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The melt spun nanocrystall ine alloys such as Fe73.5Cu1Nb3Si13.5B9 (FINEMET) have attracted 
great deal of interest in recent years due to their excellent soft magnetic properties mostly 
related to the exchange coupling between nanograins, through the amorphous matrix. The 
microstructural evolution of both nanocrystalline and amorphous residual phases during 
annealing of the ribbons give rise to crystallization products that determine the expected 
magnetic properties for specific applications. Upon addition of the rare earth (RE), the 
evolution of the crystalline phases which emerge from metastable precursors during annealing 
is investigated. It is expected that the RE presence should strongly modify both the phase 
structure via new ternary metastable precursors and the magnetic properties of the ribbons by 
inducing enhanced exchange correlation due to novel ternary crystalline phases. 
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1. Introduction 
 
 Amorphous alloys are good candidates for soft magnetic materials because of the lack of 
crystal anisotropy [1]. 

The melt spun nanocrystalline Fe73.5Cu1Nb3Si13.5B9 ribbons have outstanding potential as soft 
ferromagnets or magnetostrictive materials. This alloy obtained after annealing the as-cast amorphous 
ribbons in strictly controlled conditions such as temperature and time, consist of � -Fe(Si) 
nanocrystalline grains dispersed into an amorphous residual Fe-Nb-B matrix, and exhibit thus 
excellent soft magnetic properties (high permeability, high saturation magnetization and low 
magnetostriction) that are related to the exchange coupling between nanocrystalline grains, through 
the amorphous matrix, if the exchange correlation length does not exceed the nanocrystalline grain 
size [2]. Recently, Szewczyk et al. [3] have shown that carefully annealed FINEMET material of the 
same composition exhibits high stress sensitivity in nanocrystall ine sensors. 

On the other side RE containing alloys (usually RE-Fe-B) obtained in amorphous state by 
melt-spinning technique and subsequently annealed, have been considered since enhanced magnetic 
properties, comparing to traditional permanent magnets, were predicted [4,5]. The enhanced 
remanence and coercivity of these alloys are related to the interphase exchange coupling within the 
composite system. The hard magnetic grains – most commonly RE2Fe14B - are magnetically coupled 
through the soft magnetic ones – such as α-Fe, Fe3B or Fe2B - if the size of the soft magnetic regions 
is in the range of the exchange correlation length. Changes in the alloy chemical composition may 
promote different intermediate metastable phases during the annealing treatment and consequently, 
the resulting phase structure would be definitely different. The idea behind the present work is that, 
starting with a commonly known extremely soft material, such as FINEMET, to promote the co-
existence with a hard magnetic phase by RE addition. In some previous works [6-8] we have reported 
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on the crystall ization products and the phase microstructure of fully crystallized SmxFe80-xB20 ribbons 
and we have shown that below a critical Sm content xc = 8 at% the co-existence of the hard magnetic 
phase Sm2Fe14B together with the soft magnetic ones α-Fe and Fe2B is promoted. Phase composition 
in the nanocrystalline state is nevertheless strongly dependent on the metastable precursors, occurring 
during crystallization process that depends on the crystallization path, i.e. rates of nucleation and 
growth. The matter of intermediate metastable phases that appear during the crystallization of RE-Fe-
B ribbons and lead to different crystallization products still  remains a controversial issue, being 
strongly related to the local chemical composition of the ribbons.  

 
 

2. Experimental 
 

  The amorphous ribbons that have the nominal composition Fe73.5Cu1Gd5Nb3Si8.5B9 (hereafter 
denoted C sample, the 5 at% Gd being substituted to the Si from the standard FINEMET composition) 
have been prepared by rapid quenching of the melt. The primary alloys were prepared from high 
purity elements by arc melting under Ar atmosphere (10-1 torr) and then three times re-melted. The 
amorphous ribbons were prepared by melt spinning, as described hereafter. Pieces of the primary 
alloys (total mass per experiment: 5 g) were remelted under Ar atmosphere (normal pressure) in a 
quartz crucible with circular nozzle (Φ=1 mm) made using a CO2 laser. The ribbons were obtained by 
evacuating the melt with an over pressure gas (4 x 104 Pa) on a 40 cm diameter Cu wheel that rotates 
at 1600 rot/min. (linear speed: 33.5 m/s, corresponding to a 106 K/min cooling rate). The 
crystallization processes have been monitored using the differential scanning calorimetry (DSC). DSC 
thermoanalysis have been performed with a Setaram DSC 111 system with a heating rate of 5 K/min 
up to 1085 K. The XRD analysis was performed with a fast curved detector in an evacuated chamber 
using Co K �  radiation (

�
 = 0.17902 nm).  

 
 

3. Results and discussions 
 
 The DSC study of the sample has revealed that there are several exothermic events during the 
crystallization. These events occur as follows: a pre-peak prior to the main one, at 565 ºC, the main 
exothermic peak assimilated to the temperature of primary crystallization, at 632 ºC and another 
exothermic peak that may be attributed to the secondary crystall ization and/or transformation of 
metastable phases formed in the first stage, at 753 ºC. Considering these values, another DSC run has 
been made and the heating has been stopped successively at 600 ºC, 650 ºC and 810 ºC, in order to 
investigate the phase structure after every exothermic event. The resulting samples were submitted to 
XRD and the corresponding spectra are shown in Fig. 1. At 600 ºC the sample is still  mainly 
amorphous but the presence of broad peak at around 26º is the sign of the onset of crystallization. At 
650 ºC, the sample is mostly crystall ized but there still is an amorphous remainder. The bcc α-Fe(Si) 
and the metastable precursor Gd2Fe23B3 (hereafter denoted 2:23:3) phase are indexed predominantly. 
At 810 ºC the sample is fully crystallized, the bcc α-Fe(Si) is fully formed (all the 3 Bragg reflections 
are well defined) and the 2:23:3 has started to decompose into Gd2Fe14B (hereafter denoted 2:14:1) 
and Fe2B. The paramagnetic Gd1.1Fe4B4 (hereafter denoted 1:4:4) is also indexed in the sample at 
higher annealed temperature. Thus, the following crystallization sequence can be inferred: 

a) At 600 ºC: Amorphous + onset of crystall ization 
b) At 650 ºC: Amorphous → amorphous’  + α-Fe(Si) + 2:23:3 
c) At 810 ºC: Amorphous’  + α-Fe(Si) + 2:23:3 → α-Fe(Si) + 2:14:1 + Fe2B + 1:4:4 

It should be noted that if the 5 at% Gd is substituted not to the Si but to the Fe, i.e. for the 
composition Fe68.5Cu1Gd5Nb3Si13.5B9 we have shown that the metastable phase formed during primary 
crystallization is Gd3Fe62B14 [8] and the final crystallization products were strongly dependent upon 
chemical composition. 
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Fig. 1. XRD spectra for the sample C annealed during DSC at: a) 600ºC,  b) 650 ºC and c) 810 ºC. 

 
 

4. Conclusions 
 

The effect of the RE addition to the FINEMET type alloys obtained by a melt spinning 
technique has been investigated. It was shown that the DSC exothermic events correspond to different 
crystallization stages. Whereas primary crystallization occurs at about 635 ºC with the promotion of  
α-Fe(Si) and metastable Gd2Fe23B3, the secondary crystallization stage give rise to decomposition of 
the metastable precursor into hard magnetic Gd2Fe14B1 and soft magnetic Fe2B with further increase 
of degree of crystall inity also for the α-Fe(Si). Thus, the co-existence of hard and soft magnetic 
phases, a prerequisite for enhanced remanence in permanent magnets, is promoted. It is also shown 
that the occurrence of metastable precursors is highly sensitive to the initial chemical composition and 
to the crystallization path, with direct impact of the phase structure and the final crystallization 
products. 
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