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Abstract. In this work, fabrication of shape memory alloys (SMA) employing the plasma skull push-pull (PSPP) process
was studied. In this process, very small quantities of metallic elements can be quickly melted on a copper crucible by a
rotative plasma torch and injected in a metallic mold. In order to validate the utilization of the PSPP process to
produce SMA, several Ni-Ti based and Cu-Al based binary, ternary and quaternary alloys were tested. It was verified
that five melts and re-melts of the SMA before injection are enough to obtain an homogeneous product. The obtained
SMA were characterized by optical microscopy and microhardness measurements. The thermoelastic martensitic
transformation at the origin of the shape memory effect (SME) was studied by electrical resistance as a function of
temperature and differencial scanning calorimetry (DSC). All studied SMA have presented the thermoelastic
transformation demonstrating the viability of the PSPP process to fabricate a great variety of SMA.
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1. INTRODUCTION

Shape memory alloys (SMA) are functional metallic materials that can respond to a temperature change producing
an important macroscopic deformation. These special metallic alloys are for the most part of two families: copper based
alloys (Cu-Zn-Al, Cu-Al-Ni, Cu-Al-Mn,....) and Ni-Ti based alloys (Ni-Ti, Ni-Ti-Cu, Ni-Ti-Nb,....). The industrial and
laboratory scale production of these materials is carried out using different processes, as Air Induction Melting (AIM),
Vacuum Induction Melting (VIM) (Zhang et al, 2005; Rigo et al, 2005), Vacuum consumable and non-consumable Arc
Melting (VAM) (Wu, 2001), Electron Beam Melting (EBM) (Otubo et al, 2004), Powder Metallurgy (PM) (Bram et al,
2002; Shaw et al, 2002), Rapid Solidification (mainly Melt-Spinning) (Lin & Wu, 2006; Kim et al, 2006) and
Mechanical Alloying (MA) (Li et al, 2006). However, few information exist about the application of processes that use
the plasma melting technology to produce SMA. The influence of some melting techniques to obtain Ni-Ti SMA was
discussed by Russel (2001).

The Argon non-consumable electrode Arc Melting (AAM) is preferred in laboratories because it is applicable to
many kinds of alloys (Otsuka & Wayman, 1998). In this method, raw metallic elements are installed on a copper
crucible and irradiated by the argon arc from a tungsten electrode. The obtained button is turned over and remelted
repeatedly to improve the homogeneity of the composition. The Plasma Arc Melting (PAM) method uses a low velocity
electron beam discharged from a plasma cathode. According to Otsuka & Wayman (1998), compared to the hard
irradiation of from a high voltage of EBM or AAM, electron irradiation from the plasma cathode is milder. It results in
low loss of the alloy elements. The basic advantages of plasma melting furnaces are (a) fast melting rates, (b) negligible
or no carbon contamination, (c) vacuum quality melts, (d) stable power — less voltage fluctuation, (¢) lower cost of
furnace installation compared to VIM and VAM, (f) no loss of high vapor pressure metals in plasma furnaces operated
with inert gases, and others (Bhat, 1972). Additionally, in the plasma skull method, melting is accomplished on a fine
layer of the own metal reducing the possibility of contamination by the crucible.

In this work, fabrication of binary, ternary and quaternary SMA by plasma melting is studied. The employed process
was melting and casting by Plasma Skull Push Pull (PSSP) where the alloy is melted on a thin layer of even her in a
copper crucible and later injected into a cylindrical aluminum mold. Then, this technique is a combination of PAM with
Metal Injection Molding (MIM). Ni-Ti and Cu-Al based SMA produced by this process were characterized by optical
microscopy, microhardness and electrical resistance as a function of temperature.



Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November 5-9, 2007, Brasilia, DF

2. EXPERIMENTAL PROCEDURE

The raw materials used to produce the Cu-Al based SMA were commercial pure metals (>99,9%). In the case of Ni-
Ti SMA, it was employed the ASTM F67-00 (grade 2) biomedical titanium. In Table 1 the nominal chemical
composition and main characteristics of each investigated SMA is given. A small amount (20 — 30 g) of each SMA was
produced by the Plasma Skull Push Pull (PSPP) process using the Discovery All Metals equipment (EDG
Equipamentos e Controles, Brazil).

Table 1. Nominal chemical composition of the studied SMA.

SMA Nominal composition (wt %) Main expected characteristics

code
NiTi-1 55Ni-45Ti Classical Ni-Ti SMA presenting R-phase (Otsuka & Ren, 2005)
NiTi-2 55,16Ni-44,84Ti Classical Ni-Ti SMA presenting R-phase (Otsuka & Ren, 2005)
NiTi-3 49,4Ni-44,7Ti-5,9Cu Remove R-phase and reduce thermal hyteresis (Nam et al, 1990)
NiTi-4 48Ni-38Ti-14Nb High hysteresis Ni-Ti SMA (Zhao et al, 2006)
CuAl-1 82,5Cu-13,5A1-4,0Ni Cu-Al-Ni SMA with TT<100°C (Otsuka & Wayman, 1998)
CuAl-2 82,5Cu-13,2A1-4,0Ni-0,3Mn Improve ductility of Cu-Al-Ni SMA (Otsuka & Wayman, 1998)
CuAl-3 82,5Cu-13,2A1-4,0Ni-0,3Nb Increase TT of Cu-Al-Ni SMA (Lelatko & Morawiec, 2003)

*TT — Transformation Temperatures

Figure 1 shows a typical PSPP sequence for a Ni-Ti SMA. Ni and Ti are initially pilled up on a copper crucible (Fig.
la) and submitted to a protective argon atmosphere. Melting of the raw elements is rapidly performed with a rotative
plasma torch created by a tungsten electrode (Fig. 1b), originating a small bottom (Fig. 1¢). In order to assure a good
homogeneity of the SMA, it was verified that five melt and re-melts must be realized. The final product is obtained
when the re-melted bottom (Fig. 1d) is injected in a metallic mold (Fig. 1e) originating a tablet (Fig. 1f) or other final
form. Cu-Al based SMA are produced following the same sequence of Fig. 1.

Figure 1. Melting and injection molding sequence of the PSPP process. (a) Pilled up raw materials. (b) Rotative
plasma torch. (¢) SMA bottom. (d) SMA layer on the crucible after mold injection. (e) Metallic mold. (f) SMA tablet.

The PSPP process described in Fig. 1 is extremely fast. Figure 2 show the temperature evolution of the copper
crucible (Fig. 1c) during the melting of a stainless steel sample of about 22 g. For this measurement a micro-
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thermocouple (K type, 80 um in diameter) was installed in the crucible, at about 4 mm from the melt. It can be noted
from Fig. 2 that melting is finalized after about 15 s.
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Figure 2. Time of melting and molding of a stainless steel sample by the PSPP process.

Specimens cutted off from the SMA tablets (Fig. 1f) were prepared for metallographic observations using optical
microscopy (Olimpus, BX51M) and microhardness measurements (Future-Tech, FM-700). All samples were betatized
at 850 °C for 900 s and water quenched. The apparition of the thermoelastic martensitic transformation (TMT) was
verified by electrical resistance as a function of temperature using an apparatus specially designed for this task (Reis et
al, 2006). For some SMA with low transformation temperatures (TT < 10 °C), thermal analysis by DSC (Mettler, TA-
3000) was employed to detect the TMT.

3. RESULTS AND DISCUSSIONS

As can be observed in Fig. 1(d), the final product of the PSPP process is a SMA tablet. However, Fig. 3 shows that
adaptation of some steel components, as tube and pin, in the metallic mold (Fig. 3a) allow to fabricate others semi-
finished products like small rods and tubes (Figs. 3b and 3c). Though there is a change in size, good dimensional
accuracy is achieved by the PSPP process.

Figure 3. Some SMA parts obtained by PSPP process. (a) Adaptation of the metallic mold. (b) Ni-Ti mini rods. (c) Ni-
Ti mini tubes.

3.1. Ni-Ti based SMA

Figure 4 shows the typical microstructure of the Ni-Ti based SMA summarized in Tab. 1 (NiTi-1 and NiTi-3). It is
well known that Ni-Ti SMA presents very fine grains difficult to visualize by optical microscopy (Otsuka & Wayman,
1998). Then, as expected, it can be also observed from Fig.4 that there is no trace of martensite plates. The
microstructure of Fig. 4(a) is similar to the one observed by Chang ef al (2005).
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Figure 4. Microstructures of (a) NiTi-1 and (b) NiTi-3 SMA.

Comparing Figs. 4(a) and 4(b), it can be verified that Cu addition in substitution to Ni changes the morphology of
the binary Ni-Ti SMA. On the other hand, it was observed that morphology of the 48Ni-38Ti-14Nb (NiTi-4), and others
Ni-Ti binary SMA (NiTi-2), are very similar to the one of 55Ni-45Ti (NiTi-1, Fig. 4a). These microstructures present
the hardness values summarized in Tab. 2.

Table 2. Vickers microhardness (HV) values for the Ni-Ti based SMA.

SMA code Microhardness - Water quenched (HV)
NiTi-1 2293 +12,8
NiTi-2 -—-
NiTi-3 208,4+ 16,0
NiTi-4 260,5+ 27,8

Figure 5 show the transformation behaviors of the Ni-Ti binary SMA (NiTi-1 and NiTi-2) verified by electrical
resistance as a function of temperature (ER — T).
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Figure 5. ER — T behavior of (a) NiTi-1 and (b) NiTi-2.

For these binary SMA it was observed that transformation occurs in two steps, from cubic austenite (B2) to an
intermediary rhombohedric phase (R) and then to the monoclinic martensite (B19”). The appearance of the R-phase
originates an important peak in the ER — T behavior during cooling. As noticed in the literature (Otsuka & Wayman,
1998; Otsuka & Ren, 2005), reversion of the B19’-R- B2 transformation during heating is not visible. Figure 5 also
demonstrate that increasing Ni content in about 0,15 %wt, transformation temperatures are reduced of approximately 20
°C. According to Wu (2001), for alloys having greater than 55,0 %wt Ni, a one weight percent deviation in Ni (or Ti)
concentration will result in approximately a 100°C shift in transformation temperatures. This extreme sensitivity puts a
strict requirement on any melting practice to tightly control the Ni and Ti ratio in order to meet the required tolerance in
transformation temperatures. The results presented in Fig. 5 confirm that the PSPP process can provide these
requirements.
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Some compositions of ternary Ni-Ti based SMA, like Ni-Ti-Cu and Ni-Ti-Nb, present a single transformation, from
B2 to B19’. Figure 6 shows the ER — T and DSC results for the ternary Ni-Ti-Cu and Ni-Ti-Nb SMA (NiTi-3 and NiTi-
4) produced by the PSPP process.
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Figure 6. Transformation behavior of the Ni-Ti-Cu and Ni-Ti-Nb SMA. (a) ER — T characteristic of NiTi-3 and (b) DSC
of NiTi-4.

Addition of a small amount of Cu (< 7,5 %at) in substitution to Ni eliminate the R-phase originating a classical ER —
T loop corresponding to a single B2 to B19’ transformation (Nam et al, 1990), as confirmed in Fig. 6(a). In general,
ternary Ni-Ti-Nb SMA also present a single B2 to B19’ transformation characterized by a large thermal hysteresis
(Zhao et al, 2006). The DSC curve of Fig. 6(b) show that thermal hysteresis of the Ni-Ti-Nb produced by PSPP was of
the order of 50 °C. Table 3 show all transformation temperatures obtained directly from Figs. 5 and 6.

Table 3. Transformation temperatures for the studied Ni-Ti based SMA.

Transformation Temperatures ("C)

SMA code M M R A Ay
NiTi-1 18,6 29,2 35,2 - 52,6
NiTi-2 -6,1 7,6 16,6 - 25,7
NiTi-3 -6,9 14,8 - 11,2 39,2
NiTi-4 -48,0 -23,1 - -7,2 23,6

3.2. Cu-Al based SMA

Figure 7 show all martensitic microstructures and corresponding ER — T curves for the Cu-Al based SMA defined in
Tab.1. Contrarily to the Ni-Ti based SMA, it is possible to identify large grains with martensite plates (Figs. 7a, 7c and
7e) commonly observed in Cu-Al based SMA (Lin et al, 2000) and single step transformations (Figs. 7b, 7d and 7f)
characterized by a narrow thermal hysteresis (10 to 15 °C). Figure 7(b) show that the M, temperature for the Cu-13,5A1-
4,0Ni (CuAl-1) is of the order of 83 °C. According to Recarte et al (1999), M temperatures between 30 °C and 120 °C
are measured in Cu-Al-Ni SMA with a Ni content of 4 %wt and Al in the range 13,0-13,8 %wt. As demonstrated in Fig.
7(d), addition of 0,3 %wt Mn in substitution to Al in the ternary Cu-Al-Ni SMA maintains unaffected the
transformation. However, Fig. 7(f) show that the same substitution using 0,3 %wt Nb increase the transformation
temperatures of about 50 °C. Ternary Cu-Al-Nb are SMA characterized by transformation temperatures higher than 200
°C (Lelatko & Morawiec, 2003).
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Figure 7. Microstructure and transformation behavior of the Cu-Al based SMA. (a,b) CuAl-1. (c,d) CuAl-2. (e,f) CuAl-

It is well known that ductility of Cu-Al-Ni SMA decreases significantly with a small increase of Al content.
However, substitution of Al by Mn improves the ductility substantially without taking to important modifications in the
transformation temperatures (Otsuka & Wayman, 1998). The table 4 summarizes the hardness of each studied Cu-Al
based SMA. This table confirm that martensitic microstructure of the Cu-Al-Ni-Mn (CuAl-2) present the smallest
hardness. It is also verified that the microstructure of the as-produced Cu-Al SMA is partially martensitic and present
hardness values higher than the ones of the fully martensitic water quenched microstructure.
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Table 4. Vickers microhardness (HV) values for the Cu-Al based SMA.

SMA code Microhardness - As-fabricated (HV) | Microhardness - Water quenched (HV)
CuAl-1 308,1 £ 20,4 236,1 £ 123
CuAl-2 3352+ 17,5 209,7+ 19,5
CuAl-3 304,7+ 12,4 241,9 £ 13,2
4. CONCLUSIONS

It was demonstrated that several kinds of shape memory alloys (SMA) can be manufactured by the plasma skull push
pull method (PSPP). Working on the design of molds for the PSPP process make possible the fabrication of different
small semi-finished products, like tablets, tubes, rod bars, prismatic bars and others. The occurrence of the thermoelastic
martensitic transformation at the origin of the shape memory phenomena for all studied SMA was proven by electrical
resistance as a function of the temperature. The study of binary Ni-Ti SMA with a difference of 0,15 %wt in the Ni
content as well as modification of this SMA by adding Cu and Nb, have confirmed the capacity of PSPP method to
control chemical composition and produce high quality alloys with expected transformation temperatures. The PSPP
process was also effective for the production of Cu-Al based SMA demonstrating clearly the influence of small contents
of Mn and Nb in substitution of Al in ternary Cu-Al-Ni SMA.
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