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Abstract

In the present investigation, thin sheet geometries of commercially pure titanium (cp, grade 4) are butt-welded to AISI 316L
stainless steel as well as Nitinol by means of micro electron beam welding using filler materials. In order to avoid mixing
of the base materials, the refractory metals tantalum, niobium and hafnium are applied as intermediate layers. Owing to the
biocompatibility of these filler materials, the final products are suitable for medical technology applications. In combina-
tion with low energy inputs and precise beam alignments, it is demonstrated that high-quality and crack-free joints can be
produced using micro electron beam welding. The welded joints are analysed using nanoindentation to identify critical weld
areas, e.g. high concentrations of intermetallic compounds, and to evaluate the compatibility of the base and filler materials.
To correlate the hardness mappings with the microstructural evolution of the welds, an exemplary joint is analysed by means
of electron backscatter diffraction and energy dispersive X-ray spectroscopy with special emphasis on intermixing and the
formation of intermetallic compounds. Based on the generated hardness mappings as well as the ultimate tensile strengths of
the joints, it will be concluded which filler material provides the most promising results for the given material combinations.

Keywords Electron beam welding - Dissimilar welding - Filler material - Medical technology - Nanoindentation -
Intermetallic compounds

1 Introduction and state-of-the-art implants and surgical instruments [1, 2]. Due to different

material qualities and the need to optimize the functional,

1.1 Dissimilar welding of metallic materials
in medical technology

Titanium alloys, nickel-titanium shape memory alloys (NiTi)
as well as stainless steels are commonly used materials in
medical engineering. In addition to their excellent mechan-
ical properties, these materials are particularly character-
ized by their exceptional corrosion resistance, thus making
them indispensable in various medical technologies such as
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manufacturing and economic aspects of new and already
existing products, it is desirable from both an industrial
and a research point of view to produce dissimilar joints
of titanium to NiTi and stainless steels, respectively. Fig-
ure 1 illustrates middle ear implants (stapes prostheses) as
an example of a current application in the medical sector.
The coupling element is made of NiTi, whereas the shaft
is made of machined pure titanium, requiring a dissimilar
connection at the junction.

While similar welding of the mentioned materials is gen-
erally possible, e.g. by means of beam welding processes,
dissimilar fusion welding of titanium to stainless steel and
NiTi is associated with various challenges. According to
the Fe-Ti phase diagram, the joining of titanium to steel
is limited by a low solubility of Fe in a-Ti (0.05-0.1% at
room temperature) as well as the formation of the very brit-
tle, ceramic-like intermetallic compounds (IMC) FeTi and
Fe,Ti [4, 5]. When using stainless steels with high content of
chrome and nickel, other intermetallics such as TiCr,, Ti,Ni
and TisFe;,Crs may also be formed [5]. Fusion welding of
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Fig. 1 NiTiFLEX® and NiTi-
BOND® stapes prostheses [3]

|

titanium to NiTi provides similar challenges. While NiTi
itself is an intermetallic compound with exceptional mechan-
ical properties, the required chemical composition between
nickel and titanium is strictly limited [6]. Compositions
deviating from this are, comparable to the joints with steel,
associated with the formation of very brittle IMC (Ti,Ni and
Ni;Ti) and, thus, provide low achievable strengths as well
as high susceptibility to cracking [7]. Therefore, the use of
more compatible filler materials as interlayers is considered
to be expedient for both material combinations.

In addition, dissimilar fusion welded joints tend to have
a high affinity for hot cracking. This can be attributed to
deviating melting temperatures and the formation of eutec-
tics, i.e. low-melting phases [8]. Therefore, dissimilar fusion
welding requires precise control of the process parameters,
their influence on heating and cooling rates as well as the
position of the weld seam, making the beam welding pro-
cesses highly suitable technologies for joining dissimilar
welds [8]. Table 1 summarizes important characteristics of
commercial pure (cp) titanium (grade 4), 316L (annealed)
and Nitinol, which will be used as base materials in this
investigation.

*

|
Nitinol

Pure Titanium

‘a0.4/0.6 mm

1.2 State-of-the-art in dissimilar beam welding
of titanium to stainless steel

Titanium/stainless steel welded joints have been investigated
in numerous studies over the past few years, as this specific
material combination is not only of interest in medical tech-
nology but also in various other areas of application, e.g.
the chemical and nuclear industries [5]. However, only poor
mechanical properties and inconsistent reproducible welding
results were achieved by autogenous welding as summarized
below.

Shanmugarajan et al. [13] investigated laser welding of
cp-Ti to 1.4301 stainless steel. Both pulsed and continu-
ous-wave outputs failed to produce a durable joint. Satoh
et al. [14] examined welding of cp-Ti to 316L and reported
on achievable tensile strengths of up to 81.4 MPa using a
pulsed laser source with different pulse durations as well as
alternating beam offsets. However, the obtained strengths
varied greatly, with a majority of the specimens failing
immediately upon solidification. Chen et al. [15] were able
to demonstrate that the positioning of the laser beam exerts
a significant influence on the mechanical properties of the

Table 1 Selected properties of the alloys used in this investigation [9-12]. All properties given for a temperature of 20 °C

Base material

Melting point [°C] Ultimate tensile strength

Elongation at break [%] Thermal Coefficient of thermal

[MPa] conductivity expansion [107 K]
[Wm™' K]
cp-Titanium (grade 4) 1660 >550 >15 18 8.6
AISI 316L (X2CrN- ~1450 500-700 (annealed) >40 (annealed) 15 16
iMo17-12-2)
Nitinol (55.8 wt.-% 1310 >1070 >10 18 11
Nickel)
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titanium/stainless steel butt-welded joint. A maximum ten-
sile strength of 150 MPa was achieved using a beam offset
of 0.6 mm in the direction of the steel joining partner, thus
limiting intermixing of titanium.

Electron beam welding of titanium to stainless steel has
been investigated to a lesser extend compared to laser beam
welding, although it offers various advantages [16]. The vac-
uum atmosphere provides optimal protection against envi-
ronmental influences during the welding process, which is of
great relevance when joining titanium due to its high affin-
ity for volatile elements such as oxygen and nitrogen [17].
Furthermore, the process is known for its low heat input
compared to other fusion welding processes. Therefore, melt
pool sizes and, consequently, the areas of intermetallic com-
pounds as well as their volume can be reduced significantly.
In 2014, Wang et al. [12] tried joining Ti-6Al-2Zr-1Mo-1 V
(TA 15) to 1.4301 stainless steel using electron beam weld-
ing. Again, without filler materials, no durable joint could
be produced.

To prevent the intermixing of titanium and stainless steel
and the formation of the very critical intermetallic com-
pounds, many authors have used interlayers that exhibit
enhanced chemical compatibility. However, research projects
that investigated the use of filler materials mainly focused
on materials that are not used in pure form in medical tech-
nology, such as copper [18-22], vanadium [21, 23, 24] and
nickel [21]. Regardless of the filler materials selected, IMC
still occur either on the titanium side or on the stainless
steel side and, thus, constitute weak points. As a result, addi-
tional investigations were carried out in which multiple lay-
ers of filler materials were inserted and welded separately
to further minimalize chemical incompatibilities. Examples
for tested material combinations are Nb/Cu [22, 23, 25],
Nb/Ni [26] and Ta/Va/Fe [27]. Even though some of these
combinations proved to create extremely durable welds, for
example the Ta/Va/Fe-combination reached an UTS of up
to 623 MPa with a fracture inside the unmolten vanadium,
the use of exclusively biocompatible materials was not the
prime focus of these investigations. Consequently, their use
in medical technology is prohibited.

1.3 State-of-the-art in dissimilar beam welding
of titanium to nickel-titanium

NiTi can show either superelasticity or the shape memory
effect, depending on the exact composition of the material.
Owing to its unique properties as well as good corrosion
resistance, it finds a wide usage in medical applications like
stents, implants or surgical tools like stone catch baskets
[28]. However, its high price as well as poor machinability
strengthens the need to create dissimilar material combi-
nations with the much cheaper titanium. Yet, compared to

stainless steel, there are less investigations regarding the dis-
similar fusion welding with titanium.

Shojaei Zoeram and Akbari Mousavi [29] as well as
Miranda et al. [30] were unable to directly join Ti6Al4V to
NiTi by laser welding due to direct failure of the weld metal
resulted from the formation of intermetallic compounds.
Again, using copper as an interlayer greatly increased the
weldability, thus improving joint strengths up to 300 MPa
[29]. In 2016, Oliveira et al. [31] used niobium as a dif-
fusion barrier for the identical material combination and
were able to achieve similar tensile strengths. Ge et al. [32]
investigated niobium in overlapping configuration between
Nitinol and Ti2AINb, proving it is possible to create sound
joints with intermixing the filler material into the weld. Once
again, even though there are studies that exclusively used
biocompatible filler materials, the results reveal the need and
the potential to further optimize the fusion process of these
combinations in order to create reproducible high-quality
and durable welds.

1.4 Scope of the present investigation

The present study thus details the use of micro electron beam
welding to produce high-quality and durable joints between
titanium and stainless steel as well as nickel-titanium alloys
by using biocompatible filler materials. For this purpose,
the welding parameters are selected to minimize the energy
input and weld pool size while ensuring a sufficient welding
depth and fusion with each of the high-melting filler materi-
als. As the proportion of molten filler material and intermix-
ing with either 316L or NiTi have a decisive influence on
the microstructural and mechanical properties, a beam offset
in the direction of the base materials is partly implemented
in order to affect the weld composition and thereby prevent
hot cracks as well as spontaneous fractures. The samples
are characterized using optical light microscopy as well as
nanoindentation. It will be demonstrated that nanoindenta-
tion is a qualified tool to identify critical areas of the weld
seams and to precisely deduce the resulting weak points of
the joints. In combination with electron backscatter diffrac-
tion analyses and tensile tests, the present investigation will
reveal the most promising filler materials for both material
combinations and, thus, substantially enlarges the known
state-of-the-art.

2 Materials and methods

Thin sheet geometries with the dimension
12.5 mm X 25 mm X 0.25 mm, made of titanium grade 4,
316L (annealed) and Nitinol were produced by electrical
discharge machining (EDM) and used as welding specimens.
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Table 2 Chemical composition
of titanium grade 4 (a), Nitinol

(b) and 316L (c) as specified by Ti c N

the material suppliers Bal 0.011 0.010
(b) Element (wt.-%) — Nitinol
Ni Ti C
55.94 Bal 0.0275
(c) Element (wt.-%) — 316L
Fe C Si

Bal Max. 0.03

(6}

0.019

Mn
Max. 1.0 Max. 2.0

(a) Element (wt.-%) — titanium grade 4
Fe
0.12

(0]
0.31
Fe Other single
trace ele-
ments
0.014 <0.01
P S Cr Ni Mo

Max. 0.045 Max. 0.03 16.5-18.5 10.0-13.0 2.0-2.5

Table 3 Overview of welding parameters

Accel- Beam Welding  Focus Beam Beam
erating current speed position  offset (on offset (on
voltage [mA] [mm/s] titanium) 316L/NiTi)
[kV] [mm] [mm]
60 1.35, 40 surface 0.1 (Ta) 0(Ta)
con- 0.075 0.075 (Nb
tinuous (Nb & & Hf)
HI)

The chemical composition of the sheets is depicted in
Table 2.

The filler materials were identically manufac-
tured into thin strips measuring approximately
12.5 mm x 0.25 mm X 0.25 mm. The eroded joining edges of
the samples were carefully ground with fine silicone-carbide
paper to remove the process-related oxidation layers. Subse-
quently, the samples were cleaned using acetone and dried
in air. To ensure a precise, virtually gap-free positioning for
butt welding, the specimens were clamped individually in a
special fixture that also allowed welding of two samples dur-
ing one evacuation. The filler material was held in position
by applying light pressure through lateral clamping jaws.

As beam source, a micro electron beam welding machine
(SEM108, pro-beam GmbH & Co. KGaA, Gilching, Ger-
many as well as JSC Selmi, Sumy, Ukraine) was used for
the experiments. The welding machine was equipped with
a beam generator that allows beam currents of up to 20 mA
at an acceleration voltage of 60 kV. An oil-free turbo pump
vacuum system provides vacuum atmospheres as low as
107% mbar for an optimal protection of the weld seam.

Fig.2 Schematic illustration of
the welding process

Furthermore, beam diameters of approximately 30 pm can
be achieved at 1 mA beam current.

The welding parameters used for the presented samples
are displayed in Table 3. In order to affect the amount of
molten filler metal, prevent mixing of the base materials and
ultimately to produce crack-free joints, different beam offsets
on the base materials were applied. A more detailed explana-
tion of the necessity of using the beam offsets is provided
in “Sect. 3.1.” Fig. 2 visualizes the welding configuration in
schematic form.

Table 4 shows important properties of the filler materials
used in this investigation. The refractory metals niobium,
tantalum and hafnium were selected for this study based on
their natural biocompatibility and their ability to form solid
solutions with titanium.

The weld seams were inspected with the aid of optical
light microscopy (DM2700, Leica Microsystems GmbH,
Wetzlar, Germany). For this purpose, the welded specimens
were ground to the centre of the weld using silicone-carbide
paper and subsequently polished using a diamond suspen-
sion (grit size 0.1 um). The etchants used were V2A-etchant
(60 s at 60 °C) to highlight the steel structure and an etching
solution according to Keller (120 s at room temperature)
to highlight the titanium structure. A subsequent, detailed
analysis of the weld between tantalum and 316L is carried
out by means of scanning electron microscopy (SEM, Zeiss
REM Ultra Plus, Carl Zeiss AG, Oberkochen) at an accel-
eration voltage of 20 kV. For this purpose, the correspond-
ing sample was polished again using a 0.25 um colloidal
Si-suspension. With the help of energy dispersive X-ray
spectroscopy (EDS, Bruker XFlash 6160, Bruker Corpora-
tion, MA, USA), as well as electron backscatter diffraction

Electron beam

cp-Titanium

316L / Nitinol SE 508

I H
Beam offset [mm]: 7 "X Beam offset [mm]:

0.1(Ta) / 0.075 (Nb & Hf)
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Table 4 Selected properties of the refractory metals used in this investigation [33, 34]. Mechanical properties (*) are based on internal tension
tests using the provided material. Purity values as provided by material supplier. All properties given for a temperature of 20 °C

Filler material Melting point Ultimate tensile Elongation at break Thermal conductivity Coefficient of thermal
[°C] strength [MPa] [%] [Wm™' K] expansion [107 K]

Niobium 99.9% 2468 ~470* ~5% 52 7.1

Tantalum 99.9% 2996 ~370* ~32% 54 6.5

Hafnium 99+ % 2233 ~402%* ~23% 23 5.9

(EBSD, Bruker e”-flash, Bruker Corporation, MA, USA),
detailed statements about the phase formation as well as the
microstructural evolution can be provided.

Tensile tests were carried out on basis of DIN EN ISO
6892—-1 on a universal testing machine (Z100, ZwickRoell
AG, Ulm, Germany). The specimens were clamped using
a slight preload of 5 N and subsequently tested with regard
to their ultimate tensile strength and elongation at break.
The tensile testing samples, whose geometry is illustrated in
Fig. 3, were extracted using EDM. The mechanical proper-
ties were determined using three identically manufactured
specimens for each parameter and material combination.

Microhardness measurements were conducted using a
nanoindentation tester (NHTZ, Anton Paar GmbH, Graz,
Austria) at a maximum load of 10 mN with a loading and
unloading speed of 100 mN/s. In order to fulfill the high
requirements of a plane surface finish, the specimens were
prepared in multiple short grinding and polishing steps.
The preparation was completed with a final polish using a
0.25 pum colloidal Si-suspension mixed with a 30% hydrogen
peroxide solution (ratio 9:1).

3 Results and discussion
3.1 General observations
An inspection of the weld bead surface following the weld-

ing experiments as well as microscopic analyses reveal
that all investigated material combinations can be welded

without cracks using micro electron beam welding with
optimized process parameters. The refractory metals nio-
bium, tantalum and hafnium are known to form intermetallic
compounds with Fe as well as Ni [35, 36]. The present study
shows that these intermetallics appear to be less critical than
the reported brittle phases between Fe-Ti and Ti-Ni and
that their formation range can be reduced through the use
of optimized process parameters. An examination of indi-
vidual joints in the following paragraphs confirms that the
proportion of molten filler material is particularly decisive
for the properties of the weld seams between the refractory
metals and 316L as well as Nitinol. As a result, some mate-
rial combinations are characterized by the formation of small
transverse cracks or even complete failure immediately dur-
ing the welding process once no beam offset is applied and,
consequently, more filler material is mixed into the weld, as
can be seen in Fig. 4a and b.

In order to reduce the proportion of filler material in the
weld and to produce crack-free specimens, a beam offset of
0.075 mm to 316L/NiTi was applied for the samples welded
with both niobium and hafnium. For the specimens welded
with tantalum as filler metal, no beam offset is necessary to
generate crack-free weld seams with 316L as well as NiTi.
This can be attributed to the lower amount of molten and
intermixed filler material and will be explained in more
detail in the following section.

Besides the general chemical compatibilities, the thermo-
physical properties of the filler materials differ greatly from
those of both base materials. Nevertheless, by applying the
aforementioned parameter sets (cf. Table 3), the welding

Fig.3 Sample geometry 35
employed for tensile testing
1.4
|
%) 4 - S — f—-—-— e =
—T |
'u:‘ >
Pl
1N
=}
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Fig.4 Weld seam surface of samples welded with niobium (a) and hafnium (b) using no beam offset. The electron-optical images were captured

by the electron beam welder using backscattered electrons

tests did not reveal any further welding problems, such as hot
cracks. This leads to the conclusion that even strongly dif-
fering material properties can be counteracted using micro
electron beam welding in combination with high welding
speeds as well as precise beam positioning.

As expected, based on the good compatibility between
titanium and the investigated filler metals, the associated
welds on the titanium side were crack-free and none of the
tensile specimens failed therein. As a result, only weld seams
between the refractory metals and 316L as well as NiTi shall
be considered in further detail in the following sections.

Furthermore, internal preliminary welding tests showed
that mixing of the base materials should be strictly avoided.
Specimens in which such mixing occurs are characterized
by poor mechanical properties, as the resulting brittle IMC
promote premature failure in tensile tests. To increase the
distance between the weld seams and consequently prevent
contact of the base materials, a beam offset of 0.075 mm
(Nb and Hf) and 0.1 mm (Ta) is applied on the titanium side
(cf. Table 3).

3.2 Cp-titanium/316L stainless steel

Using tantalum as an interlayer between titanium and 316L,
all welding tests are characterized by excellent weldability,
resulting in defect-free specimen. Although no beam offset
is used on the stainless steel side of the sample presented
below, the amount of molten tantalum is relatively low as
can be seen by the sharp interface at the transition to the
weld in Fig. 5a. This is due to the fact that tantalum has a
comparatively high-melting temperature as well as thermal
conductivity rate (cf. Table 4). However, considering the
corresponding hardness mapping in Fig. 5b, the weld seam
between tantalum and 316L is characterized by high hard-
ness values compared to the base materials, averaging at
approximately 600 HV. This confirms a mixing of the tanta-
lum material into the weld and hints the formation of inter-
metallic compounds. Moreover, a small area of high hard-
ness values above 800 HV can be identified. In this region,
the proportion of molten tantalum appears to be higher as
can be seen in the cross section of the joint.

To further quantify the findings of the hardness map-
pings, this material combination is examined in detail using
SEM. Figure 5c illustrates a combined inverse pole figure
mapping (IPFM) and superimposed image quality mapping

@ Springer

(IQM) of the transition zone between the unmolten tantalum
and the weld seam. Starting from the fusion line, numerous
grains with strongly alternating size and orientation can be
observed in a range of approximately 40 um within the weld.
Despite the different morphologies, this area appears to con-
sist almost entirely of face-centred cubic (fcc) austenite, as
shown by the phase mapping (PM) in Fig. 5d. In addition to
that, the PM reveals the existence of the intermetallic com-
pounds FeTa and Fe,Ta. These intermetallics are particu-
larly concentrated along the fusion line and measure about
3 um in width. Moreover, it can be observed that smaller
volumes of the IMC exist outside the transition zone and
accumulate especially at grain boundaries. A correlation
between the determined phases and the weld composition
can be obtained by EDS analysis. As can be derived from
Fig. 5e, the transition area between tantalum and the weld,
where large intermetallics are present, contains high pro-
portions of tantalum which decrease in the direction of the
316L stainless steel. Nevertheless, a significant amount of
tantalum can still be detected outside of the IMC cluster. The
determined mass fraction inside the weld is comparable to
the proportion of chromium and, thus, explains the detected
fine distribution of intermetallic compounds as well as the
high hardness values across the weld seam.

As mentioned before, with the use of niobium and haf-
nium as interlayers between titanium and 316L, a beam
displacement of at least 0.075 mm to 316L is necessary to
produce crack-free specimens. In comparison to tantalum,
the amount of molten filler metal is significantly higher
despite the beam offset, as can be seen by the uneven tran-
sition between the filler materials and the weld seams in
Fig. 6a and b. This can be attributed to the lower melting
point and thermal conductivity of niobium and hafnium
compared to tantalum (cf. Table 4). In both cross sections,
narrow areas with a different morphologic structure are vis-
ible along the fusion line between tantalum and the steel-
sided weld seam. As confirmed by the hardness mappings,
these areas consist of compositions that result in extremely
high hardness values of up to 1300 HV, again proving that
high contents of the refractory metals support the forma-
tion of IMC. The hardness values in the remaining part of
the weld seam are significantly lower, averaging at approxi-
mately 650 HV and 600 HV for Nb and Hf, respectively.
Based on the hardness mapping as well as the SEM analy-
sis of the previous sample with tantalum, similar mixing
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Fig.5 a Cross section of the titanium/stainless steel sample with tan-
talum as interlayer using no beam offset on stainless steel and 0.1 mm
offset on titanium. The red rectangle represents the area of interest
for corresponding nanoindentation analysis in b. The blue rectangle

conditions in the weld can be assumed. Thus, a fine dis-
tribution of intermetallics is most likely to exist inside the
weld seam, which explains the increased hardness values in
comparison to the base materials.

Further correlations between mechanical properties,
microstructural evolution and failure mode can be derived
from the tensile tests. As illustrated in Fig. 7a, the transi-
tion between the filler metal and the steel-sided weld act as
weak points with every joint failing in these regions. How-
ever, the values of ultimate tensile strength and elongation
at break vary greatly for the different filler materials used,
as shown in Fig. 7b. The welded samples with hafnium,
which show a very wide range with high concentrations of
intermetallic compounds based on the hardness mapping,
are characterized by comparatively low and strongly fluctu-
ating UTS values. With respect to the nanoindentation car-
ried out, this confirms that the identified areas containing a
comparatively high proportion of intermetallics have a deci-
sive influence on the mechanical properties of the titanium/

Mo

marks the area analysed by EBSD: ¢ combined IQM and IPFM of the
fusion line between tantalum and the weld. Grain orientations plotted
parallel to the cross section. d Combined IQM and PM of the transi-
tion zone. e Results of the EDS line scan in the transition zone

stainless steel joints and should be minimized. Significantly
better strength values are achieved with both niobium and
tantalum as filler materials. In particular, ultimate tensile
strengths with only minor variation between the samples
can be achieved through the use of Ta. Moreover, the aver-
age UTS of 374 MPa corresponds closely to the mechanical
properties of the Ta material used (cf. Table 4).

As a result of the analyses presented beforehand, the for-
mation of intermetallic compounds can be confirmed for
every filler metal and 316L. Ultimately, the proportion of
the molten filler material determines the dimension of criti-
cal phase ranges and should therefore be minimized. In this
investigation, the latter was achieved by the use of a beam
offset to the base materials in combination with high weld-
ing speeds and small weld pools. The sample with tantalum
as filler material shows the best results in this regard, which,
in addition to parameter optimization, is attributed to the
high-melting temperature and thermal conductivity yield-
ing a low proportion and a very narrow range with high

@ Springer
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Fig.6 Cross section of the titanium/stainless steel joints using niobium (a) and hafnium (b) as interlayers, both welded with a beam offset of
0.075 mm on the base materials. The coloured rectangles represent areas of interest for the corresponding nanoindentation analysis
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Fig. 7 a Macroscopic images of exemplary specimens after the tensile tests. b Summary of obtained mechanical properties for each filler mate-

rial used for the titanium/stainless steel welded joints

concentrations of IMC. In combination with the excellent
results of the tensile tests, it is evident that the most promis-
ing results in the course of this investigation were obtained
by using tantalum as a filler material for the titanium/stain-
less steel joints.

3.3 Cp-titanium/Nitinol
All welding tests of the material combination titanium/NiTi

carried out within the scope of this investigation show excel-
lent weldability when using either niobium or tantalum as

@ Springer

intermediate layers. Regardless of the beam offset, all asso-
ciated weld specimens are crack-free. In order to relate the
results from the analyses to the results of titanium/stainless
steel joints presented beforehand, samples using identical
beam offsets are considered in detail below.

Based on the microstructural examinations of the joints
in Fig. 8a and b, no distinctive etching reactions or micro-
structural changes can be detected on the fusion line between
the filler materials and Nitinol. The corresponding hardness
mappings confirm the apparently very good compatibility of
Nitinol with the filler materials tantalum and niobium. No
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Vickers [HV]
800

Fig.8 Cross section of the titanium/NiTi joints with tantalum (a) as
interlayer using no beam offset on NiTi and 0.1 mm offset on titanium
and with niobium (b) as interlayer using 0.075 mm beam offset on

segregations with high proportions of IMC can be identified
using nanoindentation. This needs to be particularly empha-
sized for the transition region where higher proportions of
the filler materials are to be expected. The joints presented
mostly feature relatively low hardness values with an aver-
age of approximately 380 HV. Only individual values are
noticeably higher for the joint with tantalum. As mentioned
previously, both tantalum and niobium form IMC with nickel
and are most likely to mix into the weld in a non-negligible
proportion, as can be concluded by the EDS line scan in
the preceding section. This leads to the assumption that the
comparatively low proportion of nickel material (55.94 wt.-
%) and the good compatibility of the filler materials with the
titanium proportion lead to non-critical compositions within
the weld seams.

In contrast to the excellent welding results with nio-
bium and tantalum, the welding tests with hafnium as an
interlayer immediately fractured within the Nitinol seam
during the welding process using no beam offset (cf. Fig-
ure 4b). However, by applying a beam offset of 0.075 mm
to the NiTi base material, crack-free welds can be pro-
duced in a reproducible manner. The corresponding cross
section of the joint in Fig. 9 shows a strongly pronounced
etching reaction along the transition between hafnium and
NiTi, as highlighted by the white dots. As confirmed by
the nanoindentation mapping, this area contains a distinct
concentration of IMC with high hardness peaks. From this
observation, it can be deduced that, compared to niobium
and tantalum, hafnium is more prone to the formation of

both base materials. The coloured rectangles represent areas of inter-
est for the corresponding nanoindentation analysis

critical intermetallic compounds with Nitinol and there-
fore features the poorest compatibility.

The results obtained from the hardness analyses show
clear correlations to the tensile tests carried out. As
expected, all tensile specimens welded with hafnium fail
in the transition between Hf and the NiTi-sided weld due
to the high hardness peaks, as exemplified in Fig. 10a. In
contrast, both dissimilar joints with niobium and tantalum
fracture within the unmolten filler metal. The average UTS
values of 453 MPa and 370 MPa for Nb and Ta, respec-
tively, correspond very well to the initial mechanical prop-
erties of the fillers. Small variations are most likely due to
slight irregularities in the properties of the foil material.
The tensile tests therefore confirm the good compatibility
with both, titanium and Nitinol. Finally, the best strength
and elongation values are obtained using niobium, which
in turn can be attributed to the higher strength of niobium
compared to tantalum.

Based on the detailed analyses and the subsequent ten-
sile tests, it can be confirmed that the nanoindentation has
a high informative value regarding the mixing of the weld
metals as well as the existence of IMC in dissimilar weld-
ing. Only extremely narrow concentration ranges, such as
the titanium/316L sample with tantalum as an interme-
diate layer, require high-resolution EBSD analysis. Nev-
ertheless, the microhardness mappings determined serve
excellently to identify critical weld seam areas, which
ultimately have a decisive influence on the mechanical
properties of the joint.
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Fig.9 Cross section of the titanium/NiTi joint with hafnium as interlayer using 0.075 mm beam offset on both base materials. The red rectangle

represents the area of interest for corresponding nanoindentation analysis
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Fig. 10 a Macroscopic images of exemplary specimens after the tensile tests. b Summary of obtained mechanical properties for each filler mate-

rial used for the titanium/NiTi welded joints

4 Conclusion

In the investigation at hand, thin sheets of pure titanium
were electron beam welded to 316L stainless steel as well
as Nitinol in butt-joint configuration with the aid of the
biocompatible filler materials niobium, tantalum and haf-
nium as interlayers. Based on the results presented before-
hand, the following conclusions can be drawn:

¢ By optimizing the parameters with regard to low energy
inputs in combination with precise beam alignments, it
is possible to produce defect-free welds for all material
combinations investigated using micro electron beam
welding.

e The chemical composition and particularly the amount
of molten and intermixed filler material is found to

@ Springer

have a major influence on the weldability, the formation
of intermetallic compounds and finally the mechanical
properties of the joint. For some material combina-
tions, a beam offset in the direction of the base materi-
als is necessary to reduce the proportion of the filler
material in the weld and consequently the areas with
critical hardness concentrations.

Tantalum proves to be the most promising filler mate-
rial for the titanium/stainless steel joint as the high-
est average UTS is obtained, which also matches the
mechanical properties of the tantalum material used in
this study.

For the titanium/Nitinol combination, both joints welded
with niobium and tantalum are characterized by both
excellent weldability and mechanical properties under
quasi-static stress. Nanoindentation proved the good
compatibility of the filler materials to Nitinol, as no criti-
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cal hardness peaks are found. For both joints, the tensile
specimens fail inside the filler metal.

e When applying a filler material between titanium and
stainless steel or NiTi, a mixing of the base materials
should be avoided as the resulting brittle IMC composi-
tions result in drastic weak points.
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