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Abstract

The immiscible Cu-Fe system is often used as a base for new advanced alloys. In the current study, three
batches of the same immiscible (CuzoFe1sCo015)ssW11 alloy were prepared by mechanical alloying with different
milling time and subsequent SPS consolidation. The effect of milling time on the microstructure and the
properties of the powder and bulk samples was subject to study. The microstructure of the milled powder
samples consists of FCC Cu-based supersaturated solid solution and particles of pure W, which did dissolve
only partially. During the SPS consolidation, Cu-based supersaturated solid solution partially decomposed and
(Fe, Co)-based solid solution, (Fe, Co)7Wse phase, and pure Cu phase were formed. Increasing the milling time
results in the finer microstructure of the consolidated samples and in the enhancement of their hardness. The
maximum hardness achieved is 395HV1. The longer milling time has a negative effect of decrease in relative
density of consolidated samples, caused by larger size of the milled powders.
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1. INTRODUCTION

Most alloys are formed in systems with a negative enthalpy of mixing which leads to the formation of solid
solutions and intermetallic compounds [1]. There are, however, many systems that do not form alloys at room
temperature due to their positive enthalpy of mixing [2,3]. In this case, elements show no mutual solubility at
room temperature and, therefore, the equilibrium microstructure is composed of separated phases of two pure
elements. This allows preparing materials with an interesting combination of properties such as high strength
and high electrical conductivity or superior magnetic properties [4-7] that is difficult to achieve with common
materials. In addition, it is possible to alloy a selected phase by elements miscible with one of the basic
components and immiscible with the second one, which allows control the resulting microstructure and tailor
the mechanical properties [8-10]. Nevertheless, most immiscible systems exhibit miscibility gap even in the
liquid state, which leads to the effect of liquid separation and, therefore, it is very difficult to prepare immiscible
alloys with a uniform microstructure by means of conventional casting. Various methods such as gas
atomization, high pressure torsion, laser melting technique, or mechanical alloying have been thus
experimentally proven to be feasible for fabrication immiscible alloys [4,11-13].

The Cu-Fe is a well-known immiscible alloy with low positive enthalpy of mixing showing metastable miscibility
gap in the liquid state. Cu-Fe alloy is being studied intensively due to its great combination of high electrical
conductivity and good mechanical strength that makes it a promising material for sensors, electrical contact
materials etc [5,14]. Moreover, this system is used as a base for new advanced alloys [8,9,15]. At room
temperature, the microstructure of Cu-Fe alloy consists of separated BCC-Fe phase and FCC-Cu phase. This
allows alloying each of the phases individually and creating hierarchical material with desirable microstructure
and mechanical properties. Elements such as Co, Si, Nb, W, etc. are added to Cu-Fe alloy in order to fabricate
high strength immiscible material [8,9,16]. To achieve optimal strength-ductility combination, it is essential to
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understand the influence of additive elements on the resulting microstructure and to optimize methods of
fabrication.

Mechanical alloying has been proven to be a suitable method for the preparation of Cu-based immiscible alloy
[6,17]. This method, however, has many variable parameters that strongly influence the properties of the
resulting powder. One of the most important parameters is the milling time that has a significant effect on the
size and homogeneity of the powder. In this paper, three different milling times were used for the preparation
of immiscible (CuzoFe1sCo1s)seW11 alloy and the final powder size and its microstructure were investigated.
Subsequently, the samples were consolidated by spark plasma sintering technique, and the observation of
microstructural evolution was carried out. Furthermore, Vickers hardness and relative density of samples were
measured.

2. MATERIALS AND METHODS

Immiscible alloy with the chemical composition of (CuzoFe1sCo15)seW11 was prepared by powder metallurgy
route. Elemental powders of iron, cobalt, copper, and tungsten with a purity of 99.5% were used as starting
materials. The powder mixture was entered into milling bowl! together with hardened bearing steel balls of 10
mm and 15 mm diameters, in a 1:10 powder-to-ball weight ratio (PBR). Mechanical alloying was performed
under argon atmosphere in a planetary ball mill (Fritsch Pulverisette 6) with the milling speed of 240 RPM. The
powders were milled for 15 h, 50 h, and 100 h (referred to as W15, W50, and W100, respectively). Each milling
comprised of cycles that were set as 60 min of milling and 30 min idle time. To remove the powder stuck to
the surfaces of the milling balls, an additional 15 min of wet milling in ethanol was performed.

The milled powders were consolidated by spark plasma sintering technology (SPS) using Sumitomo Coal
Mining, Dr. Sinter SPS machine in Central European Institute of Technology in Brno (CEITEC). Consolidation
was carried out in a vacuum atmosphere using graphite die with 20 mm inner diameter. The following sintering
scheme was used: 100 °C-mint heating rate from RT up to 600 °C at the pressure of 6 MPa with a 5 min dwell
time at 600 °C to remove any organic compound potentially present. Then, 100 °C-min-! from 600 °C up to
800 °C with a 5 min dwell time at 800 °C and the pressure of 50 MPa. After sintering, the samples were
spontaneously cooled down to room temperature in a vacuum atmosphere. The resulting bulk samples were
cylinders approximately 6 mm high with 20 mm diameter.

Powder and bulk samples for microstructural observations were prepared by hot mounting in a polymeric resin
and grinding with SiC paper up to 4000 grit size, followed by polishing with 3 um and 1 ym particle size diamond
paste. The phase composition and crystallite size of phases were measured by X-ray diffraction (XRD). Philips
X'Pert Pro diffractometer was used with Cu-Ka radiation(A = 0.15418 nm), operated at 40 kV voltage with a
current of 30 mA. A continuous scanning was performed for 26from 20° to 120° by the speed of 0.014°-min-!
and step size of 0.0167°. The scanning electron microscope (SEM) characterization was performed using
ZEISS Ultra Plus FEG microscope. Energy-dispersive X-ray spectroscopy (Aztec, Oxford Instruments) (EDS)
was used for the measurement of chemical composition.

The Vickers hardness was measured using Qness Q10A hardness tester with 1000 g load and 10 s dwell time.
The presented values are an average of six measurements. Relative density was measured on the cross-
section of the samples at 100x magnification by image analysis.

To obtain an equilibrium phase diagram of the present alloy, CALPHAD calculations were performed using
ThermoCalc software (version 2020a) with thermodynamic database TCHEA3 v3.1.

3. RESULTS AND DISCUSSION

Figure 1 shows the equilibrium phase diagram of the CuzFe1sCois alloy with varying W contents. Up to 890°C
the structure is predicted as FCC pure Cu, BCC (Fe, Co)-based solid solution and rhombohedral intermetallic
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phase (Fe, Co)7Wa. It is expected that the structure of milled powders will not correspond to the calculated
phase diagram, as mechanical alloying is a non-equilibrium fabrication technique. However, the alloy should
reduce its Gibbs energy during sintering and, therefore, moves its phase composition towards an equilibrium
state.
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Figure 1 Equilibrium phase diagram of CuzoFe1sCo1s-W system

3.1. Powder samples

The size of milled powder increases with increasing milling time (Table 1). The cause for this is the excessive
cold welding effect, which typically happens upon dry milling of ductile metals and their alloys such as Sn, Al,
or Cu [18]. The XRD analysis of the milled powders presents that the microstructure is composed of two
phases: a FCC phase, corresponding to Cu-based supersaturated solid solution of all elements, and a BCC
phase, corresponding to pure W. Crystallite size and weight fraction of both phases are presented in Table 1.
The smallest crystallite sizes were achieved in W50 sample. Presumably, sample W100 is partially
recrystallized due to high energy input upon milling which leads to increase in the crystallite sizes of both
phases. In Figure 2, the SEM micrographs of the milled powders are shown. The microstructure of sample
W15 contains relatively large W particles, compared to the other two samples (Figure 1(a)). The weight fraction
of pure W analyzed in the microstructure is 28.8 % that is the same as the weight fraction of original W powder
which means that no W dissolved into Cu-based solid solution. Tungsten patrticles in the microstructure are
therefore only milled particles of the original W powder. Microstructures of W50 and W100 samples are very
similar, containing round nano-sized W particles and several voids (Figure 1(b, ¢)). In both samples, the weight
fraction of pure W particles is about 10% lower than in sample W15 (Table 1). Tungsten was, therefore,
partially dissolved into Cu-based supersaturated solid solution by mechanical alloying. Since the weight
fraction of pure W is almost the same in samples W50 and W100, it is possible to conclude that approximately
10 wt% of W can be maximally dissolved into Cu-based supersaturated solid solution in the CuzoFe1sCo1s-W
system.

Table 1 XRD analysis and powder size of milled powders

Samples FCC BCC Particle size
o L (um)
Amount (wt%) Crystallite size (nm) Amount (wt%) Crystallite size (nm)
w15 71.2 12.2 28.8 25.3 88
W50 81.9 11.9 18.1 18.6 290

W100 80.4 14.4 18.6 195 434
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Figure 2 Micrographs of milled powders: a) W15; b) W50; c) W100

3.2. Bulk samples

According to XRD analysis (Table 2), the microstructure of consolidated samples is composed of FCC
Cu-based phase, BCC (Fe, Co)-rich phase, and (Fe, Co)7Ws phase, which is in good agreement with the
equilibrium phase diagram. Nevertheless, the equilibrium amount of FCC phase is 53.1 wt% which means,
that only partial decomposition of Cu-based supersaturated solid solution occurred during sintering and,
therefore, the amount of FCC phase measured by XRD corresponds to the sum of the amounts of Cu-based
supersaturated solid solution and Cu phase. The reason for this incomplete decomposition is the short SPS
procedure time. In Figure 3, the SEM micrographs of the consolidated samples are shown. Microstructures of
all samples contain large areas of pure Cu that have been formed by decomposition and fine mixture of
(Fe, Co)7We phase, (Fe, Co)-rich phase, and Cu-based supersaturated solid solution. It is not possible to
identify (Fe, Co)-rich phase and Cu-based supersaturated solid solution due to an extremely slight difference
in contrast which is caused by the presence of (Fe, Co)7Ws phase. In addition, except for the phase of pure
Cu, the chemical composition of all other phases cannot be measured by EDS since the size of the phases is
below the detection limit of the EDS measurement. The average chemical composition of these phases is
practically the same for all samples: 50 wt% Cu, 11 wt% Fe, 11 wt% Co, 28 wt% W.

Sample W15 possesses the lowest value of hardness, which is the result of its relatively coarse microstructure,
compared to other samples (Figure 3(a)). Microstructures of samples W50 and W100 are very fine and uniform
- see Figure 3(b, c) that leads to enhanced hardness (Table 2). Sample W100 shows higher value of hardness
than sample W50 despite of lower amount of (Fe, Co)7Ws phase that is assumed to be the hardest phase in
the present microstructure. The probable reason could be a decrease in the strengthening of Cu-based
supersaturated solid solution caused by the formation of (Fe, Co)7Ws phase, which does not compensate this
decrease in hardness. The hardness of sample W100 is approximately twice higher than the hardness of
Cu-Fe alloy [19]. On the other hand, sample W100 shows the lowest relative density after consolidation
whereas sample W15 is nearly fully densified (Table 2). The reason is the difference in the size of milled
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powders (Table 1). The coarse powder is less suitable for consolidation. To reduce the cold welding effect, a
process control agent (PCA) such as methanol, ethanol, and stearic acid is usually added to the powder
mixture during milling [18, 20].

Table 2 The proportion of phases measured by XRD, HV1 and relative density of bulk samples

Sample Amount of phases (wt%) Hardness HV1 Relative density (%)
FCC BCC (Fe, Co)7Wse
W15 70.3 14.6 15.1 265 99.9
W50 67.0 13.3 19.7 345 93.7
W100 71.8 16.3 12.9 395 90.3

Figure 3 Micrographs of bulk samples: a) W15; b) W50; c) W100

4. CONCLUSIONS

In this paper, an immiscible (CuzoFe1sCo1s)s9W11 alloy was prepared by powder metallurgy. Based on the
results, the following conclusions can be drawn:

. size of milled powders increases with increasing milling time which causes decreasing of the relative
density of the consolidated samples

. approximately 10 wt% of W can be maximally dissolved into FCC Cu-based supersaturated solid
solution, that is formed during mechanical alloying

. the microstructure of consolidated samples consists of partially decomposed Cu-based supersaturated

solid solution, (Fe, Co)7Ws phase, (Fe, Co)-rich solid solution and pure Cu phase; the finer
microstructure was achieved with longer milling time
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. increasing milling time leads to enhancement of hardness; the maximum hardness achieved is 395 HV1
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