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WELDING OF NITINOL BY SELECTED TECHNOLOGIES
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ABsTRACT. Nitinol is a perspective alloy that is difficult to weld because of its high sensitivity to heat,
atmospheric gases and the NiTi phase instability. We evaluated several welding techniques with regard
to their applicability to weld fine pseudoelastic NiTi wires. Namely, we tested the microplasma arc,
laser, electron beam, resistance and capacitor discharge welding. In conclusion, the behaviour of the
weld for any of the implemented welding techniques is similar; it leads to a loss of mechanical properties
in the welded joint caused by a recrystallization and an increased amount of brittle intermetallic phases.
Yet, under perfect shielding and with a minimum heat input, the welds could, as a whole, retain the
majority of their properties, and, as such, have the desired properties close to the base metal.
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1. INTRODUCTION _
Nitinol is a nearly equiatomic alloy of Ni and Ti and 0:0:0:0::0:0:0
is also called Niti or titanium nickelide. This material "’”“’"’Q’Q
belongs to the group of shape memory alloys (SMA). :’:’:’:’”‘0’0’

It has very specific properties, such as shape memory,
pseudoelasticity, biocompatibility, etc. The possibil-
ities of the Nitinol use range from its application in
biomedicine, Figure |1} aerospace, sensorics, actuators,
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etc. The material’s mechanical properties are directly v:&:’:’:’:’:‘: X
connected to the reversible phase transformation of ..’”.’Q‘Q’Q’Q
martensite and austenite. ’0’0’0”"’0’

The joining of NiTi is often needed to form the
final product. In this paper, we focus on the wire
joining designated for the production of stents. The
stents, unless laser cut from a tube, are produced by
knitting a wire that needs to be connected. There are
several joining methods feasible for the wire joining,
i.e., crimping, welding, adhesive joining and brazing.

Adhesive joining and brazing can bring forward the FIGURE 1. NiTi Stent [1].
problems with the product’s certification, corrosion
resistance and biocompatibility; this is due to the fact
that another material is being used. In the present
research paper, these methods are omitted.

Crimping and mechanical joining are often used for
the NiTi wire joining. On the one hand, they are
strong and crimping with the NiTi tube can be done.
They are also used for the placement of Au X-ray
markers. On the other hand, using crimping increases
the product size, which is negative for a minimally
invasive surgery. An example of crimping is shown in
Figure

Another applicable technology and the focus of this
research is the autogenous welding. Only the base
material (BM) is used, thus the problems with product
certification and corrosion are smaller. The weld size is
close to that of the original wire, so there is no product
size increase. While welding has many advantages
while, it can also cause metallurgical changes, a change
of the original properties — e.g., brittleness, a decrease
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FIGURE 2. Crimped NiTi wire (& 0.45 mm, shape set,
dark oxide).
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FIGURE 3. Binary diagram of Ni-Ti [2].

of strength, etc. A high quality weld is not easy
to make. Nitinol is receiving a lot of attention from
researchers and much about welding difficulties can be
understood from literature; however, a comparison of
several welding techniques by one welding laboratory
has not been done yet.

The basics for understanding the welding process is
the binary diagram, in Figure [3] The desirable NiTi
phase is shown hatched and it occupies only a very
narrow zone; under 630°C, it is just line at 50 at.% Ni,
50at.% Ti. Outside of this narrow central zone, the
brittle phases TisNi, TiNiz are formed, if there is
an excess of Ti or Ni in the matrix. TisNi, TiNis
are stable intermetallic phases that have undesirable
properties compared to the base metal (BM). If the
volume of these precipitates increases, the joint would
be unacceptable. These intermetallic phases are pro-
moted by the heat input and the impurities: mainly
oxygen, nitrogen, iron contamination, etc. [2H6].

Based on reading, we may sum up the experience
with NiTi welding as follows:

e grain coarsening in the heat affected zone (HAZ);
e severe grain coarsening in the weld metal (WM);

o after welding, an originally fully austenitic NiTi
partially transforms into martensite;

e the precipitation of hard phases in WM, HAZ —
most often TisNi and NisTi, NigTis.

Most of the NiTi semi-products in the medical indus-
try are wires and tubes and they undergo a thermome-
chanical processing; e.g., the drawing and annealing
have a great influence on the anisotropy, the grain
size and, thus, both the phase transformations and
the mechanical properties.

This article focuses on the evaluation of NiTi weld-
ing using several technologies in one laboratory, com-

paring their results with the same equipment and
methodology and on the base of that, stating the ba-
sic rule for welding, suggesting the best technology
and finding the technology limits. In this research, the
post-weld heat treatment (PWHT) is not considered.

2. MATERIAL AND METHODS

A homogeneous welding without a filler wire (i.e.,
autogenous) of NiTi wires using selected welding tech-
nologies was done.

2.1. BASE METAL (BM)

Fort Wayne Metals medical grade NiTi#1 was used
as the base metal; 51at.% Ni, 49at.% Ti. The de-
clared properties of the wire are: sum of impurities
< 0.1 %, inclusion area is 0.8 %, inclusions max. size
12.5 pm. The wire is fully austenitic at a room tem-
perature. Several diameters (0.15, 0.2, 0.38, 0.46 mm),
heat treatment (as drawn, straight annealed) and sur-
face finishes (etched, dark oxide) were used. The
different wire diameters were selected to find the min-
imum diameter that could be processed by each of
the welding technologies. All the different diameters
are cold- worked, have a similar microstructure (small
NiTi grains with drawing elongated precipitates) and
similar mechanical properties (the tensile test results
of BM are shown in Figures |12/ and . The source
of impurities may also come from the surface state of
the wire; e.g., the oxide layer. Thus, several qualities
of surface finishes were used.

The prerequisites of the welding methods selection
were: a) an autogenous welding without a filler wire,
b) the energy control must enable a pulse of 0.1-5J
(for wires of @0.15-0.46 mm), c) the possibility to
use the Ar gas for the shielding. At the “Laborator
vyuky svarec¢skych technologii”, Faculty of Mechanical
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FIGURE 4. EWM Microplasma 50 [7].

Engineering of CTU in Prague and in a cooperation
with several companies, we tried these technologies:
the micro plasma arc, the laser, the electron beam, the
resistance butt and the capacitor discharge welding.
The welds were tested for mechanical properties,
tensile strength and hardness. An optical microscopy
was done. The welds were tested in the welded state.

2.2. MICROPLASMA ARC WELDING (pPAW)

The microplasma welding was selected as the most
precise of the arc welding techniques. The pilot arc
and transferred arc current are stable and can be
regulated between 2-50 A, with a precision of 0.1 A.
The source enables a pulse control from 0.06s. The
welding source and the torch are in Figure @ The
EWM welding source enables the energy pulse to
start from around 4 J. The smallest energy pulse of
the source (4J) could not be used for small diameters
(up to 0.2mm), because the energy would melt the
wire exceedingly. The Ar 4.8 shielding gas was used
as a plasma and shielding gas.

2.3. LASErR BEAM WELDING (LBW)

The LBW is a precise fusion welding technique used
widely in the industries, where power, pulse time,
i.e., energy, can be varied so that it is suitable for
different needs, the microjoining of electronics, or for
shipbuilding. The welds were done in a cooperation
with Novapax, s.r.o. on the fiber laser LRS EVO,
in Figure 5] This laser is a hand manipulated laser
used for a tool repair. It is equipped with magnifying
optics suitable for work with wires from 0.1 mm. The
welding pulse energy can be controlled easily, starting
from 1J and a duration of 4ms. It is suitable for
NiTi. The problem of laser welding is the variation of
absorptivity, especially for small wires, so the surface
state of the wire is important for the uniformity of
results. The shielding was done in argon and the
minimum laser spot size was 0.2 mm, Gauss profile.

2.4. ELECTRON BEAM WELDING (EBW)

The EBW has similar properties as the laser; fur-
thermore, it operates in a vacuum, so oxidation is
minimized. The EBW welder made by Cambridge
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FIGURE 6. CVE — EBW welding source 60kV.

Vacuum Engineering, Ltd., was used, as can be seen
in Figure[6] It operates with 60kV and the minimum
current is 0.1 mA. The beam spot size was 50 pm.
The source enables the precise welding of wires from
0.1mm in diameter.

2.5. RESISTANCE BurT WELDING (RBW)

The RBW is a pressure welding technology used widely
for wires, rods, where the Joule heat generated by the
resistance is accompanied by an axial force. Due
to the fast axial movement, the fully fused material
leaves the joint creating a flash, which is subsequently
removed away. Thus, the material in the WM is not
fused. A machine from STRECKER, type OF-LNV-
V20, using an Ar shielding, was employed. The source
has a 0.3 kVA transformer with stepless voltage from
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FIGURE 7. Strecker OF-LNV-V20 [9].

0.12 up to 1.44V; the voltage was adjusted according
to the wire diameter, see Figure [7} The machine is
equipped with a magnifying lens and was applied on
wires with a diameter of > 0.18 mm.

2.6. CAPACITOR DISCHARGE WELDING
(CDW)

The CDW is a pressure welding technology, where the
Joule heat is generated by a capacitor discharge and
the force is applied simultaneously. The pulse energy
is regulated by charging the voltage of capacitors.
The pulses are extremely short. A BT-2 machine
made by Svarservis, under an Ar shielding, was used,
Figure [8l The voltage and current, as measured by
an oscilloscope at the joint during the welding in the
setting applied, can be seen in Figure [9] The pulse
length is around 40 ps, the energy in one pulse is
between 40-80 mJ. This method enables the shortest
pulse, but the energy cannot be precisely controlled
and the source is not prepared for automation.

3. RESULTS AND DISCUSSION
3.1. MicROPLASMA ARC WELDING (nPAW)

The smallest energy pulse enabled a welding of diame-
ters 0.38, 0.46 mm. The used parameters for 0.38 mm
dark oxide wire were: 5 A, voltage approx. 15V, 1
pulse 0.06s (4.5J pulse, efficiency and losses to Cu
nozzle were neglected). The welding was done in Ar
4.8, flow 5 1/min.

FiGure 8. Capacitor discharge welding source BT-

2 [10).

The first experiment involved a short evaluation of
the presence and absence of the effects of the dark
oxide layer on the tensile strength; respectively, its
removal by a manual grinding before welding. It was
found out that the presence of the dark oxide layer
has a negative effect on the weld strength, causing a
decrease and instability of the tensile test results. This
fact was proved by the results of a bachelor’s thesis by
Jan Tauer [11], who found out that the oxide removal
by grinding immediately before the welding improves
the strength by up to 50 %. From this reason, all dark
oxide samples were successively grinded before the
welding.

In Figures [10] and a comparison of the weld
metal (WM) structure dependent on the Ar shielding
can be seen. The influence of the atmospheric gases
(oxygen) on the crystallization and hardness can be
understood well once the Ar shielding during welding
is interfered with by the normal atmosphere, e.g., by
the turbulent flow of Ar from the shielding nozzle.
Under the conditions of a perfect Ar shielding, the
unwanted precipitates are limited to the grain bound-
ary and the hardness stays low (280 HV), close to BM
hardness (250-350 HV). Under the conditions of an
imperfect Ar shielding (atmospheric contamination),
a large amount of precipitates is visible, and these
precipitates show a dendritic growth. Also, hardness
increases. The available literature states that the oxy-
gen presence facilitates the TiaNi formation [3, 5l 6],
which is also the first phase to crystallize, according
to the binary diagram. The formation of TisNi will
also be accompanied by the TiNig precipitation, in
order to establish an equilibrium.

The range of the tensile strength of the pPAW
welds was 370-480 N/mm? under perfect shielding
conditions. Some specimens displayed a pseudoelas-
ticity during the tensile test, some fractured before
reaching the transformation stress. The measured ulti-
mate tensile strength (UTS) was roughly the value of
the NiTi transformation stress (upper plateau stress,
UPS). To conclude, this welding method is not suit-
able for highly demanding welds and a serious decrease
of properties is caused by the welding because of a
high heat input.
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FIGURE 9. Capacitor pulse during the welding for used parameters — U, I, P in time.
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Ficure 10. WM optical micrograph, ptPAW, 5A;
0.06s, perfect Ar shielding, Kroll etchant, 280 HV,
pink NiTi phase [12].

FiGURE 11. WM optical micrograph, imperfect Ar
shielding pPAW, 5 A, 0.06s, , Kroll etchant, 550 HV,
pink NiTi [12], precipitation of TizNi, NizTi.
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3.2. LASER WELDING (LBW)

The technology is usable for all wire diameters: the
results for a 0.15mm wire are shown. The welding
parameters suitable for this wire diameter were: 1
pulse, 0.25kW, 4ms (1J).

The example of a weld with the best shape and
shielding (no oxidation colours) is in Figure to-
gether with the results of the tensile test. The results
of the tensile test of the original wire sample, welded
and heat treated (shape set annealed), are shown. For
this set of specimens only, the shape-set anneal after
welding was done and shown.

The original 0.15 mm wire had a UTS of around
1600 N/mm?, an elongation at a break of 13 %. The
welding and/or heat treatment causes a drop in all me-
chanical properties, UTS, UPS, LPS (lower plateau
stress) and ductility. Even though the mechanical
properties of the welded joint are decreased, the
welded samples exhibit a pseudoelastic behaviour.
The decrease of mechanical properties (UTS, UPS,
LPS) is further aggravated by further heat treatment,
in our case, a shape-set annealing (500 °C, 20 min).
The distance of UPS-LPS (pseudoelastic hysteresis)
is, for all cases, 250 N/mm?. The comparison of the
tensile test curves (Figure shows that the welding
and heat treatment causes irregularities (oscillations
on the curve) during the phase transformation. The
influence of the heat treatment on the tensile test
curve shape was noted in the work of Heller [13].

For some laser welds, it was found out that even
under the conditions of optimum shielding, a slight
oxidation of WM occurred, and in the case of a shield-
ing disturbance, the weld behaved in a brittle manner.
Similarly, as noted already for the PAW, the oxygen
contamination is serious and causes a precipitation of
the brittle intermetallic phases.

3.3. ELECTRON BEAM WELDING (EBW)

The electron beam in a vacuum was used with the
expectation of improved cleanliness and repetitiveness
of the results, due to a small beam diameter, together
with a limited variation of absorptivity. The disadvan-
tage lies in the difficult manipulation and preparation.
The welding parameters were 0.1 mA, the voltage of
the source was fixed to 60kV, the length of pulses
was 10-90 ms. The weld and tensile test results are in
Figures The loading/unloading transformation
stress is similar to the base material. The fracture of
the welded specimen was at 900 N/mm?, the fracture
was ductile and occurred in the HAZ. The original
wire tensile strength is 1100 N/mm?. The fact that
the specimen could repetitively undergo the phase
transformation and that the fracture had a ductile be-
haviour was the proof of the good quality of the weld-
ing process. The basic advantage of the EBW is the
presence of a vacuum leading to a complete absence of
oxygen, that the uniform welds can be repeated and
that the mechanical properties are good. The welded
samples had a UTS range of 600-900 N/mm?. All

Ficure 13. EBW weld, on 0.15mm — 60kV, 0.1 mA,
pulse 10 ms, energy 0.1 J.

the tested specimens were undergoing pseudoelastic
transformation when tested in tension and fractured
at the welded joint.

All fusion welding techniques, under optimum pa-
rameters, resulted in welds retaining their pseudoelas-
tic properties. Under the prerequisites to minimize
heat input and prevent oxidation, the results reached
with the EBW, LBW were much better than those in
PAW.

3.4. PRESSURE WELDING

After the fusion welding tests, the experiment con-
tinued with the pressure welding techniques. A de-
formation during the welding, small grains and good
properties were expected in connection with the pres-
sure.

3.5. RESISTANCE BurT WELDING (RBW)

The welding parameters for a @ 0.46 mm wire were
0.85V, 350 A. Due to the process characteristics, the
exact heat input cannot be calculated, as the welding
time is not directly measured as it is determined by
the jaw distance, the spring setting and the joint
formation. The welding time was, approximately,
0.1s; thus, the energies were around 3 J. The weld is
shown in Figure[I6] The resistance butt welding flash
was removed by mechanical shearing and/or grinding
that is not shown here.

In the tensile test, the RBW specimens overall
showed a pseudoelastic behaviour; the UTS of the
tested joints was in the range of 540-750 N/mm?.

The microstructure of the BM, Figure [I8] shows
prolonged and fragmented inclusions in the drawing
direction. The grains are of dimensions under 10 pm.
The size of a grain in the WM, Figure [I9] increases to
the range of 10-20 pm and the number of particles and
inclusions increases substantially. As can be seen in
the hardness indentations on Figure the hardness
(HV0.2) remains almost constant across the joint. The
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FIGURE 15. Stress-strain diagram of EWB sample, tensile test, 4 cycles+till rupture similar to BM, best result.

.

500 pm

FicUre 16. RBW sample 0.46 mm, etched wire.

grain size in the WM is 10-20 pm, the grains are the
smallest from all the tested weld techniques and they
do not have such cast character due to deformation
upon cooling.

3.6. CAPACITOR DISCHARGE WELDING
(CDW)

On the one hand, from all the processes, the capacitor
discharge welding enables the shortest welding time,
around 40 ps, which could present an advantage. The
laser had 4ms, the electron beam 90ms, and the
resistance welding 100 ms. On the other hand, the
capacitor discharge is difficult to control precisely,
thus the energy input varies in many factors; e.g.,

48

FIGURE 17. Half section of RBW 0.46 mm, etched
Kroll.

the state of the capacitor, the delay between pulses,
the wire cutting, the pressure; thus, the energy varies
between 40-80mJ. The repeatability in the manual
process was not easy. The WM shows a cast structure,
with grains of 20-300 pm.
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FIGURE 18. BM, RBW 0.46 mm, etched Kroll.

FiGure 19. WM, RBW 0.46 mm, etched Kroll.

FiGcure 20. CDW sample 0.46 mm, discharge energy 40-80mJ, 1 pulse, left after welding, right fractured at 240 MPa.

The welds underwent a tensile testing with the
results ranging between 160-630 N/mm?, all the welds
being fractured in the WM or at the fusion boundary,
Figure The wide range of the UTS is caused
by the CDW process characteristic and the manual
manipulation during welding. The best results enabled
a pseudoelastic behaviour of the sample.

4. CONCLUSIONS

In Table [T} the summary of all the welding meth-
ods and the results of tests is visible. The major-
ity of specimens welded under good shielding by
the LBW, EBW did fracture above the transfor-
mation stress. None of the specimens (with the
exception of 1 sample, done by the RBW) did
prove pseudoelastic behaviour in a localized bend-
ing in the WM zone. Obviously, the re-melting,
the grain coarsening renders the weld metal lose its
pseudoelastic properties. The HAZ remains pseu-
doelastic. Clearly, the smaller the weld, the bet-
ter.

The experiments show similar tendencies, and the
conditions of the NiTi wire welding can be summarized
as follows:

(1.) A welding source suitable for a precise heat input
control is a must. The needed energies for the thin
wire welding are extremely small (0.1-1J). Heat has
a clearly negative effect on NiTi; because of heat,
the re-melting enables the creation of intermetallic
phases Ti;Ni, TiNiz that are more stable than NiTi.
To minimize heat input is a must.

(2.) All sources of contamination must be eliminated.
A source of impurities, of detrimental elements can
be:

(a) BM — contains typically a small amount of
impurities, inclusions, which are limited and con-
trolled by the norm

(b) BM surface — surface can be a source of oxides,
hydrocarbons, water — the base material surface
oxides should be grinded, etched away before
starting welding, or one should buy etched or/and
mechanically cleaned wires

(c) The welding process — Inert gas shielding is very
important: a contamination by oxygen or hydro-
gen causes the creation of intermetallic phases.
The weld must be shielded perfectly; welding in
a vacuum is recommendable. The best solution
is the EBW in a vacuum.
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Welding Suitable UTS Fractured Pseudoelastic Bending test — Structure
method for wire @ [N/mm?] at behaviour straightness of WM
in tensile test recovery in WM
BM 1100-1600 Yes Yes Cold work
and straight
annealed
Fusion pPAW > 0.38mm 370480 WM, HAZ Some samples No As cast
welding LBW > 0.15mm  800-900 WM, HAZ Majority No As cast
EBW > 0.15mm 600-900 WM, HAZ  All samples No As cast
Pressure RBW > 0.18 mm  540-750 WM, HAZ Some samples  One sample yes, Recrystallized
welding rest no grains
CDW > 0.38mm 160-630 WM, HAZ Some samples No As cast

TABLE 1. Overall comparison table of welding methods and results.

Under the best welding conditions, the fusion welds
will have mechanical properties close to the original
wire. The pseudoelastic plateau will be the same as
that of the original wire, the UTS close to the BM
(a decrease to 80 % of the original strength due to a
recrystallization of the drawn wire).

The pressure welds results widely varied. The CDW
results were not satisfactory due to a result variability,
a loss of pseudoelasticity, etc. This is probably caused
by an inability to set the source precisely. However,
the RBW welds exhibited pseudoelastic behaviour in
tension for the majority of samples.

Overall, the best results have been obtained using
the LBW due to its short pulse; using the EBW due
to its operation in vacuum; using the RBW due to
its principle of the axial pressure, movement. It is
expected that these results can be further improved
by a proper tooling and a post-weld heat treatment,
which is the next step of this research.
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