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ABSTRACT: Intermetallic phases in the Fe-Nb system have been obtained as products 

of the devitrification of a homogeneous amorphous Fe70Nb30 alloy prepared by 

mechanical alloying. Besides Fe2Nb Laves and Fe7Nb6 intermetallic phases, 𝛼-Fe phase 

has been detected by X-ray diffraction (XRD). Hyperfine parameters for both Fe2Nb 

and Fe7Nb6 intermetallics have been obtained from Mössbauer spectroscopy in 

correlation with phase identification from XRD results. Thermomagnetic measurements 

show changes in the Curie temperatures of the amorphous and Fe2Nb phases during the 

crystallization, due to compositional variations related to the developing of the 𝛼-Fe 

phase. Kinetics of the crystallization process has been analyzed using the classical 

Johnson-Mehl-Avrami-Kolmogorov kinetic theory in both isothermal and non-

isothermal regimes. 

KEYWORDS: Fe-Nb intermetallics, amorphous and nanocrystalline alloys, Mössbauer 

spectroscopy, crystallization kinetics. 

 

1. INTRODUCTION 
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Fe-Nb systems have received a particular interest in the research community essentially 

due to their wide range of different applications in industry, mainly as special stainless 

steels
1-4

 and as soft magnets
5,6

. Indeed, the presence of Nb in the Fe matrix limits the 

formation of 𝛼-Fe grains to the nanometric scale, improving the mechanical properties 

(through solid solution and/or precipitation strengthening
1,2

) and the magnetic softness 

(through averaging out the magnetocrystalline anisotropy
7
).  

In spite of the interest on this system, there are some discrepancies in the literature on 

the complete Fe-Nb phase diagram, particularly on the melt and the homogeneity ranges 

of the intermetallic phases
8-10

. In fact, while a previous Fe-Nb phase diagram
11

 showed 

four intermetallics (including a possible high temperature phase at 90 at.% Nb), recent 

results indicate the existence of only two intermetallic phases, the hexagonal Fe2Nb and 

the trigonal Fe7Nb6 phases
8
.  

Many techniques have been used to produce Fe-Nb alloys. However, the poor solubility 

of niobium in the iron lattice (Fe-Nb mixing enthalpy -16 kJ/mol
12

) limits  the 

production of homogenous Fe-Nb systems by melting methods to concentrations higher 

than 33 at.% Nb
13

, due to the large difference between the melting temperatures of these 

elements (1811 and 2750 K for Fe and Nb, respectively
8
). Therefore, the production of 

samples out of the eutectic compositions requires other ways, such as mechanical 

alloying. This method often produces non-equilibrium solid solutions and amorphous 

phases
14-16

. Consequently, additional thermal treatments are necessary to develop stable 

crystalline phases. In this sense, the combination of X-ray diffraction (XRD) and 

Mössbauer spectroscopy (MS) techniques in iron-based systems allows studying in 

detail the final products of the crystallization process
17,18

.  

https://doi.org/10.1007/s11661-019-05610-5
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Concerning the devitrification process, crystallization kinetics can be characterized by 

Johnson and Mehl
19

, Avrami
20

 and Kolmogorov
21

 classical crystallization theory 

(JMAK theory). Although JMAK theory was developed to be applied to isothermal 

polymorphic transformations, it has been successfully extended to transformations 

implying compositional changes
22,23

 and to non-isothermal processes
24-29

. Compared to 

isothermal experiments, non-isothermal processes have the advantages of an easier 

operation, lower time cost and higher signal-to-noise ratio
28

. 

In this work, an amorphous Fe alloy with 30 at.% Nb has been synthesized by means of 

mechanical alloying in order to obtain a homogeneous sample. Different thermal 

treatments have been applied in order to develop stable intermetallic Fe-Nb phases. The 

products of the crystallization process have been studied by X-ray diffraction (XRD), 

Mössbauer spectroscopy (MS) and magnetometry. JMAK theory has been used to 

describe the crystallization process for non-isothermal and isothermal regimes.  

 

2. EXPERIMENTAL 

Amorphous alloy with Fe70Nb30 at.% composition was prepared by high energy ball 

milling, starting from high purity elemental powders of iron and niobium (>99.9 %). 

The milling was carried out for 50 hours at 350 rpm in a planetary ball mill Fritsch 

Pulverisette Vario 4. Further milling parameters and a detailed microstructural evolution 

of the sample with milling time can be found elsewhere
16

.  

Differential thermal analysis (DTA) was carried out in a Perkin-Elmer DTA7 unit under 

Ar flow for both isothermal and non-isothermal experiments. Different heating rates 

(β=5, 10, 20, 40 and 60 K/min) were used for non-isothermal treatments up to 1300 K 

without evidencing any changes (see supplementary material). In order to follow the 

https://doi.org/10.1007/s11661-019-05610-5
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progress of the transformations, heating at 10 K/min up to different temperatures (from 

908 to 1300 K) was also performed. In the case of isothermal experiments, the 

amorphous sample was annealed for 5 hours at 954 K, 10 K below the onset 

temperature obtained for 𝛽=10 K/min (see Fig. 1a). The corresponding baselines were 

obtained repeating the same treatment after the complete crystallization of the sample.  

XRD patterns were recorded in a Bruker D8 Advance diffractometer (Cr-K𝛼, 

𝜆=2.28970 Å) in a Bragg-Brentano geometry. The local environment of Fe atoms was 

analyzed at room temperature by Mössbauer spectrometry in transmission geometry 

using a 
57

Co(Rh) source. Values of the hyperfine parameters were obtained by fitting 

the measured spectra with the NORMOS program
30

 and the isomer shift (IS) was 

quoted relative to that of an α-Fe foil at room temperature.  

Magnetization measurements were performed in a vibrating sample magnetometer 

(standard option of a Quantum Design Physical Properties Measurement System, 

PPMS) applying a magnetic field of 100 Oe. Curie temperatures 𝑇𝐶 have been 

determined by identifying the temperature at which the temperature derivative of 

magnetization shows a minimum. 

 

3. RESULTS and DISCUSSION 

3.1. Characterization of crystallization products 

Figure 1a shows the non-isothermal DTA plot taken at 10 K/min for the as-milled 

amorphous sample. All the features found in the curve vanish in a second heating, 

which was used as the corresponding baseline. Deviations from baseline at lower 

temperatures are ascribed to relaxation phenomena. A well-defined exothermic peak can 

be observed around 950 K, corresponding to the crystallization of the amorphous phase. 

The measured peak shape in Fig. 1a suggests that at least two transformations are taking 

https://doi.org/10.1007/s11661-019-05610-5
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place. However, no experimental deconvolution could be obtained in the heating rate 

from 5 to 60 K/min (see figure 1b). A second and weaker peak is observed at ~1200 K 

in Fig. 1a. The effective value of the activation energy 𝐸𝑎=2.48±0.07 eV/at, 

corresponding to the first peak temperature, has been calculated by Kissinger’s 

method
31

 (see inset of Fig. 1b). This value is similar to that reported by El-Eskandarany 

et al.
32

 for the crystallization of the amorphous Fe52Nb48 alloy powder obtained by 

mechanical alloying.  
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Figure 1. (a) Non-isothermal DTA scan at 10 K/min for the as-milled sample. Arrows 

indicate the temperatures up to which different samples have been heated. The onset 

temperature is indicated. (b) Non-isothermal DTA scans for as-milled sample at the 

different indicated heating rates (in K/min) in the region of the first DTA exotherm. The 

inset shows the Kissinger’s plot. 
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Figure 2 shows the XRD patterns of as-milled sample and of those samples after heating 

at 10K/min up to the indicated temperatures to evidence the formation of the different 

crystalline phases. The as-milled powders only show a broad halo distinctive of an 

amorphous phase. This broad halo is the only feature observed in the patterns collected 

for samples heated up to 907 K. Above this temperature, several diffraction peaks 

appear superimposed to the amorphous halo, corresponding to three phases: hcp Fe2Nb 

(after heating up to 968 K, with space group P63/mmc), bcc-Fe (after heating up to 1003 

K, with space group Im3m) and trigonal Fe7Nb6 (space group R-3m, after heating up to 

1273 K). 
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Figure 2. XRD patterns taken at room temperature of as-milled amorphous powders and 

of samples heated at 10 K/min up to the indicated temperatures. These temperatures 

correspond to those indicated by arrows in Figure 1a. 

 

Figure 3 shows the room temperature Mössbauer spectra of as-milled and heat treated 

samples up to the different indicated temperatures at 𝛽=10 K/min. A quadrupolar 

distribution has been used to describe the paramagnetic contribution, assigned to the 

amorphous phase. The quadrupolar distribution is the unique contribution that exhibits 

https://doi.org/10.1007/s11661-019-05610-5
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the alloy heated up to 907 K, in agreement with the XRD results, showing only an 

amorphous phase. Above this temperature, MS spectra show a decrease of the relative 

area of the quadrupolar distribution along with the appearance of a doublet, indicating 

the migration of Fe atoms to an ordered structure which corresponds to the Fe2Nb 

intermetallic detected by XRD. After heating up to 983 K, besides the quadrupolar 

distribution and the doublet, a sextet appears with an hyperfine magnetic field of 

32.84±0.09 T corresponding to the 𝛼-Fe phase, detected also by XRD but after heating 

up to 1003 K. In fact, MS is a more sensitive technique than XRD in order to detect 

small fractions of Fe-phases when paramagnetic and ferromagnetic phases coexist
16

. 

After heating up to 1300 K, the alloy is totally crystalline, evidenced by the absence of 

any quadrupolar distribution. A new doublet was used to fit the spectrum showing the 

appearance of a new ordered phase, in agreement with the detection of Fe7Nb6
 
in the 

corresponding XRD patterns. The presence of doublets is frequently reported in the 

Mössbauer spectra of Fe-Nb alloys
32-34

.  
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Figure 3. Experimental Mössbauer spectra taken at room temperature (symbols) and 

model fitting (lines) of as-milled and heat treated samples at 10 K/min up to the 

indicated temperatures. These temperatures correspond to those indicated by arrows in 

Figure 1a. Green, black, red and blue subspectra correspond to Fe atoms in the 

amorphous, Fe2Nb, α-Fe and Fe7Nb6 phases, respectively. 

Figure 4a shows the evolution of the fraction areas of different contributions to 

Mössbauer spectra as a function of the final heating temperature at 𝛽=10 K/min (values 

at 300 K correspond to the as-milled sample with 100% amorphous phase). Doublet 1 

(ascribed to Fe sites in Fe2Nb) is the first contribution detected and its fraction shows a 

continuous increase up to ~50 % as the final heating temperature increases. The 

ferromagnetic site (ascribed to 𝛼-Fe) is clearly detected after heating up to 983 K. On 

the other hand, doublet 2 (ascribed to Fe sites in Fe7Nb6) is not detected until the sample 

is heated up to 1300 K, when the area fraction of this contribution reaches ~20 %. The 

different fraction areas of the samples are practically independent of the heating rate, as 

is shown in Fig. 4b. Only in the case of 𝛽=5 K/min, the decrease of the doublet 1 

fraction is compensated by an increase of the fraction of the ferromagnetic site and the 

doublet 2. 
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Figure 4. Evolution of the phase fraction obtained by MS as a function of a) the 

maximum heating temperature reached at 10 K/min and b) the heating rate up to 1300 

K. Lines are guides to the eye. 
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The fitted hyperfine values for doublet 1, attributed to the Fe2Nb crystalline phase, are a 

quadrupole splitting Q=0.40±0.02 mm/s and an isomer shift 𝛿=-0.30±0.01 mm/s. 

Doublet 2, assigned to the Fe7Nb6 intermetallic, exhibits a Q=0.45±0.07 mm/s and 𝛿=-

0.03±0.04 mm/s. These values and the average values found for the as-milled 

amorphous sample are shown in Table 1 and can be compared to those reported in the 

literature for samples prepared by different methods
35-38

. 
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Table 1. Hyperfine parameters of as-milled amorphous alloy and of sample heated up to 

1300 K along with those of other FeNb alloys from the literature. % is the relative 

contribution of the component, 𝛿 is the isomer shift relative to 𝛼-Fe, Q is the 

quadrupole splitting and Bhf the hyperfine field magnetic field. 

Technique Component % 𝜹 (mm/s) Q (mm/s) Bhf (T) Ref. 

Mechanical 

alloying 

Quadrupolar 

distribution 

(amorphous) 

100 -0.17±0.01 0.32±0.01 - This 

work 

Mechanical 

alloying + 

heating treatment 

Doublet1 

(Fe2Nb) 

47 -0.30±0.01 0.40±0.02 - This 

work 

Doublet2 

(Fe7Nb6) 

23 -0.03±0.04 0.45±0.07 - 

Sextet 

(-Fe) 

30 0.004±0.003 0 32.84±0.09 

Arc-melting + 

heating treatment 

Doublet1 - -0.258 0.310 - 
35

 

Doublet2 - -0.228 0.232 - 

Mechanical 

alloying + 

heating treatment 

Doublet1 62 -0.19±0.01 0.34±0.05 - 
36

 

Doublet2 18 0.02±0.05 0.41±0.05 - 

Sextet 20 0.00±0.05 -0.04±0.05 33.7±0.2 

Arc-melting Doublet1 15 -0.24±0.03 0.37±0.04 - 
37

 

Sextet 85 0.004±0.002 - 32.63±0.02 

Magnetron 

sputtering 

Doublet1 10 -0.3±0.1 0.4±0.1 - 
38

 

Sextet 65 - - 33.1 

 

 

Although values reported in the literature are similar, they are dispersed between those 

here assigned to the amorphous phase and those here assigned to the intermetallics. In 

the present study, the combination of the MS with XRD results of partially crystallized 

samples allowed us to unambiguously assign the hyperfine parameters to each of the 

phases detected. In fact, two doublets have been also detected by Raposo et al.
35

 for 

https://doi.org/10.1007/s11661-019-05610-5
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bulk alloys produced by arc-melting. They found Q=0.31 mm/s and 𝛿=-0.258 mm/s for 

Fe2Nb and Q=0.232 mm/s and 𝛿=-0.228 mm/s for Fe7Nb6. Although they reported 

clearly different values for Fe7Nb6 intermetallic, it is worth mentioning that this phase 

was not detected in their XRD patterns. In the work of Velez et al.
36

, the Fe7Nb6 phase 

was not detected from X-ray patterns but they reported two doublets to fit the 

Mössbauer spectra. However, they attributed the values of the second one 

(Q=0.41±0.05 mm/s and 𝛿=0.02±0.01), which are close to those assigned in our study 

to Fe7Nb6, to “the contribution of the hcp amorphous grain boundaries and to the 

incoherent surface of these grains”.  

Figure 5 shows the temperature dependence of magnetization at 100 Oe during cooling 

samples previously heated up to the indicated temperatures. The as-milled amorphous 

sample heated up to 908 K undergoes magnetic transition from paramagnetic to 

ferromagnetic phase at 𝑇𝐶=34 K. After heating up to 968 K two magnetic transitions can 

be observed in agreement with the presence of amorphous and Fe2Nb phases detected 

from XRD patterns. Sample heated up to 973 K shows the same features. The first 

transition is still attributed to the 𝑇𝐶 of the amorphous phase, that changes from 34 to 84 

K. The second transition corresponds to the Curie temperature of the Fe2Nb phase, 

which changes from 177 to 189 K for the sample heated up to 968 and 973 K, 

respectively. These changes in the 𝑇𝐶 can be understood if the compositional changes of 

the amorphous phase due to the formation of the intermetallic phase are considered.  

https://doi.org/10.1007/s11661-019-05610-5
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Figure 5. M(T) curves under a low magnetic field of 100 Oe for samples previously 

heated at 10K/min up to the indicated temperatures.  

 

For samples heated up to 1003 K, the contribution of the amorphous phase disappears 

and only a magnetic transition at 𝑇𝐶=199 K can be observed, associated to the Fe2Nb 

intermetallic phase. Above this temperature, the magnetization does not go to zero 

above the 𝑇𝐶 of the Fe2Nb phase because of the developing of the 𝛼-Fe phase, the 

amount of which increases as the temperature of the heating treatment increases, in 

good agreement with the XRD results. The final Curie temperature of the Fe2Nb phase 

is 162 K. This decrease of 𝑇𝐶 corresponds to Fe depletion in the intermetallic phase due 

to the developing of the 𝛼-Fe phase. 

 

3.2. Crystallization kinetics 

In order to obtain the local values of the Avrami exponents as a function of the 

transformed fraction, 𝑛(𝑋), DTA isothermal experiments were performed annealing the 

https://doi.org/10.1007/s11661-019-05610-5
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as-milled sample for 5 hours at 954 K (10 K below the onset temperature obtained for 

𝛽=10 K/min). Avrami exponent can be obtained from JMAK equation as: 

 𝑛 =
𝑑(ln[−ln(1−𝑋)])

𝑑(ln(𝑡−𝑡0))
 (1) 

where 𝑡0 is the induction time. A non-isothermal scan after the isothermal one did not 

show any exothermic peak, indicating that the transformation was completed during the 

isothermal treatment. This agrees with the detection of the three phases in XRD patterns 

of samples after the isothermal treatment (see figure 6a). 

The transformed fraction 𝑋 has been approximated to the normalized transformed 

enthalpy, 𝑋 = ∆𝐻𝑖𝑠𝑜(𝑡)/∆𝐻𝑡𝑜𝑡𝑎𝑙
𝑖𝑠𝑜 , where ∆𝐻𝑖𝑠𝑜(𝑡) is the enthalpy at a time 𝑡 and is 

obtained from integrating the isothermal DTA peak up to this time 𝑡, and ∆𝐻𝑡𝑜𝑡𝑎𝑙
𝑖𝑠𝑜 =40 

J/g is the total enthalpy of the crystallization process. It is worth noticing that for very 

small and very high 𝑋 values, the effects of errors in baseline are more important.  

Non-isothermal kinetics was also studied. In this case, a direct approach to non-

isothermal processes of the JMAK theory has been applied
28

. This approach allows us 

to obtain the 𝑛(𝑋) values as: 

 
𝑑(ln[−ln(1−𝑋)])

𝑑(ln[
𝑇−𝑇0
𝛽

])
= 𝑛 {1 +

𝐸𝑎

𝑅𝑇
(1 −

𝑇0

𝑇
)} (2) 

where 𝐸𝑎 is the activation energy, 𝑅 is the ideal gas constant and 𝑇0=𝑇𝑝/2, being 𝑇𝑝 the 

peak temperature, an effective onset temperature that minimizes the error of the used 

approximation
39

. The transformed fraction has been approximated to the normalized 

transformed enthalpy, 𝑋 = ∆𝐻(𝑇)/∆𝐻𝑡𝑜𝑡𝑎𝑙
𝑛𝑜𝑛−𝑖𝑠𝑜, where ∆𝐻(𝑇) is the enthalpy developed 

up to temperature 𝑇 and ∆𝐻𝑡𝑜𝑡𝑎𝑙
𝑛𝑜𝑛−𝑖𝑠𝑜=59 J/g is the enthalpy of the complete 

crystallization process. This larger enthalpy value with respect to that of isothermal 

https://doi.org/10.1007/s11661-019-05610-5
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treatment could be understood as a more developed crystallization process (grain 

growth and coalescence) in agreement with the XRD patterns shown in Figure 6a.  
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Figure 6. a) XRD patterns after non-isothermal treatment (heating at 10 K/min up to the 

end of the first DTA exotherm; T=1300 K) and isothermal one (5 h at 954 K). b) 

Experimental local Avrami exponents as a function of transformed fraction of the 

crystallization process for Fe70Nb30 amorphous alloys heated at 𝛽=10 K/min and in 

isothermal regime (T=954 K), respectively.  

 

Figure 6b shows the local Avrami exponent as a function of the transformed fraction 𝑋 

calculated using Eq. 1 for isothermal treatment (𝑇𝑖𝑠𝑜=954 K) and Eq. 2 for non-

isothermal one at 𝛽=10 K/min for the first exothermic peak. XRD and MS show that 

independent transformations simultaneously occur during the crystallization process 

(formation of the Fe2Nb, 𝛼-Fe and Fe7Nb6 crystalline phases). However, the first phase 

to appear is Fe2Nb, which is also the main phase. Taking into account that after heating 

up to 1003 K ~90 % of the enthalpy of the process is completed and besides Fe2Nb 

peaks, only traces of 𝛼-Fe phase are observed, kinetic results should correspond mainly 

to the crystallization of Fe2Nb intermetallic. 

The obtained values, 𝑛𝑖𝑠𝑜~1, for the isothermal case are typical for nanocrystallization 

processes for which growth is severely impinged. In the case of the non-isothermal 

https://doi.org/10.1007/s11661-019-05610-5
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experiments, the Avrami exponent in the range 0.2<𝑋<0.7 is 𝑛=2.65±0.16. This can be 

interpreted as a constant nucleation rate and a three dimensional diffusion controlled 

growth (mainly formation of hexagonal Fe2Nb Laves phase). Therefore, the differences 

between isothermal and non-isothermal kinetic results could be ascribed to a stronger 

impingement in the growth of the Fe2Nb crystals in the isothermal regime. In fact, the 

isothermal growth process occurs at a much lower temperature than for non-isothermal 

treatments. This agrees with a much broader XRD diffraction maxima for isothermally 

annealed samples than for non-isothermal treated ones (Fig. 6a) indicating a clearly 

smaller crystallite size of the isothermally treated samples. 

 

4. Summary and conclusions 

Mechanical alloying allows us to obtain homogeneous Nb-30 at.% Fe amorphous alloy 

as a precursor system from which different iso- and non-isothermal treatments have 

been applied to develop crystalline stable phases. The products of the crystallization 

process have been studied by X-ray diffraction and Mössbauer spectroscopy as a 

function of both the final heating temperature and the heating rates. X-ray patterns 

clearly provide evidence of the formation of two intermetallics: Fe2Nb and Fe7Nb6, as 

well as bcc-Fe crystalline phase. Mössbauer spectra are consistent with the XRD results, 

showing the existence of three different kinds of local environments and allowing us to 

obtain the hyperfine parameters of the intermetallic phases. The decomposition of the 

paramagnetic contribution into two doublets indicates a migration of atoms from the 

amorphous phase to ordered structures, ascribed to intermetallic phases. The sequence 

in which they are detected from XRD allows us a clear assignment of the hyperfine 

parameters to each intermetallic phase. Temperature dependent magnetization curves 

https://doi.org/10.1007/s11661-019-05610-5
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show the evolution of the Curie temperatures of the amorphous and Fe2Nb phases 

during the crystallization, as well as the developing of the bcc-Fe crystalline phase. 

JMAK theory has been used to describe the crystallization process in both isothermal 

and non-isothermal regimes. A stronger growth impingement in the isothermal regime 

can explain the lower Avrami exponent found with respect to those obtained for non-

isothermal treatments. 
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