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ABSTRACT 
 

The Ni64Cu9Fe8P19 melt spun ribbon was cast using melt spinning. The ribbon the in 
as-cast state was characterised use using transmission electron microscope (TEM) and X-ray 
diffraction (XRD). Differential thermal analysis (DTA) of the melt-spun ribbon was made to 
determine the thermal stability of the alloy. The ribbons in the as-cast state and after annealing 
were characterised with use of Mössbauer spectroscopy and X-ray diffraction to determine the 
change of the microstructure after heating to elevated temperatures. It has been found that the 
devitrification sequence consists of progressive formation of (Ni,  phase and 

 phase.  
PCu)Fe, 3

FCC-Cu)Fe,(Ni,
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INTRODUCTION 
 

Metallic glasses have been developed systems since they have unique properties, e.g. 
high elasticity limit and low coercivity [1-3]. Sometimes, the materials show excellent plastic 
behaviour due to a substantial drop of viscosity by several orders of magnitude [4, 5], which 
enable shaping bulk elements starting from the glassy alloys that are not necessarily the best 
glass formers [6, 7]. Recently, several glassy alloys with a wide supercooled liquid region and 
substantial glass forming ability were elaborated [8-14]. However, because of the limited 
resources and high prices of such constituents as Pd, La, Nd and Zr, applications of metallic 
glasses with high glass forming ability are still very restricted. On the other hand, analysis of 
available binary and ternary phase diagrams containing Ni, Cu, Fe and P indicates that especially 
in systems where one of the constituents is P there are deep eutectics [15] and in Ni-Cu-Fe-P 
system good glass forming ability can be expected [16]. Furthermore, the alloys very close to 
eutectic show good glass forming ability. Therefore, the work presents the study of the 
Ni64Cu9Fe8P19 amorphous alloy which composition is very close to the quaternary eutectic. 

 
EXPERIMENTAL 
 

Nickel-copper-iron-phosphorus Ni64Cu9Fe8P19 alloys was prepared using 99.95 wt % Ni, 
99.95 wt % Cu, 99.95 wt % Fe and Ni-P master alloy. The precursors were melted in arc furnace 
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under argon atmosphere. Nickel-copper-iron-phosphorus Ni64Cu9Fe8P19 alloy was melt spun 
with 33 m/s linear velocity (approximate cooling rate of 105 K/s). The ribbon in as-cast state was 
preliminarily studied by TEM and X-ray diffraction to find the phase composition. To define its 
thermal stability, the melt-spun ribbons were investigated by means of differential thermal 
analysis (DTA - STD 2960 TA Instruments) at the heating rate of 20 K/min. Then, the ribbon in 
as-cast state was annealed at the following temperatures: 473K, 573K, 598K, 610K, 623K, 
673K, 773K during 1 hour. The ribbons in as-cast state and after annealing were characterised 
using Mössbauer spectroscopy and X-ray diffraction to see the change of the structure after 
heating to elevated temperatures. Mössbauer spectra were collected at room temperature in the 
transmission mode. A commercial 57  source was used. Spectra were obtained in a 
triangular round-corner mirror velocity mode with the help of the MsAa-3 spectrometer [17]. All 
shifts are reported versus metallic iron at room temperature. X-ray patterns versus annealing 
temperature were obtained at room temperature with the help of the DRON-3 powder 
diffractometer using Cu  radiation filtered by the  K-absorption edge filter on the detector 
side. The scattering surface of the annealed ribbons was the one exposed to the spinning wheel 
surface. The scattering angle  was varied between 20 and 120 degrees with the constant step 
of 0.05 degree. Scans were performed in the  mode. The sample annealed at  has 
been investigated in detail at room temperature applying  radiation filtered on the detector 
side with the help of the pyrolytic graphite monochromator. The scattering surface was again the 
surface in contact with the spinning wheel.  

Co(Rh)
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RESULTS AND DISCUSSION 
 

The TEM micrograph of the as-cast melt-spun ribbon sample is presented on Fig. 1. The 
microstructure do not show any structural details and therefore it is amorphous which is 
confirmed by the electron diffraction pattern presenting broad diffusive rings. The DTA heating 
traces of the Ni64Cu9Fe8P19 alloy are presented on Fig. 2. As it can be seen from the curve the 
crystallisation temperature of the alloy is located at Tx=652K (crystallisation onset) with the first 
crystallisation peak at T1=662K and second crystallization peak at T2=718K. Further heating of 
the crystallised alloy leads to melting between Tm=1149K and Tl=1179K. Mössbauer spectra are 
shown in Figure 3, while the essential results are summarised in Table 1.  

There are three distinctly different nearest neighbour environments of iron in the 
amorphous ribbon as cast on the spinning wheel. One of them is characterised by a broad singlet 
indicating relatively high symmetry around the iron site, while the remaining two are 
characterised by the non-vanishing electric quadrupole interactions (see, Table 1). The high 
symmetry site, exhibiting singlet is likely to be similar to the iron environment in the FCC Ni 
phase with some Fe and Cu dissolved in. However the isomer shift ( ) indicates that 
the electron density within the iron nucleus is much lower than in the pure nickel, where the 
isomer shift was found as −  [18]. It seems that the low symmetry sites with the 
quadrupole splittings are those with some phosphorus as the nearest neighbour. The site with the 
highest splitting has parameters similar to the parameters of the iron in the  crystalline phase 
[19,20]. Therefore the local environment of iron having none phosphorus as the nearest 
neighbour is similar in the amorphous phase to the one found later in the crystalline phase 
containing almost none phosphorus atoms. The iron sites with smaller quadrupole splitting are 
those depleted in phosphorus neighbours. 

mm/s 180.

FeP

mm/s 050.

Isochronal annealing for one hour has no effect on the Mössbauer spectra till . 
Afterwards a contribution from the high symmetry site increases at the cost of the sites having 
phosphorus as the nearest neighbours. Particularly the site with less phosphorus as the nearest 
neighbours transforms into  site. Such processes are observed in the temperature 
range  for one-hour annealing. The sample annealed at 610  is characterised by 

K 473

likeFCC−
K 598473− K 
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merging of two iron sites having phosphorus as the nearest neighbours. A transformation 
proceeds towards (Ni, Fe, Cu)P - like site. A contribution from the  sites is increased 
in comparison with samples annealed at lower temperatures. However all sites are poorly 
defined, i.e., a lot of disorder is seen in the nearest neighbour shells of iron. 

likeFCC−

 
Table 1. Essential Mössbauer parameters are listed here. The symbol T stands for the annealing 
temperature with RT indicating the sample as cast. The symbol c denotes relative contribution of the 
given iron site to the whole spectrum, S stands for the shift of the particular sub-spectrum (mainly due to 
the isomer shift) relative to the shift in  at room temperature and Γ stands for the line-width within 
particular sub-spectrum. The symbol ∆ denotes the absolute value of the quadrupole splitting. On the 
other hand, the symbol <S> stands for the average shift in the magnetically ordered phase, while the 
symbol <B> denotes the average hyperfine field on the iron nucleus in this phase. 

Feα −

 
 

Crystalline phases appear in sample annealed at . The iron could be found in the 
(Ni, Fe, Cu)

K 623

-Cu)
3P phase,  phase [18,21,22] and in some remnants of the 

amorphous  phase. The crystalline  phase is ferromagnetic in 
contrast to the phosphide phase - at room temperature. A similar situation is observed in the 
sample annealed at , however a contribution from the amorphous phase is lowered in 
comparison with the previous sample (see, Table 1). On the other hand, one can see some 
increase of the signal due to the (Ni, Fe, Cu)

FCC-Cu)Fe,(Ni,

K 

likeFCC−

648

FCC-

FCCFe,(Ni,

3P phase, and some ordering of the 
 phase seen as the increase of the average hyperfine field on the iron nucleus.  Cu)Fe,(Ni,
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Fig. 1. TEM microstructure with electron 
diffraction patterns from the 
Ni64Cu9Fe8P19 melt spun ribbon. 

Fig. 2. DTA curve of the Ni64Cu9Fe8P19 alloy (Tx - the 
crystallisation onset temperature, T1 - the first 
crystallization peak, T2 - the second crystallization 
peak, Tm - melting point, Tl – liquidus temperature). 

 

 

 

Fig. 3. Mössbauer spectra are shown 
versus annealing temperature.  

Fig. 4. X-ray patterns collected at room temperature are 
shown versus annealing temperature.  
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The latter ordering is probably due to the phosphorus transfer from the FCC phase to the 
phosphide. No amorphous phase containing iron is found for the sample annealed at . The 
FCC phase of this sample is further depleted in phosphorus, and some iron transfer is observed 
from the FCC phase to the (Ni, Fe, Cu)

K 673

7733P phase. The spectrum of the sample annealed at  
is similar to the previous one. Some iron transfer from the FCC phase to the (Ni, Fe, Cu)

K 
3P phase 

is still seen. It is likely that the sample reaches stability upon annealing for one hour at about 
. The iron in the  phase has a higher average isomer shift than either in 

nickel [18], copper [23] or nickel copper alloys [24]. This is an indication of the decreased 
electron density caused by the remnants of the phosphorus in this phase. 

K 773 FCC-Cu)Fe,(Ni,

From X-ray diffraction measurements, it is obvious that the sample as cast is amorphous 
across the whole ribbon thickness. The long-range order starts to appear in the samples at about 

 in accordance with the results obtained by the Mössbauer spectroscopy (Fig. 4). Two 
phases were found, i.e., the  phase and the (Ni, Fe, Cu)

K 623
FCC-Cu)Fe,(Ni, 3P tetragonal phosphide 

(Fig. 5).  
 

 
Fig. 5. The X-ray pattern collected at room temperature on the sample annealed at the 
temperature of 773  for one hour. Vertical bars show positions of the reflections belonging to 
the respective phases. The solid line is the result of the Rietveld fit to the data. 

K 

 
CONCLUSIONS 
 
1. Melt spinning technique provides sufficient cooling conditions for amorphisation of 

the alloy. TEM microstructure is uniform and diffraction patterns present broad diffusive 
rings typical for metallic glasses. 

2. During the non-isothermal heating in DTA the melt spun Ni64Cu9Fe8P19 alloy starts to 
crystallize at Tx=652K with the crystallization peaks at T1=662K and T2=718K, respectively. 
The melting of the alloy is located at relatively low temperatures and includes the range 
between Tm=1149K and Tl=1179K.  

3. Annealing at the temperature range gives contribution from the high symmetry 
site at the cost of the sites having phosphorus as the nearest neighbours. Particularly the site 
with less phosphorus as the nearest neighbours transforms into  site. 

K 598473−

likeFCC−
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4. The sample annealed at 610  is characterised by merging of two iron sites having 
phosphorus as the nearest neighbours. A transformation proceeds towards 
(Ni, Fe, Cu)

K 

3P - like site. A contribution from the  sites is increased in comparison 
with samples annealed at lower temperatures. A substantial disorder in the nearest neighbour 
shells of iron informs about poor definition of all sites. 

likeFCC−

5. After 1 hour annealing, crystallization of the alloy can be observed at isochronal cycles 
performed at or above 623K where progressive formation of tetragonal (Ni, Fe, Cu)3P phase 
and  can be observed. The iron could be found in the (Ni, Fe, Cu)FCC-Cu)Fe,(Ni, 3P phase, 
(Ni, Fe, Cu) - FCC phase and in some remnants of the amorphous  phase. After 
the thermal cycles, at room temperature, the crystalline  phase is 
ferromagnetic in contrast to the phosphide phase. Furthermore, depletion of FCC phase in 
phosphorus is observed during the crystallization and some iron transfer is observed from the 
FCC phase to the (Ni, Fe, Cu)

likeFCC−
FCC-Cu)Fe,(Ni,

3P phase. 
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