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Abstract
The crystallization process, microstructure, thermal stability, and magnetic properties of Fe86Cr6P6C2 amorphous ribbons 
were studied by X-ray diffraction, scanning electron microscopy coupled with energy dispersive X-ray spectroscopy, dif-
ferential scanning calorimetry, and vibration sample magnetometry. The crystallization process occurs in three stages where 
nanocrystalline α-Fe solid solution, Fe3P phosphide, θ-Fe3C and ε-Fe3C carbides are formed. The crystallite size increases 
with increasing annealing temperature and remains at the nanometer scale (20–88 nm). The microstructure of the annealed 
ribbons consists of lamella, fine platelets, alternate planes of ferrite and cementite, and grains with different shapes and sizes. 
The activation energies (499, 386, and 369 kJ/mol) are determined by Kissinger method. The melt-spun ribbons exhibit a 
low coercivity of 16.598 Oe and a high saturation magnetization of 0.635 emu compared to the annealed ones. The satu-
ration magnetization decreases to a minimum value for the annealed ribbons at 758 K and then increases with increasing 
the annealing temperature. The Curie temperature increases from 447.4 K for the melt-spun ribbons to 638 K for the fully 
crystallized ribbons due to the development of the α-Fe phase.
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1  Introduction

Iron-based amorphous alloys or metallic glasses have 
received increasing attention over the last decades due to 
their excellent magnetic properties, strength, hardness, 
wear and corrosion resistance, electrochemical properties, 
and low cost [1–9]. Furthermore, compared with traditional 
crystalline alloys, Fe-based amorphous alloys showed higher 
efficiency in degrading organic pollutants in wastewater (azo 

dyes) due to their short-range order and long-range disorder 
atomic structures [10].

Amorphous alloys are characterized by short-range 
atomic order, non-uniform distribution of free volume, 
and non-equilibrium thermodynamic state. Consequently, 
they undergo structural relaxation or a more stable energy 
state when annealed at temperatures well below the glass-
transition temperature (Tg). Structural relaxation affects 
chemical short-range atomic order (CSRO) and topological 
short-range atomic order (TSRO). CSRO, which is associ-
ated with a change in the order of atoms of a given type, can 
be reversible or irreversible. In contrast changes in TSRO 
are irreversible due to the reduction in and redistribution of 
free volume [11, 12]. Likewise, nanocrystalline (NC) materi-
als derived from amorphous alloys show improved physical, 
mechanical, magnetic, magnetocaloric, and chemical prop-
erties, such as excellent catalytic properties, superior hard-
ness, high strength, and unusual thermal properties [13–19]. 
Furthermore, amorphous/NC alloys exhibit improved ther-
mal stability and ductility which are difficult to achieve with 
amorphous and NC alloys [20, 21].

Various methods were used to produce iron-based 
amorphous/NC alloys, such as mechanical alloying, 
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melt-spinning, electrodeposition, sputtering, severe plas-
tic deformation, crystallization of amorphous alloys, and 
injection-casting method [22–29]. Fe-based amorphous 
alloys were produced on a large scale in the industry to 
produce various types of equipment, instruments manufac-
ture, mechanical engineering and high-precision devices 
such as data carriers, magnetic sensors, security systems, 
and high-efficiency transformers [30–33]. Nearly all the 
compositions that produce stable amorphous structures at 
room temperature (RT) contain approximately 80 at.% of 
the transition metals (Fe, Cr, Co, Ni, etc.). Due to their 
good magnetic properties [34–36], amorphous FeCrPC 
and FeCrPCSi ribbons can be used in many industrial 
applications such as magnetic shielding due to their high 
permeability, electromagnetic marking (anti-theft marking, 
recognition in concretes, paints, etc.), and composite con-
ductors’ (protection against electrostatic discharge). Fur-
thermore, Fe–P–Cr–C alloys exhibit outstanding mechan-
ical properties and high corrosion resistance in neutral 
and acid solutions [37, 38]. For example, the hardness of 
Fe–Cr–P–C nanoamorphous coatings (850–950 kg/mm2) 
is nearly two times higher than that of stainless steels [39]. 
Consequently, they are intended for structural use to con-
tribute to the load-bearing capacity of a concrete element 
or grout, including concrete or shotcrete, paving concrete, 
precast concrete, cast-in-place concrete and concrete or 
repair [40, 41]. In such application, the amorphous cut 
melt-spun ribbons are mixed with concrete to reinforce it. 
Therefore, knowledge of crystallization laws and param-
eters measured at high temperatures allows extrapolating, 
for lower temperatures, the foreseeable crystallization 
times of the alloy. The alloys properties can be influenced 
by the preparation conditions and their performance can 
be strongly interrelated to their microstructure. Further-
more, it is well known that the heat treatment of amor-
phous ribbons near the crystallization onset leads to struc-
tural relaxation and affects significantly their structural, 
microstructural, and magnetic properties. Consequently, 
it is important to understand and control their crystalliza-
tion process to attain optimum microstructures and con-
trol their useful operating temperature range for specific 
technological applications. Most studies on amorphous 
Fe–Cr–P–C ribbons, wires, and coatings have focused 
on mechanical and magnetic properties [34, 36, 37, 42]. 
The present work aims to investigate the crystallization 
behavior, structural (phase formation) and microstructural 
changes, thermal stability, and magnetic properties of the 
melt-spun Fe86Cr6P6C2 ribbons deeply as a function of the 
annealing temperature using of X-ray diffraction (XRD), 
scanning electron microscopy (SEM) coupled with energy 
dispersive X-ray spectrometry (EDX), differential scan-
ning calorimetry (DSC), and vibrating sample magnetom-
etry (VSM).

2 � Experimental details

Industrial amorphous Fe86Cr6P6C2 (wt.%) ribbons were 
supplied by the Saint-Gobain SEVA Company (France). 
The amorphous ribbons (~ 59 μm in thickness and 1–2 mm 
in width) were prepared by melt-spinning onto a steel 
wheel under argon atmosphere [43]. The crystallization 
process was monitored as changes in heat flow by differ-
ential scanning calorimetry (DSC) in a DSC SETARAM 
131 instrument, under argon atmosphere, at different heat-
ing rates of 5, 10, 20, and 30 K/min. The annealing tem-
peratures relating to different crystallization stages, in the 
range of 673–973 K, were determined from the DSC curve 
measured with a heating rate of 10 K/min. The melt-spun 
ribbons were sealed into quartz tubes under 10–3 mbar 
vacuum and subjected to annealing in a muffle furnace, at 
a heating rate of 10 K/min, kept for approximately 2 min 
at different temperatures (729, 761, and 873 K), and then 
quenched into water. The morphology of the melt-spun 
and annealed ribbons was followed by a TESCAN Vega 
3 Scanning Electron Microscope (SEM) equipped with 
energy dispersive X-ray spectrometry (EDX). The phase 
formation during the crystallization process was examined 
by X-ray diffraction (XRD) on a PANalytical Empyrean 
diffractometer with a CuKα radiation (λ = 1.54056 Å). The 
measurements were performed in a θ–θ Bragg Brentano 
geometry over a 2θ range from 10 to 120° with a step size 
of 0.013°. The Rietveld refinement of the XRD patterns 
was performed by using the MAUD program [44] which 
is based on the Rietveld method [45]. The variation in 
the magnetization as a function of the applied magnetic 
field, M(H), was carried out by a vibrating sample mag-
netometer (VSM) LakeShore 7404, at room temperature, 
under an external magnetic field of 10 kOe. Temperature 
dependence magnetization curves, M(T), were measured 
in the temperature range of 298–873 K under an applied 
magnetic field of 6 kOe by a MicroSense magnetometer.

3 � Results and discussion

3.1 � Thermal and microstructural characterizations

As they are thermodynamically unstable, the amorphous 
alloys transform to a more relaxed structural state where 
a short-range atomic order (SRO) occurs upon heating 
below the crystallization temperature. Because the crys-
tallization process is thermally activated, several proper-
ties of the alloy change irreversibly or reversibly. DSC is 
a practical, simple, and available thermal analysis method 
for characterizing different events and parameters such as, 
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the phase transition, crystallization process, temperature 
crystallization, crystallization kinetics, Curie tempera-
ture (TC), glass transition temperature (Tg), and enthalpy 
transformation. At a constant heating rate, the DSC scan 
provides accurate and fast determination of TC.

The DSC curves of the amorphous Fe86Cr6P6C2 ribbons 
at different heating rates (5, 10, 20, and 30 K/min) show 
three exothermic peaks related to three crystallization stages 

(Fig. 1). The weak exothermic shoulder to the right of the 
main exothermic peak is due to the overlap of two crys-
tallization steps. This event complicates the crystallization 
analysis due to slight differences in crystallization tempera-
ture peaks. The shift of the DSC peaks to higher tempera-
tures indicates that the crystallization process is thermally 
activated, and as the heating rate increases the atoms do not 
have sufficient time to locate the crystallization sites. Such 

Fig. 1   DSC curves of the 
Fe86Cr6P6C2 ribbons as a func-
tion of heating rates
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behavior is usually observed during the crystallization pro-
cess of the amorphous alloys [46–49].

The endothermic peak that appears at approximately 
638 K for the smaller heating rate (5 K/min) can be related 
to the glass transition, Tg, which is a pure dynamic phe-
nomenon (inset in Fig. 1). Indeed, Tg is a kinetic event that 
depends on the experimental time scale and system reor-
ganization. At a low temperature, a broad, fat exothermic 
peak appears before the Tg temperature can be observed in 
the DSC signal at a constant heating rate as an endothermic 
hump prior to the exothermic event. The onset temperature 
(Tx), peak temperature (Tp), offset temperature (Te), and 
crystallization enthalpy (ΔH) for the annealed ribbons at 
different heating rates are summarized in Table 1. The line 
break in the DSC curves [50] at approximately 475 K can 
be attributed to the Curie temperature (TC) of the amor-
phous phase (inset in Fig. 1, and Fig. 1b). The endothermic 
peak below TC is related to the required energy for rand-
omization in the ribbons’ magnetic dipoles. In contrast, 
the exothermic peak appears afterwards TC because no 
more energy is required for randomization. The value of 
TC is higher than those reported earlier for the amorphous 
Fe67Cr7.3P13.7C9.5Si2.5 (455 K) and Fe71.1Cr7.9P11.2C8.1Si1.7 
(419 K) ribbons [34]. Those discrepancies may be related to 
the structural state, CSRO of the amorphous structure, and 
alloy composition. Indeed, TC depends on the heating rate 
and the cooling rate that influences the structure forming. 
Furthermore, it is highly sensitive to stress and relaxation 
[50].

Figure 2a shows the XRD patterns of melt-spun and 
annealed ribbons at different temperatures. The broad-angle 
peak around 2θ = 40°–50° confirms the amorphous charac-
ter of the ribbons. Besides, the difference in the intensity of 
the halo of the wheel and free sides (not shown here) can 
be related to the difference in the residual stress between 
the two side surfaces. Moreover, the average crystallite 

size is relatively higher at the free side with lower cool-
ing rate as compared to that of the wheel side with faster 
cooling rate. The melt-spun ribbons present a crystallite 
size refinement, directional growth (texture), structural 
disorder (heterogeneities), high level of internal stresses 
and, in general, show a dissymmetry of shape and prop-
erties between the free and wheel sides. For the annealed 
ribbons at 729 K (An-729 K), the XRD pattern shows a 
very small peak superimposed to the broad halo indicat-
ing the formation of NC precipitates of α-Fe-type. The 
apparition of new diffraction peaks with increasing the 
annealing temperature is related to the formation of new 
phases. However, the disappearance of some diffraction 
peaks upon annealing at 873 K, as indicated by arrows in 
Fig. 2b, confirms the formation of a metastable phase dur-
ing the second stage of crystallization (An-761 K). Based 
on those observations, the Rietveld refinement was per-
formed by using different phases (Fig. 3): cubic α-Fe (space 
group Im–3m, lattice parameter a0 = 0.2862 nm), tetragonal 
Fe3P (space group I-4, lattice parameters a0 = 0.9106 nm 
and c0 = 0.4465 nm), orthorhombic cementite or θ-Fe3C 
(space group Pnma, lattice constants a0 = 0.5079  nm, 
b0 = 0.6730  nm, and c0 = 0.4517  nm), and hexagonal 
ε-Fe3C carbide with lattice constants of a0 = 0.4767 and 
c0 = 0.4354 nm, and space group P6322 [51]. The hexago-
nal form of cementite is less stable than the orthorhombic 
form. According to the XRD results (Table 2), the crystal-
lization sequence of Fe88P6Cr6C2 amorphous alloy occurs 
as follows: amorphous structure → α-Fe + residual amor-
phous phase (at 729 K) → α-Fe + Fe3P + θ-Fe3C + ε-Fe3C (at 
761 K) → α–Fe + Fe3P + θ-Fe3C (at 873 K). The crystalliza-
tion steps and, principally, the intermediate crystallization 
product can be affected mainly by the alloy composition. 
Indeed, a similar crystallization process was observed in the 
Fe80P9B2C9 amorphous alloy, where the α–Fe precipitated at 
708 K, whereas Fe3P and Fe3C phases were formed at 780 K 

Table 1   Values of temperature, 
enthalpy, and activation energy 
of the crystallization peaks at 
different heating rates

Peak T (K) Heating rate (K/min) Ea (kJ/mol)

5 10 20 30

1 Tx1 699 704 710 714
Tp1 722 729 734 738 499.52 ± 6.31
Te1 739 747 755 759
ΔH1 (J/g) 8.77 10.51 10.72 11.09
Tx2 742 748 758 762

2 Tp2 754 761 771 775 386.38 ± 9.83
Te2 766 777 784 796
ΔH2 (J/g) 46.34 64.52 57.73 56.78
Tx3 818 820 840 843

3 Tp3 862 873 886 891 368.91 ± 12.75
Te3 895 908 918 926
ΔH3 (J/g) 39.67 38.08 35.65 35.22



Crystallization process, microstructure, thermal behavior, and magnetic properties of…

1 3

Page 5 of 14  487

[35]. However, the crystallization of the Fe77Cr4P8C11 amor-
phous alloy proceeded by a two-step crystallization behavior 
where α-Fe and metastable Fe7C3 carbide were observed in 
the first stage, α-Fe, Fe3P phosphide, and Fe3C carbide were 
obtained in the second stage [25].

Chromium forms usually solid solutions (SS) with iron 
through the partial substitution of iron atoms for chro-
mium atoms. Furthermore, owing to its strong affinity for 
carbon, chromium makes the cementite more stable when 
it is alloyed in ((Fe, Cr)3C) and the free energy of forma-
tion decreases systematically with concentration [52]. 
Likewise, Fe (rFe = 0.126 nm), Cr (rCr = 0.128 nm), and P 
atoms (rP = 0.128 nm) show small differences in their atomic 
radii. Consequently, the formed phases can be considered as 
α-Fe(Cr) SS, Fe3P-type phosphide, θ-Fe3C-type and ε-Fe3C-
type carbides. According to the binary Fe–C phase diagram 
[53], the cementite or θ-Fe3C carbide can be obtained at 
lower carbon content (< 6.7%), while very few carbon atoms 
can form a solid solution with α-Fe (ferrite) in an equilib-
rium state. Besides, the higher diffusivity of C into the α–Fe 
matrix and its small atomic radius (rC = 0.07 nm) give rise 
to the formation of an interstitial solid solution. In the hex-
agonal ε-Fe3C carbide, C atoms may be distributed among 
the octahedral interstices of Fe atoms, though the regularity 
of their distribution does not spread over the whole crystal 
matrix [51]. The unit cell contains six iron atoms and six 
octahedral interstitial sites, two of which are occupied by 
carbon atoms, resulting in a stoichiometry of Fe3C. It has 
been reported that the hexagonal close-packed iron carbide 
is unstable and decomposes below 708 K [54]. This may 
explain the disappearance of some diffraction peaks in the 

XRD patterns, while the difference in the decomposition 
temperature may be related to the preparation conditions.

The variation in the crystallite size of the different phases 
as a function of annealing temperature is shown in Fig. 4. 
The crystallite size increases with increasing the annealing 
temperature and remains at the nanometer scale (20–88 nm). 
The weight fractions of α-Fe solid solution and θ-Fe3C-type 
phases exhibit antagonist behaviors between 761 and 873 K 
(Fig. 5), while that of Fe3P-type decreases from 46%, at 
761 K, to ~ 38%, at 765 K, and levels off. One supposes that 
almost phosphorous atoms contribute to the formation of 
Fe3P-type phosphide, while carbon atoms move between the 
α-Fe-type SS and θ-Fe3C-type carbide structures.

The lattice parameter of the α-Fe(Cr) SS fluctuates 
slightly between 0.28641 and 0.28658 nm, while the lattice 
constants of Fe3C-type and Fe3P-type exhibit a contraction/
expansion (Table 2). The relative deviances of the lattice 
constants from those of the powder diffraction file can be 
calculated as follows:

where a, b, and c are the lattice parameters of the annealed 
sample, while a0, b0, and c0 are those of the perfect crys-
tal. One notes that the relative deviation of the lattice 
parameter of the α–Fe-type phase varies between – 0.024 
and – 0.083%. The contraction of the crystal lattice can 
be related to the diffusion of carbon atoms with a smaller 
atomic radius leading to the formation of a ferritic SS. Fur-
thermore, the contraction/expansion of the crystal lattice of 

(1)Δa

a
=

(

a − a0

)

a0

Δb

b
=

(

b − b0

)

b0

Δc

c
=

(

c − c0

)

c0

,

Fig. 2   a XRD patterns of the 
melt-spun and annealed ribbons 
at different temperatures, and 
b the evolution of the main dif-
fraction peak
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Fig. 3   Typical Rietveld refine-
ment of the XRD patterns of 
the annealed ribbons at 761 K 
(Rwp = 1.46%, Rexp = 1.35%, 
Rb = 1.15%, Sig = 1.07), and 
873 K (Sig = 0.99, Rwp = 1.59%, 
Rexp = 1.59%, Rb = 1.26%)

Table 2   Lattice parameters, 
relative deviations, and weight 
fractions of the different phases 
obtained at different annealing 
temperatures

T(K) Phase a (nm) ± 10–4 Δa/a b (nm) ± 10–4 Δb/b c (nm) ± 10–4 Δc/c Weight 
fraction %

729 α -Fe 0.2865 –0.034 – – – – 09.2
Amorphous – – – – – – 90.8
α -Fe 0.2865 − 0.024 – – – – 25.3
Fe3P 0.9081 − 0.26 – – 0.4479 0.318 44.6

761 θ -Fe3C 0.5011 − 1.362 0.6675 –1.213 0.4476 − 0.909 20.8
ε -Fe3C 0.4744 − 0.474 –- – 0.4341 − 0.284 09.3
α -Fe 0.2864 − 0.059 – – – – 28.80

873 Fe3P 0.9087 − 0.199 – – 0.4480 0.356 38.20
θ -Fe3C 0.5079 − 0.017 0.6735 –0.327 0.4521 0.081 33.00
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Fe3C-type and Fe3P-type phases may be attributed to the 
off-stoichiometry of the phosphide and carbide compounds, 
and/or defects such as vacancies and interstitials. In the case 
of cementite, since carbon atoms are located in interstitial 
sites, any deficit from the 3:1 for the Fe:C atom ratio is gen-
erally related to interstitial vacancies as inferred from lattice 
parameter contraction and change in the volume of the unit 
cell. Besides, the formation of carbon vacancies in, or car-
bon stuffing into, Fe3C produces non-stoichiometry, disturbs 
and weakens the iron magnetic ordering.

The occurrence of the crystallization/nanocrystallization 
within the amorphous matrix and the type of atomic diffu-
sion on annealing can be followed by the apparent activa-
tion energy (Ea). This latter represents the minimum energy 
that is required to activate atoms to overcome the energy 
barrier of the nucleation and to reach the transition state. 
The activation energy can be evaluated from the variation of 
the crystallization temperature as a function of the heating 

rate by using the Kissinger method of thermally stimulated 
processes [55]. This method is based on the shift of the exo-
thermic peak temperature (Tp) as a function of the heating 
rate according to the following relation [55]:

where E a is  the apparent  act ivat ion energy, 
R = 8.314 J.mol.

−1
K

−1 is the gas constant, and β is the heat-

ing rate. The plot of ln
(

�

T2
p

)

 versus 1/Tp (Fig. 6) is a straight 

line, and the apparent activation energy for crystallization 
can be calculated from its slope. The value of Ea decreases 
from 499.5 kJ/mol for the first stage to 368.9 kJ/mol for the 
third stage. The higher Ea value (499.5 ± 6 kJ/mol) at the 
beginning of the nanocrystallization indicates that the pre-
cipitation of the first nanocrystallites requires more energy 
to overcome the crystallization barrier and form nuclei, 
while its decrease is due to the existence of NC nucleus/
phases. Indeed, activation energy value includes the energy 
used for nucleation and growth. The higher activation energy 
value (499.5 kJ/mol) for the first stage means that the time 
required to crystallize 9% of the alloy at 729 K may exceeds 
million years, when the amorphous alloys is added to con-
crete to reinforce it. A comparable value of Ea was reported 
for the amorphous Fe80P9B2C9 alloy (Ea = 496 kJ/mol) [35], 
while different values were obtained for the Fe77Cr4P8C11 
(Ea = 209 kJ/mol) [56] and Fe80P13C7 (Ea = 298 kJ/mol) 
amorphous ribbons [57].

Figure 7 shows the morphology of the melt-spun rib-
bons. The free side exhibits a smooth surface without 
obvious defects, while the wheel side shows some defects 
such as pores and cracks. The microstructure of the 
annealed ribbons at 873 K consists of lamella, fine plate-
lets, alternate planes of ferrite and cementite, and grains 

(2)ln

(

�

T2
p

)

= −
Ea

RTp

+ const,

Fig. 4   Evolution of the average crystallite size of the different phases 
as a function of the annealing temperature.

Fig. 5   Variation of the weight fractions of α-Fe-type, Fe3P-type and 
Fe3C-type phases as a function of the annealing temperature

Fig. 6   ln (β/T2) plot against 1000/TP. The activation energy is deter-
mined from the slope of the straight line
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with different shapes and sizes (Fig. 8). In general, ferrite 
grains preferentially precipitate on lattice defects in cement-
ite and grow in the form of parallel lamella separated by 

carbide lamella forming lamellar pearlite. According to 
their elemental composition, the dark lamella belongs to 
ferrite (Fe77.74P6.89Cr5.37C9.33Si0.67), and the carbon-rich 

Fig. 7   SEM micrographs of the 
melt-spun ribbons

Fig. 8   a Typical SEM image microstructure of the annealed ribbons 
at 873 K obtained using secondary electron detector. b Image of the 
lamellar pearlite area shown in the up of obvious image, obtained by 

backscattered electrons. c Backscattered electrons image of another 
lamellar pearlite zone in transformation
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(Fe71.58P6.87Cr4.84C16.15Si0.56) clear lamella belongs to Fe3C 
carbide (Fig. 8b). Another lamellar pearlite area on forma-
tion at the same annealing temperature (873 K) is shown in 
Fig. 8c. The elemental analyses of different points related 
to clear lamella (point 1), dark lamella (point 2), and fine 
precipitate reveal that at this stage of treatment, the trans-
formation is not complete as mentioned above in DSC 
results. The transformation occurs heterogeneously depend-
ing on the amorphous ribbons’ local chemical composition 
throughout the temperature range between the onset (Tx) 
and endset (Te) temperatures. The fine precipitate (point 3) 
contains less iron and chromium but more carbon than the 
lamellae. Furthermore, the heterogeneity of the microstruc-
ture is evidenced by the presence of different morphologies 
related to the formation of carbide, phosphide, and solid 
solutions. The elemental analysis confirms the presence of 
all elements, as shown in Table 3. One notes that Fe content 
fluctuates between 17.46 and 75.13 wt.%, Cr content fluctu-
ates between 1.73 and 6.77 wt.%, P content varies between 
2.77 and 11.45 wt.%, and C content varies between 8.75 
and 78 wt.% (see Fig. 9). Despite the variations in composi-
tions locally from one point to another, the elemental map-
ping shows that the distribution of Fe, Cr, and P elements is 
nearly uniform (Fig. 10a), while that of C is less homogene-
ous. Such distribution is also confirmed by the concentration 
profile where C content shows small fluctuations (Fig. 10b). 
Those observations agree well with the fact that chromium 
forms SS with iron, and phosphorous easily combines with 
iron forming a Fe-Fe3P type eutectic. At the same time fer-
rite has a shallow carbon solubility limit (< 0.02%). The var-
iations in composition are related to the presence of different 
phases during the crystallization process, as shown above 
by XRD results. Likewise, the homogeneous distribution of 
Fe, Cr, P, and C elements in the amorphous matrix reveals 

the absence of the elements segregation, which can be non-
useful for the mechanical properties.

3.2 � Magnetic properties

The hysteresis loops of the melt-spun ribbons show different 
behaviors depending on whether the magnetic field is applied 
in the plane or out of the plane of the ribbons (Fig. 11). For 
the former, the ribbons exhibit typical soft magnetic hyster-
esis loop with a rectangular shape characteristic of an axial 
anisotropy, whereas for the later the hysteresis loop does not 
saturate which means that the axis of easy magnetization is 
in the plane of the ribbons. The annealed samples show rec-
tangular hysteresis loops with small losses and a reduction in 
the magnetization up to 758 K, but exhibit sigmoidal shapes 
and an increase in the saturation magnetization (Ms) as the 
annealing temperature increases to 775 and 933 K (Fig. 12). 
The inset shows the enlargement of the low magnetic field 
region. The alloy composition, particle morphology, particle 
size, crystal structure, magnetic anisotropy, and crystallite 
size can influence the magnetic properties.

The coercivity (Hc) increases slightly with increasing 
temperature from 16.59 Oe for the amorphous ribbons to 
approximately 19.77 Oe at 758 K, increases to a maxi-
mum value of approximately 218.34 Oe at 775 K, and then 
decreases to 172.79 Oe at 933 K (Table 4). The increase in 
the coercivity may be related to the grain growth, atomic 
ordering, and the presence of non-magnetic precipitates 
that hinder the movement of the Bloch walls. The satura-
tion magnetization (Ms) can be affected by the crystal struc-
ture, the local environment of the magnetic iron atoms and 
the exchange of magnetic Fe–Fe, Fe–Cr, Fe–P, and Fe–C 
interactions at the nearest-neighbor shell. The decrease in 
Ms at 758 K can be ascribed to the variation in the local 

Table 3   EDX analysis related to the spot locations marked as 1–11 in 
the SEM image shown in Fig. 13

Point Element (wt. %)

Fe Cr P C

1 68.93 6.55 11.45 13.07
2 67.18 6.12 11.20 15.50
3 75.44 5.45 9.56 9.55
4 17.46 1.73 2.77 78.04
5 32.62 3.14 4.86 59.38
6 70.08 6.11 10.39 13.42
7 73.90 5.57 9.26 11.27
8 75.13 5.73 9.67 9.47
9 73.40 6.71 11.14 8.75
10 72.33 6.77 10.91 9.99
11 72.47 5.50 8.78 13.25

Fig. 9   Typical SEM image of the annealed ribbons showing the 
microstructural heterogeneity



	 L. Abadlia et al.

1 3

487  Page 10 of 14

Fig. 10   EDX elemental map-
ping for the annealed ribbons at 
873 K (a); and elemental line 
scan along the indicated line (b)
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Fe environment through the diffusion of Cr, C, and P ele-
ments into the Fe matrix. Indeed, the metalloid P and C 
elements contribute electrons to the unfilled d-band of the 
Fe atom and decrease the moment per metal atom. Likewise, 
the presence of Cr causes a rapid drop in the Fe moment 

since the moments of Cr atoms align anti-ferromagnetically 
with the dominant Fe moments. This observation agrees well 
with the XRD results since the minimum of Ms corresponds 
to a maximum weight fraction of Fe3C-type and Fe3P-type 
phases (89.4%). Additionally, the slight improvement in sat-
uration magnetization above 773 K may be correlated to the 
atomic ordering and the increase in the α-Fe-type solid solu-
tion weight fraction to about 28.8% (Fig. 5). Furthermore, 
the variation of Ms may be linked to the lattice parameter 
value which is related to the interatomic distance. Likewise, 
the ferromagnetic exchange interaction between adjacent 
magnetic moments depends on the interatomic distances. 
Thus, the density of states at the Fermi level changes with 
the lattice parameter change leading to an indirect effect on 
Ms. The variation of the remanence (Mr) exhibits the same 
tendency as that of Ms. In line with the squareness ratio val-
ues, amorphous and annealed ribbons at 749 K and 758 K 
are multidomain (Mr/Ms < 0.1), while those annealed at 775 
and 933 K are pseudo-single domains [58] with Mr/Ms of 
approximately 0.43 and 0.41, respectively.

Figure 13 displays the temperature dependence of mag-
netization of amorphous and annealed ribbons. The first 
derivative dM/dT curves are shown in the inset. For the 
amorphous ribbons, the magnetization decreases gradually 
with the increasing temperature up to 623 K and drops to 
zero, indicating that the Curie temperature of the amor-
phous phase was reached. The increase in the magnetiza-
tion, in two distinct steps, as the temperature increases and 
approaches the crystallization temperature above 673 K can 
be linked to the formation of new magnetic phases. The 
value of TC = 447.4 K corresponds to the minimum in the 
dM/dT curve, while the crystallization temperatures of about 
738 K and 838.84 K match the maximum of dM/dT curve. 
The magnetization curves shift to higher temperatures for 
the annealed ribbons as the crystalline fraction transformed 
increases and drops to zero at TC. The presence of different 
TC values for the annealed ribbons at 749 K, might be attrib-
uted to the residual amorphous phase (TC = 406 K) and the 
formation of Fe3C carbide (TC = 488 K). Similar behavior 
has been reported for the Fe52Co10Nb8B30 amorphous rib-
bons where the Curie temperature shifted to higher temper-
atures with increasing the crystalline fraction transformed 
[59]. According to the alloy composition and preparation 
conditions, different Curie temperatures have been reported 
for the cementite in the literature [60–63]. The influence 
of each atomic species on the exchange interaction can be 
affected by the contents of Cr, P, and C. The Curie tempera-
ture of the annealed ribbons at 775 K and 933 K increases 
to approximately 593 K and 638 K, respectively. The lower 
values of TC compared to those of pure α-Fe (1033 K) and 
Fe3P (723 K [64], 686 K [65], and 716 K [60]) indicate that 
the presence of non-magnetic atoms in the vicinity of Fe 
ones modifies the nearest-neighbor coordinates. Likewise, 

Fig. 11   Hysteresis loops of the melt-spun ribbons under an applied 
magnetic field in the ribbons plane (Happ //) and out of the ribbons 
plane (Happ ⊥)

Fig. 12   Hysteresis cycles of the annealed ribbons at different tem-
peratures with that of the as-cast ribbons for comparison. The inset 
shows the enlargement of the central part.

Table 4   Variation of the coercivity (Hc), saturation magnetization 
(Ms), remanance (Mr), and squareness Mr/Ms ratio as a function of the 
annealing temperature

Sample Magnetic properties

Hc (Oe) Mr (emu) Ms (emu) Mr/Ms

Melt-spun 16.59 0.038 0.635 0.061
An-749 K 19.61 0.036 0.451 0.079
An-758 K 19.77 0.028 0.346 0.082
An-783 K 218.34 0.244 0.558 0.436
An-933 K 172.79 0.234 0.566 0.413
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TC is proportional to the exchange-integral constant, A, 
which is influenced by the type of alloying element and 
the distance between magnetic elements. The exchange-
integral constant A is correlated to Fe–Fe interaction for 
the Fe–Cr–P–C amorphous ribbons since there is only one 
magnetic element. Furthermore, the addition of metalloid 
elements such as C and P increases the distance between two 
Fe atoms leading to an increase in the Curie temperature of 
the annealed ribbons.

4 � Conclusions

The crystallization process in the melt-spun Fe86Cr6P6C2 
ribbons was investigated by XRD, SEM, DSC, and VSM. 
The main results are as follows:

•	 The DSC curves reveal the presence of three crystalliza-
tion stages in the temperature range of 673–973 K. The 
XRD results show a composite structure where NC α-Fe 
crystals are embedded into the amorphous matrix for the 
annealed ribbons at 729 K and a mixture of α-Fe-, Fe3P, 
and θ-Fe3C at 933 K.

•	 The crystallite size increases with increasing annealing 
temperature and remains at the nanometer scale (20–
88 nm).

•	 The microstructure of the annealed ribbons consists of 
lamella, fine platelets, alternate planes of ferrite and 
cementite, and grains with different shapes and sizes.

•	 The Curie temperature of the amorphous phase is about 
TC = 475 K. TC increases with increasing temperature 
from 447.4 K for the melt-spun ribbons to 638 K at 
933 K.

•	 The melt-spun ribbons exhibit a low coercivity of 
16.598 Oe and a high saturation magnetization of 0.635 
emu compared to the annealed ones.

•	 The annealed ribbons are multidomain up to 758 K (Mr/
Ms < 0.1) and pseudo-single domain above 773 K (Mr/
Ms ~ 0.43).

•	 The apparent activation energy drops from 499 kJ/mol 
for the first crystallization stage to 369 kJ/mol for the 
third crystallization stage.

•	 The ribbons remain at the nanometer scale even after 
annealing at 933 K with good magnetic properties.
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