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Amorfizacja i podziat w stanie cieklym
w stopach Ni, , Cu Fe P

Abstract

The aim of the work is to study the ability and potential of glass formation in Ni-Fe-Cu-P alloys.
A series of alloys were produced in arc furnace (i.e. NiFe Cu,P,, Ni_Fe Cu, P . Ni Fe Cu P,
Ni, Fe, Cu, P, Ni, Fe. Cu P, Ni, Fe Cu, P ). The primary microstructure of the ingots was stud-
ied. The ribbons in as-melt-spun state were characterized by X-ray diffraction (XRD). The Ni_ Fe,
Cu,P,, Ni Fe, Cu, P, melt-spun alloys were found to be amorphous. For higher copper and iron
concentrations a crystalline structure was obtained after melt spinning. This correlated with the
tendency for the formation of the Fe-based phases enriched in P and Cu-based poorly alloyed
phases which resulted in the formation of crystalline microstructure in melt-spun ribbons. For
higher concentration of Fe and Cu, microstructures of the alloys contained constituents resultant
from a tendency for separation in the liquid state. It is observed that the formation of the crystal-
line melt-spun ribbons is caused by the attraction of phosphorus by iron and the formation of

copper-based fcc phase.
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Streszczenie

Celem pracy byto zbadanie podatnosci na zeszklenie oraz mozliwosci wytworzenia struktury
szklistej w stopach wielosktadnikowych Ni-Fe-Cu-P. W piecu tukowym wytworzono serie stopéw
(tzn.: NimFeSCuSPZO, NiéoFewCuszo, NisoFel5cu15P20’ Ni40Fe20Cu20P20, Ni30Fe25Cu25P20, NiZOFesoCuszo).
Badano strukture pierwotng wlewkdéw. Tasmy w stanie po odlewaniu na wirujacy beben badano

za pomoca dyfrakcji rentgenowskiej.
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Stwierdzono, Ze stopy Ni, Fe Cu,P, , Ni_Fe Cu, P. odlewane na wirujacy beben byty amorficzne.

Dla stopéw o wyzszych zawartos$ciach miedzi i zelaza po odlewaniu na wirujacy walec otrzymano
strukture krystaliczna. Fakt ten mozna powigzac z tendencjg do tworzenia faz na osnowie zelaza
wzbogaconych w fosfor oraz zubozonych w pozostate sktadniki stopowe faz na osnowie miedzi,
ktére przyczynity sie do tworzenia w odlewanych tasmach mikrostruktury krystalicznej. Dla wyz-
szych zawartosci zelaza i miedzi, mikrostruktury stopéw zawieraty skfadniki fazowe powstajace
w efekcie tendencji stopéw do podziatu fazowego w stanie ciektym. Zaobserwowano, ze tworze-
nie krystalicznych tasm jest spowodowane przez przyciagganie fosforu przez zelazo oraz tworzenie
bogatej w miedz fazy o strukturze regularnej sciennie centrowanej.

Stowa kluczowe: materiaty amorficzne, amorfizacja, dyfrakcja rentgenowska, transmisyjna mi-
kroskopia elektronowa

1. Introduction

The unique properties of the amorphous alloys [1-3] are very vital for practical applica-
tions in many structural and functional materials. It is also well known that liquid immis-
cibility can negatively influence the glass forming ability. However, there are applications
where it is useful to produce a composite material that combines the properties of the
amorphous matrix and a highly dispersed fine crystalline phase [4]. This is potentially
useful inimproving ductility using a soft crystalline phase or increasing coercivity in hard
magnet structures with the use of a paramagnetic phase. Such efforts have been al-
ready done with the aim of improving the ductility by ductile crystalline phase formed
in situ [5, 6]. Such composites can be made by introducing the particles ex situ prior to
casting [5-7], or by the formation of the crystalline phase in situ. The latter can be carried
out by the crystallization of the amorphous matrix or the formation of the crystalline
phase during casting [8-13]. It is also possible to use liquid immiscible alloys for this
purpose [12-14].

Therefore, the exploration of the alloys and systems with glass forming potential
and liquid immiscibility is potentially interesting in terms of providing amorphous matrix
alloys with the ability to control their microstructure. The Ni-Fe-Cu-P system provides
the glass forming alloys [15-19], on the other hand a relatively high positive enthalpy of
mixing between Fe and Cu [20] justify the expectation that for some compositions liquid
miscibility gap can be observed in the Ni-Fe-Cu-P system. The aim of the work is to in-
vestigate the range of the glass forming compositions in a series of alloys Ni, , Cu Fe P_,
where x =5, 10, 15, 20, 25 and 30.

80-2x

2. Experimental

A series of alloys Ni, , Cu Fe P, where x =5, 10, 15, 20, 25 and 30 were prepared using
99.95 wt % Ni, 99.95 wt % Cu, 99.95 wt % Fe, Ni-P, Cu-P and Fe-P master alloys The alloys
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were made from precursors that were melted under argon in the arc furnace. Then, the
alloys were induction melted in quartz tubes under a vacuum (10bar) and quenched in
water to obtain an ingot of 10 mm in diameter. The primary microstructure of the ingots
was studied under a light microscope using OLYMPUS GX51. Then, the alloys were melt-
spun at with linear speed of 33 m/s. The argon was used as protective atmosphere and
the ejection overpressure was 150 kPa. The selected alloys were investigated by means
of the JEOL 300kV transmission electron microscope (TEM) and X-ray diffractions (XRD) of
the alloys were performed using DRON-3 powder diffractometer using CuK  radiation.
The scattering angle 20 was varied with the constant step of 0.02 degree. Scans were
performed in the ® — 20 mode.

3. Results and discussion

The microstructure of the induction melted ingots are presented in Figure 1. The mi-
crophotographs of the alloys Ni, Cu,Fe.P, (Fig. 1a) and Ni Cu, Fe P (Fig. 1b) show
that during the crystallization in the quartz tubes immersed in water the eutectic mi-
crostructure is formed. As the average concentrations of copper and iron are increased in
Ni, Fe,.Cu, P, (Fig. 1c), the reduction of the eutectic at the cost of the primary dendrites
is observed. The microstructure is slightly hypo-eutectic. In the Ni, Cu_Fe, P, (Fig. 1d)
there are more dendrites. The dendrites contain probably less phosphorus and cor-
respond to a Fe-Ni-rich solid solution and the constituent represented by the bright
regions has morphology often met in phosphide constituents.

In the latter alloy the fine eutectic constituent is a minor one. Further increase of
copper and iron content in the ingot of the Ni, Fe, Cu P, alloy (Fig. Te) results in the
microstructure composed only of dendrites and phosphide regions. The fine eutectic
is not present in the microstructure of this alloy. However, for the sample with the
highest content of copper and iron i.e. Ni, Fe, Cu. P, (Fig. 1f) shows definitely a dif-
ferent microstructure than the one observed in the alloys containing less copper and
iron. The darker regions represent Cu-rich solid solution and the brighter intergranular
regions are composed of the dark and bright constituents. The latter regions are obvi-
ously enriched in Fe, Ni and P. The most important feature of the alloy is that the mor-
phology of the microstructural constituents is typical for the liquid immiscible alloys.
Probably the two main microstructural constituents of the alloy separated already in
the liquid state.

The TEM micrograph of the melt spun Ni Cu, Fe, P, alloy is presented in Figure 2.
The microstructure of the alloy is representative for the alloys with low content of Cu and
Fe up tox =10 and it is amorphous, which is confirmed by the broad diffusive rings of the
electron diffraction pattern (Fig. 2). However, for the higher values of x samples were not
amorphous. An exemplary TEM microstructures for these crystalline alloys are presented

in Figure 3 and Figure 4.
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Fig. 1. Primary microstructure of ingots solidified in quartz tubes quenched in water: (a) Ni, Cu FeP, ;
(b) Ni Cu, Fe, P, (c)NiFe Cu (d) Ni, Cu,Fe,P.; () Ni Fe, Cu,P,, (f)NiFe Cu P

15P20’ 200 207 25 207 30" 20

40.00 nm

Fig. 2. TEM microstructure and electron diffraction pattern obtained from the Ni, Cu, Fe
ribbon

1P 2 Melt-spun
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During the melt spinning, the immiscible Ni, Cu, Fe, P, formed the two products in-
stead of a single-component ribbon. One of them were gray plates and the other golden
needles. The TEM microstructure of the gray plates is presented in Figure 3 and the one for
the golden needles is in Figure 4. The gray plates formed from the Ni, Cu, Fe, P, alloy dur-
ing the melt spinning present fine crystalline microstructure with the grain size in a range
from tens of nanometers to hundreds of nanometers (Fig. 3a). The electron diffraction pat-
tern obtained from the extensive area presents a series of rings that can be attributed to the
fine crystallites of the three phases (Fig. 3b, ¢, d). The first is very close to face centered cubic
Cu-Ni solid solution (space group 225 (Fm-3m), lattice parameter a = 3.610A) (Fig. 3b). The
second phase is M,P type phosphide |somorph|c with tetragonal Fe, . Ni. P (space group
82 (I-4)), lattice parameters a = 9.044A, b = 4.464A (Fig. 3c). The third phase is M,P type
phosph|de |somorph|c with hexagonal Fe,P (space group 189 (P-62m), lattice parameters
a=5.867A, b =5.867A, c = 4.464A (Fig. 3d) The TEM microstructure of the golden needles
formed from the Ni, Cu, Fe, P, alloy during the melt spinning shown on Figure 4a consists
of globular preC|p|tates W|th|n the matrix. The HRTEM micrograph from such the precipitate
is presented in Figure 4b. Figure 4c shows the Fourier transform (FT) image and its solution
which can be attributed to the [211] zone axis of the hexagonal M,P phosphide. Electron dif-
fraction from the matrix is presented in Figure 4d. The pattern can be assigned to the [ioi]

zone axis of the Cu-based fcc solid solution.

e

Fig. 3. TEM microstructure (a) and electron diffraction pattern obtained from the gray plates of the
Ni, Cu, Fe. P, melt-spun alloy. The matched ring patters may be identified as: (b) Cu,,Ni fcc solid solution;
(c) MP type phosphide isomorphic with tetragonal Fe, , Ni, P (I-4); (d) M,P type phosphide isomorphic

with hexagonal Fe,P (P-62m)

1.33
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Fe,P zone axis [211] Cu-fcc zone axis [101]

Fig. 4. TEM microstructure (a) and HRTEM image obtained from the golden needles of the Ni, Cu_ Fe_ P,
melt-spun alloy (b); (c) FFT of the HRTEM from (b) matched as the image of the [211] zone axis of the
hexagonal M.P phosphide: (d) diffraction from the matrix identified as [io1] zone axis of the Cu-based fcc

solid solution

The X-ray diffraction patterns obtained for the alloys Ni, Cu.Fe P, Ni_Cu. Fe P

5 20" 10" 20

Ni,,Cu,Fe, P, and Ni, Cu, Fe  P_ melt spun alloys are presented in Figure 5. The latter
alloy separated during chilling on a copper roller, thus the two XRD were registered —
one for the golden needles and one for the grey plates. The XRD for Ni, Cu.Fe P, and

Ni,Cu,Fe, P,  melt spun ribbons has of a broad diffraction maximum located between

40°-50° (2@) which can be attributed to their amorphous state. However, Ni, Cu, Fe, P
was not amorphous and the peaks from crystalline phases can be identified on the dif-
fraction. One phase is fcc Cu-Ni solid solution and the second phase is M,P type phos-
phide isomorphic with tetragonal Fe, . Ni. _P. Regarding the two products obtained for
the Ni,Cu, Fe, P, alloy the peaks can be attributed to the three phases. Similarly, as
in the TEM study they were fcc Cu-Ni solid solution and the second phase is M.P type
phosphide isomorphic with tetragonal Fe, . Ni, _P and M.P type phosphide, respectively.
However, the relative intensities of the three phases were distinctly different in the two
separated products. Generally, lower intensities and broader peaks can be observed for
the golden needles than for the grey plates. This may suggest the finer crystalline struc-

ture of the former product.
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Fig. 5. X-ray diffraction patterns of the Ni, Cu fFe.P,, Ni Cu, Fe P

5 7520 100 20 Ni40CU
of the Ni, Cu, Fe, P, melt-spun alloy i.e. golden needles and gray plates

The results of the investigations can be interpreted in terms of mutual affinity and
tendency for attraction or repulsion of the particular pairs of chemical elements. The
Table 1 presents heats of mixing for liquid binary alloys AH™* [20, 21].

Table 1. Heats of mixing for liquid binary alloys AH™ [kJ/mole] [20, 21]

Element Ni Fe Cu P
Ni 0 2 +4 26
Fe 0 +13 -31
Cu 0 -17.5
P 0

It is well known that the relatively high enthalpies of mixing between the ele-
mental constituents of the alloy correlate well with its good glass forming ability. For
Ni-Cu-Fe-P system all of the metallic elements fulfill the condition with relation to P.
It is also well known that there are a number of both Ni-based and Cu-based amor-
phous alloys with phosphorus [22-25]. However, in the present work it is shown that
a sufficiently high content of Ni in the alloy and relatively low Fe and Cu content
cause that the latter two elements are diluted enough in Ni-P liquid and there is no
partitioning in the liquid state in spite of the relatively high positive enthalpy of mix-
ing between Fe and Cu.

However, for a sufficiently low concentration of the Ni in the alloy and high content
of the Fe and Cu, the tendency for the formation of iron and nickel phosphides and
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impoverishing of the Cu-based liquid is predominating which finally leads to a lack of
glass forming ability in spite of the fact that the composition assures relatively high en-
thalpies of mixing between the elemental constituents.

The separation of the liquid on Fe-rich and Cu-rich liquids during the solidification
of the ingot in the Ni, Cu, Fe, P alloy and formation of the two separated products (the
gray plates and the golden needles) during the melt spinning process of the alloy corre-
lates well with observation that the abundance of Fe and Cu and their relatively high enthalpy
of mixing leads to the attraction of Fe and P and at the same time causes formation of low
alloyed Cu-based liquid. Low content of Ni in the alloy does not assure formation of the
uniform liquid that can be stable enough to form metallic glass below the glass transi-
tion temperature, because both liquids Fe-rich and Cu-rich are below their T tempera-
tures [26]. It is worth to note that there are Fe-based alloys where in spite of a substantial
concentration of Cu the vitrification of the matrix was obtained [27-34].

4, Summary

The Ni,,, Cu Fe P, alloys show the formation of differentiated microstructures, both dur-
ing solidification of ingots in quartz tubes and melt spinning. This depends on the con-
tents of Fe and Cu that have a relatively high positive enthalpy of mixing to each other.
For ingots, the increase of copper and iron had gradually eliminated the eutectic constit-
uent and finally led to microstructure where separation in the liquid state was evident.
For rapidly cooled melt spun ribbons, the increase of Fe and Cu caused the transition
from fully amorphous structures to crystalline. The highest Fe and Cu concentrations also
caused partitioning in the liquid state, resulting in the formation of the two products of
the liquid separation even in conditions of rapid cooling provided by the melt spinning
technique. For the highest concentrations of Fe and Cu the low content of Ni in the alloy
does not assure the formation of the uniform liquid that can be stable enough to form
metallic glass below the glass transition temperature, because both liquids Fe-rich and
Cu-rich are below their T temperatures, thus are unable to form an amorphous structure.
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