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Abstract:

Resistance welding is studied as a technique to §oTi shape memory alloy thin-walled
tubes. Properties of the welded metal are compar¢dose of the base metal by means of
differential scanning calorimetry measurements, raositucture observations and
nanoindentation tests. The effect of post-weldihgrmmomechanical treatment is studied.
Strength of the joint is analyzed by means of terasnd compression tests performed on as

welded and heat treated tubes.

Key words: Resistance welding, NiTi shape memory alloy, nreitec phase transformation,

superelasticity, mechanical properties.

1. Introduction

For many years engineers have used the unique niegp®f NiTi shape memory alloy

(SMA), such as superelasticity and shape memomsceHssociated with the reversible B2-
B19’ martensitic transformation, to design and t¥esew and sophisticated products. Owing
to its good biocompatibility, NiTi has been usedvarious biomedical applications, such as
those mentioned in Duerig et al. (1999), such ascwar stents, endodontic drills or
endoscopic instruments, atrial septal occlusionagg\etc. Various forms of NiTi have also
been combined with other materials to create neelligent composites and structures, e.g.,
Liu et al. (2008) realized composites composedeofotlectric ceramics deposited on NiTi
films by the sol-gel method, Chen et al. (2009)ltbecomposite tube reinforced with shape
memory alloys or Zhao et al. (2006) realized arodiiag system composed of a spring and

porous NiTi.
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Bansidhi et al. (2008) proposed an overview of sti@ng interest of NiTi powders as
precursor materials for the creation of bio-compatiporous implants. Different ways to
produce these cellular structure are used sucklgprepagating high temperature synthesis
(SHS) described by Chu et al. (2004), selectiverlastering described by Shishkovsky et al.
(2009), spark-plasma sintering (SPS) described byeY al. (1998), hot isostatic pressing
(HIP) described by Mentz et al. (2008) or capsubefhot isostatic pressing (CF-HIP)
described by Wu et al. (2007) for examples. Howetlee pore structure (pore size, shape,

and direction) cannot be controlled effectivelyngsihese methods.

More recently, efforts have also been made to ereatious materials architectures to further
enhance the functionality of SMAs by combining thanique properties with designed
materials structures. Pilch et al. (2009) used THimi wires to create NiTi superelastic

textiles. These textiles would have different prtips considering stitch. They can be
thermally actuated and are shapeable. In the bimaledields, they can be used as
superelastic cell growth scaffolds. In 2007, Shawale (2007) created superelastic NiTi
honeycombe structures, allowing a maximum recoverdeformation of 50% by combining

structural effects and the superelasticity of Nillhese kinds of cellular materials would be an

interesting alternative to porous NiTi, with coriied pore structure.

To create the various materials architectures ofA§Mvarious materials fabrication and
joining techniques have been studied. The honeycstmioture presented by Grummon et al.
(2006) was created by brazing pre-shaped NiTi plageng niobium. Gugel et al. (2008), for
example, studied laser welding to join NiTi wireBhis study shows that the created
NiTi/NiTi joints reach about 75% of the ultimatenstle strength of pure NiTi. Other

techniques, such as adhesive bonding, realize@d®r Initriding process, described by Man
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and Zhao (2006) and explosive welding describetfdy et al. (2007) have also been tested.
Akselen (2010) provided a good overview of the camntechniques studied to join NiTi
sheets. In comparison, few studies have been expom resistance welding of NiTi as the
one proposed by Nishikawa et al. (1983) on NiTiewirThis study shows that tensile strength
of the welded wire is about 80%. This result isseldo the one obtained by Gugel et al.
previously presented. Tam et al. (2012) also studesistance welding of NiTi wires, and
shows the impact of the electrical delivered inifigndt shows that only one specific value

allow to obtain the higher joint breaking force.

This paper reports a study on electrical resistavalding to join NiTi tubes. This method is
studied in view to establish a technique for theigle and creation of self-joined NiTi

material architectures from stacked tubes.

2. Experimental details

A superelastic Ti-50.8 at. % Ni tubing material gligd by Minitubes SA (Grenoble - France)
was used. The tube has an outer diametgh. @7 mm and a wall thickness of 0.2 mm. For
resistance welding, tubular samplesLof 5 mm length were cut. Oxide surface layer was

removed with abrasive paper to improve electricaitact at the joint.

A DC Hughes Model VTA-60 resistance welder was us#dlding set-up is illustrated in

Fig. 1. The electrodes were approximately 20 mng lplates sharpened at the edge, to allow
welding along a contact line. Resistance welding made using an electrical pulse energy of
E = 50 J and a contact force of F = 18 N. Each wedd done in 5 repeated pulses. Some

welded samples were heat treated after weldings@lsamples were first solution treated at
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850°C for one hour in Argon atmosphere and therd agfe450°C for 30 minutes. The
transformation behaviour of the initial materiabaof the joint is studied using a differential

scanning calorimeter (TA Q20) at 10 K nijrin as welded and heat treated conditions.

The microstructure of the samples was examinedyusideiss 1555 field emission scanning
electron microscope (SEM). Mechanical propertiesh&f alloy in the welded zone were
studied by means of nanoindentation (nano-indeltdr at room temperature using a
Berkovich type indenter. The test was conductetbfiohg the continuous contact stiffness
measurement procedure proposed by Olivier and RPh@®2) with a frequency of 45 Hz and
an indenter vibration amplitude of 1 nm. The maximpenetration depth,.x was 1200 nm

with a penetration speed of 20 nth s

Mechanical properties of the joined tubes were attarized in both radial compression and
tension using a Gabo Explexor instrument at 40°€ cdnduct tensile testing of the joined
tubes, a special device was developed, as shovigin2. The two cylindrical pins with

outside diameter equal to the inner diameter oftties are inserted in the tubes. Tensile

loading is then applied to these pins.

3. Resultsand discussion

3.1. Joint microstructure

Fig. 3 shows microstructure of two welded sampifég. 3.a shows the microstructure of the

welded section of a sample. The section may bealédvinto two zones, including the fusion

zone, which is about 200 pm in width, and the waéd base metal. The joint is formed
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within the fusion zone. Fig. 3.b. shows the und#dczone at a higher magnification. It
contains small equiaxial grains and the averagm giae is ~8 um. Fig. 3.c shows the fusion
zone at a higher magnification. The fusion zoneosposed of columnar grains oriented in
the tube wall thickness direction, consistent witie direction of the maximum heat

dissipation. The biggest grains are approximatély 1m long and ~20 pum in width.

Fig. 3.d shows the microstructure of a heat treésetution treatment and ageing) sample.
The fusion zone contains large grains. The shapesae remain almost identical to those in
the as-welded sample. Fig. 3.e shows the unaffexbe@ at a higher magnification. It is
evident that the equiaxial grains in the base nteak grown to 20-30 um, more than twice

the sizes of the grains before the heat treatment.

3.2. Transformation behaviour

Fig. 4 shows the transformation behaviour of twmglgs. Sample (a) was in solution treated
state. It exhibits a single-stage transformatiotwben the austenite (A) and the martensite
(M), with 747 = -20°C,7A™ = -70°C,T]"™# = -25°C andr}~# = 10°C. After ageing at

450°C (sample (b)), the R phase appears on boilingand heating.

Fig. 5 shows the transformation behaviour of thnefded samples. For each sample, two
DSC specimens were taken, one from the joint (bluges) and the other from the unaffected

initial metal (red curves), as schematically illaséd in Fig. 5.a.

Fig. 5.b shows the transformation behaviour of sswalded sample. The initial material (red

curve) shows no transformation peak. The joint net¢blue curve) exhibits a single-stage
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A-M transformation, withly*™*= -20°C,T#™ = -70°C, T # = -25°C andr}'~# = 10°C.
The transformation temperatures are similar toghladghe solution treated sample (Fig. 4, red

curve).

Fig. 5.c shows the transformation behaviour of &ee sample after solution treatment. It is
seen that the joint and the initial materials stemilar transformation behaviours after the
solution treatment. As scheduled, the welded samtpde solution treatment exhibits identical

transformation as the solution treated initial mate

Fig. 5.d shows the transformation behaviour of m@a subjected to welding, solution
treatment and ageing at 450°C for 30 minutes. Oirté gpecimen and the initial metal both
show A -R-M transformations on cooling and heating. The Bstgrtand finishing

temperatures of transformations are different. @mmgg the effect of ageing on the
transformation behaviour of Ti - 50.9 at. %Ni prepd in Zheng et al. (2008), the solution
treated and aged initial material exhibit a transi@tion behaviour similar to the one obtained
after ageing at 430-460°C and that of the jointemal similar to the one obtained after

ageing at 460-490°C.

Thus, if the solution treatment seems to homogeahigeomplete transformation behaviour of

the structure, the ageing treatment restores avelaeterogeneous structure.

3.3.  Joint micromechanical properties

Nanoindentation measurements were performed aerdiff points along the joint. The

distance of these points to the middle of the jenhotedd, as shown in Fig. 6.a. Fig 6.b
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shows the representative indentation curve (meat @0 indentations). The experiments
were conducted at room temperature, with the tgstemperature being approached by
heating from below 0°C. As seen in Fig. 5.b, bdik tveld and base materials are fully
austenitic at 20°C before heat treatment. The tieated samples (Fig. 5.d) are a mixture of
martensite and R-phase at this temperature, wikhwar martensite fraction for the joint

material.

Fig. 6.b shows two indentation curves from an aklae sample and two others from a heat
treated sample. Curve (1) is an as-welded samgdted atd=0 mm, corresponding to the
joint material at the joint centre. Curve (2) istbé same sample as curve (1) but tested at
d=1.5 mm, far enough from the joint to be in theftewed zone. Curves (3) and (4) are of a
sample heat treated after welding, tested=8tandd=1.5 mm, respectively. It is seen that for
the as-welded sample, the stiffness of the jointvEe 2) is lower than that of the initial
material (curve 1), while the remnant depth aftetentation is higher for the joint material
than for the initial material. For the heat treasasnple, the stiffness of the initial material
(curve 4) is slightly higher than that of the jofjcurve 3). This is attributed to the higher
initial martensite fraction for the initial materi@ee Fig. 5.d). The remnant depths are similar

between the two locations.

Fig. 7 shows the hardness variation along distancaurve 1 (red curve) is obtained from a
sample in the as-welded state. Curve 2 (blue cusvi®y a sample heat treated after welding.
EachHg value shown in the figure is the average of 1@mdtion measurements conducted
at the d position over an area of 200 x 200°{ch+ 100 pm - horizontal line) for an

indentation depth comprised between 850 and 1200Ti®& mean scattering is about +0.7

GPa and 0.4 GPa for the as-welded and heat-treategles, respectively. The difference in
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data scattering margin is attributed to differencesample preparation (e.g., polishing) as

described in Qasmi and Delobelle (2006).

It is seen that the hardness of the joint mateniahe as-welded sampleHé"mt: 2.9 0.5
GPa) is considerably lower than that of the initishterial {5**¢ = 5.4 £+ 0.9 GPa). The
variation ofHy with d can be divided into three distinct zones: thetjadihe heat affected
zone where the hardness increases and initial iaiaterith a constant hardness, as indicated
in the figure. As seen in the micrograph, the ja@ane is withind =~ 0.1 mm, smaller than
the range identified by the nanohardness measutehen0.3 mm). Thus, mechanically the
heat affected zone is bigger than the fusion zdmeemwed to SEM. Hardness of the heat
treated sample (curve 2 — blue curve) shows thathtrdness of the joint material remains

int

unchanged with heat treatmemé = 2.9 £ 0.4 GPa), while hardness of the initiatenal

is reduced td{i*?¢= 2.5 + 0.5 GPa.

Fig. 8.a shows the evolution of elastic moduli sfveelded samples with indentation depth at
different d locationsd=0, 0.75, 1 and 1.5 mm). For each curve, each pitte mean value
of 10 tests performed over an area of 200 x 200 (@m 100 um-horizontal line) relatively to
the d value. Dispersions of these measurements are showig. 8.b. Similarly, the elastic
moduli determined at different penetration deptlk #ime scattering of the data for a heat

treated sample are shown in Fig. 8.c and Fig.r8gpectively.

The modulus of the initial materiadi€1.5 mm) shows a strong decrease with the indentati
depth. This is due to the increased stress-indoatkensitic transformation at the indenter tip
as experimentally observed in Moyne et al. (199%@) mumerically studied in Muir Wood and

Clyne (2006). In this regard, modulus values deiteech at low indentation depths are closer
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to the true value of the Young's modulus of theenite. Thus, the Young's modulus of the
austenite is determined to g = 88 + 9 GPa by extrapolating the curvehte= 0, while
Moyne et al. (1999) measured a higher elastic mdguhanoindenation witlEa = 116 £ 15
GPa, and Liu and Xiang (1998) measuead= 35 GPa from classical stress-strain curves. For
d = 0 andd = 0.75 mm, the modulus is practically unchangegr dhre indentation depth range
and equal te = 68 £ 8 GPa. These observations suggest thgoitmematerial is probably
not superelastic. This is consistent with the etqiean that the joint is similar to solution
treated material (Fig. 5.b), which does not exhdpiod superelastic behaviour at room

temperature as observed with an identical matdrjaliang et al. (2009).

The elastic modulus of the heat-treated sample#sly constant over the indentation depth
range, atE = 67 £ 8 GPa. This value is similar to the elasticdulus of the joint material

before heat treatment. This implies that heat itneat does not affect the mechanical
properties of the joint but only those of the itimaterial. This is consistent with DSC
observations that the joint material and the ihitiaterial after heat treatment show similar

transformation behaviour.

Fig. 8.b and Fig. 8.d. show the dispersion of th@dvith the indentation depth. For the two
samples, dispersion is almost equal, constant rfiedior to 12 GPa. This value leads to an

error of approximately 17% on the Young modulusieal

3.4. Mechanical tests on welded tubes

Fig. 9 shows compression and tension tests reatinestb-welded (red curve) and heat treated

(blue curve) joined tubes. The tests were conduated climatic chamber at 40°C with

10
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crosshead velocities of 2 mm rlimnd 0.2 mm min for the tension and compression tests,
respectively. Tension tests were performed usimgdidwvice presented in the “Experimental
details” section. The compression tests were paddrbetween compression plates. To avoid

tube sliding during compression tests, adhesive taps put between the plates and the

samples. The compression strain is definegi;;;f\st whereAL is the displacement of the

upper moving plate.

Force-strain curves obtained during cyclic compogstests of joined twin-tube samples are
plotted in Fig. 9.a. Fig. 9.b shows force-displaeatncurves during tension tests of joined
twin-tube samples conducted until joint rupture.clity compression tests show the
superelastic behaviour of the joined tubes at 4@@ing these tests, the welded zone is
weakly deformed and does not play an important oolehe overall behaviour of the joined
tubes. The joined tubes are found to fail mainlydxgessive deformation of the material
outside the heat affected zone. It is seen thaashselded joined twin-tube samples are much
stiffer than the heat treated samples.

The experimental set-up of the tension test waggyded to deform mainly the joint zone. Fig.
9.b shows four loading curves, including two joirteth-tube samples in as-welded state (red
curves) and two other samples in heat treated @ihie curves). Round marks indicate joint
rupture. It is seen that the as-welded joined timlme samples are much stiffer than the heat
treated samples. This stiffness difference, alssented during nanoindentation tests and
compression tests between the as-welded and leedtdr specimens is thus easily explained
considering the transformation behaviour of théahmaterial as measured by DSC in the as-
welded (Fig. 5.b) and heat treated (Fig. 5.d) state

The measured fracture load values are very scdfteenging between 20 and 120 N.

Considering the best results and a cross sectiapmximately. x | =5 x 0.2 mm, where

11
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is the sample length arlds the width of the joint estimated from SEM migraph, and a
maximum load of 120 N, the joint is able to suppmrtensile stress of approximately 120

MPa.

4. Conclusions

Analysis of the experimental evidences presentedeleads to the following conclusions:

() Transformation behaviour, microstructure andchamical properties of the joint are
significantly affected by the welding process. Wfanmation behaviour of the joint is
practically identical to that of Ti-50.8 at% Ni aaled at 850°C. The material is not
superelastic under this condition. Grains withia thsion zone of the joint are much bigger
than those in the initial material. Hardness ofjthet material is 2.9 + 0.5 GPa and that of the
initial material is 5.4 + 0.9 GPa. The welded stuwe is highly heterogeneous.

(ii) After solution treatment at 850°C for 60 miollbwed by ageing at 450°C for 30 min, the
transformation behaviour of the joint and of th&iah material is almost identical. The heat
treatment does not change significantly the graie, hardness and elastic moduli of the joint.
However, the heat treatment increases the averegja gize of the initial material and
changes its micromechanical properties.

(iif) The weld can support a tensile load of 120ddrresponding to the tensile stress of 120
MPa. As-welded twin-tube samples are stiffer thaathreated twin-tube samples in both

compression and tension.
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Given the above, this study demonstrates thattaemis welding is a feasible technique for
joining NiTi for the design and creation of complsttuctures with low density and high

reversible elasticity.
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treated structure Indentation's modulus and (h)rédpective associated measurement dispersion.
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