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Abstract

This study presents the results of experimental test of the microstructure, hardness
and electrical properties of the ternary Ni-based alloys. In the experimental part of the
study, alloys of selected compositions were prepared and then examined using
scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS), X-ray
powder diffraction (XRD), hardness measurements by Brinell method and electrical
conductivity measurements. Extrapolated is isothermal section at 25 °C using
optimized thermodynamic parameters from literature. The equilibrium phase
diagram of the ternary systems was calculated using the Calphad method and the
corresponding thermodynamic program (Pandat ver. 8.1). The results include
calculated characteristic isothermal sections, structural characteristics, phase
composition, mechanical properties and electrical conductivity for investigation
ternary systems. Experimentally obtained results were compared with the results of
thermodynamic calculation of phase diagrams. Good overall agreement between
experimental and calculated values was obtained. Hardness and electrical
conductivity properties were predicted in the whole composition range by using
appropriated mathematical model.

Key words: Microstructure, hardness properties, electrical conductivity, mathematical
model.

Introduction

Nickel and nickel-based alloys are widely used in various industries such as chemical,
automotive, marine etc. for making vessels, pipes, heat exchangers, pumps, impellers,
valves, and other type of equipment [1]. For example, nickel with copper has a variety
of applications [2-4]. Especially, Cu-Ni and Cu-Ni-based alloys are used for making
parts in the electronics industry [5-8] e.g. for alkaline batteries, gas engines and
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turbines [9], optical mirrors [10, 11], equipment for food, chemical and petrochemical
industries, as well as for galvanic coating of steel objects. The most commonly used
Ni-Cu alloy is Monel [12-14], which is primarily composed of nickel (up to 67%) and
copper, with small amounts of iron, manganese, carbon, and silicon.

Wide application of nickel and nickel based alloys is due to the good properties such
as good corrosion resistance [15-18], mechanical [19-21], magnetic [22, 23] and optical
properties [24]. Due to the fact of wide nickel alloys application there is still a gap in
studed Ni based alloys. In this studi research work is related to the Bi-Ni-Pb, Bi-In-Ni
and Cu-In-Ni systems. The research work is based on the extrapolation of isothermal
section at 300 °C which are checked and confirmed by EDS and XRD analysis. Selected
alloys from ternary systems are used for mechanical and electrical conductivity tests.

Experimental procedure

Studied alloy samples were prepared by melting of Bi (99.99 at. %), Ni (99.99 at. %),
Pb (99.99 at. %), In (99.99 at.%) and Cu (99.99 at.%) shots in alumina crucibles under
argon atmosphere using induction furnace. The alloys were melted and cooled
repeatedly to ensure compositional homogeneity. Masses of the samples were about
3 g. The total mass losses of the prepared samples after induction melting were less
than 0.5%. After melting, the samples used for SEM-EDS and XRD investigations,
were placed into quartz glass ampoules, sealed under vacuum, equilibrated at 300 °C
for two weeks and then quenched into ice water. The equilibrium compositions of
phases were determined by using JEOL JSM- 6460 scanning electron microscope with
energy dispersive spectrometer, EDS (Oxford Instruments). All SEM images of the
microstructures were taken on the polished surfaces of the studied alloy samples in
backscattered electron mode. Powder XRD data for phase identification were
recorded on a D8 ADVANCED and D2 Phaser. D8 ADVANCED (Bruker) powder
diffractometer equipped with a dynamic scintillation detector and ceramic X-ray Cu
tube (KFL-Cu-2K) in the range 10°-120° 20 with a step size of 0.02°. D2 PHASER
powder diffractometer equipped with a dynamic scintillation detector and ceramic X-
ray Cu tube (KFLCu-2K) in a 20 range of 5 to 75° with a step size of 0.02°. The patterns
were analyzed using the Topas 4.2 software and ICDD databases PDF2 (2013).
Electrical conductivity measurements were carried out by using Foerster SIGMATEST
2.069 instrument. At last step on same samples, the hardness of the samples was
determined by using a Brinell hardness tester INNOVATEST, model Nexus 3001.

Results and Discussion

Phase equilibria in the Cu-Ni binary system have been studied extensively over the
years [25-28]. Solidus and liquidus temperatures of this system were experimentally
determined by Feest and Doherty [29], Schiirmann and Schulz [30] and Predel and
Mohs [31]. Moreover, some earlier modeling of the solid-liquid equilibria has been
carried out by different authors [32-38]. On the basis of thermodynamic calculations,
Meijering [39] and Elford et al. [40] have proposed the existence of a miscibility gap in
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the solid state at low temperatures. In addition, a demixing in the solid solutions has
also been suggested by Hong et al. [41], Larrain [42] and Notin et al. [43], whereas
Sachtler et al. [44] have experimentally determined a demixing of solid solutions in
thin films. Several studies on the thermodynamic activities of liquid alloys [45-48] and
enthalpies of mixing of liquid Cu-Ni alloys [49-51] can be found in literature.
Evaluation of thermodynamic data and phase equilibria by Jansson [35] and en Mey
[33] has shown that the values obtained by Tomiska and Neckel [26] are in very close
agreement with the total set of thermodynamic data for this system. Thermodynamic
activities for solid Cu-Ni alloys were reported by Moser et al. [51], Notin et al. [43],
Katayama et al. [52], Kontopoulos [53] and Vrestal and Stransky [54]. Enthalpies of
formation of the solid alloys were determined by Kubaschewski and Spencer [26]
Jansson [35] and an Mey [33], while excess entropies of formation were calculated by
an Mey [33]. The thermodynamic parameters for the Cu-Ni binary system used in the
current study were taken from an Mey [33]. The calculated phase diagram of Cu-Ni
system is presented in Fig. 1.
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Figure 1: The calculated phase diagram of binary Cu-Ni system.

In the first study Ni-Cu alloys were alloyed with In. The calculated isothermal section
of the Cu-In-Ni ternary system at 300 °C is presented in Fig. 2. The alloy samples
selected for experimental investigation are also marked in Fig. 2. Compositions of the
selected alloy samples lie along three vertical sections red squares Cu-In0.5Ni0.5,
violet squares In-Cu0.8Ni0.2 and blue squares x(In) = 0.4 of the studied ternary
system. The all selected samples marked in Fig. 2 were investigated using the same
experimental techniques. Out of all predicted regions from the isothermal section at
300 °C, seven regions were selected and investigated. Six of the investigated regions
are three-phase regions and the remaining one is a two-phase region.
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Fig. 2: Isothermal section of Cu-In-Ni system at 300 °C.

According to the thermodynamic calculations, (see Fig. 2) samples from number 1 to
6 belong to the two-phase region (Cu)+ &'(Niln). The obtained experimental results of
these six alloy samples confirm the existence of this two-phase region. In all cases, the
solubility of copper in intermetallic phase €'(Niln) was found to be less than 1 at. %
and thus it was negligible. Also in the case of the solid solution (Cu), the detected
solubility of In was negligible. The other obtained results related to the identified
phases were found to be the same as predicted so the existence of all predicted regions
was confirmed. Moreover, the subsequent XRD analysis has also confirmed the
presence of the same phases as were predicted by thermodynamic calculations and

determined by EDS analysis. Figure 3 shows microstructures of the six alloy samples
selected out of nineteen studied alloys.
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Figure 3: Microstructures of the alloys analyzed using SEM-EDS technique:
a) sample 6, b) sample 8, c) sample 9, d) sample 10, e) sample 11 and f) sample 12.
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Sample 6 belongs to the two-phase region while the rest samples 8, 9, 10, 11 and 12 are
from three-phase regions. The phases identified using the results of energy dispersive
spectrometry (EDS) are marked on the presented microstructures. In microstructure
of sample 6, two phases are visible, solid solution (Cu) which is a dominant phase and
binary intermetallic compound &'(Niln). Three phase region 6(CuzIns)+(Cu)+e'(Niln)
is visible at the microstructure of sample 8. The alloy samples 9 and 10 (Fig.3c and
Fig.3d) also belong to three-phase regions. As can be seen from Fig.3c the & phase is
the most dominant phase within the microstructure of sample 9 where as NizIns
intermetallic compound appears as light phase situated at its grain boundaries. The
alloy sample 10 (Fig.3d) seems to have more fine-grained microstructure compared to
the rest of the studied alloy samples. In its microstructure (Fig.3d) n)' phase can be
observed as a small, black and round phase evenly distributed throughout the
microstructure of the alloy. The samples 11 and 12 belong to the three-phase region in
which liquid phase L is present (L+NisIn7+Cuz11lng). It can be observed in Fig.3e and
Fig.3f as the dark phase trapped between intermetallic compounds. The intermetallic
compound Cui1lng appears as the darkest phase in the microstructures of the alloy
samples 11 and 12 while the Ni3In7 intermetallic compound is the most abundant
phase.

Two XRD patterns with identified phases, one for the sample 1 and the other for the
sample 15 are shown in Figure 4, as an illustration.
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Figure 4: XRD patterns of the studied alloys: a) sample 1 and b) sample 15.

The hardness of the alloys of the Cu-In-Ni ternary system was determined using
Brinell method. Measured values of the Brinell hardness of the studied alloy samples,
three binary alloys (B1, B2, and B3) and literature values for pure elements [55] are
graphically presented on figure 5. The experimentally obtained results clearly point
out that Cu rich ternary alloys have a higher value of hardness. From all ternary alloys,
alloy CusolnioNiio have the highest hardness. Experimentally determined value is
423.4 MN/m?. The ternary alloy CusolnioNiio consists of the two-phase solid solution
(Cu) and intermetallic compound ¢'(Niln). Since the solid solution (Cu) is in majority
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and hardest phase in this system it is expected that this will influence on hardness
which is experimentally determined and results that alloys rich with (Cu) phase have
the highest hardness.

600 . : . .
5004 e
€ &
s g
< 4004 4
& ¢
@
I' 3 300 =
o 8 300 i
£
B s
2 3 200 ]
£ @
= 100 4
[ )
0 . . : : 0 r : : .
0,0 0,2 04 0,6 08 1,0 0.0 0.2 04 0.6 0.8 1.0
Ino.sNio.s x(Cu) Cu Cuo.eNio.2 x(In) In
(a) Cu-Ino.sNio.5 (b) In-Cuo.8Nio.2

300 -4

280

260 4

240 4

2204

Brinell hardness, HB (MN/m?)

200 4

180

160 T

0,1 0,2 03 0,4 0.5

X(Ni)=0.5 x(Cu) x(Ni)=0.1

x(In)=0.4 x(In)=0.4
(c)x(In)=0.4

Figure 5: Measured values of Brinell hardness of the alloys from the three studied
vertical sections: a) Cu-In0.5Ni0.5, b) In-Cu0.8Ni0.2 and c) x(In)=0.4.

Graphical presentation of the correlation between electrical conductivity and mole
fraction of components for the all investigated samples is shown in Figure 6. The
presented experimental results show that CueolnoNizo and CusolnioNiio ternary alloys
have the highest electrical conductivity of the all studied ternary alloys.
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Figure 6: Experimentally determined electrical conductivity of alloys from the three
studied vertical sections: a) Cu-In0.5Ni0.5, b) In-Cu0.8Ni0.2, ¢) x(In)=0.4.

In next study Ni were alloyed with In and Bi. The calculated isothermal section of the
ternary Bi-In-Ni system at 300 °C is presented in Fig. 7. In total, four alloy samples
were analyzed using SEM-EDS method and five using XRD method. Compositions of
the studied alloy samples are marked in Fig. 7, along with the predicted phases. The
obtained SEM images of the microstructures of the studied alloy samples (marked in
Fig. 7) are presented in Fig. 8. The presented microstructures (Fig. 8) depict presence
of phases predicted by the calculations (Fig. 7).
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Figure 7: Calculated isothermal section of the ternary Bi-In-Ni system at 300 °C and
experimentaly determined phase compositions.
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Figure 8: SEM micrographs of the samples: 1) (Bi88.3In2.8Ni8.7),
2) (Bi50.2In10.4Ni39.4), 3) (Bi30.5In32.2Ni37.3) and 4) (Bi20.4In24.8Ni54.8) (at.%).
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The obtained diffractograms of the studied Biialnz2Niss, Birosln2s2Niess and
Biso5In208Nio 7 alloy samples with marked identified phases BisNi, BiNi and Niizlngare

presented in Fig. 9.
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Figure 9. XRD patterns of the studied alloy samples: a) Bil4In32Ni54,

b) Bi10.3In24.2Ni65.5 and c) Bi60.5In29.8Ni9.7 (at.%).

As the next example, Ni is alloyed with Bi and Pb. Figure 10 presents the calculated
isothermal section at 300 °C compared with the obtained experimental data.

Ni ‘ . x(Pb) (Ni)#(Pb) Pb
Figure 10: Calculated isothermal section of the ternary Bi-Ni-Pb system at
300 °C compared with the experimental data.
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The calculated isothermal section at 300 °C was found to consist of eight different
phase regions. One is single-phase region where Liquid, L phase exist, four are two
phase regions (Ni)+(Pb), L+(Ni), L+BiNi, and L+BisNi, and remaining three are
threephase regions L+(Ni)+(Pb), L+BiNi+(Ni), and L+BiNi+BisNi. Five out of the eight
phase regions predicted by thermodynamic calculations were experimentally
detected, the three two-phase regions and the two three-phase regions. The existence
of the two-phase regions L+(Ni), L+BiNi, and L+BizNi was confirmed within the alloy
samples 1, 4 and 6, respectively. Within the samples 2 and 3, presence of the three-
phase region L+BiNi+(Ni) was confirmed, and within the sample 5 presence of the
another threephase region L+BiNi+BisNi was confirmed. The determined
compositions of the studied alloy samples and each of the identified phases are
marked in Figure 10 (the same color of squares was used for marking of the sample
compositions and compositions of the associated phases). From Fig. 10 it can be seen
that the experimentally determined phase compositions support the results of
thermodynamic calculations rather well.

Fig. 11 a) presents microstructure of the sample 3, in which three phases are visible.
The identified phases are marked with their corresponding names. The darkest phase
in Fig. 11 a) is a (INi) solid solution, the grey phase is a binary intermetallic compound
BiNi, and the light phase is a Liquid, L phase. Within the microstructure of the sample
4, presented in Figure 11 b), two phases in equilibrium can be observed, the grey phase
which is a BiNi intermetallic compound and the light phase which represents a Liquid,
L phase.

) smi’rjﬂ?j e 7 haad o b) sample 4

r —%opm — : o ‘r—“—‘—-‘w—_ﬁm
Figure 11 : SEM micrographs of the selected alloy samples annealed at 300 °C
for five weeks: a) sample 3 and b) sample 4.

Figure 12 presents XRD patterns of sample 6, with marked peaks of BizNi phase.
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Figure 12: XRD pattern for the alloy sample 6.

Conclusions

Three different ternary systems based on Ni were tested. Tested alloys were from
isothermal section at 300 °C. All alloys were tested with SEM-EDS and XRD. A close
agreement between the experimental results and the calculated isothermal section was
obtained. The tested ternary systems and the extrapolated isothermal sections are
important for the future development of Ni-based alloys.
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