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Joining of shape memory alloys

Odd M. Akselsen
SINTEF Materials and Chemistry
Norway

1. Introduction

Shape memory alloys (SMA) have received extensive attention in the last decades due to
their unique shape memory effect (Miyazaki et al, 1981), pseudo-elasticity (Miyazaki et al,
1982; Miyazaki et al, 1986), excellent corrosion properties and very good biocompatibility
(Sabur et al, 1984; Takei et al, 1983; Zhi et al, 2003). So far, they have been mainly used as
functional materials, with medical/biomedical applications as prime example (Morgan,
2004). When adding their ability of “learning”, as well as combining the function of a sensor,
actuator or that of a construction (static) material, these alloys are placed in the next higher
category, the “smart” materials. Since the shape memory effect in NiTi alloys, which covers
99.99% of the market today, was discovered as late as the 1960’s (Buehler & Wiley, 1965), the
potential of these alloys still has not been fully understood among designers and product
developers in the materials industry. Now, their use have extended to new applications in
the automotive industry (e.g. diesel fuel injector), MEMS (micro-electromechanical devices),
aerospace and power plants (Wu & Schetky, 2000). Moreover, SMA has been gradually
introduced to the civil engineering segment, where their ability as actuators, passive energy
dissipaters dampers for civil structure control have been utilized (Song et al, 2006; Janke et
al, 2005). Large structures as buildings and bridges can be exposed to severe vibration,
which may introduce dangerous stresses. SMA tendons may be applied to modify structures
to sustain high levels of seismic vibration. By strategic placement of such tendons, structural
damage may be minimized during an earthquake. This principle has also been used to
preserve architectural heritage in seismic areas.

In spite of recent landmarks in SMA applications, a limiting factor in further application is
their poor machinability, which often sets limits to the freedom in design. Another factor is
the lack of available joining techniques, particularly for joining of SMA to other materials.
Although the subject has gained more focus lately, there are still quite few publications
dealing with joining as regards systematic variations in joining parameters. Moreover, the
requirements set to the alloy itself should also be approached, or even better, matched after
joining. The accomplishment of sound joints is very challenging, since it is not limited to the
joint strength, but also comprises the shape memory effect and pseudo-elasticity.

The present report is worked out to point some focus towards challenges and recent
findings in the area of joining shape memory alloys, both to themselves and to other metals.
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184 Shape Memory Alloys

The joining processes evaluated are arc welding, beam welding and various solid state
techniques. As will be shown, all joining techniques that involve heat to the base metals tend
generally to cause reduction of their initial properties, but the most severe reduction in
shape and superelasticity recovery is achieved in arc welding. In joining SMA to other
metals, formation of brittle intermetallic compounds is difficult to avoid.

2. Types of alloys

There are mainly three groups of SMA represented in joining research and development
work:

i Ni-Ti alloys
ii. Cu-Al alloys and
iii. Fe-Mn alloys

The NiTi alloys dominate the commercial market, because of their larger shape memory
effect and better pseudoelasticity. They have superior properties with respect to ductility,
fatigue, corrosion resistance, biocompatibility and recoverable strain. The Fe-Mn alloys are
by far the cheapest (Janke et al, 2005), which may cause an increased market interest in them.
Other alloys may also be of future interest; especially alloys with higher phase
transformation temperatures will represent a supplement to the existing ones, broadening
the temperature range for application of SMA. Due to the greatest attention, the current
report contains most information from joining of NiTi alloys.

3. Characteristic features of SMA

When e.g. Ni-Ti is subjected to high temperature, it consists of austenite with a body centred
cubic lattice, while on cooling the austenite transforms to martensite with monoclinic lattice
through a displacive shear transformation. Thus, independent of alloy system, the following
temperatures can be defined:

M; = start temperature for martensite transformation on cooling
My = finish of martensite transformation

A, = start temperature for austenite transformation on heating
Ay = finish of austenite transformation

The driving force for this transformation is the difference in Gibbs energy between the two
phases of martensite and austenite, and depends on both the temperature and the level of
externally induced stresses. These two factors are also playing the main role in the
transformation mechanisms and represent the origin of the shape memory effect (SME) and
superelasticity2 (SE). The first effect, SME, is defined as a phenomenon such that an
apparent plastic strain given at a temperature below A, recovers by heating to a temperature
above Ay by virtue of the (crystallographically) reversible reverse transformation. The
typical stress-strain curve of a SMA is shown in Fig. 1 as the dashed line. At the end of a

a Superelasticity and pseudo-elasticity are equivalent terms; both are being used.
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mechanical loading-unloading path (OBC) performed at constant temperature, the material
presents residual deformation (OC). However, this deformation is not caused by dislocation
movement, as it is in normal metal, but by detwinning of the martensite. Therefore, the
residual strain may be recovered by heating of the material (CDO), as the material
transforms from martensite to austenite. SE, which is a pseudoelasticity occurring at a
temperature above Ay, is caused by stress induced martensite transformation upon loading
and by subsequent reverse transformation upon unloading. This crystallographic
reversibility, as shown in Fig. 1 by a dashed line, is characteristic of the thermoelastic
martensite transformation, which is described by a small temperature hysteresis (i.e., AT =
Ar - M) and mobile austenite-martensite interfaces (Saadat et al, 2002).

Fig. 1. Schematic stress-strain curve illustrating the shape memory effect (OBCDO) and
superelasticity (DEFGD) (van der Eijk et al, 2004a).

In designing smart components in SMA, it is important to control the phase transformation
temperatures in order to have the desired properties for a specific application. In Fig. 2, a
schematic deformation map for a SMA showing stress-strain-phase transformation
relationship. Here, M, denotes the highest temperature below which martensite
transformation can be induced by stress. Above My, SMA behaves like normal intermetallic
compounds with CsCl-structure in which plastic deformation of the austenite occurs
without inducing martensite deformation.

As indicated, the metallurgical and mechanical basics of SMA are well developed and

understood. So far, however, their applicability has been limited due the lack of available
fabrication techniques. Included are joining processes for assembling SMA to themselves,
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186 Shape Memory Alloys

and not at least, to other materials. The development of such cost efficient and quality
processes will probably be the key to further increase in the engineering applications of
SMA. In the present report, it will be demonstrated that such joining techniques are now
extensively examined, primarily for NiTi alloys, but also for other alloys such as Cu-based
and more recently, Fe-based SMA. It will be shown that some processes are very promising,
but also that there is more work needed to be able to maintain the initial base material
properties. In fact, it may be wise to include the joining in the design for certain applications,
where shape memory effect or superelasticity is of primary concern. Such conceptual design
will be much more cost effective since it may be possible to integrate alloy manufacture and
joining operations.

Plastic Deformation

Stress (Pressure)

Temperature
Fig. 2. Schematic deformation map illustrating phase stability, transformation temperatures
and critical stress (Hosoda et al, 1998).

4. Arc welding

In the case of welding SMA, the properties to be matched between the base metal and the
joint are the chemical composition and the microstructure, which dictates the shape memory
response. This is where, fundamentally, the joining of SMA deviates from that of
conventional metals such as steel, aluminium and titanium. In conventional alloys,
successful joints are obtained in spite of differences in the chemical compositions and the
microstructure of weld metal and heat affected zone (HAZ) on one hand, and the base metal
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on the other. In welding SMA, this may not be the case, matching of chemical composition
and microstructure, as well as transformation temperatures, is very important, since this
controls the mechanical properties and the behaviour of the joint.

There are many arc welding processes available, but a very limited number of them have
been tested for SMA. Due to the absence of adequate welding consumables, welding has
been performed by gas tungsten (GTAW) or plasma arc welding (PAW), both being carried
out without welding wire. Unlike gas metal arc welding (GMAW), these do not depend on
the use of melting wire since the arc is established between a non-consumable tungsten
electrode and the workpiece. During arc welding of SMA, embrittlement may occur due to
the reactions with oxygen, nitrogen and hydrogen at high temperatures. Proper use of
shielding and backing gas may thus be vital criterion to obtain sound welds. In addition,
precipitation of brittle intermetallic compounds such as NiTiz and NisTi during
solidification of NiTi SMA can have adverse effects on both strength and shape memory
characteristics of the material (Shinoda et al, 1991). An example is contained in Fig. 3 for
autogeneous plasma arc welding of NiTi, indicating a dramatic strength reduction after
welding (van der Eijk et al, 2003). Similar results have been found in GTAW. Post weld heat
treatment and training of the weld area is necessary to recover the shape memory effect after
welding (Ikai et al, 1999). When welding NiTi to other metals, the formation of brittle
intermetallic compounds may reduce the initial properties, Fig. 4. A number of different
phases are distinguishable, as shown by the SEM backscattered image of the Hastelloy side.
The composition of both sides of the weld was examined by electron dispersive
spectroscopy (EDS) analyses. Here, six different phases were observed, having a wide range
of chemical composition.

600

500 | ~

400 | -

300 | "
o Base metal

Stress, MPa

200 | &

/
100 %\ NiTi-NiTi weld

0

0 1 2 3 4 5 6
Strain, %

Fig. 3. Stress-strain curve of NiTi before (full line) and after GTA welding (dotted line) (van
der Eijk, 2004b).
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For 3

Weld_metal
y ¢

}’.

Hastelloy C-276

f 60pm 1 Electron Image 1

No. Ni Ti Cr Fe Mo W Zr Mn
1 30.3 44 20.7 4.2 30.7 9.6

2 58.9 15.1 11.1 3.5 9.6 1.8

3 68.4 16.3 7.3 3.1 3.8 1.6

4 3.5 6.7 9.5 52.4 26.5 1.5

5 75.5 21.8 1.4 1.3

6 55.1 33.1 57 3.3 2.3 0.6

Fig. 4. SEM backscattered image of the fusion line of the NiTi/Hastelloy C-276 weld (van
der Eijk, 2003) with corresponding EDS (wt%) analysis.

NiTi has a lower melting point (~ 1310°C) than Hastelloy C-276 (~ 1370°C) which can
explain the absorption of elements from the superalloy into the NiTi. In addition, the
different physical and mechanical properties may result in excessive thermal stresses and
strains, and substantial cracking may occur, as shown for a plasma arc weld in Fig. 5.

stainless steel

100 pm

Fig. 5. Transition zone cracking in plasma arc welding of NiTi to stainless steel (van der Eijk,
2004b).
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As discussed in the introduction part, the phase transformation temperatures may change in
welding, which may restrict the application range of the alloy, or simply reduce its
functionality. An example is contained in Table 1, showing values of M;, M;, As and Asbefore
and after welding. It is particularly the completion of transformation that changes due to
welding, i.e., the Myis lowered (30°C) and Aris increased (16°C), resulting in a more sluggish
phase transformation.

Welding method Alloy A (°C) | A (°C) | M (°C) | M (°C)
. Base metal 63 98 53 35
TIG (van der Eijk, 2004b) Fused metal | 59 114 65 5
Base metal 67 93 44 10
Laser beam (Falvo et al, 2005) Tored motal 31 15 =0 35

Table 1. Results from DSC measurements of base metal and fused metal in NiTi/NiTi welds.

5. Beam welding

Laser beam welding results in narrower weld zones than arc welding (Pfeifer et al, 2008), as
illustrated in Fig. 6. Both CO, gas laser (Tuissi et al, 2003; Hsu et al, 2001) and more
extensively Nd:YAG solid state laser (Schlossmacher et al, 1994; Schlossmacher et al, 1997a;
Schlossmacher et al, 1997b; Haas & Schiissler, 1999; Tuissi et al, 1999; Yan et al, 2006; Gugel
et al, 2008; Khan er al, 2008; Song et al, 2008, Maletta et al, 2009) have been used. The
Nd:YAG laser may give smaller welding spots and higher penetration depth than CO; laser
since the plasma shielding effect is reduced due to the shorter wavelength (Haas et al, 1999).

100 um

Fig. 6. Macrographs of (a) GTA weld and (b) laser beam weld; FeMnSiCr alloy (Dong et al,
2006).

As for arc welding, gas shielding is important to protect the fused metal against reaction
with oxygen, nitrogen and hydrogen. Moreover, the weld quality will depend on the
welding parameters (power, travel speed). The effect of laser power on minimum weld
width is illustrated in Fig. 7, where the width is increased around 200 pm when the power is
raised from 0.6 to 0.9 kW. The width of the fused zone, and the HAZ, is important for the
thermal stresses and strains (usually called residual stresses and strains) which tend to
increase with increasing width due to the larger volume to expand during heating and
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contract during cooling. With lower heat input, an associated finer microstructure will be
expected. This should help strength enhancement through the Hall-Petch relationship.
However, as for arc welding, the strength reduction may be quite severe, as illustrated in
Fig. 8. The fracture took place in the weld region.

600

500 |

400

300

Minimum weld width, pm

200 |

100
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Fig. 7. Effect of laser power on minimum weld width (Khan et al, 2008).
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Fig. 8. Tensile stress-strain curve of NiTi before (full line) and after laser welding (dotted
line). (Falvo et al, 2005).

The as welded properties can be improved by training. This point is outlined in Fig. 9,
showing the measured two way shape memory strain &, recovery strain &. and plastic
strain &, versus the number of training cycles before and after welding. It is seen for the base
metal (filled symbols) that all strain types increase with increasing number of training cycles.
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After welding, the behaviour is somewhat different. It appears that the two way shape
memory strain &, and the recovery strain, &, pass through a maximum at 5 training cycles.
Beyond 5 cycles, these strains are reduced, while the plastic strain, e., continuously
increases.

4,5

WO € _m—- =
3,5 |

Strain, %

0 1 2 3 4 5 6 7 8 9

Number of training cycles

Fig. 9. Effect of training cycles on shape memory behaviour and plastic strain of NiTi alloy.
Filled symbols: Base metal; Open symbols: After laser welding. (Falvo et al, 2008).

Beside the changes in mechanical properties following welding, a shift in the phase
transformation temperatures (martensite to austenite and austenite to martensite) may take
place. This may reduce the service temperature window for the SMA components. Phase
transformation data for laser welding are listed in Table 1. As for GTA welding, phase
transformation temperatures change after laser welding, the changes being even larger for
laser welds. These results indicate that certain post weld heat treatment may be required to
recover the initial transformation behaviour. Such information is still lacking, but it should
be noticed that the post heating temperature is important.

At least to some extent, the loss of initial properties of NiTi alloys following welding, can be
reduced or minimized through the so called additive laser welding (Zhao et al 2008; Zhao et
al, 2010). Ce was fed by pre-placement of a foil (TiNi with 2 at% Ce) between the two thin
plates of NiTi. Nb was supplied through assembling NiTi to a specimen of NiTi with 9 at%
Nb. The resulting effect of these additions after laser welding is to refine the solidification
structure. Without Ce or Nb additions, the solidification structure is typically columnar
grains growing from the fusion line towards the weld centre line, Fig. 10a. Growth of
crystals will always proceed parallel to the steepest temperature gradient in the melt; i.e.,
perpendicular to the isotherms. Such crystals will quickly outgrow those grains with less
favourable orientation. This implies that the columnar grain morphology is dependent on
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192 Shape Memory Alloys

the weld pool geometry, which again is controlled by the welding power, welding speed
and the base metal thermal properties. In a laser weld, this may give almost a straight
solidification line through the entire weld thickness. Since this area will be the last to
solidify, it may contain most impurities, and hence, represent the weakest point. When
adding Ce or Nb, this solidification pattern is broken, and the grains are equiaxed, Fig. 10b
and c. This effect results in grain refinement since the growth of columnar grains is
prevented. The consequence is an improvement of the stress-strain behaviour, as clearly
evidenced in Fig. 11. Nb gave around 30% increases in strength, i.e., from 400 to 530 MPa
fracture strength, and a rise in the strain at fracture beyond 40%. Ce was even more
powerful and gave a strength increase twice as that found for the reference weld, and a
strain at fracture of more than 200% better. For Ce, the mechanism seems to be related to
formation of Ce oxides, which may act as nucleation sites in solidification, which means that
the grain size is controlled by the volume fraction of the small oxide particles. For Nb, the
mechanism is different. The second phase was identified as B-Nb, and solidifies at lower
temperature (towards the completion of solidification). Thus, they will not act as nucleation
sites, but rather prevent the growth of columnar NiTi grains.

Fig. 10. SEM images of laser welds; (@) no addii, (b)-e added and (c) Nb added. (Zhao et
al, 2008).
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1000
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800 ;
& 600
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£ 400
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Fig. 11. Tensile stress-strain curve of NiTi before (full line) and after laser welding (dotted

line). (Zhao et al, 2010).

Laser beam welding is promising in welding NiTi to stainless steel (Wang, 1997; Hall, 2003).
As also observed in arc welding (van der Eijk et al, 2003 & 2004b), the stainless steel side is
the one most exposed to reactions as expressed by a wider transition zone, Fig. 12. In Fig.
12a, epitaxial solidification is seen by the grains growing from the NiTi side into the weld
metal.

NiTi fusion zone fusion zone interface AIS| 304

(b) ¢

¢ . 10 pum 10 pm
— . p—

Fig. 12. SEM micrographs of NiTi-AISI 304 joint (Gugel & Theisen, 2009). (a). Interface
between NiTi and fused zone, (b) interface between AISI 304 and fused zone.

The black and white arrows point out some precipitates in the weld metal. Since there is
primary dendritic solidification of NiTi, these particles tend to precipitate in the
interdendritic regions, being the last to solidify. An overview of the grain size distribution is
illustrated in Fig. 13. The NiTi base metal consists of small grains of 30pm, while the HAZ
contained smaller grains of 20 pm (Gugel & Theisen, 2009). On both sides of the weld, it is
seen that the grains are nucleated at the respective fusion lines and grow inward towards
the weld centre line (largest temperature gradient). A corresponding mapping of phases was
also performed, and the map of the AISI 304/weld metal side is shown in Fig. 14. The
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dominating phase is Fe;Ti. According to the authors, the green phase in the stainless steel
side has a bcc lattice, and is probably &-ferrite due to ferritic solidification of laser welded
austenitic stainless steel. Further development of laser welding with systematic variations in
the welding parameters is needed, and the effects on weld properties should be clarified.

Nickel—tanium fusion zone AlS| 304
O ety . T T

Fig. 13. Grain distribution mapping y EBSD (Gugel & Theisen, 2009).

fusion zone interface AlS| 304

NiTi
y-Fe

FegTi

NigTi

NiTi

TiC

Fig. 14. Phase mapping on the interface between AISI 304 base metal and the fused zone
(Gugel & Theisen, 2009).

10 pm

3 i

In addition to stainless steel, laser welding (CO. gas laser) has been applied to joining of
NiTi to the Ni-based alloy Inconel 625 and the Ni-Cu alloy Monel 400 (Tuissi et al, 2003). As
found for stainless steel, extensive reactions take place at the Inconel and Monel sides of the
welds. The welds gave poor strength and ductility due to transversal cracks in the as welded
state. Such cracks are probably originating from welding residual stresses, in addition to the
thermal expansion mismatch present. It is therefore necessary to change the chemical
composition of the fused metal to reduce the cracking susceptibility. This can be done by
simply adding a wire, powder or an interlayer to the fused metal during welding. Further
work should be done to improve the properties of such dissimilar material joints for
verification.
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6. Brazing

In brazing processes, the base metals do not melt, and certain high temperature
metallurgical phenomena can be avoided. These may consist of high temperature oxidation,
elemental segregation and grain growth, which all may reduce the initial properties of SMA.
However, even in brazing reactions will take place between the base metals and the filler
alloy. Vacuum atmosphere is recommended, and the use of filler alloys containing active
elements may be an advantage. An example is Ti, as indicated in Table 2 below. The table
contains a survey of brazing alloys employed in this section, and AgCu alloys are the basis
for all of them. In few other investigations, the use of Au and Au-based (Shiue & Wu, 2006a)
or Nb (Grummon et al, 2006) filler alloys have been reported.

Alloy i;mp 08133“ 7 ™ Ti Melting range, °C
AgCu (eutectic) 71.9 28.1 - - - 779

AgCuZnSn | 52 22 18 8 - 590-635
AgCuZnSn 11 50-68 | 10-30 | 12-20 | 0-10 - 640-730

AgCuTil 70.5 26.5 - - 3 780-805
AgCuTill! 63 3525 | - - 1.75 780-815

AgCuTi Il 2 68.8 26.7 - - 4.5 830-850

AgTi 96 - - - 4 970

1 Cusil-ABA® 2 Ticusil®

Table 2. Brazing alloys.

As for welding, there are numerous different brazing processes, usually named after the
heating method, i.e., torch, furnace, induction, dip and ultrasonic brazing, and others. For
SMA in general, and NiTi particular, the alloy is quite reactive with oxygen, carbon,
nitrogen and hydrogen, which set requirements to the brazing atmosphere. Thus, vacuum
conditions may be preferable. To the author’s knowledge, the effect of furnace pressure level
on joint quality is not reported. However, brazing in 103 Pa pressure with eutectic Ag-Cu
filler metal (72wt% Ag, melting temperature of 779°C) may give quite good strength and
ductility, but is dependent on the overlap length. This point is shown in Fig. 15a. A
considerable enhancement of strength is achieved when the overlap length is increased from
1 to 4 mm. The brazed specimen with 1 and 2 mm overlap fails at a load of 360 and 600 N,
respectively, while the 4 mm overlap sample fractured at 980 N (about 820 MPa). In Fig. 15b,
the recovery strain is plotted versus the total strain. Below 4% total strain (or 4% recovery
strain), there is a linear 1:1 relation between the two strains, indicating 100% recovery.
Beyond 4% strain, the recovery strain deviates from the 1:1 relationship with the total strain,
approaching a plateau at ~ 7% for a total strain level of 10%. Obviously, a permanent loss of
recovery is found.

In order to achieve a strong bond, there must be some chemical reaction following the
diffusion processes between the base metals and the filler. Such reactions are the basis for
brazing and cause formation of a reaction layer between the base metal and the brazing
alloy. An example of resulting microstructure is shown in Fig. 16, clearly resembling the
typical eutectic microstructure of Ag-Cu brazing alloys, consisting of white Ag and grey Cu
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rods. Note also the formation of reaction layer at the interface between the base metal and
brazing alloy. The authors suggested this phase to be of the type XTi, (Zhao et al, 2009),
where X=Ni+Ag+Cu. According to the binary phase diagram, Ni and Cu have full mutual
solubility at the brazing temperature, while at low temperature (354°C), a spinodal
decomposition causes phase separation into a; and a. Since there is no thermodynamic
barrier to the reaction inside of the spinodal region, the decomposition is determined solely
by diffusion. In the Ag-Cu and Ag-Ni binary phase diagrams, there are no intermetallic
compounds formed. Moreover, there is limited solid solubility of Ni in Ag in the Ag-Ni
system. By contrast, all elements (Ag, Cu, Ni) form numerous intermetallic compounds with
Ti, Table 3. Therefore, the formation of intermetallics at the interface between the base metal
and the brazing alloy is expected.

1000 4 7'_
] . 6l
800 s
c 5.
= - , 5
<5 6001 . =]
o ] ‘ %
o .:‘,' Z, J
- 400 - Lap length @ 34 Lap length
1 7 1mm 3 —a—4mm
’ - — (&) .
200 2Zmm o 2 - v- 2mm
. 4mm 051- - o 1mm
0 T T T T T T T T T T
0 1 2 3 4 5 0 2 4 6 8 10

Elongation, mm Total Strain, %
Fig. 15. Stress-strain curves and recovery strain of NiTi/NiTi joints for various brazed
overlap length; brazed at 900°C for 5 min (Zhao et al, 2009).

20um

Element Compound

Ag AgTi AgTir

Cu CU4Ti CuzTi CU3Ti2 CU4Ti3 CuTi CuTiz
Ni Ni;Ti NiTi NiTi,

Table 3. Intermetallic compounds in TiXy (X = Ag, Cu, Ni). (ASM Handbook, 1992)
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Similar results have been found in both infrared (Shiue & Wu, 2006b) and microwave
brazing (Chiu et al, 2005; van der Eijk et al, 2008). Ni may substitute Cu in XTi,, which
means that the concentration of Ni and Ti within the phase may vary quite significantly, i.e.,
Nie7.xCuyTiss. In addition, a Cu-Ti-Ni phase with some Ag was found. Finally, an Ag-rich
phase will form in the brazing alloy. In summary, it is evident from experimental
observations that Ag does not react with the Ni-Ti base metal. On the other hand, Cu and Ti
in the brazing alloy react extensively with Ni-Ti to form XTi, (X = Cu+Ni, plus possibly
some Ag) or Cu-Ni-Ti phases.

Using data from Villars et al (1995) and the liquidus projection of the Ag-Cu-Ti phase
diagram contained in Fig. 17, the following reactions are possible in solidification of the

molten Ag-Cu-Ti brazing alloy (point A in the figure; reference is made to the discussion by
Shiue & Wu, 2006b):

At 808°C: L + CusTi2 - (Ag) + CuyTi 1)
At 783°C: L + CuTi — (Ag) + (Cu) ()
Ag-Cu-Ti Cu liquidus projection

Cu,Ti
—p Cu2Ti (HT)
X CusTip (HT)

cuTif 10
(Ag) JUIRE
L]
Ag’fl N\ A N I FAY AN fal .
Ag 10 20 30 10 50 60 70 ) 20 Ti

Fig. 17. Liquidus projection in ternary Ag-Cu-Ti phase diagram (Villars et al, 1995). Letters
A and B refer to the brazing alloy compositions used by the authors.

On this background, the authors concluded that the microstructure of the solidified brazing
alloy mainly comprised of Ag-rich and Cu-rich phases.

While NiTi has limited solubility of Ag, a certain solubility of Cu exists. Thus, both CuNiTi
and (Cu,Ni)Ti may form in the Cu-Ni-Ti ternary system (Yang et al, 2004). It is also stated
that, while the CuNiTi phase deteriorates the shape recovery ability, the (Cu,Ni)Ti phase
preserves the shape memory behaviour (Mercier & Melton, 1979; Bricknell et al, 1979;
Bricknell & Melton, 1980).
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When brazing Ni-Ti to other metal, the situation is much more complex, depending on the
actual metal. The Ni-based superalloy Hastelloy C-276P and austenitic stainless steelc results
in extensive inter-diffusion of elements. An example is contained in Fig. 18 for
NiTi/stainless steel joint. On the NiTi side of the joint there is formed a (Cu,Ni)Ti phase,
while a Fe-Cr rich phase is formed on the steel side. Since reaction layer formation is a
diffusion controlled process, the temperature and time used in brazing will indeed be
important, in addition to the brazing alloy selection.

A240 Stainless Steel

30 ym
Position | Ni Ti Fe Cr | Cu | Ag Phase
1 573 | 42.7 - - - - NiTi base metal
2 283 | 26.8 | 2.2 - 427 - (Cu,Ni)Ti
3 13.3 | 32.6 | 13.0 - 403 | 0.8 (Cu,Ni,Fe)Ti
4 6.0 | 3.7 | 599 | 304 - - FeCr-rich phase with some Ni, Ti
5 104 | 1.0 | 63.8 | 24.8 - - Stainless steel base metal
6 13.1 - 664 | 205 - - Stainless steel base metal

Fig. 18. SEM secondary electron image of the NiTi-stainless steel joint, brazed with Ag-Cu-Ti
at 925 °C (van der Eijk et al, 2008).

In laser brazing, using the AgCuZnSn II brazing alloy in Table 2, low heat input gave low
tensile strength of 190-210 MPa (Qiu et al, 2006). The strength was raised to 320-360 MPa
when higher heat input was used. Keeping in mind that the initial base metal tensile
strength was beyond 1100 MPa for both the NiTi alloy and the stainless steel, considerable
loss in strength is caused by the brazing process. Similar findings were reported with the
brazing alloy AgCuZnSn I in Table 2 (Li et al, 2006). As found in Fig. 18, interdiffusion and
formation of numerous compounds take place, even more extensive than in the figure. Ag,
Cu, Zn and Sn diffuse from the filler metal into both the base metals NiTi and stainless steel,
while Ti and Ni from the NiTi side, and Fe, Cr and Ni from the steel side diffuse into the
filler metal. The reaction layers on both sides will depend on the brazing parameters.

b Hastelloy C-276® contains 55wt% Ni, 14.5-16.5wr% Cr, 15-17wt% Mo, 4-7wt% Fe and 3-4.5wt% W.
¢ Containing 18-20wt% Cr, 8-10.5wt% Ni, 2wt% Mn, 1wt% Si and 0.08wt% C.
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7. Adhesive bonding

Available information on adhesive bonding of NiTi is very limited. This is a bit surprising,
since adhesive bonding may have limited negative influence on the initial base metal
properties. Adhesives such as cyanoacrylates, epoxies, etc, can be used, when knowing the
degradation susceptibility of them in different service environments. Adhesive bonding
requires some surface pre-treatment to enhance the adhesion between the adhesive and the
SMA base metal (Rossi et al, 2008). Such surface treatments have been applied in SMA
composites consisting of NiTi wires embedded in a polymer matrix. Several surface
treatment techniques have been reported, such as acid etching, polymer coating and
sandblasting techniques (Paine et al, 1992) to improve the adhesion of NiTi wires to epoxy
matrix. The authors concluded that sandblasting was the most efficient technique. The
debonding strength was found to increase by 70%. As much as 180% improvement in
debonding strength has been achieved in a similar examination (Jonnalagadda et al, 1997).
Silane-coupling agents gave also 100% improvement in the adhesion strength (Smith et al,
2004). Various chemical etchants to treat NiTi fibres have been tested, but without the same
strength enhancement; only 3-18% improvement was obtained (Jang & Kishi, 2005).

Fig. 19. Morphology of ground and etched samples of gas nitrided NiTi; (a) Etched for 5 in,
and (b) etched for 30 min (Man & Zhao, 2006).

Substrate®

Fig. 20. Adhesive bonding (schematic) of lap joint and corresponding shear testing (Man &
Zhao, 2006).
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More promising then is surface coating by gas nitriding which provide hard TiN dendrites
protruding from the NiTi intermetallic matrix (Cui et al, 2003; Man et al, 2005). This
dendritic network, which occurs by chemical etching after the gas nitriding, gives very large
increase in surface area, Fig. 19. This surface network strengthens the adhesion between the
NiTi alloy and the adhesive. The concept is illustrated in Fig. 20 together with the test set-up
for overlap bonding followed by shear testing. The shear test results shown in Fig. 21 reveal
a considerable rise in shear strength compared with sandblasting and etching treatment. The
strength level is raised from 8 to 15-20 MPa, depending on the etching time. Maximum
strength of 20 MPa is found for an etching time of 30 min. These variations with etching
time are closely linked to the surface morphology, which is indicated in Fig. 22.
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Fig. 21. Effect of etching time on lap joint shear strength (Man & Zhao, 2006).
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Fig. 22. Surface roughness of treated NiT (Man & Zhao, 2006).

Recent findings (Sadmezhaad et al, 2009) have also indicated that oxidation may give
substantial improvement to the adhesion between NiTi and polymers, Fig. 23. Again, the
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adhesion strength seems to be proportional with the surface area, which is dramatically
increased by the surface treatment change from type P, via types E and AO, to type O
techniques.

o
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Maximum adhesive strength, MPa
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P E AO (0]
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Fig. 23. Comparison of adhesive strength for different surface treatment techniques
Sadmezhaad et al, 2009). (P) Straight-annealed, scraped, cleansed and washed, (E) straight-
annealed, scraped, cleansed and etched, (AO) abraded and straight-annealed, and (O)
straight-annealed.

8. Other techniques

Friction welding is normally an excellent process alternative when joining round bars since
this joint fit-up satisfies the symmetry requirements in conventional and inertia friction
welding. The first attempt to weld NiTi by friction was performed two decades ago
(Shinoda et al, 1991). Although the base metal does not melt, there is substantial change in
the phase transformation temperatures and loss in strength. Subsequent heat treatment at
500°C enhanced the as-welded properties to approach the same level as the base metal. This
early work has not been followed up, and more information on the effects of process
parameters is needed. Friction welding produces an upset collar, which needs to be
removed by machining, another challenging issue.

NiTi alloys have also been friction welded to austenitic stainless steel with and without a Ni
interlayer (Fukumoto et al, 2010). Without the use of Ni interlayer, a large amount of brittle
Fe,Ti intermetallic compound was formed at the weld interface. The formation of this brittle
compound led to degradation of the joint strength. Use of Ni interlayer changed the
microstructures at the weld interface and improved the joint strength. Fracture occurred at
the interface between Ni and NiTi. The interface between Ni and NiTi was free from Fe,Ti
and consisted of mainly NizTi and NiTi.

Friction stir welding (Thomas et al, 1991) (FSW) is a special variant of friction welding used

for applications where the original metal characteristics must remain unchanged as far as
possible. In FSW, a cylindrical-shouldered tool, with a profiled threaded/unthreaded pin is
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rotated at a constant speed and fed at a constant traverse rate into the joint line between two
pieces of sheet or plate material, which are butted together. Usually, the parts have to be
clamped rigidly onto a backing bar in a manner that prevents the abutting joint faces from
being forced apart. There are many challenges, of which the tool design and material is of
great significance to the welding performance and weld quality. Tool wear may represent a
huge threat against industry applications of the process. FSW has been applied to join NiTi
(6.35 mm thick plates), using polycrystalline cubic boron nitride and tungsten-rhenium tool
materials London et al, 2005). Similar to that measured after arc welding and beam welding,
there is a change in the phase transformation temperature after welding, Fig. 24.

25

BM: base metal
RS: retrieving side
15 CR: centre region
AS: advancing side

BM BM

Temperature, °C

-15 t

-25

Weld position

Fig. 24. Variation in austenite finish temperature across a friction stir weld (London et al,
2005).

Resistance upset butt welding has been applied for NiTi wires. Resistance welding is based
upon use of electrical current and mechanical pressure to produce a weld between two parts.
Welding electrodes lead the current to the two parts that are squeezed together and
subsequently welded. Usually, the weld cycle must first generate adequate heat to melt a
small volume, with subsequent cooling under the influence of pressure until a weld is
formed with sufficient strength to keep the parts together. In conventional resistance spot
and seam welding, the current density and the pressure are kept sufficiently high to form a
weld, but not too high such that the material is squeezed out from the weld zone. However,
in upset welding, there is an upset collar formed which usually needs to be removed by
machining after welding (Nishikawa et al, 1982). The authors reported strength reduction,
e.g., the tensile strength of the welds was about 80% of that of the base metal. Unfortunately,
there is no follow up of this early work on resistance welding.

Explosion welding has been carried out related to manufacture of NiTi laminates. The
principle is shown in Fig. 22. The joint is formed by the high velocity impact of the work
pieces as a result of controlled detonation. The method consists of three main materials: (i)
the base metal, (ii) the flyer, and (iii) the explosive. The main parameters in welding are the
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collision speed, collision angle, and the flyer speed. The interface or weld line between the
base metal and the flyer is usually wavy. Apparently, this is not the case for NiTi/NiTi joint
shown in Fig. 23. By this technique, NiTi can be welded to itself and to other metals.
However, it is reasonable to suggest that the process will have geometric symmetry
limitations, imposing restrictions to the component design.

Detonator Explosive

Flyer plate

Base plate

Fig. 25. Explosion welding prihciples.

Fig. 26. Micrograph of the explosion welding interface (Yanni; al, 200).

Transient liquid phase (TLP) diffusion bonding is another possible route reported for both
CuAlZn (Gomez de Salazar et al, 1997) and NiTi alloys(Kejanli et al, 2009). Diffusion
bonding is a process that combines the use of temperature and pressure. The temperature
range is typically 50-80% of the base metal melting temperature. The pressure is applied to
provide good contact and to cause plastic deformation of surface asperities. The CuAlZn
alloy was subjected to TLP diffusion bonding with an Ag interlayer. Ductile interlayers are
typically used when joining dissimilar materials to accommodate strains due to different
thermal expansions. The Ag interlayer was selected since Ag-Cu alloys are used as filler
metals in brazing. The authors showed by their experiments that, when using their optimum
bonding procedure, the shape recovery reached a value of 91% of the base metal. Also in
TLP diffusion bonding of NiTi, an interlayer was used. Cu was selected, and assists in
providing the transient liquid phase (low melting eutectic phase).

Soldering should also be a feasible technique for joining NiTi to itself or to other metals. An
example is an early work with AgPd and AgPdGa solder alloys (Segoshi et al, 1990). Other
examples are the SnAg and AuSn solders with low melting temperatures between 200 and
300°C (www.indium.com). Since SMA may be quite reluctant to wetting by solders, they
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may be surface treated by e.g., nickel to provide a less reactive surface (easier to wet).
Alternatively, a reactive flux must be used to remove the surface oxide present. Such flux
may be a non-aqueous molten salt formulated on eutectic mixtures of KOH (potassium
hydroxide), NaOH (sodium hydroxide) and LiOH (lithium hydroxide), with melting
temperatures in a range from about 170 to about 226° C) (Nanis, 2005). The use of an
aggressive flux permits joining of SMA to other metals (e.g., stainless steel). Soldering kits
are also available today, containing both the required flux and solder alloy.

It is worth to mention that shape memory alloys like NiTi is also added as reinforcements in
solder alloys to improve their stress-strain behaviour. Moreover, shape memory alloys are
used as couplings themselves in e.g., tube joining. Bolted connections are also made in
memory metals. Such use of these alloys is outside the scope of the present report.

9. Summary and concluding remarks

In the present report, the joining of shape memory alloys to themselves or to other metals is
discussed. The joining processes included are arc welding, beam welding, brazing, adhesive
bonding and some other techniques like friction welding, resistance welding, explosive
welding, transient liquid phase diffusion bonding and soldering.

Welding of SMA by arc welding or beam welding processes is possible but tends to produce
brittle joints. Brittleness can be reduced by stress relieving, but degradation of the shape
memory effect may occur due to the high temperatures that are required. Welding should
also be carried under inert gases to prevent passive oxide build-up. Welding is seen to
change the phase transformation temperatures, which may reduce the application window.
Post welding training cycles may enhance the as welded shape memory effect and
superelasticity. Laser welding tend to give narrow welds, and may thus be preferable to arc
welding due to possible finer microstructure and lower thermal stresses and strains left
from the welding cycle. Welding of SMA to other metals may be challenging due to the
extensive formation of intermetallic compounds. These tend to be very brittle. In such cases,
it may be required to use additives that prevent such formation, but very little information
is available. Such information would be of great interest to expand the application of SMA-
metal couplings.

Several brazing processes have been studied, including infrared furnace, laser heating and
microwave heating. The main advantage of brazing is that the base metals do not melt, and
that there are commercially available brazing alloys, mainly based on Ag-Cu-mixtures. Like
welding, certain reduction of the initial base metal properties should be expected. Formation
of intermetallic compounds at the interface between the base metal and brazing alloy will
take place. This is a necessity to achieve strong bonds, but may also be negative due to the
brittle nature of many of these phases. The XTi> (where X = Cu, Ni and/or Ag) phase is
regarded to be very brittle. Brazing of SMA to other metals will give complex interdiffusion
across the joint with significant reaction layer formation. The use of proper, ductile
interlayer may be good choice to prevent the excessive diffusion and to accommodate
thermal strains due to mismatch in thermal expansion.
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Like welding, passive oxide build-up can be problematic when soldering nickel-titanium
alloys. While being difficult, it can be done using SnAg or AuSn solders with an aggressive
flux. Alternatively, plating with nickel or gold prior to soldering can result in good solder
joints. The melting temperature of these solders is low, between 200 and 300°C.

Transient liquid phase diffusion bonding utilizes low melting eutectics, and the process
combines temperature and pressure. This eutectic is achieved by using interlayers that assist
in the formation of the low melting eutectic phase. Shape recovery up to 91% has been
reported.

Friction welding, both conventional and friction stir welding, has been performed. These are
solid state processes, but the heavy deformation of the weld zone may cause degradation in
the properties such as superelasticity, shape memory and phase transformation
temperatures. Resistance welding was tested in the early stages of SMA development. The
method gave promising tensile results, but has not been fully explored.

Explosion welding has been applied in NiTi-NiTi laminate production. The technique is also
feasible in joining or coating NiTi to other metals, although some limitations will be present.
Shape memory alloys can be joined by adhesive bonding, but surface pre-treatment is often
required to enhance the bonding area. Adhesives such as cyanoacrylates, epoxies, etc, can be
used, when knowing the degradation susceptibility of them in different service
environments. Mechanical methods such as crimping and swaging have also been successful.
The shape memory effect itself can be used and has been employed commercially in
couplings.

As envisaged in the report, a great variety of joining processes has been applied to shape
memory alloys. However, to some extent, there is still a lack of systematic studies on the
effects of joining parameters. There is still some way to go concerning process and
performance optimization, and hence, there is certainly a need for keeping the focus on
joining also in the years to come.

Finally, it should be noticed that, although degradation of properties occurs in most joining
processes using heat, this deterioration may take place locally. The significance of local
strength or ductility changes in a component is not very clear, and there is a need for finite
element modelling to simulate the impact on the component structural integrity. Moreover,
with brittle materials or local brittle constituents, formation of microcracks has been
observed in joining, especially when joining NiTi to other materials. The significance of such
microcracks should be assessed by fracture mechanics. Some studies have been carried out
(Chen at al, 2005; Daymond et al, 2007; Wang, 2007; Maletta et al, 2009), but the topic
deserves more attention in future work.
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