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Abstract

Nitinol is a shape memory and superelastic alloy, respectively, and stainless steels are widely used materials in medical engi-
neering, e.g., for implants and medical instruments. However, due to its high price and poor machinability, there is a high demand
for dissimilar welding of nitinol components to stainless steel. During welding of titanium-containing alloys, like nitinol, to
ferrous metals like stainless steel, intermetallic phases between titanium and iron may form. These phases are brittle and lead to
rapid crack formation and/or inferior mechanical properties of the joint. In this study, superelastic nitinol wires are butt-welded
with stainless steel wires by means of micro electron beam welding, providing good quality weld seams. Due to a very accurate
beam alignment and fast beam deflection, the composition and the level of dilution in the weld metal can be precisely controlled,
resulting in a significant reduction of fraction of intermetallic phases. The experiments show that it is possible to produce sound

welds without the presence of any cracks on the surface as well as in the cross sections.
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1 Introduction

Nitinol is a nearly equiatomic alloy, consisting of nickel and
titanium. It acts as a shape memory or a superelastic alloy,
depending on its exact composition and heat treatment. For
medical purposes, there is a high demand for materials with
mentioned properties, for example, for small implants like
stents or for tools like guide wires or other intravascular inter-
ventional devices. Superelastic alloys like SES08 are often
applied, taking advantage of the high elastic deformation of
up to 8% at a stress level between 400 and 500 MPa [1-3].
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However, due to numerous contradictory requirements,
e.g., regarding superelasticity, deformability, tensile strength,
or for cost reasons, it is often necessary to join different ma-
terials for specific purposes.

Whenever possible, welding is the process of choice as
other joining methods have several drawbacks. Mechanical
joining methods like screwing or crimping do not provide
for gap-free parts, so that these parts are hard to sterilize and
crevice corrosion can occur. Soldering, brazing, or gluing are
sometimes problematic because of the missing biocompatibil-
ity of alloys, fluxes, and chemicals needed for these processes.
In addition, the strength of the joint is much lower as com-
pared to the base material [3].

Beam welding is a promising technology, but many chal-
lenges with regard to welding parameters to be selected as
well as to process control and their effects on the strength
and corrosion resistance prevail. Several research studies have
been conducted with a focus on weldability of nitinol [4, 5].
Similar welding, especially laser beam welding, of nitinol is
possible, allowing for tensile strengths higher than 800 MPa
(or even higher with a post-weld heat treatment). Thus, laser
welding is a state of the art in medical technology; however,
dissimilar welding of nitinol proved to be extremely challeng-
ing, needing further research and analysis with an emphasis on
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the accuracy and reproducibility of the welding process. It is
considered a very challenging welding task with many obsta-
cles to overcome to achieve joints with the required properties
regarding strength, ductility, and functionality [4, 5].

In this article, it will be shown that micro electron beam
welding is a promising technology for establishing sound
welds between nitinol and stainless steel without using a filler
material.

2 Material basics
2.1 Nitinol

As already mentioned above, nitinol is a nearly equiatomic
intermetallic phase, consisting of titanium and nickel.
Nitinol can either be superelastic (SE) or it shows the shape
memory effect (SME). Just a little deviation in the alloy com-
position of a few tenths of a percent in a range from 49 + 51 at
—% nickel leads to fundamental differences in terms of mate-
rial properties. Figure 1 depicts the binary phase diagram of

elongation / %
Fig. 2 Stress-strain diagram for nitinol alloy SE508 [9]

nickel and titanium. Because of the difference in composition,
transition temperatures can change significantly—from ap-
proximately — 25 °C in the case of superelastic alloys to +
80 °C or even higher, which is the reason for either the SE
or the SME behavior [3, 7].

Table 1 summarizes the characteristics of different nitinol
alloys. Figure 2 shows a stress-strain diagram for the commer-
cially available superelastic NiTi alloy SES08.

The superelastic effect shows a plateau tension at approx.
500 MPa at 20 °C, but it is depending strongly on the temper-
ature. Whereas the stress plateau is at approx. 550 MPa at 30
°C with a maximum superelastic strain of 7%, the stress pla-
teau decreases to 400 MPa at 5 °C with a superelastic strain of
max. 6%. At — 30 °C, which is slightly lower than the char-
acteristic transition temperature (load free), the SE effect de-
grades after one cycle as the material is not superelastic at this
temperature (— 30 °C < austenite finish temperature, Ay [10].

In addition to its characteristic smart properties, the corro-
sion resistance and biocompatibility due to its high titanium

Table 1 Characteristics of

different NiTi alloys [7, 8]
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NiTi (SE), austenitic

NiTi (SMA), martensitic

Nickel content

Titanium content

Young’s modulus

Tensile strength, annealed

Tensile strength, cold-work hardened
Poisson’s ratio

Elongation at break, annealed
Elongation at break, cold-work hardened
Melting point

Density

Thermal conductivity

Coefticient of thermal expansion 20 + 800 °C

50.8 + 0.4 at — %
Balance

70 = 80 GPa
~900 MPa

Up to 1900 MPa
0.33

20 + 60%
5+20%
~1310°C
6.45+ 6.5 glen’®
~ 18 W/mK
10+11+10°1/K

49.7+04 at— %
Balance
23 +41 GPa

~9 W/mK
~6.7+10° 1K
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Table 2 Characteristics of

different austenitic stainless steels 1.4310 1.4404

used for medical purposes [13, X10CrNil8-8 X2CrNiMo

14] AISI 301 17-12-2

AISI316 L

Young’s modulus 200 GPa 200 GPa
Tensile strength, annealed ~ 800 MPa 500 + 700 MPa
Tensile strength, cold-work hardened Up to 2100 MPa Up to 1250 MPa
Poisson’s ratio 0.29 0.28
Elongation at break, annealed ~40% ~40%
Elongation at break, cold-work hardened 1+-15% 5+15%
Melting point ~ 1420 °C ~ 1400 °C
Density 7.9 glem® 8 g/em’
Thermal conductivity 15 W/mK 15 W/mK
Coefficient of thermal expansion 20 + 500 °C 18+10°° 1/K 14.7+10°° 1)K

content is very good [1]. However, nitinol also has some se-
rious disadvantages: it is very expensive due to the high purity
level required, the strict specifications for the actual alloy
composition, and the complex thermomechanical processing
routes needed to provide for good functional properties. Thus,
high-cost and in many cases extremely limited machinability
(by conventional milling or similar processes) are major road-
blocks towards a widespread industrial application [11, 12].

2.2 Stainless steels

Stainless steels for medical purposes are iron-based alloys con-
taining approx. 18% chromium. Nickel is added to obtain an
austenitic microstructure, which provides for different mechan-
ical properties as compared with ferritic or martensitic micro-
structures, e.g., superior formability. Due to the high chromium
content, a thin passive layer protects the surface from corrosion
and prevents the release of nickel. Nickel leaching is a problem
in medical technology due to possible allergies. Small amounts
of elements like titanium or niobium can further increase the
corrosion resistance (most importantly in terms of intercrystal-
line corrosion). Austenitic steels are widely used for medical
devices. The main reasons are the good machinability, the low
price, the steam sterilizability, as well as sufficient corrosion
resistance and biocompatibility. Table 2 shows the properties
of two stainless steels, whereas 1.4310 steel is typically used for
wires or springs and 1.4404 for machined parts [1, 8].

3 State of the art in beam welding of nitinol
to stainless steel

Many challenges prevail considering fusion welding of nitinol
and stainless steel without filler. Figure 3 shows an isothermal
section from the ternary phase diagram of the complex Fe-Ni-

Ti system at 900 °C, where five different types of intermetallic
phases with partly ceramic character can be found at.
Especially intermetallic phases, which are rich in Fe (Fe,Ti)
and Ti (NiTi,), are very brittle and already can promote crack-
ing upon solidification [15, 16]. Therefore, they have to be
avoided in the weld material. More information about the
phase system can be found in [3] and [17].

P.C. Hall used a pulsed Nd:YAG laser for butt welding of
nitinol to stainless steel wires [18]. He used wires with diam-
eters from 0.019 to 0.025 in. (483 to 584 um). Without filler
material, it was impossible to join the wires (Fig. 4a). By using
nickel filler material, the virtually cracked and defect-free
weld seams as shown in Fig. 4b were produced. A high energy
input is needed to melt the wires’ large width of the weld
seam. The ultimate tensile strengths of the specimens welded
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Fig.3 Ternary phase diagram of the Fe-Ni-Ti system at 900 °C according
to Van Loo et al. [14]
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Fig. 4 Cross section of a pulsed
Nd:YAG laser weld seam
between stainless steel and nitinol
wires without filler material (a)
and nickel foil used as filler ma-
terial (b) [18]

with nickel filler material were measured between 483 and
586 MPa, so that the general superelastic plateau stress level
of the nitinol could be reached in some cases [18].

Although the tensile strength of the welds made with nickel
foil is adequate for some purposes, welded specimens are not
suitable for medical applications due to the release of nickel [1].

H. Gugel also used a pulsed Nd:Y AG laser for butt welding
of nitinol and stainless steel wires with a smaller diameter of
100 um without filler material. Spot size of the used laser
beam was 90 um. One single pulse was used for welding. In
contrast to the experiments performed by Hall, a beam dis-
placement of 85% to the nitinol wire led to weld seams with a
good surface quality and only little weld defects in the cross
section. The ultimate tensile strength of this weld seam was
625 MPa in average, so that the specimen reached the general
superelastic plateau stress level of about 500 MPa [3].

Pougquet et al. found out that solidification cracking can be
reduced by producing a weld metal with > 40% Ni or Fe and <
45% Ti, since the Ni;Ti phase is more ductile than other
phases. This can be achieved by a precise beam alignment
on one of the joining parts [19].

4 Materials and methods

The aim of the experiments in the present study was joining of
wires with larger diameters without the usage of nickel-based

Fig. 5 Welding fixture with fixed
wires (a) and virtually gap-free
positioned wires (b)
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filler material. For these investigations, the micro electron
beam welder SEM108, manufactured by pro-beam AG &
Co. KgAA (Gilching, Germany) and JSC Selmi (Sumy,
Ukraine) at the Department for Cutting and Joining
Manufacturing Processes, was used. The welding machine is
based on a scanning electron microscope, which was equipped
with a new beam generation head for higher beam currents (up
to 20 mA at 60 kV acceleration voltage) and new beam de-
flection coils for higher maximum deflection speeds. In com-
bination with a high-speed deflection control system, deflec-
tion frequencies up to 5 MHz can be attained. It is possible to
achieve beam diameters around 30 pum at 1 mA beam current.
An oil-free turbopump vacuum system with pressures down to
10® mbar provides an almost oxygen- and hydrocarbon-free
welding atmosphere. In addition, industrial-type process logic
control (PLC) and computerized numerical control (CNC)
systems were retrofitted.

Wires with a diameter of 500 pm and a length of 100 mm,
made of nitinol SE508 and stainless steel 1.4310 in work-
hardened condition (~ 2000 MPa ultimate tensile strength),
were used as welding specimens. Glue was employed to fix
both wires in a special fixture, so that they were positioned
accurately with virtually no gap (in between both wires) for
butt welding. A groove at the joining position ensured a free
forming of the seam root. Figure 5 depicts a detailed view onto
the fixture; Table 3 gives an overview of the used welding
parameters. The parameters were chosen based on preliminary
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Table 3 Parameter sets used for

welding

Parameter sets “la”—“1d”

Parameter sets “2a”—2¢”

Accelerating voltage
Beam current

Focus position

Spot diameter
Working distance
Welding speed
Beam deflection
Beam offset

60 kV 60 kV

4 mA, continuous 3.5 mA, continuous
Surface Surface

Approx. 125 pm Approx. 100 um
160 mm 160 mm

50 mm/s 50 mm/s

None None

0.1 mm (“1a”)-0.25 mm

0.1 mm (“2a”)-0.3 mm (“2¢”) on

(“1d”) on stainless steel in
steps of 0.05 mm

nitinol in steps of 0.05 mm

studies to allow for welding of the whole wire in one pass in
keyhole mode welding without rotating the wires.

For reasons mentioned in the state of the art, two parameter
sets with displacements on both the nitinol and the stainless
steel wire were chosen for the following experiments. In ad-
dition, reference welding processes using similar materials
were conducted. For tensile testing, a Zwick/Roell Z020 uni-
versal testing machine was used. The crosshead displacement
was set to 0.5 mm/min. Wires of 50 mm were clamped on both
sides, so a free wire length of 100 mm was tested. Nominal
strains were calculated from displacement data. Optical mi-
croscopy and electron microscopy were used to analyze the
microstructural evolution of both welding partners following
the welding processes. For optical microscopy, the samples
were ground mechanically to 4 um grit size, mechanically
polished with a 0.1-um colloidal SiO, polishing suspension
and etched with V2A etchant (10 s at 70 °C). Polarized
light was used for optical microscopy employing a Leica
DM2700. In the case of scanning electron microscopy
(SEM), a Philipps CamScan MV 2300 system was
employed being equipped with backscattered electron
(BSE), energy-dispersive spectroscopy (EDS), and electron

Fig. 6 Surface of the weld seams:
electron-optical image
(backscattered electrons) (a) and
optical micrograph (b)

backscatter diffraction (EBSD) units. The SEM was oper-
ated at 20 kV. The working distance (WD) was set to
35 mm in the case of the EDS measurements and 20 mm
in the case of EBSD measurements. Samples were ground
mechanically down to 5 pum grit size. For microstructure
analysis via EBSD, samples were additionally vibration-
polished for 3 h with a 0.02-um colloidal SiO, polishing
suspension. Hardness measurements were conducted using
a KB 30S Vickers hardness measuring system with a force
of 0.9807 N (HV 0.1) and a dwell time of 15 s.

5 Results and discussion

Applying the aforementioned parameter sets, it was possible
to produce crack-free weld seams for nitinol and 1.4310 steel
dissimilar welds. Figure 6a depicts a BSE image of a welded
specimen and 6b an optical micrograph. Macroscopically, no
defects could be found on the welded surfaces.

In Fig. 7, a welded joint cross section using parameter “1¢”
from Table 3, which means welding with a beam axis dis-
placement of 150 um to the steel wire, is shown. Stainless

fixture

Gap for free

root
forming

Nitinol
wire
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446,729 pm

Fig. 7 Cross section of a sample welded with parameter “1¢”

steel is on the right hand side and nitinol on the left hand side.
From Fig. 7, the size of the welding zone can be deduced. It
ranges from around 400 to 670 microns in the plane of view (it
has to be considered that depending on the actual plane ana-
lyzed, the overall width of the weld seam may differ by up to
20%).

Figure 8 depicts EDS elemental mappings for the entire
weld zone of a companion sample welded with the parameters
mentioned above, revealing the expected characteristic fea-
tures. The width of the weld seam is slightly different as com-
pared with the cross section in Fig. 7, affected by sample
preparation leading to slight differences of the plane of view
(as already discussed above). As indicated in the SE image in
Fig. 8, the steel is located on the right hand side. Fe, Mn, and
Cr are significantly enriched in this region, as can be deduced
from each elemental mapping in Fig. 8. On the left hand side,
Ni and Ti are significantly enriched and, thus, the pure nitinol
wire is present here as indicated in the SE image. In the fusion
zone, a fairly good mixture of all probed elements is obvious,
with a little exception in the middle of the weld seam.

In addition to the EDS elemental mappings, in Fig. 9, the
results of an EDS line scan analysis are shown. The scan
reveals the local evolution of the elements of both welding
partners across the entire weld zone. At around 650 microns,
the evolution of the line scan reveals an inhomogeneity as the

Fig. 8 EDS elemental mapping obtained from the weld zone

@ Springer

Ti and Ni content rises significantly. From both analysis, i.e.,
the elemental mappings as well as the line scan, an increase of
Ni and Ti becomes obvious between 600 and 700 pwm
(reference point defined in Fig. 9). This increase indicates an
inhomogeneous distribution of the main elements brought in
by the nitinol welding partner. All major elements of the steel
welding partner are reduced in this region. A possible expla-
nation is that in the middle of the weld seam, i.e., the point of
highest welding depth, the lowest heat per unit volume is
introduced, and, thus, both the convective flow around the
keyhole and the Marangoni flow are less pronounced, even-
tually resulting in less intensive mixing of the elements.
Further details may be derived from an additional consider-
ation of the microstructural evolution in the weld zone as will
be considered in the following.

From the EBSD inverse pole figure map (Fig. 10a) and the
phase map (Fig. 10b), two main aspects can be deduced. First,
the grain size in the weld zone seems to be significantly en-
larged as compared with the base material on the right and left
sides of the weld seam. This can be seen on the right hand side
in Fig. 10b, indicated by white arrows. Furthermore, grain
growth seems to be even more pronounced on the Ni and Ti
rich side (left hand side), as the grain appears more globular
compared with the microstructure in the weld zone area near
the steel (right hand side). Thus, second, on the Fe, Cr, and Mn
rich side (right), grain growth seems to occur in a different
manner (marked with a white oval) compared with the Ti and
Ni rich side. In direct comparison with the EDS mappings in
Fig. 8, the chemical inhomogeneity in the middle of the weld
zone, i.e., the partial enrichment in Ni and Ti, seems to be
linked to a change in local solidification. This can be deduced
from the EBSD result, focusing on regions to the left and to
the right from the center of Fig. 10. Differences in the locally
prevailing solidification modes, i.e., columnar vs. equiaxed,
may be related to the different thermo-physical properties of
austenitic Ni-Ti and austenitic steel. Due to the differences in
thermal conductivity and thermal capacity and slight differ-
ences in chemical composition, epitaxial growth seems to be
promoted locally (Fig. 10).

In addition to the microscopic analysis, microhardness tests
were conducted on the samples. Figure 11 shows an
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Fig. 9 SE image of the weld zone a)
(a) and EDS line scan obtained
from the weld zone (b)
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exemplary microhardness profile of a sample welded with
parameter set “1b.” The hardness measurements reveal a sig-
nificant increase in hardness throughout the weld zone, i.e., on
both the 1.4310 and nitinol sides. It is supposed that the for-
mation of very fine intermetallic phases dispersed in the entire
welding zone may have a significant impact on the hardness,
since it is more than twice as high as in the base materials. All

Fig. 10 EBSD analysis of the
weld zone of parameter 1c.
Inverse pole figure map in TD
direction (a) and phase map (b).
In both cases, image quality (IQ)
is superimposed
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samples show similar values in the case of hardness following
welding; however, the gradients, especially on the nitinol side,
are very high and seem to be somehow affected by the actual
welding parameters.

All welded samples were mechanically tested focusing on
the ultimate tensile strength (UTS). The results are shown in
Fig. 12. In general, the UTS of samples welded with a beam

I Nitinol
@ steel
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Fig. 11 Microhardness tests on
sample welded applying
parameter set “1b”

displacement to the stainless steel joining partner (parameter
set 1a—1d) show higher UTS values as compared with samples
with a beam displacement to the nitinol side (parameter set
2a—2e). Specimens welded with a beam alignment on the steel
side of 0.15 mm (“1b”) and 0.2 mm (“1¢”) show the highest
UTS. These two samples reached the superelastic stress level
defined up to about 550 MPa. Nevertheless, none of the sam-
ples showed any superelastic stress plateau, which is a char-
acteristic feature of nitinol (Fig. 13).

Figure 13 shows the stress-strain diagrams of reference
weldings in similar materials, i.e., upon nitinol-nitinol and
1.4310-1.4310 welding (Fig. 13a), and an exemplary curve
for a dissimilar weld (nitinol-1.4310) using parameter set
“l¢” (Fig. 13b), since the highest ultimate strength was found
for this condition (Fig. 12). The joints of the similar materials
show obviously plastic deformation before failure. Especially
in the case of the Ni-Ti—Ni-Ti welded wire, the characteristic
stress plateau is seen in the welded condition (at a stress level
of about 530 MPa), providing for strain at failure > 7%. For
the 1.4310, only minor plastic deformation can be seen before
failure and the UTS of the initial condition is not met. This
behavior can be rationalized based on the initial condition
itself and the local effects of welding. The initial wire is char-
acterized by very high UTS due to the fact that it has been
supplied in work-hardened condition. As can be derived from
microhardness tests and further microstructure characteriza-
tion (not shown for brevity), all microstructural features stem-
ming from cold work are vanished. Furthermore, significant
grain growth is seen. Thus, during tensile testing, all deforma-
tion is localized in the narrow weld zone, which is significant-
ly lower in strength as compared with the surrounding as-
received high-strength wire. This localization of deformation
and damage within a very limited volume of the overall wire
sample tested leads to both a decrease in strength as well as
elongation at failure (Fig. 13a).

Upon dissimilar welding of nitinol and 1.4310, premature
brittle fracture occurred in the elastic regime at the stress level,
where the onset of the superelastic plateau would have been
expected (Fig. 13b). Since the microstructural evolution of the
Ni-Ti—Ni-Ti welded reference seems not to be detrimental in

@ Springer
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the case of tensile loading (as can be deduced from Fig. 13a),
i.e., stress-induced martensitic transformation sets in slightly
above 500 MPa, further aspects need to be taken into account
here. The premature fracture of the sample welded with the
parameter set “1¢” may be attributed to two aspects: the char-
acteristic microstructure revealed by EDS and EBSD maps
(cf. Figs. 8, 9, and 10) and intermetallic phases that formed
upon dissimilar welding of nitinol and steel. Obviously, the
evolution of microhardness contradicts the grain growth seen,
since a smaller grain size is supposed to be characterized by
higher hardness values. The increased hardness in the weld
zone and, thus, the increase of the overall material strength
and brittleness, respectively, are an important factor for
assessing the dominant fracture mechanism. The overall in-
crease in hardness only can be rationalized by the formation of
intermetallic phases (Fe,Ti and NiTi,), which have been nu-
merously reported in literature, e.g., in [16—19]. It needs to be
pointed out that the local hardness scattering seen in Fig. 11 is
supposed to be related to the individual grains featuring a
different orientation (grains in the weld seam are in some areas
larger than the size of the hardness indents). Analysis of frac-
tured samples revealed that general differences seen in the
UTS values for “type 1” and “type 2 samples can be corre-
lated to the individual failure sites. In “type 2” samples, failure
is seen at different locations within the weld seam while in the

Ultimate tensile strength
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Fig. 12 Ultimate tensile strength (UTS) of welded samples (red line
shows the superelastic plateau strength of the nitinol material used)
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Fig. 13 Stress-strain diagram of .
welded reference materials and a 800 References (welded) . 300 Nitinol - 1.4310 (welded)
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case of “type 1” samples, failure is always seen at the bound-
ary layer between the weld seam and the nitinol wire (Fig. 14).
As the “type 1”7 samples, where beam offset is on the stainless
steel, showed higher UTS, the focus of analysis was on these
samples. Values obtained indicate that the onset level of mar-
tensitic transformation in the nitinol wire leads to immediate
failure of the welded structure. As analysis of local strain
evolution was beyond the scope of present work, future tests
will have to substantiate the following assumption: the weld
seam represents a microstructural notch. Such kind of micro-
structural notch leads to a local increase of stress and, thus,
eventually to the onset of martensitic transformation in this
area. Due to the steep gradients in hardness and the presence
of embrittling intermetallic phases as well as strain incompat-
ibilities due to the non-optimized gradient, premature failure
sets in immediately. In the stress-strain curve, however, no
traces of initial transformation can be derived as transforma-
tion only affects a very small volume of the entire wire.
Analysis by means of digital image correlation (DIC) to be
conducted in follow-up work and will further shed light on the
prevailing deformation and damage mechanisms.

Fig. 14 Sample of “type 1,”
failed at the boundary layer
between nitinol and the weld
material (left). Sample of “type
27, failed in the weld material
(right)

Weld metal

35410-ZP-103-90fach

6 Conclusions

The present results clearly reveal that it is possible to use the
micro electron beam technology to join nitinol to stainless
steel wires with a diameter of 0.5 mm, avoiding any
process-induced cracks. The strength values determined are
very similar to values obtained by laser welding using nickel
filler material, where the related nickel release, however, is a
detrimental factor hindering any use in medical applications.

In the present study, the majority of specimens failed at the
interface between the weld seam and nitinol upon tensile testing.
The reasons are strain and damage localization, promoted by
welding-induced changes of microstructure in combination with
evolution of brittle intermetallic phases. These characteristic
changes eventually lead to gradients in hardness in the weld seam
and to pronounced differences in local deformation behavior
across the whole wire. A beam offSet to the nitinol wire, which
provided for superior properties upon laser welding of wires with
a smaller diameter, does not lead to improved performance upon
electron beam welding. Welding parameters such as beam pow-
er, feed rate, and beam offset influence the strength of the weld
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more effectively than rapid beam deflection. In general, a lower
heat input results in better strength values. Upon further research
in this field, micro electron beam welding seems to be a promis-
ing approach for production of medical devices made from niti-
nol and steels with higher weld quality.
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