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Abstract. This work shows the importance of some processing parameters such as EB power, EB exposure time and
raw material feeding speed on the production of NiTi SMA by Electron Beam Melting. They were produced three
ingots, all presenting smooth and shiny surface indicating no oxidation. Depending upon the EB current intensity the
resulting ingot presented rough columnar grains or finer columnar + equiaxed grains. The weight loss varied from
0.5% to 1.2% depending upon the EB current. It is also shown in this work that the production of NiTi SMA is perfectly
possible as far as certain cares are taken into account.
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1. INTRODUCTION

The NiTi alloys possess one of the best performance in terms of Shape Memory Effect (SME) and Pseudoelastic
Effect (PE) with shape recovery up to 8%, and besides they are fatigue and corrosion resistant, highly biocompatible
and have excellent vibration damping capacity (Loeb et al. 1994; Stoeckel, 1989). Therefore, these alloys have a wide
range of technological and medical applications (Duerig, 2002; Mcgowan, 2002; Otsuka and Wayman, 1998).

However, their production and mechanical processing are not easy tasks due to mainly the contamination by carbon
and oxygen which induce material brittleness and modify the martensitic transformation temperatures when produced
by the conventional Vacuum Induction Melting (VIM). The alternative Electron Beam Melting (EBM) process for the
production in large scale of this high purity alloy is considered pioneer in the world, with the contaminants content
(carbon and oxygen) lower than the usual VIM process. Moreover, the difficulty of controlling the nominal chemical
composition due to the high vacuum operation which causes some component evaporation has been overcome (Otubo et
al. 2005, 2004, 2003 and 1998; Cruz et al. 2004). Before of this, only Matsumoto (1991a, 1991b) produced some small
samples of NiTi alloy using EBM.

The aim of this work was to develop the processing technique of the NiTi Shape Memory Alloy (SMA) by EBM
obtaining ingots whose macro and microstructures were characterized by optical microscopy (OM) and scanning
electron microscopy (SEM). Complementary methods as hardness testing, differencial scanning calorimetry (DSC)
and/or energy dispersive spectroscopy (EDS) were necessary to establish relations with some EB parameters.

The NiTi samples produced here would be Ni-rich superelastic at room temperature. Some solution and/or ageing
treatments were accomplished in as-cast condition to verify the formation of the precipitates within the NiTi matrix that
theoretically influence the SME and PE.

2. EXPERIMENTAL PROCEDURES

The experimental procedures can be described as the production of three cylindrical ingots (CYL-1, CYL-2 and
CYL-3) by Continuous Feeding the rod charge (Ni+Ti) and Static Ingot Casting into a constant volume cylindrical
water-cooled copper crucible with 34mm (bore diameter) by 40mm (height) using 30kW EB furnace with chamber
internal pressure better than 5.0 x 10Pa. The EB melting bath originating from one single EB gun has a diameter of
25mm with +/-5mm deflection along the X/Y directions.

The starting raw materials were: 99.95% purity electrolytic nickel (bars of 4.3mm diameter and sheets of 1.0mm
thick) and 99.56 to 99.7% purity grade 1 titanium (bars of 5.1mm diameter and sheets of 0.4mm thick).

For the production of the CYL-1 and CYL-2 ingots, the feeding rods were prepared by intercalating nickel bars with
titanium bars encased into a two U-shaped titanium sheets, as can be seen in Fig.1. The total weight of the feeding rods
for the both CYL-1 and CYL-2 ingots were 287.0g and 313.8g, respectively. A minimum lenght of approximately
250mm of the feeding rod was estimated for the purpose to fill the total crucible volume of the 24,740mm? and a
16.4x16.6 mm? cross-section area was taken into account to reduce feeding rod shadow in the melting pool and also to
avoid dripping off the liquid outside the crucible of 34mm in diameter.



Figure 1. (a) Disposed raw materials before mounting and (b) after mounting of
feeding rods for the CYL-1 and CYL-2.

For the CYL-3 ingot, instead of Ti and Ni bars they were used Ti sheets (0.4x20x270mm?®) intercalated with Ni
sheets (1.0x20x270mm?), resulting in total cross-section of ~13x20mm?. Before melting, the set (382.1g) was
consolidated by EB welding using 0.1A current on the two lateral position.

All the feeding charges have a nominal composition along the lenght of Ti56.0wt%Ni.

Table 1 presents the processing parameters (EB current and rod charge feeding speed and rotation) applied for each
ingot.

Table 1. EBM processing parameters.

Rod charge Rod charge
Ingot EB current feeding speed rotation
(A) (mm min?) (rpm)
CYL-1 05-0.6 23.0 3.0
CYL-2 10-1.2 10.0 3.0
CYL-3 08-1.0 10.0 Zero

In accordance with Table 1, the processing parameters were intentionally modified although the ingots would have
equals composition and dimensions (CYL-1, CYL-2 and CYL-3).

After the melting step, the EB current was slowly decreased until shoot down to avoid contraction cavity and the
ingots were kept under vacuum for at least 30 minutes before the pressurization and chamber opening. The ingots were
weighted before and after the melting in order to check the elements losses. More details of the production methods can
be seen in the reference of Sashihara (2007).

Among the above ingots, only the CYL-1 and CYL-2 ingots (in as-cast, solution treated and/or in an aged
conditions) were characterized by OM, SEM, hardness testing, DSC and/or EDS analysis, as required, in order to relate
microstructural characteristics, hardness, transformation temperatures and/or composition control along the ingot to the
processing parameters such as EB power and melting rate.

For the macro analysis, the ingots were initially cut by Discotom-6 Striiers cut-off machine (speed of 0.1mm sec™
and diamond wheel), and their surfaces were properly grinded up to sandpaper #400 and chemically attacked in a
solution of 94%H,0 + 5%HNO; + 1%HF.

For the hardness testing, the ingots surfaces were grinded up to sandpaper #1200 and mechanically polished up to
1um. The hardness testing were done with the Sussen-Wolpert hardness-meter (150kg load and diamond headed cone)
and with the Digital Microhardness Tester FM, Future-tech (300gf load and 8sec indentation time).

For the microstructural and EDS analysis, the ingots surfaces were grinded up to sandpaper #1200, mechanically
polished up to 1um and chemically attacked in a solution of 94%H,0 + 5%HNO; + 1%HF, as required. A microscope
Zeiss DSM950 was used (secondary electrons and work voltage of 20kV). The phases volume fraction results were
calculated by Image Tool software, average of 5 measurements with standard deviation of 6.0 max.

The DSC analysis was done using the Netzsch DSC-404C equipment. The samples were cut by Isomet-1000
(500rpm and 250g) with diamond wheel in order to minimize the material deformation. All the thermal cycle was done
in helium gas atmosphere with following steps: a heating from 25 to 100°C at 5°C/min, a plateau at 100°C for 10min, a
cooling from 100 to -80°C at 5°C/min, a plateau at -80°C for 10min and a second heating up to 100°C at 5°C/min.
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3. RESULTS AND DISCUSSION

Under the visual aspect, all the ingots presented smooth and shiny surface and almost no oxidation was observed
(sufficient cooling time under vacuum).

Table 2 shows the general physical data of the ingots and total weight loss during their EBM processing.

Table 2. NiTi Ingots physical data and total weight loss.

: : : Total Weight
Ingot | Dimensions (mm) Weight (g) Loss g/ (%)
CYL-1 181.4 6.2/ (3.3)
CYL-2 | @ ~30; height ~42 194.5 2.3/(1.2)
CYL-3 235.7 1.2/ (0.5)

According to Table 2, the total weight loss was higher for the CYL-1 ingot due to the occurrence of unusual stirring
of the melt during melting. For the CYL-2 and CYL-3 ingots, the total weight losses were due only to components
evaporation with maximum of 2.3g or 1.2% for the first. This weight loss value has been reduced for the CYL-3 ingot
probably due to decrease of the EB current, as shows the Tab.1.

Let’s start analyzing as-cast CYL-1 and CYL-2 ingots in terms of macrostructures and hardness profiles. It makes
known that the hardness values are apparent and serve only as a indication because the nominal composition of both
ingots are in a superelastic state with the possibility of strain recovery upon load release.
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Figure 2. (2) Macrostructures and (b) hardness profiles of the as-cast CYL-1 and CYL-2 ingots.

As can be seen in Fig.2(a), the CYL-1 ingot presented some regular and round voids near to mold wall with smooth
and shiny surface suggesting the gas formation although the EBM process has been done upon vacuum. Further, its
grain structure can mostly be described by columnar crystals. For the other hand, the CYL-2 ingot presented no internal
voids and its grain structure is composed by two typical zones: columnar grains elongated parallel to the direction of
maximum heat transfer and equiaxed grains centrally located on the top with finer grains. Consequently, as shown in
Fig.2(b), the hardness value of CYL-2 ingot is higher than that of the CYL-1 ingot. Besides, the hardness values of
both ingots increase from top to bottom in opposition to solidification direction, Figure 2(b), respecting the ingot bottom
has been rapidly cooled by larger contact area with the water-cooled copper crucible promoting finer microstructure.

Figure 3 shows the microstructure of the as-cast CYL-2 ingot (for as-cast CYL-1 ingot, the images are similar). The
precipitates (TiNis, Ti,Ni or Ti4Ni,O) are arranged within the NiTi matrix, as detailed: intermittent and clustered
lamellas (in the top and center) or else larger and dispersed spherical-shaped (in the bottom).
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Figure 3. Microstructure of the as-cast CYL-2 ingot, transversal sections (top, center and bottom),
by SEM (2000x). Attack in solution of 94% H,0 + 5%HNO; + 1%HF.

The phases volume fraction results of the as-cast CYL-1 and CYL-2 ingots are compared in Fig.4. The as-cast CYL-
2 ingot has a bit more precipitates than the as-cast CYL-1 ingot along the length probably due to the higher EB current
and lower feeding speed promoting longer exposure time for the first. Besides, both ingots have less precipitates at the
bottom probably due to higher cooling rate in this region.
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Figure 4. Phases volume fraction results of the as-cast CYL-1 and CYL-2 ingots,
transversal sections (top, center and bottom). Software: Image Tool, average of 5
measurements with standard deviation of 6.0 max.

According to literature, if the EB exposure time is increased and higher the EB current, the more superheating, and
therefore the more melting fluidity, in such a way it improves the surface and structural aspects of the ingots. However,
the weight loss due to components evaporation can deviate the nominal chemical composition (Vassileva et al. 2005
and 2001; Koleva et al. 2001; Mitchell, 1999; Dietrich and Stephan, 1998). Besides, during the CYL-1 and CYL-2
ingots processing, it has been observed that the U-shaped external titanium case melts before the melting of internal
nickel and titanium bars upon the EB incidence. According to NiTi Phases Diagram, the near-equiatomic alloy starts
solidification at 1310°C (congruent point). In spite of the titanium melting point be higher than that of the nickel, the
anticipated melting of the U-shaped titanium case especially occurs due to the direct EB incidence on the small
thickness Ti sheets. In addition, the temperature of the liquidus line decreases from pure element to near-equiatomic
composition more rapidly in the Ti-rich side, reaching eutectic temperature of 942°C as soon as the intermetallic
compound starts to form. The consequence is the formation of pellet of low melting point in the feeding bar tip, as can
be seen in Fig.5(a) promoting the sequence of pelletisation and dropping off the melt as the feeding proceeds. At first,
this event can also contribute for the deviation of the nominal composition.
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Figure 5. (2) CYL -1 ingot remaining feeding rod with melted pellet (for the
CYL-2 ingot is similar), and (b) CYL-3 ingot Remaining Feeding Rod.

Table 3 presents the approximated chemical composition obtained by EDS analysis upon the NiTi matrix and
precipitates in the top, center and bottom along its axis.

Table 3. Approximated chemical composition of the as-cast CYL-2 ingot, by EDS analysis.

s NiTi Matrix Precipitates

Ingot Position Component Wt % (at %) Wt % (at %)
Top Ti 44.45 (49.52) 44.63 (49.70)

Ni 55.55 (50.48) 55.37 (50.30)

Center Ti 44.21 (49.27) 44.30 (49.36)

Ni 55.79 (50.73) 55.70 (50.64)

Bottom Ti_ 43.86 (48.91) 44.83 (49.90)

Ni 56.14 (51.09) 55.17 (50.10)

Owing to small total weight loss of 2.3g and compositional fluctuations (Tab.3) for the as-cast CYL-2 ingot, it is
supposed that this ingot has good compositional homogeneity along the axial direction, so that both the NiTi matrix and
precipitates have near-equiatomic composition. Besides, the decrease in nickel content from the bottom to top along the
ingot axis (Tab.3) is intimately related to the casting configuration used (Otubo et al. 2003). Nevertheless, the posterior
DSC analysis at same ingot revealed no martensitic transformation temperature at all indicating a certain deviation from
the nominal composition of Ti56.0wt%Ni.

The modification of the CYL-3 ingot feeding rod to a intercalated Ni+Ti sheets and reduction of EB current along
with no rotation of feeding rod promoted continuous dripping of the melt avoiding pelletization and also lower weight
loss of 0.5% compared to 1.2% of CYL-2. The aspect of the remaining feeding rod of the CYL-3 ingot is shown in
Figure 5(b) and can be compared to Figure 5(a), the feeding rods of the ingots CYL-1 and CYL-2. The CYL-3 ingot
will be characterized in the future with the research development.

It should be emphasized that in the Continuous Feeding and Static Ingot Casting, (in the EB furnace used), the
homogenization is difficult due to some aspects such as: small melting pool volume in relation to total volume,
difficulty to produce an uniform EB density over the pool due to lack of EB control and the appearance of the feeding
rod shadow over the melting pool and its level raising as the casting proceeds. When the pool level is near to crucible
bottom, its exposure to the EB is lower minimizing the Ni evaporation. As the pool level increases, the intensity of the
incident EB increases thereby increasing component evaporation, mainly nickel with higher vapour pressure (Vassileva
et al. 2005 and 2001; Otubo et al. 2003; Koleva et al. 2001; Mitchell, 1999; Dietrich and Stephan, 1998).

4. CONCLUSIONS

In this work, three NiTi SMA ingots were produced by EBM varying the processing parameters and main results are
summarized below.

All the ingots presented smooth and shiny surface and almost no oxidation.

The total weight loss values were 1.2% for CYL-2 and 0.5% for CYL-3 ingots. The weight loss decrease was due to
lowering the EB current.

The CYL-1 ingot presented mainly rougher columnar structure compared to CYL-2 ingot which presented finer
columnar and equiaxed grains. Consequently the second ingot presented no voids, higher hardness values and higher
volume fraction of precipitates.

Although the EDS analysis suggests a good compositional homogeneity for CYL-2 ingot, the DSC analysis revealed
no martensitic transformation temperatures indicating composition deviation from the nominal one. This fact could be
attributed to the formation of the melted pellet on the tip of the feeding rod.

The change of feeding rod configuration to an intercalated Ni+Ti sheets promoted continuous dripping of the melt.



Concluding, this work showed that the production of NiTi SMA by EBM is possible as has been shown by others
works of the group.
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