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Abstract
Purpose: The aim of the work is to study the influence of ejection temperature on the structure of 
Fe30Ni30Cu20P10Si5B5 melt-spun.
Design/methodology/approach: A six-component Fe30Ni30Cu20P10Si5B5 alloy was arc-melt in argon protective 
atmosphere from of pure Fe, Ni, Cu elements and Fe-P, Fe-B, Ni-P, Ni-B  master alloys and melt-spun in helium. The 
alloy was melt-spun in various temperatures. Morphology and chemical composition of the cross-section of the ingot 
and melt-spun ribbons were analysed with scanning electron microscope SEM with energy dispersive spectrometer 
EDS. The melt-spun ribbon was investigated by means of the transmission electron microscope (TEM). The melting 
range of the alloy was investigated by means of differential thermal analysis at the heating rate 20 K/min.
Findings: The slow cooling rate resulted in the fractal-like structures formed by the Fe-rich regions and  
Cu-rich regions typical for the alloying system with a miscibility gap. The structures observed after rapid cooling 
were dependent on ejection temperatures of the alloy just before the melt spinning process. The lower ejection 
temperatures led to the formation of crystalline structures separated into Fe-rich and Cu-rich regions which were 
a result of rapid cooling within the miscibility gap. The higher ejection temperatures contributed to formation 
of amorphous/crystalline composite. The crystalline spherical precipitates were found to be predominantly  
Cu-base solid solution.
Research limitations/implications: It has been shown that the multi-component Fe-Ni-Cu-P-Si-B alloy 
provides possibility of microstructure control of amorphous/crystalline composite due to miscibility gap.
Practical implications: The work reports that the ductile phase can be introduced into the amorphous alloy 
by using a suitable ejection temperature control in a melt spinning process, providing possibility of controlling 
properties in glassy matrix alloys.
Originality/value: The study provides original information about the primary structure of the arc-melt Fe30Ni30Cu20P10Si5B5 
alloy as well as about the microstructure of melt-spun alloy using various ejection temperatures.
Keywords: Amorphous/crystalline composites; Miscibility gap; Arc melting; Melt spinning
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1. Introduction 
 
Entirely amorphous metallic structure generally presents 

superior properties in comparison with the traditional crystalline 
alloys. They are attractive due to their high strength, high elastic 
limit and soft magnetism [1-5]. Nevertheless, for some 
applications, it would be useful to produce a composite material, 
joining the properties of the amorphous matrix and a highly 
dispersed fine crystalline phase [6]. This could be potentially 
useful in such cases as improving ductility by introducing a soft 
crystalline phase or increasing coercivity in hard magnet 
structures with use of a paramagnetic phase. Such works have 
already been made in order to improve the ductility by means of 
ductile crystalline phase formed in situ [7, 8].  Alternatively, the 
composites can be formed by introducing the particles ex situ 
prior to casting [7-9], or by formation of the crystalline phase in 
situ. The latter can be carried out by crystallization of the 
amorphous matrix or the formation of the crystalline phase during 
casting [10-14]. The formation of primary dendritic crystals may 
not be effective as their formation sometimes is suppressed due to 
the existence of the eutectic zone. Another idea to form a 
composite is using an immiscible alloy system. Production of the 
composite directly from the liquid state, using miscibility gap is 
justified as regards energy saving because no additional heat 
treatment to produce the fine crystalline phase is necessary. So 
far, there have been reports on formation of two-phased glassy 
composites in Ni-Nb-Y system [15, 16], Y-Ti-Al-Co system [17]. 
As regards the iron based alloys, it can be found that glass 
formation is possible in iron metalloid ternary Fe-Si-P, Fe-Si-B, 
Fe-P-B, Fe-Ni-P, Fe-Ni-B systems [18]. On the other hand, Fe-
Cu-P, Fe-Cu-Si, Fe-Cu-B systems have a miscibility gap in the 
liquid phase [19], therefore we considered the Fe-Cu-Ni-P-Si-B 
system for experiment. In order to forecast the behaviour of the 
multi-component system it is useful to know the enthalpies of 
mixing in liquid binary systems [20, 21] (see Table 1). 

The Fe-Cu-Ni-P-Si-B system will probably show a tendency 
to separate into Fe-rich and Cu-rich regions due to a positive 
enthalpy of mixing between iron and copper as it is observed in 
ternary Fe-Cu-P, Fe-Cu-Si [19]. On the other hand, relatively 
highly negative enthalpy of mixing for iron and nickel with P, Si 
and B as well as nickel and copper with phosphorus may facilitate 
the amorphization of the alloy. Therefore, the aim of the work is 
to study the effects of mixing the above mentioned elements in 
the Fe30Ni30Cu20P10Si5B5 alloy in order to make the 
amorphous/crystalline composite. 

 
 

2. Experimental 
 
The Fe30Ni30Cu20P10Si5B5 alloy was prepared by arc melting 

of pure elements 99.95 wt. % Ni, 99.95 wt. % Cu, 99.95 wt. % Fe, 
99.999 wt. % Si and Fe-P, Fe-B, Ni-P, Ni-B master alloys. The 
alloy was melted 5 times under titanium gettered argon 
atmosphere. Morphology and chemical composition of the cross-
section of the ingot were analysed with scanning electron 
microscope (SEM) Philips XL 30 with X-Ray microanalyses Link 
ISIS-EDX. The alloy was melt-spun in helium atmosphere with 
the linear velocity of 33 m/s, ejection pressure 150 kPa, crucible 

and hole diameter 0.7 mm starting from different temperatures 
i.e.: 1273 K, 1400 K, 1509 K, 1560 K where the pouring 
temperature was controlled using RAYTECH MARATHON 
series BH2MR1SBSF two-colour pyrometer. The microstructure 
of the melt-spun ribbons was investigated by means of scanning 
electron microscope (SEM) Philips XL 30 with X-Ray 
microanalyses Link ISIS-EDX and by means of the JEOL 300 kV 
transmission electron microscope (TEM). The alloy was also 
investigated by means of differential thermal analysis (DTA-STD 
2960 TA Instruments) at the heating rate 20 K/min. 

 
 

3. Results 
 

The results of microstructure SEM/EDS examination of the 
arc melted droplet are presented on Fig. 1. The surface fractal [22] 
morphology of the alloy consists of the bright globular regions 
marked “A” within the darker matrix marked “B”. 

 
 

 
 
 

Fig. 1. SEM image of the arc-melt Fe30Ni30Cu20P10Si5B5 alloy and 
EDS analysis for regions A and B 
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 Regions “A” are enriched with copper and rather 
impoverished in the other chemical constituents. There are only 
small EDS peaks for Fe, Ni, P, Si and B. The above mentioned 
elements are mainly located in Fe-reach matrix. As regards boron, 
here are only small peaks present in both Cu-based and Fe-based 
regions, however it can be expected that due to negative mixing 
enthalpy for Fe-B (-11 kJ/mol) and positive one for Cu-B  
(+16 kJ/mol) (Table 1) boron will be strongly attracted in iron-
rich “B” regions. Therefore, before solidification, the Fe-rich 
liquid matrix, regions “B”, were also enriched with nickel, 
phosphorus, silicon and probably boron.  
 
 

 
 
Fig. 2. Light microscope images of Fe30Ni30Cu20P10Si5B5 melt 
spun ribbons from different ejection temperatures 
 
Table 1.  
Calculated enthalpies of mixing for equiatomic liquids in binary 
systems for, kJ/mol [20, 21*] 
 Fe Cu Ni P Si B 
Fe - +13.0 -2.0 -31.0 -18.0 -11.0 
Cu  - +4.0 -17.5 -10.0 +16.0* 
Ni   - -26.0 -23.0 -9.0 

* Mixing enthalpy for Cu-B is approximated based on [21] 

The light microphotographs of the ribbons, melt-spun starting 
from the different melt temperatures are shown in Fig. 2. For 
1273 K the appearance of the cross-section is inhomogeneous. It 
is possible to observe relatively large copper-base globular 
regions of a few microns size. For the ribbon cast from 1273 K 
(Fig. 3), the tendency for segregation of chemical elements is 
similar as in case of as-cast of the arc melt droplet, i.e. we observe 
copper-rich precipitates and iron-rich matrix. Copper-rich regions 
are also impoverished in nickel, phosphorus, and probably in 
boron. However, distribution of silicon is apparently uniform. For 
the higher temperatures i.e.: 1400 K, 1509 K, 1560 K 
homogeneous structure of the ribbon with fine particles was 
obtained and TEM observations revealed particles of the average 
size of generally lower than 100nm within amorphous matrix. 
Electron diffraction patterns show broad diffusive rings typical for 
the amorphous structure (Fig. 4). Majority of the spherical 
particles could be identified as Cu-base (Fm-3m). 

 
 

 
 
Fig. 3. Cross section SEM image with mapping of elements for 
Fe30Ni30Cu20P10Si5B5 melt-spun ribbon ejected at 1273 K 
 
 
 DTA run of the Fe30Ni30Cu20P10Si5B5 alloy is presented on 
Fig. 5. Melting of the alloy occurs in a two-step sequence with the 
beginning at Tm=1164 K and the end at Tm=1242 K. The end-set 
of the miscibility region can be observed at Tc=1315 K occurring 
probably due to dissolution of melts that were insoluble at lower 
temperatures. In the binary monotectic alloys the transformation 
from crystalline state to a uniform liquid phase may follow as a 
result of a multi-step reaction including as many as four stages, 
i.e.: melting of eutectics (peritectics), dissolution in the liquid of 
off-eutectic crystals, monotectic reaction, and mutual dissolution 
of insoluble liquids. 

 

 
 
Fig. 4. TEM image of the Fe30Ni30Cu20P10Si5B5 melt spun ribbon 
ejected at 1560K; a) surface fractal microstructure; b) ring 
diffraction pattern for an extensive area with a broad diffusive 
ring from the amorphous matrix, rings and dot patterns for Cu-
base fcc phase (Fm-3m); c) diffraction of the large spherulitic 
particle marked with “x”  

 
Formation of the surface fractal structure is observed, which 

is typical for the systems with a miscibility gap [22]. As the 
cooling rate after the arc melting is relatively slow (order of 

100 K/s), even the alloy with the initial temperature assuring a 
single homogeneous liquid will separate into two liquids, and then 
those melts will separate into the range of compositions 
depending on the slope of the miscibility gap curve. This can 
finally develop the fractal-like structure with a quite substantial 
scatter of sizes (e.g.: from a few mm to a few m) and it was 
found in the arc-melt sample. However, in case of the 
Fe30Ni30Cu20P10Si5B5 melt-spun ribbons different structures can 
be observed. For the melt spinning at lower temperatures, 
separation in the liquid state produced Fe-rich regions and Cu-rich 
regions and the spatial distribution was inhomogeneous, similarly 
as in arc melt sample. The melt spinning technique caused mainly 
by grain refinement of Cu-rich regions (Fig. 2 and Fig. 3). 
However, increasing the melt spinning temperature to values as 
high as 1400 K causes homogenization of the structure visible on 
light micrographs of the samples ejected at 1400 K, 1509 K and 
1560 K (Fig. 2). 

 

 
 

Fig. 5. DTA curve of the Fe30Ni30Cu20P10Si5B5 alloy 
 

The uniform distribution found in these ribbons in contrast to 
the non-uniform structure obtained after ejection from lower 
temperatures, can be explained by the fact that in the former case 
the alloy was cast from homogenous melt above the miscibility 
gap in the system. The similar observation was found also in Fe-
Cu-Si-B-Al-Ni-Y alloys [23]. 

As it is found from DTA curve, the alloy melts between 
Tm=1164 K and Tl=1242 K. However, there is a temperature 
range, where non-uniform structure after melt spinning can be 
obtained. This corresponds, probably to the miscibility gap for the 
Fe30Ni30Cu20P10Si5B5 alloy, found between Tl=1242 K and 
Tc=1315 K as an endothermic effect [24, 25]. Thus, after 
dissolution of the liquids, one liquid provides the uniform 
structure of the ribbons during the melt spinning. The sequence of 
existence of insoluble liquids “L1+L2”, and uniform liquid “L” as 
well as the temperatures of ejection before the melt spinning 
marked with ( ) is presented in Fig. 6. In comparison with the 
ternary Fe-Cu-P system [19], where the miscibility region seems 
to be very extensive (from c.a. 1300 K to at least 1600 K), the 
Fe30Ni30Cu20P10Si5B5 alloy was prepared by partial substitution of 
iron with nickel and phosphorus with silicon and boron. As a 
result, a substantially lower melting range Tl-Tm as well as a 
narrower miscibility gap (Fig. 5) in comparison with the Fe-Cu-P 
system was obtained. 
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Fig. 6. Schematic temperature-composition diagram with the 
regions of insoluble liquids (L1+L2) and regions of the 
homogeneous liquids; “c” - critical point; “c0” - nominal 
composition; the various ejection temperatures are marked with ( ) 
 
 

4. Conclusions 
 
1. The arc-melt ingot microstructure of the 

Fe30Ni30Cu20P10Si5B5 alloy after a relatively slow cooling 
(102K/s) has the fractal-like morphology formed as a result 
of separation of liquids.  

2. The arc-melt microstructure consists of the Fe-rich matrix 
and spherical Cu-rich regions. The Fe-rich regions are 
highly alloyed than Cu-rich regions. Silicon has the most 
uniform distribution between the Fe-rich and Cu-rich 
colonies. Formation of such regions is in agreement with 
expectations based on the enthalpies of mixing between the 
pairs of the alloying constituents. 

3. The microstructure of the melt-spun alloy depends on 
ejection temperature before the melt spinning process. Low 
ejection temperature favours formation of a non-uniform 
crystalline structure where Fe-rich matrix and Cu-rich 
regions of a few m are observed. This is probably due to 
the ejection within the miscibility gap between Tl=1242K 
and Tc=1315K. Higher ejection temperatures resulted from 
formation of uniform structure of the ribbon in the scale of a 
light microscope. This corresponds to the region of a 
uniform liquid above the miscibility gap. 

4. Higher ejection temperatures of the melt spinning process 
(i.e. 1400K and more) resulted from the formation of very 
fine spherical particles uniformly distributed in an 
amorphous matrix. The spherical precipitates were 
crystalline and generally consisted of Cu-base solid solution.  

5. Alloying of the simple ternary immiscible Fe-Cu-P system 
with Ni, Si and B provides substantially lower range of 
melting temperatures, decreasing and narrowing the 
miscibility gap. 
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Microstructures in Fe30Ni30Cu20P10Si5B5 melt-spun alloy ejected at various temperatures

 
 
 

Fig. 6. Schematic temperature-composition diagram with the 
regions of insoluble liquids (L1+L2) and regions of the 
homogeneous liquids; “c” - critical point; “c0” - nominal 
composition; the various ejection temperatures are marked with ( ) 
 
 

4. Conclusions 
 
1. The arc-melt ingot microstructure of the 

Fe30Ni30Cu20P10Si5B5 alloy after a relatively slow cooling 
(102K/s) has the fractal-like morphology formed as a result 
of separation of liquids.  

2. The arc-melt microstructure consists of the Fe-rich matrix 
and spherical Cu-rich regions. The Fe-rich regions are 
highly alloyed than Cu-rich regions. Silicon has the most 
uniform distribution between the Fe-rich and Cu-rich 
colonies. Formation of such regions is in agreement with 
expectations based on the enthalpies of mixing between the 
pairs of the alloying constituents. 

3. The microstructure of the melt-spun alloy depends on 
ejection temperature before the melt spinning process. Low 
ejection temperature favours formation of a non-uniform 
crystalline structure where Fe-rich matrix and Cu-rich 
regions of a few m are observed. This is probably due to 
the ejection within the miscibility gap between Tl=1242K 
and Tc=1315K. Higher ejection temperatures resulted from 
formation of uniform structure of the ribbon in the scale of a 
light microscope. This corresponds to the region of a 
uniform liquid above the miscibility gap. 

4. Higher ejection temperatures of the melt spinning process 
(i.e. 1400K and more) resulted from the formation of very 
fine spherical particles uniformly distributed in an 
amorphous matrix. The spherical precipitates were 
crystalline and generally consisted of Cu-base solid solution.  

5. Alloying of the simple ternary immiscible Fe-Cu-P system 
with Ni, Si and B provides substantially lower range of 
melting temperatures, decreasing and narrowing the 
miscibility gap. 
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