, is higher (79.2 J/g) for the Fe-B crystalline phase
formation in the composition Fez3sNb3CuiSiizsBg. However,
the addition of Nb in the parent composition increases the
stability of the amorphous Fe-B phase, making it
energetically more favorable (i.e., lowering the enthalpy). In
general, Nb can react with B to form stable Nb-B compounds
(such as NbsBa), which removes B from the Fe-B phase [19].
This formation of stable Nb-B compounds effectively reduces
the energy associated with the Fe-B interactions resulting in
the reduction of enthalpy of the remaining Fe-B phase.
Therefore, AH, for the composition Fe71sNbsCu;SiizsBg
decreases to 26.9 J/g. Nevertheless, adding more Nb shows
an unexpected result for the composition Fegg sNb7Cu;1Si135Bg
in which AH, is slightly higher (49.1 J/g) than it is for the
sample x=5. This result is attributed to the existing
distortions, and metastable phases due to the larger atomic
size of Nb compared to Fe. These factors contribute to higher
internal energy within the Fe-B phase, manifesting as an
increase in enthalpy.

TABLE |
Differential scanning calorimetric measured data for Fezss.
xNbxCuiSiizsBg (X = 3, 5 and 7) showing crystallization
temperatures for Primary phase (Tpl) and secondary phase
(T,,) and AH, is the enthalpy during primary phase (-
Fe(Si)) formation while AH, illustrate the enthalpy during the
secondary phase formation.

Nb Tp1 Ty AH, AH, Heating
Content (X) °C)  (°C)  (g)  (Yg) rate (°C/min)
3 536 658 604 79.2 20
5 555 671 71.1 26.9 20
7 586 710 766  49.1 20

It appears that the fraction of a-Fe(Si) participation is
strongly promoted by the increased Nb concentration from 3
to 7 at. %. It is widely acknowledged that in Fe-Si-B-based
amorphous alloys, a significant quantity of a-Fe(Si) can be
formed early in the crystallization process with the aid of Cu,
and the remaining phases will form in a eutectoid process
alongside the Fe-B phase [19]. Furthermore, a considerable
quantity of B is trapped close to Nb atoms creating Nb-B
bond [19] and losing its ability to aid in the formation of the
Fe-B phase. Fig. 3 (b and ¢) confirms that an increase in Nb
content increases the capacity of a-Fe(Si) formation during
the first step in Fez1.5NbsCu;Sii35Bg and FeggsNb7Cu1Sii3 5Bao.
Consequently, the investigated samples were annealed at
500°C, 550°C, 600°C, and 650°C, respectively. In all
samples, the expected outcome is the growth of the a-Fe(Si)
crystalline phase, where the Nb-B bond may help more than
diffusion barriers.

B. Structure and microstructure analysis

The XRD patterns of Fezs5.«NbxCu1SiizsBg (x = 1, 3, 5, and
7) alloys in as cast and annealed at 500°C, 550°C, 600°C and
650°C for 30 minutes are shown in Fig. 4 and 5 respectively.
The peak broadening in the diffraction patterns obtained for
the as-quenched samples (Fig. 4) indicates the existing
amorphous phase. On the other hand, when amorphous
material crystallizes, larger grains are formed and the broader
peaks become narrower and sharper [20].
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Fig. 4. XRD patterns of as-cast ribbon of Fezs.xNb«Cu;Sii35Bg where, x=1,
3,5and 7.

Therefore, the samples after the heat treatment exhibit
crystalline peaks at 26 =~ 45° corresponding to the a-Fe(Si)
phase as displayed in Fig. 5. In addition, this is identified as
the characteristic diffraction peak of the (110) plane, which

confirms the presence of a body-centered cubic (BCC)
structure [21]. However, the diffraction patterns in Fig. 5 (a)
illustrate the amorphousness of the composition with x=5 and
7 due to annealing at the lower temperature (T,=500°C) while
the other two samples (x=1 and 3) are partially crystallized
during heat treatment at this temperature. In the progression
of the annealing temperature, Fig. 5(b) represents the
structures of all studied samples for T,=550°C. Similar results
are obtained at this temperature for the samples of x=5 and 7
except the sharpness and intensities of the (110) peak are
increased for the samples of x=1 and 3. Therefore, a good
coincidence with the DSC thermogram is observed as the
crystallization temperature (Tpl) for x=5and 7 are 555°C and
586°C respectively and a-Fe(Si) phase formation is in hurdle
again at Ta = 550°C for the samples for x > 3. However, an
enhancement of this phase formation is observed in Fig. 5(c)
followed by Fig. 5(d) when the annealing temperature is
raised to higher values of 600°C and 650°C, respectively.
Therefore, a complete crystallization of all samples has been
achieved for T, = 650°C as depicted in Fig. 2 (d).

Fig. 5. XRD patterns of Fezss.xNb«Cu;Sii35B9 ribbon where, x=1, 3, 5, 7 annealed at (a) 500°C, (b) 550°C, (c) 600°C and (d) 650°C

In addition, the crystalline quality is further compared
based on the crystallite size (D,;,) and lattice strain (g;)
along with dislocation density (8,1,) Where 65,0 =
1/(D410)? for the studied samples. Here the values of D, 4,
have been calculated for the XRD peak at (110) that
corresponds to this a-Fe(Si) phase only and the Scherrer
equation [22, 23] has been used as given,

kA
Dy10 = m €Y
where 6 is the Bragg angle of the (110) diffraction peak, k is
the dimensionless constant, which typically has a value of
0.9, and A is the wavelength of Cu — ka radiation, which has
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a value of 1.5418A. B was determined through Gaussian
fitting of the peaks at (110) in the data as shown in Fig.5.
Furthermore, the lattice constant (C) can be determined using
the formula ¢ = 1/(sin(6)). Consequently, the lattice strain
() has been calculated by the relation.

g, = —2 %100 (2)

where the value of C is constant for individual samples and
C, is the lattice constant for an ideal strain-free sample. The
obtained values of D, ,,, €, and &,,, are included in Table II.
Here, it is observed that the values D;;, are increased with
the annealing temperature except for the sample x=3 in which
Dy, initially increases at T, = 500°C and above which it
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decreases. These variations of the a-Fe(Si) crystallites are
depicted in Fig. 6(a) and the value of D, is found to be in
the ranges from 9.1 nm to 1.5 nm for the studied samples in
the as-cast condition.

TABLE Il

Structure and microstructural factors estimated from XRD
data and SEM image recorded for Fezs s.xNbxCu1Si135Bg (X=1,
3, 5 and 7) representing crystallite size (D;4,), lattice strain
(e, dislocation density (8;4,) and grain sizes (Dggy) as a
function of heat treatment.

Ta Nb Content D4, 8110 X 107 Dsgu

() 0 m (nm)® (nm)
1 9.1 0.01054 0.012 Amorphous
3 2.1 0.04464 0.227 Amorphous

As cast 5 2.2 0.04225 0.207 Amorphous

7 15 0.06170 0.444 Amorphous
1 17.8  0.00528 0.003 1184 +04

500 3 21.3  0.00444 0.002 915+26
5 11.5 0.00835 0.008 Amorphous
7 7.2 0.01302 0.019 Amorphous
1 18.4  0.00510 0.003 1249+1.7

550 3 21.6  0.00437 0.002 106.8 4.0
5 145 0.00652 0.005 Amorphous
7 129  0.00730 0.006 Amorphous
1 26.4 0.00358 0.001 -

600 3 215 0.00437 0.002 -
5 16.4  0.00574 0.004 63.8+0.5
7 115 0.00821 0.008 41.0+0.7
1 26.5 0.00356 0.001 -

650 3 159 0.00593 0.004 -
5 23.1  0.00406 0.002 928+23
7 24.6  0.00381 0.002 49.1+0.2

The crystalline phase starts to grow inside these samples at
T, = 500°C. The volume fraction (%) of the crystallinity
(V¢ry) has been calculated from the XRD spectra using the
equation [24, 25] as given,

Icry
Vpy = ———— 3
cry Icry T Iam ( )

where, I, and I,,, are the integral intensities of diffraction
peaks of the crystalline phase and amorphous phase,
respectively.

Fig. 6. Effect of annealing on the structures illustrated by the (a) variation of
crystallite sizes (D;,,) and (b) volume fraction (Vm,) evaluated for Fezs-
«Nb«Cu;Si35B9 alloys where, x =1, 3, 5, and 7.

The integral intensities of I,,,, have been obtained from the
area under the curve of the XRD spectra for the as-cast
samples as illustrated in Fig. 4. A Similar procedure over the
crystalline spectra of Fig. 5 provides the values of I.,,.
Therefore, Fig. 6(b) represents the values of V,, for the
studied samples due to heat treatment at 500°C, 550°C,
600°C and 650°C respectively except for the sample x=1 in
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which Ve, is degraded with T,. The probable reason is that
the growth of nanocrystals inside the sample for x=1 reaches
a saturation level at 500°C and the disordered phase starts to
grow for the further increase of T,. The annealing
temperature promotes the growth of nanocrystals within the
amorphous matrix of the microstructures. The average grain
sizes and surface morphology of the composition Fezss.
«NbxCu1SiizsBg with x = 1, 3, 5, and 7 are observed by the
Field Emission Scanning Electron Microscopy (FESEM).
The observed grains are nearly spherical and identical in all
samples. Therefore, the appropriate sizes of the grains were
determined by the line interpolation and calibration methods
using ImageJ 1.50i software. Several particle sizes were
estimated for this method, and the Gaussian equation was
used to fit the size distributions as shown inset of Fig. 7.
However, the as-cast sample in Fig. 7(a) does not show any
sign of grain formation, and similar types of microstructures
are observed in other studied samples in their as-cast form.
Consequently, the as-cast sample for x = 1 was followed by
the heat treatment of T.=500°C and 550°C respectively and
grains are observed. The growth of grains in these samples is
visible depending on the annealing at different temperatures
(T,,) of phase formation as discussed above. Table Il
includes the values of average grain size for all the samples
under study and it is observed that the grain size varied from
41.0 nm to 124.9 nm underlying causes of which are Nb
doping and heat treatment. This result is concomitant with the
increase in crystallite size evaluated from the XRD data. It is
observed that the sample, x =1 for T,=500°C displays nano-
grains of 118.4 nm as depicted in Fig. 7(b). Therefore, the
annealing temperature, T, is adequate to form a-Fe-Si
nanograins with a body-centered cubic (BCC) structure in the
sample, although the grains remain poorly defined due to
agglomeration at this temperature. In this case, grain growth
is inhibited, but the grains are highly agglomerated to
minimize surface energy. However, the grains become more
mature for T, = 550°C, and the sizes of grains are increased
to 124.9 nm in the same sample (Fig. 7(c)).

Fig. 7. Microstructures of FesssNb;Cu;Sii3sBg ribbon showing (a) as-cast
surface along with annealed at (b) 500°C and (c) 550°C temperatures.

This result validates the kinetics of grain growth caused by
heat treatment, and Fig. 8-10 shows a similar trend for the
other compositions. Moreover, the increase in grain size with
rising T, is attributed to the diffusion of silicon into the
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nanograins. Therefore, a-Fe(Si) nanograins are formed under
various heat treatment conditions [26].

Fig. 8. Microstructures of Fe;3sNb3Cu;Sii3sBsannealed at (a) 500°C and (b)
550°C and (c) 600°C temperatures.

Fig. 9. Microstructures of Fe;;1sNbsCu;Sii3sBge annealed at (a) 500°C, (b)
550°C, (c) 600°C and (d) 650°C temperatures.

Fig. 10. Microstructures of FegssNb;,Cu;Sii3sBg annealed at (a) 500°C, (b)
550°C, (c) 600°C and (d) 650°C temperatures.

Apart from this, the smallest grains in an average (41nm)

are observed for the composition Feggs.xNb7CuU1Sii35Bg
annealed at 600°C which is found to be enlarged to 49.1 nm
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for T, = 650°C. In general, Cu acts as a nucleation agent in
the Finemet® alloys while Nb hinders grain growth.
Therefore, the grain growth is favored by the combined effect
Nb and a-Cu, as well as their low solubility in a-Fe(Si) [27].
Besides, the inclusion of Cu and Nb in Fe-Si-B based alloys
causes ultrafine o-Fe(Si) nanoparticles to disperse in an
amorphous matrix, averaging out the magneto-crystalline
anisotropy energy [28, 29], and high permeability is acquired
in these alloys. Moreover, a strong magnetic exchange
coupling between the nanograins may result from the
scattered and identical grains involved due to annealing. G.
Herzer reported that the magnetic domain of the nanocrystal
can easily be rotated if the size of the grains is ~12 nm [17].
Finally, a homogeneous microstructure with 41.0 nm grains
is achieved for the sample x = 7 through a thermal treatment
of Ta = 600°C and could be a suitable candidate for the
magnetic application.

C. Hardness Testing

The hardness of metals or alloy material determines the
strength of these, and it is a property that is resistive to
localized plastic deformation. In general, the alloys are harder
than any pure metal because they are prepared with the
addition of different pure metals to enhance their properties.
Fig. 11 represents the hardness testing apparatus and
nanoindentation has been implemented on the ribbon-shaped
sample of the highly crystalline samples.

Fig. 11. Hardness testing process showing (a) the components of the
apparatus, (b) testing of the Finemet ribbon by the indentation method, and
(c) side view of the machine displaying the model’s name.

The hardness of these samples has been measured at three
different locations (defined as A, B, and C) for each sample.
Fig.12 displays the values of hardness measured for the
composition FezssxNbxCuiSiizsBg with x = 1, 3, 5, and 7
annealed at 650°C. The measured hardness values have been
averaged and the highest value is obtained for the sample x =
1 (~40.7 GPa) for which the grains are the largest. The Hall-
Petch relationship provides a good representation of the
hardness of large-grained materials, showing that the
hardness variation is proportional to the grain sizes [30].
Therefore, the studied samples might establish a linear
relationship between these factors. Here, in the samples x=5
and x=7, the hardness of x=5 is higher (~28.3 GPa) than that
of Xx=7 (~24.4 GPa), and the grain size of x=5 (~92.8 nm) is
also larger than that of x=7 (~49.1 nm) when annealed at the
650°C (Table-11). However, according to the Hall-Petch
relationship samples with lower grain sizes have higher
tensile strength and ductility as well as lower hardness.
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Fig. 12. Variation of hardness at different locations of the
sample with the composition Fezss.xNbxCu:iSii1z5Be Where,
(@) x =1, (b) x=3, (c) x=5 and (d) x=7 annealed at 650°C
temperatures.

Apart from this, the hardness of the synthesized
nanocomposite soft magnets has been studied concerning the
volume fraction of the crystalline phase (VFC), rather than
the grain size. Fig. 13 represents the variations of hardness
with VFC for the composition of Fezss.xNbxCu1Sii35Bg alloys
with x =1, 3, 5, and 7 annealed at 650°C temperatures.

Fig. 13. Variation of Hardness as a function of crystalized phase fraction (%)
for the composition Fezgs.xNb«Cu;SiizsBgy alloys where, x = 1, 3, 5 and 7
annealed at 650°C temperatures.

A nearly linear relationship between hardness and VFC is
shown in Fig. 13, indicating that VFC influences hardness.
The sample x=1 has the highest value of VFC (86.3%)
resulting in the maximum hardness. However, a material with
more hardness tends to be more brittle and breaks or cracks
more easily under stress rather than deforming. Conversely, a
ductile material can absorb more energy by deforming before
it breaks, but it usually has lower hardness. Therefore, the
sample x=7 with lower hardness is more suitable for the
practical application. Finally, annealing at a higher
temperature reduces strain in the densely packed atoms of the
amorphous matrix, likely due to higher Nb concentrations,
and improves the sample's ductility as its hardness decreases.
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IV. CONCLUSIONS

In this communication, we have successfully found out the
interplay between Nb doping and the thermal treatment of a
Finemet® alloy system. Heat treatment enhances the
crystalline phase whereas Nb addition to the alloy tends to
suppress the crystal growth. Therefore, control over the
crystallographic structure could be achieved, which is
important for tuning and/or enhancing the physical properties
of any Finemet® alloy for the application. Finally, the
composition Fesg sNb7Cu1Sii35Bg annealed at 650°C seems to
be more suitable for its lowest hardness (~24.4 GPa) as well
as enhanced ductility along with 86.3% crystalline phase.
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