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Abstract

Ni-45Ti-5Zr (at%) alloy was prepared by two different methods - by plasma and vacuum induction melting.
Two samples were cut out both the ingots - the first out the edge and the second out the centre of the ingots.
The aim was to confirm homogeneity of the ingots. Metalographical sections were used for photodocumenting
of a microstructure, for verifying of chemical composition with EDS analysis and for statistic description of
phases. Moreover, both the ingots were used for determination of C and O contents. In the both cases,
structure was polycrystaline with a significant Zr segregation along dendrite boundaries. Chemical composition
for the centre and the edge of the ingots was different only for the ingot prepared by plasma metallurgy.
Unfortunately, both the ingots were contaminated with higher C and O contents.
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1. INTRODUCTION

NiTi-based alloys are known as the most important shape memory alloys with a good memory effect and
pseudoelasticity. These alloys use a phase transformation effect of austenite to martensite. Transformation
temperature is about 100 °C. Higher transformation temperature can be obtain by alloying of NiTi with Au, Pd,
Pt, Hf and Zr. Alloying with Hf and Zr is the most suitable due to their lower prices, although these alloys are
still not used in practice. A disadvantage of the NiTiZr alloys is their low workability at room temperature. How
a Zr content increases in these alloys, their hardness increases also but the workability and cold ductility
significantly decrease. This can be improve with suitable preparation methods, such as plasma or vacuum
induction melting [1-6].

The most important assumption for an application of the NiTiZr-based alloys is to manage their manufacturing
process. It is incidental to high purity of raw materials. To avoid contamination with unwanted elements, a
preparation of the NiTiZr-based alloys must be carried out in vacuum or protective atmosphere of argon (for
example melting with plasma and vacuum induction furnaces). The most common contaminants are carbon
and oxygen. Appropriate solidification conditions are the next important factor, because they are connected
with micro- and macrosegregation. It is also important to prevent material contamination with non-metal
inclusions, for example from electrodes or crucibles. TiO2 and TiC in NiTi cause changes in Ni and Ti
concentrations and it leads to changes of transformation temperatures [6 - 8].

2. EXPERIMENT

Using plasma and vacuum induction melting, both ingots of Ni-45Ti-5Zr (at%) alloy were prepared. For plasma
melting, the plasma furnace with a horizontal crystallizer was used. The device is situated at VSB - Technical
university of Ostrava. A charge was repeatedly remelted with an Ar plasma column at the temperature
of 4800 °C. The rate of crystallizer moving was 2 cm.min-! (Figure 1). An advantage of the method is reaching
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of high working temperatures. A disadvantage is a possibility of melting contamination with oxygen when argon
with low purity (> 4N6) is used.

The second ingot was prepared by charge melting in a vacuum induction furnace Linn Supercast -Titan under
protective Ar atmosphere (6N purity) at Regional Material Technology Research Centre. The charge was insert
inside a corundum crucible with a graphite insert. The melting temperature was 1820 °C. Melting was
centrifugally cast into a graphite mould (Figure 2). An advantage of this method is reduction of C contamination
if specially modified graphite insert with TiC surface layer is used. A disadvantage is impossibility of reaching
of temperatures higher than 2.000 °C or melting contamination with inclusions from inappropriately chosen
crucible.

2cm 3cm
Figure 1 Ingot of Ni-45Ti-5Zr alloy prepared by Figure 2 Ingot of Ni-45Ti-5Zr alloy prepared by
plasma melting vacuum induction melting

Two samples were cut out the centre and the edge of the ingots. The samples were used for photodocumenting
of microstructure with optical microscope and for verification of chemical composition with EDS analysis.
Moreover, an analysis of C and O contents was made.

3. RESULTS

Ground sections were etched with Kroll’s etching solution (10 ml HF, 40 mI NHO3 and 50 ml H20). This solution
etched only interdendritic space together with phases included. Figures 3 - 7 show the microstructure of Ni-
45Ti-5Zr alloy prepared by plasma melting shown in the centre (Figure 3) and the edge of the ingot
(Figure 5) and by vacuum induction melting in the centre (Figure 4) and the edge of the ingot (Figure 6). Both
ingots had polycrystalline structures with grains containing dendrites.
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Figure 3 Ni-45Ti-5Zr alloy prepared by plasma Figure 4 Ni-45Ti-5Zr alloy prepared by vacuum
melting, centre of the ingot induction melting, centre of the ingot
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Using a program for a quantitative image analysis ImageJ, statistical measurements of etched Zr phases were
carried out. Measured quantities were a phase number ‘n’, a volume phase fraction ‘V’ and an average phase
size ‘d’ (Table 1). In a case of the ingot prepared by plasma melting, its centre contains less Zr phases than
the edge. It applies for the number and volume fraction, but the phases are almost doubly bigger. This diversity
can be caused by irregular ingot shape in a direction of longitudinal axis. The ingot shape depends on the
crystallizer shape (Figure 1). In a case of the second ingot, these are only small difference between the
quantities. It can relate with a regular ingot shape along its longitudinal axis (Figure 2). This measurement has
confirmed a homogeneous distribution and a size of Zr phases in the ingot prepared by vacuum induction
melting.

S

Figure 6 Ni-45Ti-5Zr alloy prepared by vacuum
induction melting, edge of the ingot

Figure 5 Ni-45Ti-5Zr alloy prepared by plasma
melting, edge of the ingot

Table 1 Statistical description of Zr phases in the experimental ingots

Preparation method Place of Cutting n(-) V (%) d (um)
centre 202 12.58 34.59
PM
edge 720 20.73 15.99
centre 165 3.39 11.42
VIM
edge 124 2.36 10.57

PM = plasma melting, VIM = vacuum induction melting

Nominal composition of the ingots was confirmed by results of area EDS analysis (Table 2). For this analysis,
a scanning electron microscope Quanta FEG 450 equipped with a probe Apollo X was used. Chemical
composition of the ingot prepared by plasma melting was heterogeneous in a direction of its longitudinal axis,
it differed for each of three components. In a case of the ingot prepared by vacuum induction melting, the result
was reverse. This ingot can be considered as chemically homogeneous in the direction of longitudinal axis.

Table 2 Results of area EDS analysis

Preparation Method Place of Cutting xni (at%) xri (at%) Xxzr (at%)
centre 53.51+0.16 41.85+0.26 4.64+0.13
M edge 51.62 +1.80 45.71 + 1.61 5.46 +0.20
centre 52.19+0.10 42.86 £0.12 4.95+0.02
Vi edge 52.53 £ 0.09 42.65 £ 0.09 4.82+£0.05
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The alloy should be in the range of NiTi monophase according to ternary diagram of Ni-Ti-Zr [9]. However high
rate of crystallization of the alloy led to formation of dendritic structure accompanied by significant segregation
of Zr in the interdendritic space, which also contains lot of another phases. This applies for both method of
preparation (Figures 7-10).

Figure 7 Ni-45Ti-5Zr, PM, centre: 1, 2 - (Ti, Zr)Ni, 3  Figure 8 Ni-45Ti-5Zr, VIM, centre: 1, 2 - (Ti, Zr)Ni,
- TiC, 4 - NiTiZr 3 - NiTiZr, 4 - TiC

Figure 9 Ni-45Ti-5Zr, PM, edge: 1 - (Ti, Zr)Ni, 2 - Figure 10 Ni-45Ti-5Zr, VIM, edge: 1, 2 - (Ti, Zr)Ni,
Ti2Ni, 3 - NiTiZr, 4 - TiC 3 - NiTiZr, 4 - TiC

Results of point EDS analysis can be summarized as follows. Centers of dendrites match chemically to the
nominal composition and form them NiTi monophase enriched by Zr. Concetration of Zr increases in the
direction from center of dendrites to the interdendritic space, in which the rich phases on this element may
precipitate. In these cases, these could be precipitates of NiTiZr phase. The sample of the edge prepared by
plasma melting contains probably Ti2Ni phase enriched by Zr. Unfortunately, TiC precipitates was found in
both ingots. Carbon - rich phases forms as result of technology of preparation in combination with higher
melting temperatures. Table 3 assumes results of point EDS analysis for experimental Ni-45Ti-5Zr alloy.

Concentrations of oxygen and carbon were determined additionaly using devices Eltra ONH 2000 and Eltra
CS 2000 at the RMTRC. Results are summarized in Table 4 and compared with norm ASTM 2063 - 05 [10].
which sets limit values C < 0.05 wt% and O < 0.05 wt% for forged NiTi wire for medical purposes.
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Table 3 Results of point EDS analysis

Preparation Z'jt‘;fn;f Point xni (at%) xi (at%) Xzr (at%) Xc (at%)
point 1 53.53+0.10 | 43.10+0.40 3.37£0.30
M contre point 2 55.47 + 0.11 31.31+£0.40 13.23 £ 0.29
point 3 5.35+0.85 46.65 + 1.22 3.12 £ 0.09 44.88 + 0.45
point 4 59.07 £ 0.63 21.87 +2.64 19.06 £ 0.02
PM edge point 1 52.07 £ 0.07 43.45 £ 0.04 4.48 £ 0.03
point 2 35.59 +£0.18 58.65 + 0.60 5.76 + 0.42
PM edge point 3 45.85 +6.20 41.00 +4.93 13.15+£1.27
point 4 6.00 +4.18 46.57 + 2.93 1.62 £ 0.44 45.81+£2.72
point 1 52.58 + 0.36 44.51 £ 0.41 2.91+0.05
point 2 53.12+0.18 39.49 +1.35 7.39+1.33
centre
point 3 53.16 + 0.96 32.58 + 1.55 14.26 £ 2.27
VIM point 4 1.49+0.12 38.97 £ 0.30 1.17 £ 0.04 58.37 £+ 0.14
point 1 52.30 + 0.11 45.07 £ 0.15 2.63 £0.04
point 2 53.14 £ 0.41 39.94 +£0.33 6.92 + 0.69
edge point 3 55.76 + 2.09 29.84 +5.64 14.40 + 3.59
point 4 2.29+0.31 52.76 + 1.01 1.67 £0.12 43.28 £ 0.82
Table 4 Results of analysis of C and O content in experimental ingots
Preparation method Place of cutting we (Wt%) wo (Wt%)
PM centre 0.0129 0.1150
VIM centre 0.1070 0.0740

Both ingots, but mainly ingot prepared by plasma metling contain an above - limit of oxygen concentration
despite using high purity argon (4N6 for PM and 6N for VIM). The probable cause was use of piece of Ti. which
according to supplier contain 0.13 wt% O. The limit concentration of carbon was broken only in the case of
ingot prepared by VIM method. The cause was use of a crucible without protective layer of TIC, which prevents
diffusion of C into the melt and application of high working temperature necessery to melt Zr.

4, CONCLUSION

Two ingots of Ni-45Ti-5Zr (at%) alloy were prepared by plasma and vacuum induction melting. It was
demonstrated by an optical microscope, that both ingots consist many grains of different orientation. High
speed of crystallization led to strong segregation of Zr in the direction from center of dendrites to the
interdendritic space. EDS analysis demonstrated, that the nuclei of dendrites consisted of (Ti, Zr)Ni phase. In
interdendritic space coexisted two types of other phases - first one was NiTiZr phase, second was unwanted
TiC phase. The sample of the edge prepared by plasma melting contained also Ti2Ni phase. Analysis of contain
of C and O confirmed above - limits values of these elements for both ingots. High concentration of O was
caused by use piece of Ti, where the supplier guaranteed its high concentration. Carbon got into melt thanks
to two factors - using a crucible without protecting diffusion layer of TiC and high working temperature
necessary to melt Zr.
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