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The microstructures of Fes,Cu,oNigP10SisBs alloy representing the effects of slow cooling after arc melt-
ing and rapid cooling after melt spinning are shown. The slow cooling rate resulted in the fractal-like
structures formed by the Fe-rich regions and Cu-rich regions typical for the alloying systems 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 created crystalline
structures separated into Fe-rich and Cu-rich regions as 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.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Metallic alloys with the amorphous structure present excellent
properties in comparison with their traditional crystalline counter-
parts. They are very attractive as regards high strength, high elastic
limit and soft magnetism [1-3]. However, 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. 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 para-
magnetic phase. Such works have already been made in order to
improve the ductility by means of ductile crystalline phase formed
in situ [4,5]. The composites can be formed alternatively, by intro-
ducing the particles ex situ prior to casting [4-6], or by formation
of the crystalline phase in situ. The latter, in turn, can be carried
out by crystallization of the amorphous matrix or the formation
of the crystalline phase during casting [7-11]. The formation of
primary dendritic crystals may not be effective as their formation
sometimes is suppressed due to the existence of the eutectic zone.
Anther idea to form a composite is using an immiscible alloy sys-
tem. 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
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is necessary. So far, there are reports on formation of two-phased
glassy composites in Ni-Nb-Y system [12,13], Y-Ti-Al-Co system
[14] and iron-based Fe-Cu-Ni-Si-Sn-B-Y amorphous/crystalline
composite [15]. Asregards the iron-based alloys, it can be found [15]
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. On the other hand,
Fe—Cu-P, Fe-Cu-Si, Fe—Cu-B systems have a miscibility gap in the
liquid phase [16], therefore we considered the Fe-Cu-Ni-P-Si-B
system for experiment. In order to forecast the behavior of the
multi-component system it is useful to know the enthalpies of
mixing in liquid binary systems (see Table 1).

The Fe-Cu-Ni-P-Si-B system will probably show a tendency
for separation 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 [16]. On the other hand, relatively
high negative enthalpy of mixing for iron and nickel with P, Si
and B as well as nickel and copper with phosphorus may facil-
itate the amorphization of the alloy. Therefore, the aim of the
work is to study the effects of the mixing the above mentioned
elements in the Fe3;CuygNizgP19SisBs alloy in order to make the
amorphous/crystalline composite.

2. Experimental

The Fes;NizsCuyoPioSisBs alloy was prepared by arc melting of pure elements
99.95wt.% Ni, 99.95wt.% Cu, 99.95wt.% Fe, 99,999 wt.% Si and Fe-P, Fe-B, Ni-P,
Ni-B master alloys. The alloy was melted five 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
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Table 1
Calculated enthalpies of mixing for equiatomic liquids in binary systems, k]/mol
[17,182].

Fe Cu Ni B Si B
Fe - +13.0 -2.0 -31.0 —18.0 -11.0
Cu - +4.0 —17.5 —10.0 +16.02
Ni - —26.0 -23.0 -9.0

@ Mixing enthalpy for Cu-B is approximated based on [18].

X-ray microanalyser Link ISIS-EDX. The alloy was melt-spun in helium atmosphere
with the linear velocity of 33 m/s, ejection pressure 150kPa, crucible and hole
diameter 0.7 mm starting from different temperatures i.e.: 1273 K, 1323K, 1360K,
1403 K, 1513K, 1563 K, 1647, 1731K, where the pouring temperature was con-
trolled with use of RAYTECH MARATHON series BH2MR1SBSF two-colour pyrometer.
The microstructure of the arc melt ingot and melt melt-spun ribbons were again
investigated by means of scanning electron microscope. The melt-spun alloy was
investigated by means of the JEOL 300 kV transmission electron microscope (TEM).
X-ray diffraction was performed on the DRON-3 diffractometer using Cu Ko radia-
tion filtered by the bent single crystal LiF linearly focusing monochromator on the
detector side. The scattering angle 2® was varied between 35° and 55° with the
constant step of 0.05°. Scans were performed in the ®-2® mode. The melt-spun
ribbons were then investigated by means of differential thermal analysis (DTA-STD
2960 TA Instruments) at the heating rate 20 K/min.

3. Results

The primary microstructure of the Fe3;NiygCuygP19Bs5Sis alloy
droplet is presented in Fig. 1. The surface fractal [19] morphology of
the alloy consists of the bright globular regions marked “A” included
in the darker matrix marked “B”. EDS Mapping of elements indicates
that, the globular “A” regions were Cu-rich liquid impoverished
in iron. It is also observed, that the globular “A” regions contain
significantly smaller quantity of phosphorus and nickel than “B”
regions. It seems, however, that content of silicon in “A” regions is
only slightly lower than in iron-base matrix “B”. As regards boron,
it is not detected by the analysis, 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 in nickel, phospho-
rus and probably boron. The silicon content seems to be a little
higher in Fe-rich regions, although due to a small difference in mix-
ing enthalpies and small silicon content in the alloy (5at.%), the
distribution between “A” and “B” regions was similar (Fig. 1f).

The light microphotographs of the ribbons, melt-spun start-
ing from the different melt temperatures are shown in Fig. 2. At
lower temperatures i.e.: 1273 K, 1323 K and 1360K the appearance
of the cross-sections are inhomogeneous. For the ribbons spun from
1273K and 1323K it is even possible to observe relatively large
copper-base globular regions of few microns. For the inhomoge-
neous ribbons cast from 1273 K, 1323 K (Fig. 3) and 1360K, 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 “A”
regions and iron-rich matrix. Copper-rich regions are also impover-
ished in phosphorus and nickel. However, distribution of silicon
is apparently uniform. For the higher temperatures i.e.: 1403 K,
1513 K, 1563 K, 1647 K and 1731 K a homogeneous structure of the
ribbon with a fine distribution of particles was obtained and TEM
observations revealed uniform distribution of very thin crystalline
particles of the average size of 74 4+ 4 nm within amorphous matrix.
Electron diffraction patterns show a broad diffusive rings typical for
the amorphous structure (Fig. 4a). Majority of the spherical parti-
cles could be identified as Cu-base (Fm-3m) (Fig. 4a). Moreover, it
was possible to find a few spherical particles of M3P (I-4) (Fig. 4b).

The X-ray diffraction patterns from the Fe3;NizgCuygP19SisBs
ribbons are presented in Fig. 5. For reference, the melt-spun rib-
bon melt-spun from 1647 K was annealed at 1073 K during 1h in
order to obtain the phase composition close to equilibrium. The
diffraction pattern has got very clear and sharp peaks that allow
for identification of the following phases isomorphic with: Cu-base
solid solution (Fm-3m), FesoNisg (Fm-3m), Ni3P (I-4), FegsNis (Im-
3m) and Nisg 7Sit2.3 (P321). The diffraction patterns corresponding
to the lowest temperatures of melt spinning i.e. 1273 K and 1323 K
have poorly formed peaks due to the low volume fraction of crys-
talline phase included in amorphous matrix, although it is possible
to attribute their position to the phases existing in the sample
annealed at 1073 K. Diffraction patterns for the alloys melt-spun
from higher temperature have two poorly formed peaks for the val-
ues of 20 close to 43-44°,50-51°, i.e. corresponding to Cu (Fm-3m),
FeNi (Fm-3m) for (11 1) and (2 00), respectively. The peak near 43°
may also correspond to Ni3P (112).

DTA results of Fe3;NiygCuygP19SisBs cast from 1647 K are pre-
sented in Fig. 6. The curve shows one-step crystallization of
the amorphous matrix with the onset at Tx=744K and crys-
tallization peak at T,=756K. Melting of the alloy occurs in a
two-step sequence with the beginning at T, =1156 K and the end

Fig. 1. (a-f) SEM microstructure with mapping of elements on the cross-section of Fes,Cu,oNi,sP10Sis Bs massive arc melt droplet.
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Fig. 2. Light microscope images of Fes;CuyoNizgP10SisBs melt-spun ribbons after
different ejection temperatures before melt spinning process.

at T} =1156 K. A small endothermic peak is also observed at higher
temperatures with the onset at Tq_onset = 1358 K and end-set at
T4-end-set = 1373 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), dissolu-
tion in the liquid of off-eutectic crystals, monotectic reaction, and
mutual dissolution of insoluble liquids.

4. Discussion

Microstructure of the massive droplet, contained regions that
separated in a liquid state into two insoluble liquids - Cu-rich and
Fe-rich. Generally, Fe-rich regions attracted more strongly all the
alloying elements except for copper. This is in agreement with the
expectations based on the enthalpies of mixing, which are sub-
stantially more negative for Fe-X and Ni-X pairs than Cu-X pairs
(where X=B, P, Si). This is probably the reason for favored forma-
tion of Fe—X regions with some amount of nickel. The positive values
of mixing enthalpies are reported for equiatomic compositions of
Fe-Cu, Cu-B and Ni-Cu i.e.: AH{‘Eei’icm =+13; AH{TC‘L’SB} = +16 and
AHFSL{NH = +4, respectively. This can explain the repelling copper
from Fe-rich regions and the repelling iron from Cu-rich regions.
It is also possible that almost entire content of boron is located in
Fe-rich regions.

Formation of surface fractal structure is observed, which is typ-
ical for the systems with a miscibility gap [19]. As the cooling rate
after the arc melting is relatively slow (order of 100K/s), even the
alloy with the initial temperature assuring a single homogeneous
liquid will separate, at first into two liquids, and then that 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 wm) and indeed, we found this in our arc melt sam-
ple. However, in case of Fe3;NiygCuyoP19SisBs melt-spun ribbons,
we observed development of structures. 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 spin-
ning technique caused mainly grain refinement of Cu-rich regions
(Figs. 2 and 3), which is also reflected in poor formation of the

Fig. 3. (a-f) SEM microstructure with mapping of elements on the cross-section of the Fe3;CuyoNizgP19SisBs melt-spun ribbon ejected at 1323 K.
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Fig. 4. TEM micrographs of the Fe3;CuyoNizgP19SisBs melt-spun ribbon ejected at 1647 K where; (a) majority of the particles could be identified as spherical shape Cu-base
(Fm-3m) solid solution; (b) and some minor particles were also spherical M3P (I-4) phosphides.
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Fig. 5. X-ray patterns for melt-spun ribbons ejected at different tempera-
tures with phase identification. The XRD of the ribbon ejected at 1647K and
annealed at 1073 K/1 h is attached for reference as well crystallized sample of the
Fe3, CuyoNizgP10SisBs alloy.

diffraction peaks. Generally it is still possible to identify similar
phases as in a fully crystallized sample. However, the increase of
the melt spinning temperature to the values as high as 1403K
causes homogenization of the structure visible on light micrographs
(Fig. 2). X-ray diffraction patterns for the samples melt-spun from
the higher temperatures (>1403 K) do not allow phase identifica-
tion, because they only have two broad peaks near the positions of
Cu-base solid solution. The peaks can be close to peak positions
in Fe-Ni solid solution and M3P type phosphide. More detailed
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Fig. 6. DTA trace for the Fes,CuyoNiysP10SisBs melt-spun ribbon ejected at 1647 K.

structure examination of the homogeneous ribbons under TEM con-
firmed the majority of the fine particles consists of Cu-base solid
solution (Fig. 4a) and some of them are M3P phosphides (Fig. 4b).
The amorphous matrix was probably Fe-rich product, highly alloyed
in glass forming agents like P, Si and boron. The uniform distribu-
tion found in the ribbons melt-spun from the temperatures higher
than 1403 K in contrast to the non-uniform structure obtained after
ejection from temperatures 1360 K and lower, 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 observa-
tion was found also in Fe-Cu-Si-B-Al-Ni-Y alloys [20].

As it is found from DTA curve, the amorphous matrix crystal-
lizes (Tx=744K, T,=756K) and the entire alloy melts between
Tm=1156K and Tx=1195K. However, as it was found from the
experiment with differing ejection temperatures, there is a tem-
perature range, where non-uniform structure after melt spinning
is obtained. This corresponds, probably to the miscibility gap for
the Fes3;NiygCuyoP1oSisBs alloy. Thus, after dissolution of the lig-
uids, one liquid provides the uniform structure of the ribbons
during the melt spinning. The temperature range, where the dis-
solution occurs is visible on DTA as a small endothermic effect
[21,22]. In the present study it was between Ty_onser = 1358 K and

—T—1731K

—T=* 1647K

—T—* 1563K
—T1—* 1513K

—T* 1403K
— T —* 1360K

—T—* 1323K
— T 1273K

* T=1195K
\ - T=1156K
partial
melting

Fig. 7. Schematic presentation of the onset of partial melting, miscibility tempera-
ture range and homogeneous liquid temperature range, based on the microstructural
observations of ribbons melt-spun at the different ejection temperatures.
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T4-end-set = 1373 K (Fig. 6). The sequence of the partial melting, exis-
tence of insoluble liquids “Ly +L,”, and uniform liquid as well as
the temperatures of ejection before the melt spinning marked with
(@) is presented in Fig. 7. With comparison to the ternary Fe-Cu-P
system [16], where the miscibility region seems to be very large,
the Fes;NiygCuygP19SisBs alloy was prepared by partial substitu-
tion of iron with nickel and phosphorus with silicon and boron. As
aresult, a substantially lower melting range T; — T, as well as a nar-
rower miscibility gap with comparison to the Fe—Cu-P system was
obtained.

5. Conclusions

1. The primary microstructure of the Fes;NiygCuyoP10SisBs alloy
droplet after a relatively slow cooling (10%2K/s) arc melting
process has the fractal-like morphology formed as a result of
separation of liquids occurring during relatively slow cooling.

2. The primary structure of the alloy after arc melting consists of
the Fe-rich matrix and spherical Cu-rich regions. The Fe-rich
regions are more alloyed by the constituents of the alloy 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 alloy cooled with a high rate 10° K/s
depends on ejection temperature before the melt spinning
process. Low ejection temperatures favor formation of a non-
uniform crystalline structure where Fe-rich matrix and Cu-rich
regions of few pwm are observed. This is probably due to the ejec-
tion at the temperatures within a miscibility gap. Higher ejection
temperatures resulted in formation of uniform structure of the
ribbon in the scale of a light microscope, which corresponds to
the region of uniform liquid above miscibility gap.

4. Higher ejection temperatures of the melt spinning process (i.e.
1403 K and more) resulted in the formation of very fine spheri-
cal particles uniformly distributed in an amorphous matrix. The
spherical precipitates were crystalline and they were mainly
Cu-base solid solution and M3P type phosphide. During DTA
measurement at 20 K/min, the matrix of the alloy initially amor-
phous, starts to crystallize at Tx = 744 K with crystallization peak
atTp =756 K. The alloy melts between Ty = 1156 Kand Tx = 1195 K,

and at higher temperatures probably the two melts exist in the
liquid state Fe-rich and Cu-rich. At the temperatures between
Td-onset = 1358 K and Ty_epg-set = 1373 K the two melts transform
into one homogeneous liquid.

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