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ABSTRACT
NEW METALLURGICAL METHODS FOR JOINING NITI
By

John W. Foltz IV

Nickel titanium is an intermetallic alloy used in many applications because it
demonstrates shape memory and pseudoelasticity at near room temperature. Historically,

methods of joining nickel titanium have had limited success.

This thesis reports on a variety of preliminary experiments on creating metallurgical
bonds with NiTi that take advantage of a pseudo-binary equilibrium system between NiTi
and Nb. This system allows pure Nb to act as a melting point depressant for NiTi. Bonds
between NiTi sections have exhibited high strength and ductility. The technique has been
used to create low density honeycomb topologies capable of geometrically amplifying

pseudoelastic and shape memory effects.

The liquid formed by this pseudo-binary is highly reactive, and aggressively wets many
metallic and non-metallic surfaces. DC magnetron sputtered multilayers of NiTi and Nb
can be used to control the reactivity of the liquid. These multilayers themselves exhibit
shape memory and high transformation temperatures, which demonstrates achievement of
good composition control. When combined with niobium cladding, multilayers also
allow NiTi to be bonded with many other materials without the formation of undesired

intermetallic compounds.
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1 Introduction

The interesting properties of the intermetallic alloy nickel titanium were first discovered
between 1962 and 1963 at the United States Naval Ordinance Laboratories. After the
alloy demonstrated shape memory, it was named Nitinol, which is an acronym for Nickel
TItanium Naval Ordinance Labs. (Otsuka and Ren 2005; Memry 2006) Since its
creation, nickel titanium has been used in many applications, due to its possession of
several unique features: biocompatibility, pseudoelasticity, and shape memory
transformation temperatures near human body temperature. (Memry 2006) Some alloys
of NiTi can exhibit wide hysterisis, or a wide temperature difference between the
austenite start (A;) and martensite start (M) temperatures, which is useful for aerospace
applications. (He and Rong 2004) In addition, NiTi is corrosion resistant at low
temperatures, so it can be used in harsh environments. (Otsuka and Ren 2005) Finally,
the unique physical properties of NiTi make it especially useful in electronic applications
where large amounts of mechanical work must be developed using a small mass. (Gill,
Ho et al. 2002) Sensors, motors and pseudoelastic antennas are just a subset of the

potential electronic applications of NiTi alloys. (Memry 2006)

Nitinol is a near equiatomic formulation of nickel and titanium. Near room temperature,
the material can undergo a phase change from a B2 (CsCl) austenite crystal structure to a
B19’ (monoclinic) martensite structure. This martensitic phase transformation is
reversible and gives rise to shape memory and pseudoelastic effects. (Otsuka and Ren

2005)



The common oxide formed on NiTi alloys is TisNi2O, which shares the same spacegroup
and morphology as Ti;Ni. For this reason, TisNi,O and Ti;Ni will be assumed
interchangeable, because without TEM analysis, the two phases cannot be distinguished.

(Otsuka and Ren 2005)

1.1 Shape Memory Processes

The single way shape memory effect (SWSME) encompasses the following
transformation. First, the martensite is deformed, then, upon thermal reversion of the
austenite the material will restore its previous shape. The crystallography of the phase
change will be discussed later, but the effect is dependent on a rearrangement of
reversible martensite variants under an applied external stress field. When the material is
heated to above the austenite start temperature (A;), the original austenite crystal structure
is elastically restored due to the higher stiffness of the austenite. This effect is known to
restore up to 7% strain in a polycrystalline material, and up to 10% in a single crystal.

(Otsuka and Ren 2005)

Pseudoelasticity occurs when a material undergoes no permanent deformation when
subjected to a strain substantially beyond the elastic limit of other metals. For monolithic
polycrystalline NiTi, up to 7% strain can be elastically recovered by reversion of stress-
induced martensite. During this martensite formation, the strain of the material increases
dramatically, while the stress does not increase substantially. After the austenite phase is

transformed to martensite, it can slip induce plastic deformation. (Hou 1998)



Pseudoelasticity can be observed during a strain controlled tensile test. If the material
exhibits pseudoelasticity, only the endpoints of the loading and unloading curves are

coincident, shown schematically in Figure 1.

€

Figure 1: Schematic stress strain curve of a pseudoelastic Nitinol. The upper curve is the loading curve,
while the bottom is the behavior of the material upon unloading. Plastic deformation can begin at the
completion of the pseudoelastic plateau on the stress strain curve.

1.1.1 Two-way shape memory effect

Two-way shape memory (TWSME) is another process that shape memory alloys, such as

NiTi, can exhibit. In this process, an internal stress field drives material to a taught shape



in the martensite phase. When the Nitinol is heated into the austenite phase, it still shows
the single-way shape memory effect. With this process, the material can remember two

distinct shapes: one shape at low temperature and another at high temperature.

Cyclic thermo-mechanical treatments are used to induce a stress field into the nickel
titanium. Exact procedures vary, but during this process the material is either under
constant load and is cycled in temperature or is cycled both in load and temperature
between the martensite and austenite phases. The TWSME is not as robust as the single-
way shape memory effect, and shows less strain amplitude and less cyclic stability. Over
time, the stress field can relax, which diminishes the effect. Typically, during the first
few heating cycles, it is possible to get above 2% strain change, but after approximately
10 to 100 cycles, the effect diminishes to a asymptotic 1% strain change between cold

and hot cycles. (Otsuka and Ren 2005) (Zhang 2006)

The TWSME effect can also be developed using external biasing of a SWSME. Here the
material is redeformed upon cooling of the material by an external force. This is a less

elegant form of the TWSME, but it can support higher maximum strain amplitude.

(Foltz, Grummon et al. 2006)

1.1.2 Deformation systems

The functionality of Nitinol is dependent on a diffusionless, thermo-elastic, first order
martensitic phase transformation. The B19’ structure of Nitinol is a thermo-elastic

martensite, which forms by inter and intra-martensite twinning. (Otsuka and Ren 2005)
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The phase transformation must have a coherent phase front to create the martensite by
shearing the austenite. Due to differences in lattice size between B19’ and B2, this
coherent phase front is accomplished through a Type II twinning process, which results in
a twinned martensite. The strain associated with this shearing of the austenite is
neutralized by other twin variants nearby. Due to this, martensite in Nitinol is referred to

as forming by ‘self accommodation’. (Otsuka and Ren 2005)

The B19’ martensite has a monoclinic crystal structure, which is a low symmetry
structure. The austenite phase is a high symmetry, CsCl , or B2 crystal structure. The
austenite phase supports dislocation motion, making nickel titanium unusually ductile for
an intermetallic. If the onset of slip plasticity is delayed using strengthening
mechanisms, Nitinol can stress induce martensite, which is the basis for the pseudoelastic

effect. (Otsuka and Ren 2005)

Stress inducing martensite is explained by the Claudius-Clapperyon equation. This
relationship dictates that martensite transition temperatures rise as the shear stress in a
material increases. Therefore, as the austenite is loaded, the start temperature of the
martensite rises until the testing temperature is below the, now elevated, martensite start
temperature. At this point, martensite stress induces and can deform by detwinning.
Upon unloading of the sample, the detwinning and martensite nucleation reverses and

leaves the Nitinol as austenite once more. (Otsuka and Ren 2005)



There is also a rhombohedral martensite (r-phase) which can form in Nitinol; it behaves
differently than the monoclinic martensite, but still forms by self accommodated
twinning. The strain-temperature hysteresis loop between austenite and the r-phase is
smaller than the loop between austenite and B19’ martensite. This has two important
consequences: the r-phase completes the phase transformation at higher temperatures

than B19’, but has smaller recoverable strain. (Otsuka and Ren 2005)

1.2 Bonding NiTi

Several methods of joining nickel titanium have been developed in an effort to increase
the complexity of devices. Thus far, some joining methods are acceptable in limited
applications; while other applications, such as biomedical ones, do not have robust
joining techniques due to biocompatibility problems. The following is a brief summary

of some joining methods for nickel titanium.

1.2.1 Diffusion bonding

Joining nickel titanium has been historically difficult due to the slow diffusivity of both
titanium and nickel in nickel titanium. According to Li and Rong, the bulk diffusivity of
nickel in Nitinol is 1.5 X 102 at 1223 K, while titanium in Nitinol is 2.0 X 10° at 1223
K. (Li, Rong et al. 1998) A first order approximation of the time required to diffusion
bond a NiTi surface with an average roughness of 10 um is given by (Wert and Thomson

1970):
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Equation 1: Approximation of average diffusion distance (Wert and Thomson 1970)

Where D is the average diffusivity, ¢ is time and X is distance. With a lengthy high
temperature process such as this, diffusion bonding leads to grain growth, and can cause
precipitates to enlarge and lose their strengthening ability. This loss of strengthening can
lead to easier slip plasticity in the austenite phase, poor pseudoelastic effect and poor

strength. (Otsuka and Ren 2005)

1.2.2 Silver solders

There is some research on silver soldering of Nitinol. All published techniques require
aggressive fluxes to remove the Ti4Ni,O complex oxide, which forms readily at elevated
temperatures. These fluxes are generally not biocompatible and therefore cannot be used
for biomedical devices. The strengths of these solders are low, usually between 150 and

250 MPa. (Memry 2006)

Three distinct soldering techniques have been explored by the Edison Welding Institute
(EWI). Halogen based fluxes, used commonly for aluminum alloys, have limited success
removing surface oxides in NiTi alloys, but must be mechanically removed after

soldering. Nickel and other metals have been plated onto NiTi, which indirectly allows



NiTi to be soldered to other materials. This technique, however, is difficult and time
consuming due to the multiple stage process. The third method involves ultra-sonic
soldering NiTi using tin. This technique is not biocompatible, and achieves low shear
strength. The highest shear strength obtained among all three soldering techniques was

50 MPa. (Hall 1997)

1.2.3 Welding techniques

Welding and spot welding of Nitinol have provided reasonable success; but bond
strengths of 550 MPa are the highest reported, which is approximately 50% that of the
base metal. In metal inert gas (MIG) and tungsten inert gas (TIG) welding, nickel
titanium bonds are typically brittle, and possess Ti;Ni precipitates in the fusion zone,
which is where the solidification takes place. (Falvo, Furdiuele et al. 2005; Li, Sun et al.
2006) Devices using these techniques are limited by the low bond strength, and the small
cross sectional area of the weld, which reduces the functionality of the material near the

weld.

Laser welding of NiTi sheet material using a Ng:YAG laser has provided positive results.
Both shape memory and pseudoelasticity of NiTi plates can be preserved when joining
them by laser welding with argon shielding gas. This method, however, can only be used

for line-of-sight joining; not within a structure. (Schlossmacher, Hass et al. 1997)



1.2.4 Transient Liquid Processing

Transient liquid processing (TLP) is a method of joining materials that has existed for
thousands of years. (MacDonald and Eagar 1992) Only in recent years has it begun to
receive attention again, due to advancements in metallurgy. This joining method
involves a liquid forming by a low melting temperature eutectic or peritectic reaction
between two materials and an interleaved foil of reactive material. By way of solid state
diffusion, the liquid slowly freezes as the atomic species of the interleaved foil diffuses
into the bulk. The microstructure of the bond, upon solidification, is nominally the same

as the parent materials, making the bond difficult to find later.

TLP requires high diffusivity of the minor species in the solid state of the parent phase,
and a low melting eutectic or peritectic reaction between the two materials. (MacDonald
and Eagar 1992) Without high diffusivity in the solid state, the processing time is
prohibitive in terms of high cost and poor material properties. The process is not possible
without the use of a low melting point peritectic or eutectic reaction; without this liquid

formation, the process would be the same as diffusion bonding.

This process has been used in recent years to join NiAl and NiTi. (Gale and Guan 1997)
TLP was mildly successful in joining these materials, however, the process greatly
disturbed the transformation temperatures and microstructure of the NiTi material. The
addition of a copper interlayer between the NiTi and NiAl allowed formation of a liquid,
which later solidified from both the NiTi and NiAl sides. The bond contained excess Ti

as a result of faster diffusion of Ti versus Ni in NiTi. As a result, the microstructure of



the NiTi was inhomogeneous as a function of distance from the bond. In addition to
forming secondary phases, the process required over an hour of processing at 1150°C,

which would cause excessive grain growth in the NiTi material.

To join NiTi to itself or other materials effectively and at a reasonable cost, the thermal
exposure must be limited. This is due to the reduction of the mechanical properties of
NiTi when exposed to temperatures above 500 °C, as well as the cost incurred by high

temperature processing.

1.2.5 Ni-Ti-Nb ternary system

The Ni-Ti binary phase diagram, shown in Figure 2 is a complex system containing
several intermetallics. The most important of these intermetallics is NiTi, but the stable
intermetallic Ti,Ni and the metastable NiyTi3 and Ni;Ti, phases are important in
determining the strength of NiTi alloys. Ti;Ni is brittle and weak, and can embrittle and
weaken NiTi alloys when it forms at grain boundaries. NisTi; and Ni3Ti;, however, can
strengthen NiTi alloys by precipitation hardening if the particles are small and well
dispersed in NiTi grains. NisTis, in particular, is commonly used as a strengthening
mechanism against dislocation motion in the B2 phase of NiTi, which increases the

pseudoelastic functionality of the alloy. (Otsuka and Ren 2005)

Niobium, a common alloying addition for NiTi, has low solubility in the B2 NiTi phase.
With alloying additions above 10 at.% Nb, phase separation produces BCC niobium and

B2 NiTi. (Piao, Miyazaki et al. 1992) The ternary system between Ni, Ti and Nb is
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shown in Figure 3. The nickel-rich half of the ternary system contains several ternary
intermetallics, while the titanium-rich half contains no ternary intermetallics. (Gupta

1991; Prima, Tret'yachenko et al. 1995)

Literature suggests a possible quasi-binary eutectic between NiTi and Nb, shown in
Figure 3, with a reported eutectic temperature of 1170°C with an atomic composition of
36Ni-38Ti-26Nb. (Piao, Miyazaki et al. 1992) (Gupta 1991; Prima, Tret'yachenko et al.
1995) The exact melting temperature of the quasi-binary eutectic point is only known to
lie between 1150°C and 1170°C, because of the steep solidus surfaces in the ternary
system. The quasi-binary eutectic temperature is roughly 140°C below the melting
temperature of pure NiTi, and therefore could be used to join NiTi together in a process
similar to TLP. Contact melting of niobium and NiTi will take place above 1150°C,
joining the materials together. Upon solidification, based on the pseudo-binary eutectic,
phase separation will occur and the bond will be composed of B2 nickel titanium and
disordered BCC niobium. The key feature of these microstructures is that both phases in

the eutectic are ductile.

Based on Ke Bin Low’s work at Michigan State University, butt-joints made using the
NiTi-Nb quasi-binary eutectic system have high breaking strengths, as shown in Figure 4.
The fracture is comprised of a cup and cone type failure inside the solidified zone, which
is most likely due to the ductile Nb phase. Microalloying the Nb phase with other

elements could possibly lead to higher breaking strengths. (Low 2007)
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The quaternary system between Ni, Ti, Nb and O is also of great importance to this
joining method, which has not been studied in depth. If the eutectic liquid created by
heating NiTi and Nb above 1150°C interacts with oxygen, even in a vacuum furnace, it
stabilizes Ti;Ni precipitates. TioNi precipitates that are solidified from the eutectic liquid
can contain niobium, based on the Ti-Nb binary phase diagram. Niobium is assumed to
substitute for Ti inside the Ti;Ni precipitate. Without oxygen, a mixture of NiTi and Nb
freezes into NiTi and Nb upon cooling. In the presence of oxygen, it is theorized that the
liquid freezes into a 3 phase reaction plane consisting of NiTi, Nb and Ti,Ni.

Microstructural evidence for this hypothesis can be seen in Figure 5.
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Figure 4: Stress-strain response of a NiTi butt-joint bonded using the Ni-Ti-Nb ternary system. Fracture
surface shows ductile cup and cone type fracture, likely due to the Nb phase.
(Low 2006)



Figure 5: SEM image of NiTi cross-section that has been wetted by NiTi-Nb liquid in a vacuum furnace.
Upon freezing, faceted precipitates form, which are morphologically identified as Ti,Ni.

1.3 Organization

The topic of this thesis is the ion and basic understanding of bonds between nickel

titanium to itself and other materials. Numerous experiments were conducted for this
thesis; these will be described in detail, with individual introductions, lists of materials

and procedures. The results will be summarized after discussing all of the experiments.
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2 Joining similar Nitinol

The first NiTi metallurgical joints made using Nb-based reactive eutectic brazing were
made in 2004 by Shaw and Grummon, working at MSU, as an outgrowth of attempts to
create low-density topologies in Nitinol. The first experimental joint was made along an
axial contact line between a parallel pair of 3 mm NiTi tubes. Subsequent metallurgical
analysis revealed the aggressive wetting capability of the liquid that was formed by
contact melting, and the simple 2-phase eutectic structure in the solidification product.

Preliminary mechanical tests suggested that the joint was mechanically robust.

2.1 Discovery of NiTi-Nb reactive brazing with NiTi tubes

2.1.1 Introduction

Brazing and diffusion bonding are the only processes that can create bonds on the inside
of structures. By utilizing furnace brazing, nickel titanium requires none of the special
equipment necessary for welding. Furthermore, brazing can bond large surfaces
metallurgically, which is difficult to impossible with traditional welding techniques. This
allows for tougher mechanical joints that can support higher loads and deformation

without the high stress concentrations that can occur from welding.

The discovery of the NiTi-Nb reactive brazing process was one of accident while
attempting to diffusion bond pseudoelastic NiTi tubes along an axial direction. The tubes
were held in contact using a Nb wire, which melted during the experiment. After this

discovery, the experiment was repeated, but a 0.508 mm wire of Nb was placed along the
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contact line of the tubes. The following section describes this initial attempt at using the

Ni-Ti-Nb ternary system to join NiTi tubes.

2.1.2 Brazing

To make use of the reported quasi-binary eutectic between NiTi and Nb, two 3 mm
diameter tubes of nickel titanium were joined together using a small supply of high purity

niobium wire.

As-received NiTi tubes with an inner diameter of 3.2 millimeters were sectioned into 19
mm lengths. A single 19 mm length of 500 pm diameter 99.995% pure Nb wire was
placed between the tubes. The tubes were held in contact with a wrap of tungsten wire
going around the circumferences of the tubes. The tubes were then suspended from the

top of a Centorr vacuum furnace using another tungsten wire.

The tubes were joined by vacuum furnace brazing with a Centorr vacuum annealing
furnace. The furnace was allowed to pump until the base pressure was below 107 Torr,
after which it was heated to a temperature of 1185°C at an approximate rate of
20°C/minute. It was held at 1185°C for 5 minutes and then allowed to cool by turning
off power to the heating elements. The temperature of the furnace was measured by an R
type thermocouple attached to a Honeywell Versa Pro UDC 3000 thermocouple
controller. The thermocouple registered below 500°C after approximately 15 minutes of
cooling. Once cooled, the sample was heat treated in an air-furnace for 1 hour at a

temperature of 400°C.
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2.1.3 Results

The tubes were completely fused by formation of a low melting eutectic liquid as a result
of the niobium braze filler. There was no discernable bond line in the cross section of the
tubes, as shown in Figure 6. It is simple to determine the distance the liquid flowed by
observing the color and shade of the NiTi tubes after being brazed. The liquid initially
formed from contact melting between a single 500 pm diameter Nb wire and the NiTi
tubes. As the liquid formed, it filled the local capillary space nearby. The liquid crept up
the sides of the tubes, to balance the surface energies by reducing the wetting angle

between the nickel titanium and the liquid, as shown in Figure 6.

A tubular shape is one geometric configuration that can amplify the pseudoelastic effect
of nickel titanium. The initial experiment to join the tubes using diffusion bonding was
to create macroscopic transformation foams. To demonstrate the amplification of
pseudoelastic effect, the sample was cyclically compressed with increasing compressive
strain until fracture was observed, as shown in Figure 7. This fracture occurred at nearly
30% strain, measured by the initial height of the tubes, and was outside of the joined area.
The pseudoelastic effect, which can be observed by the reversible strain upon unloading

of the tubes, was above 20% on the final compressive loading curve.
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Figure 6: Macroscopic bond of NiTi-NiTi using Nb filler metal. Note that the eutectic liquid wets the NiTi
surface without fluxes or other wetting agents.
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Figure 7: Compressive stress strain curve for a pair of joined NiTi tubes. Loading is shown as solid lines,
unloading as dashed lines. The pseudoelastic effect of nickel titanium is amplified from approximately 7%
reversible strain. Little permanent deformation was observed up to 30% compression.

The microstructure of the bond was especially useful in the attempt to verify the
existence of the pseudo-binary eutectic reported in literature. The tubes were sectioned
and polished to a mirror finish using silicon carbide grinding papers and alumina media
on a polishing wheel. The final polish was conducted with 0.05 pm diameter diamond

paste, after which the specimen was observed using a scanning electron microscope.

One half of the bond between the NiTi tubes can be seen in Figure 8. A Hitachi S-2500C
scanning electron microscope operating at 25keV and equipped with an Oxford

Instruments EDS system was used to characterize the bond. The top left image in Figure
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8 shows a low magnification secondary electron image of the bond. Below this image is
a higher magnification image of the bond, where the dendritic solidification structure of

the proeutectic NiTi phase is visible to the left and right of the central brighter area.

The dendrites are also present in the bottom right image of Figure 8. These dendrites of
NiTi form as a result of the composition of the liquid; the liquid enriches in NiTi after the
exhaustion of the Nb source. The liquid composition reaches the NiTi liquidus
composition at the processing temperature, and upon cooling, the first phase to solidify is
dictated by the two-phase region that the super-cooled liquid moves into, given by the
phase diagram in Figure 9. The solidification of the melted NiTi of the tubes results in a

dendritic structure, based on solidification rate. (Porter and Easterling 1989)

The bottom left image in Figure 8 also clearly shows the eutectic structure that forms
below the eutectic temperature of 1170°C, which is a combination of Nb and NiTi
phases. The morphology of the eutectic structure is consistent with furnace cooling in

other alloy systems. (Sinha 2003)

To help understand the composition of the proeutectic NiTi and the eutectic mixture,
X-ray fluorescence images were formed from the Nb L-a, Ni K-a and Ti K-a
characteristic X-rays. As shown in Figure 8, the titanium concentration in the proeutectic
NiTi is lower, and thus has a darker image, than the unmelted NiTi. Additionally, there is

some Nb present in the proeutectic NiTi phase, but none is visible in the unmelted NiTi.
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This implies that diffusion of Nb in solid state NiTi is slow, and that the Nb solidified

into the proeutectic NiTi preferentially substitutes for Ti in the NiTi structure.

To obtain a fracture surface, another section was taken and the tubes were manually tore
apart using pliers under moderate force. A low magnification secondary electron image
of this fracture surface is shown in Figure 10. As indicated in the figure, dimples cover
the fracture surface, implying a ductile tearing fracture mode and a tough bond. As seen
in Figure 11, these dimples have coalesced into large voids, again implying a tough
metallurgical bond. While the ductile tearing fracture by microvoid coalescence is
commonly observed in the eutectic zone, the commonly observed fracture mode in nickel

titanium is ductile cleavage.
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NE L-ax

Figure 8: (Top left) Secondary electron image of bond between NiTi tubes using Nb filler metal. (Top
right) Nb L-a X-ray fluorescence showing no significant solid state diffusion of Nb into NiTi. (Center
right) Ni K-a X-ray shows a lower ion of Ni inside the eutectic than inside the NiTi.
(Lower right) Lower ion of Ti in the p ic phase than in the base NiTi, which is shown
using the Titanium K-o map. (Center Left) Low magnification SEI of the bond showing the presence of a
eutectic structure and proeutectic phase. (Bottom Left) High magnification image of eutectic structure and
proeutectic phase.
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—NiTi bonded tube fracture surface. Dimpling present throughout the entire fracture

Figure 10: SEI of NiTi

surface implies a ductile tearing mode fracture.
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Figure 11: High magnification SEI of fracture surface inside the bond area. Dimpling implies ductile
fracture inside the bond.
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2.2 Construction of pseudoelastic tubes in a low-density topology

2.2.1 Introduction

To further amplify the pseudoelastic effect, larger arrays of pseudoelastic NiTi tubes

were bonded to one another using the NiTi-Nb reactive brazing technique.

2.2.2 Materials and Methods

Pseudoelastic NiTi tubes were purchased from NDC in an etched and polished condition
to ensure no excessive surface oxides existed. These tubes were cut into 2.5 cm lengths
and were stacked into a close packed array inside a molybdenum fixture. Three mm
lengths of 125 um diameter Nb wires were placed atop the junctions between NiTi tubes.
The assembly was put in a Centorr vacuum furnace and was allowed to reach a base
pressure of 10" Torr. The sample was then heated above 1185°C for 5 minutes and
allowed to furnace cool to room temperature. The array was removed from the

molybdenum fixture and was photographed and sectioned, as shown in Figure 12.

2.2.3 Results

As shown in Figure 12, the Nb wires used to form the eutectic liquid can chemically etch
the walls of the NiTi tubes due to the shape and melting dynamics of the wire. As the Nb
wires melt, the wires are pulled close to the NiTi tubes to minimize the surface area, and
thus the free surface energy, of the liquid. To maintain equilibrium with both NiTi and

Nb interfaces, the liquid continues to melt NiTi locally. As the Nb wires further melt the
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NiTi tubes, the wires are drawn deeper into the newly formed crevice to minimize the
surface energy of the liquid. In this manner, the Nb wires cut through the NiTi tubes,
causing the etching effects visible in both Figure 12 and Figure 13. The effect does not
seem due to the differences in density between the liquid and the niobium wires because
many of the wires etched against the force of gravity. It is therefore suggested that on
this length scale, tens to hundred of microns, gravity does not play an important role in

determining melt dynamics.

Figure 12: Macro photo of close packed array of NiTi pseudoelastic tubes bonded with 127 pm Nb wires.
(A) Etching effect on Nb shown in the cross-section.
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Figure 13: Etching effect of 127 pm Nb wires cutting through the NiTi tubes, which is likely driven by
capillary forces. Wires seem to have migrated and etched against the force of gravity, suggesting that
gravity does not play a major role at the length scale of the wires.
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2.3 Construction of smooth corrugation honeycomb structures

2.3.1 Introduction

To improve the compressive properties of an array of pseudoelastic NiTi, thin strips of
Nitinol were corrugated and stacked in an alternating structure. The corrugation was
designed with two circular arcs, each with a radius of 2.54 mm, intersecting at tangential
points defined by a 7.65 mm lateral separation between cycles. This design is shown in

Figure 14.

2.3.2 Materials

The corrugations of pseudoelastic NiTi were shape set by clamping strips of material in a
die and annealing the strips at 500°C for 15 minutes. The die was then quenched in water
before the samples were removed. Both before and after the anneal, the nickel titanium
strips were acid etched as discussed in Appendix A.6. The etch removed the surface

oxides, which can embrittle the metal at high temperatures.

Following etching, the corrugations were tacked together using a small custom-built AC
thermocouple spot welder. For the initial experiment, specimen 071604A, 127 pm
diameter, 3 mm, Nb wires were placed between the corrugations, as shown in Figure 15
(a). Once these corrugations were tacked together, as discussed in Appendix A.8, the
assembly, also known as a sandwich, could be manipulated without the corrugations
breaking apart. The sandwich was then placed in a Centorr vacuum annealing furnace,
and was allowed to reach <10~ Torr before brazing. In initial experiments, the dwell

period was 10 minutes at 1200°C, which was reduced to 2 minutes at 1185°C once it was
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discovered how quickly melting occurred. The heating schedule for the initial

experiments is shown in Figure 17.

The sandwiches were then post-braze annealed in an air furnace for 1.5 hours at 350°C to
restore the pseudoelastic functionality of the NiTi. This anneal has been reported to

reprecipitate metastable Ni-rich phases that are solutionized above 800°C. (Saburi)

2.3.3 Results

The sample was sent to Dr. John A. Shaw at the University of Michigan for compression
testing. The sample was cyclically compressed with increasingly compressive strains

from 5% strain to 50% strain. The results of this test can be seen in Figure 16.

From the testing, it was shown that the compressive strain to failure of the sine wave
corrugated NiTi strips was superior to the strain to failure in the NiTi tubes. The
pseudoelastic effect of NiTi was further amplified by the corrugations compared with the

tubes. The density and stiffness of the array also decreased.

Niobium wires used in initial specimens etched holes in the NiTi, which decreased the
mechanical properties of the array. To eliminate this problem, later samples were
constructed using Nb foils and multilayer films that altered the contact geometry as

discussed in Section 2.2.3. The schematic design for later specimens is shown in Figure

17 ().
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Figure 14: Schematic of the corrugation design for the NiTi strip material. This formation was termed the
sine corrugation due to its resemblance to a sine wave, but it is defined by alternating circular radii.
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Figure 15: Schematic of corrugation construction using (a) 127 pm Nb wires (b) 54 um Nb foils. While the
foils are thinner, they are considerably wider than the wires, thereby supplying more Nb to the liquid. The
foil does not cut through the NiTi, unlike wires.
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Figure 16: (Top) Stress strain curves of cyclic loading of NiTi sandwich. The sample was strained up to
50% with little permanent deformation, demonstrating how the pseudoelastic effect can be geometrically
amplified. (Bottom) Time versus strain plot, which shows the loading cycles for the sample.
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1200
1000 +

800 +

Temperature, °C
S

400 4

200 +

0 10 20 30 40 50 60
Time, minutes

Figure 17: Typical heating schedule for initial sine wave corrugations. Furnace cooling continued until the
sample was removed at room temperature.
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2.4 Construction of hexagonal corrugation structures

2.4.1 Introduction

Nickel titanium honeycombs with hexagonal corrugations were designed to further
amplify the pseudoelastic effect in Ni-rich NiTi strips at a lower density than sine wave

corrugations.

2.4.2 Materials and Methods

In a process very similar to that described in Section 2.3, strips of NiTi were acid etched,
shape set and assembled as shown in Figure 18. At the contact points between NiTi
strips, small 2 mm x 4 mm squares of 0.051 mm thick Nb foil were tacked into place as
described in Appendix A.8. A molybdenum fixture was used to hold the sandwich inside
the vacuum furnace, as shown in Figure 19 and Figure 20. The entire honeycomb
assembly was then brazed using the method described in Appendix A.1. The heating

schedule of the process is shown in Figure 21.

The sample was then given a post braze anneal to restore the pseudoelasticity of the alloy.
The sample was heated in an air furnace for 1 hour at a temperature of 450°C. The
honeycombs were finally sent to Dr. John A. Shaw at the University of Michigan for

compression testing.

37



(2)

25.4mm
12.7mm
! 2.6mm
v |
3mm ‘
. e 4 v
(A 7
| 120°
t
() (©)
Figure 18: (a) Sch ic of shape-set tool ion made of stainless steel. All sides of the

corrugation are 3 mm. At the intersection of the 3 mm lengths is a 0.18 mm kerf. (b) Stacking sequence
showing 0.051 mm thick Nb pieces. (c) Final sandwich assembled and awaiting brazing.
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Figure 19: Sample 030805B, honeycomb assembled using a small thermocouple spot welding unit to tack
the pieces of NiTi to Nb foil. The array was placed in a molybdenum fixture as shown, with a small weight
applying a compressive load to ensure the NiTi strips were well aligned.
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Figure 20: This image shows the fixtures and set-up for sample 030805B, for honeycomb production. The
honeycomb was encased in a fixture with a molybd weight applying a compressive load
to align the NiTi strips.
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Figure 21: Heating schedule for 030905D. As shown, the sample was heated to 1185°C for a dwell time of
5 minutes in the Centorr vacuum furnace. During this process, the pressure began at 4.4 uTorr, and
reached a maximum pressure of 24 uTorr around 100°C before decreasing.

2.4.3 Results and Discussion

The geometry of the honeycombs allows Nb foils to be placed between the contact nodes
of the individual pieces of strip NiTi. This deviation in Nb geometry from wires
previously changed the melt dynamics; Nb no longer chemically etched through the NiTi.
As shown in Figure 22, the bond between NiTi and NiTi using Nb foil produces a low
wetting angle meniscus between the individual strips. This can also be seen in the SEM,
as shown in Figure 23. The liquid is also capable of spreading out and moving along

surfaces for several hundred microns.
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Several honeycombs were made throughout this work at Michigan State University. Of
particular interest, 030805D was a large hexagonal array produced for compression
testing. As shown in Figure 25, sample 030805D was subjected to increasing strain every
cycle of testing. The maximum compression strain for sample was 60%, with only 8%
permanent strain after unloading. The density of the honeycomb was estimated by the
mass and volume measurements to be just under 0.5 g/cm®. With such a large
deformation and a low density, this honeycomb could also be described as an open celled,

transformational NiTi foam.

The high temperature brazing process does change the thermo-mechanical properties of
the base alloy. Samples of the alloy before and after the brazing process were sent to the
Composite Center at Michigan State University to find the transformation temperatures
of the material using a DSC. A third sample was sent to the Composite Center after an
in-air heat treatment at 350°C for 1.5 hours in an attempt to restore pseudoelastic
functionality. The transformation temperatures acquired from the tests are shown in
Figure 24 and are summarized in Table 1. Based on these results, the austenite start (A;)
and finish (A¢) temperatures change significantly, raising the potential for a significant
phase fraction of martensite at room temperature. The martensite start (M;) and finish
(My) temperatures also increase during and after brazing, compared with the as received

material.
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Table 1: DSC results from post brazed pseudoelastic strip NiTi.

Step M M, A, A

As Rec N/A N/A -24°C -1°C
Post Braze N/A -12°C -26°C 11°C
Post heat N/A -16°C 8°C 26°C

Figure 22: If the NiTi strips are misaligned, a meniscus forms as shown. The meniscus, being rich in Nb,
has a shinier and smoother surface.

43



Figure 23: SEI collage of 032805A. Bond taken from a honeycomb sandwich, which used a 54 um Nb foil
to bond pieces of NiTi together.
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Figure 24: DSC results from pseudoelastic NiTi. From top to bottom, the austenite start and finish
temperatures shift as thermal processing continues.
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Figure 25: (a) Strain vs. time plot of sample 030905D showing the loading times and strains per cycle.
Sample was strained to a maximum of 60% strain. Low permanent deformation from each loading cycle
can be seen by the unloading area of the curve. After 60% strain, the sample had 8% permanent strain. (b)
Stress-strain curve for each increasing cycle number. Note the sample pseudoelastically deforms even
when compressed to 60% strain, which can be seen by little ion upon unloading. (c) (
Top to bottom) Images of the sample before any compressive loading, deformed on cycle 12 to 60% strain,
and unloaded from the 60% strain of cycle 12.




3 Reaction control using multilayers

Many film deposition techniques exist, such as DC magnetron sputtering, radio frequency
magnetron sputtering, co-sputtering, plasma spray, and thermal evaporation. In
sputtering, atoms are electrically attracted towards the cathode by an electrical field.
These atoms ballistically knock atoms from the cathode; these released atoms attach to
the substrate. (Hou 1998) Sputtered nickel titanium films, if grown at room temperature,
are amorphous and require annealing to crystallize. NiTi films are commonly deposited
between 673-873 K in a crystalline form, which obviates the need for a post-deposition
crystallization heat treatment. (Fernandes, Martins et al. 2002; Cho, Kim et al. 2005)
Amorphous films have been reported to crystallize above 400°C when annealed for one
hour or more. (Fernandes, Martins et al. 2002) Once deposited, NiTi thin films can
perform a multitude of tasks including work generation and fatigue life improvement.

(Grummon, Nam et al. 1992)

Many researchers have attempted to make NiTi thin films from multi-layers of pure
components. (Cho, Kim et al. 2005) These films are later heat treated to synthesize NiTi
from the pure elemental nickel and titanium. Unfortunately, local fluctuations in
chemistry create Ti;Ni, Ni,Ti, Ni;Ti and Ti3Niy4 precipitates that reduce the performance

of these films.

Others have examined the performance of single-layer Ti-rich NiTi thin films deposited
at above room temperature. (Zhang, Sato et al. 2005) These films were examined using

transmission electron microscopy to observe the evolution of Ti-rich precipitates in the
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Nitinol films. Small Gunier-Preston zones of Ti;Ni were observed inside the NiTi grains
and at grain boundaries. These precipitates changed the twinning mechanism in the film

and strengthened by precipitation hardening.

DC magnetron sputtering is complicated by composition fluctuation over the life of the
cathode. Film composition can also vary based on the lateral distance away from the
center of the cathode due to different take-off angles of different elements. The
differences in take-off angles can be amplified by varying the distance between cathode
and substrate. (Hou 1998; Zhang 2006) These fluctuations can substantially change the

phase transition temperatures of the film and the mechanical properties.

Thin film adhesion is critical for many applications; if a film delaminated, it could
decrease fatigue life or lower functionality of the device. Surface oxides and oils must be
removed in order to develop high interfacial strength. (Zhang 2006) A final sputter
cleaning of the substrate inside the vacuum chamber prior to deposition can improve
adhesion. To sputter cleaning, the conductive sample is placed at a highly negative
electrical potential so that ionized argon atoms will be attracted to the substrate. During
the argon - substrate collision, the kinetic energy of the argon atoms is imparted to the

substrate surface, which etches the surface.

Thin film deposition techniques for the éreation of multilayers were taken from another
work at Michigan State University. (Foltz, Grummon et al. 2006) Ductile thin films of

NiTi that demonstrated shape memory at room temperature were deposited on polyimide.
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These films were later cold co-rolled to develop uniaxial strains that could be thermally
recovered. These works, and the conditions necessary for creating ductile thin films of

NiTi, are included in Appendix A.3.

3.1 Multilayers

3.1.1 Introduction

When brazing nickel titanium to itself and other materials it is often desirable to form a
liquid of NiTi and Nb from a single source, rather than multiple sources. As previously
described, capillary forces can draw liquid away from its origin to other areas, which can
create structural flaws in a component. This can be eliminated if the eutectic liquid is

created by a filler material, rather than a foil of pure niobium and NiTi.

Additionally, if the eutectic liquid source were rich in NiTi, it could deposit unmelted
NiTi to an area, potentially strengthening sections of a device. Conversely, if the liquid
were rich in Nb it would remove NiTi from the surrounding area, which could potentially
remove small amounts of surface oxides. There are several ways to manufacture such a
eutectic liquid source. With the equipment available at Michigan State University, DC
magnetron sputtering of thin films to create a multilayer of NiTi and Nb was the most
practical. The term multilayer film (ML) will be used to describe alternating layers of the
NiTi compound and the Nb phase. This method of creation has the added benefit of
drastically increasing the interfacial area between NiTi and Nb, on which melting is

dependent. With discrete thin layers of NiTi and Nb in intimate contact, the melting rate
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of a multilayer should be orders of magnitude faster than a single layer Nb foil (Low

2007).

3.1.2 Materials

Several multilayer films of alternating NiTi and Nb layers were made using DC
magnetron sputtering according to Appendix A.5. The first sets of multilayer films,
specimen 111306A, were made from a sputtering cathode of Tis3 s-Ni4e s at a working
distance of 51 mm. The films were grown at ambient temperature with a base pressure of

3 uTorr and a working pressure of 4 mTorr of high purity argon gas.

The substrates for these films were glass microscope slides, which were cleaned with
acetone before deposition. The Nb was sputtered onto the substrate for two minutes at
145 W, while the NiTi was sputtered for three minutes at 228 W. The films were
designed to have 127 alternating layers of NiTi and Nb, with Nb on the top and bottom of

the film.

After deposition, the films were removed from the sputtering chamber and post
crystallized in a Centorr annealing furnace for 3 hours at 575°C. The films were checked
for crystallinity using a Scintag 2000 XDS equipped with a Cu-K a X-ray source
operating at -35keV. The results of a 2-6 angle scan can be seen in

Figure 26. Based on the two-theta scan, the films showed a crystalline structure. Using a
glass cutter, the glass slides were broken in half and the films were manually

delaminated.
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3.1.3 Results and discussion

A section of film 111306A was imaged in cross-section using a Camscan SEM, operating
at 17 keV, equipped with a backscattered electron detector. As shown in Figure 27, the
sample contains alternating, discrete layers of NiTi and Nb. The volumetric ratio of NiTi
to Nb was calculated using SEM imagery to be approximately 2.2:1, which is very close
to the 2.18 volumetric ratio needed to produce the eutectic composition. Using the SEM
and a conventional micrometer, the thickness of the film was found to be 34 um. The
multilayer exhibited the shape memory effect in a ‘pinch test’, where the film is pinched
and then placed on a hotplate. The foil was sent to the Composite Center at Michigan
State University for DSC analysis. The film was found to exhibit both B19’ and R-phase
transformations. The transformation temperatures for the film are shown in Figure 28

and Table 2.

A piece of specimen 111306A was placed between two pieces of pseudoelastic NiTi strip
material, and brazed in a Centorr vacuum furnace at the same time as an identical sample
with a 25 um thick Nb foil. The results of the comparative microstructure can be seen in
Figure 29. The overall microstructures are the same, but the thickness of the multilayer
bond is significantly smaller because the 25 pm Nb foil creates 80.7 pm of liquid, while
the multilayer creates only 34 pm. The bonds are thinner than the calculated thicknesses
because of capillary forces pulling material away, however the cross-section confirms the

approximate volume ratio of NiTi:Nb to be approximately 2.2:1.
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In addition to serving as a braze foil for NiTi — NiTi bonds, the multilayer foil could be

used for joining NiTi to dissimilar materials that have been coated in an inert, but wetable

material.
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Figure 26: X-ray diffraction results from sample 111306A after annealing for 3 hours at
550°C. Theoretical Nb and NiTi (B2) X-ray peaks are shown at the top, while actual
results are on bottom. There are no significant amorphous peaks, and based on thermal
shape recovery, the sample appears crystalline.
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Figure 27: BEI of a cross-sectioned piece of specimen 111306A using a 25keV field emission gun. The
bright phase inside the multilayer film is niobium and the darker grey phase is nickel titanium. In total, the

film is made of 127 discrete layers and is 34 pm thick.

Table 2: DSC analysis of phase change tures in sample 111306A.
™ R, R, A, l A ]

M, M, I
|7°C [ 22°C 1 48.5°C | 57.5°C | 62°C 76°C |
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Figure 28: One exothermic peak upon heating (bottom half of curve) showing the austenite start and finish
temperatures. Two endothermic transformations occur during cooling, which can only be interpreted as

formation of the R-phase upon cooling between 60°C and 40°C, followed by the B19’ martensite phase
between 25°C and 5°C.
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25um Nb Foil

34um Multilayer Foil

Figure 29: Comparison between eutectic structures produced by 25 pm Nb foil (top) and a 34 pm
multilayer film (bottom). The eutectic region is larger in the Nb foil due to the base metal NiTi melting
during the brazing process.
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3.2 Application of multilayers to spot welding

3.2.1 AC Spot welding

3.2.1.1 Introduction

Rapid thermal processes that limit thermal exposure to local areas are very attractive
from a financial and production standpoint. In addition to removing the need for
furnaces, spot welding units have high production rates and consume less energy.
Alternating current (AC) spot welding is a method of joining metals where pieces of
metal are locally joule heated using large currents and low voltages of electricity. The
electricity is applied to the sample through electrodes that are usually made from copper
based alloys having low electrical resistivity and high thermal conductivity. The
electrodes are designed to conduct the heat away from the outside of the sample so that
melting is limited to the interface between the two halves of the sample. This is

schematically shown in Figure 30.

Spot welding relies on two types of resistance for heating: resistivity of the material and
resistance of the interface between the two halves. While the resistivity of the material
can be calculated and assumed consistent from sample to sample, the interface resistance
is dependent on many factors and must be considered a dynamic value. A proper spot
weld relies on both of these sources of resistance to heat the sample: the inherent
resistance of the alloy locally heats the sample near the melting point, and the interface
resistance raises the temperature at the interface to just above the melting point. Heavy

reliance on only one of these mechanisms can produce inconsistent welds. While the
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inherent resistance of the material cannot be altered, the interface resistance can be
drastically altered by surface preparation and by adjusting the applied compressive load.
Contact resistance is an inverse function of compressive stress. Therefore, having a large
compressive force on the sample can reduce the interface resistance such that spot welds
become consistent; and relying mostly on the resistivity of the base metal. (Karagoulis

1991)

3.2.1.2 Materials and Methods

In this section, all samples were made from strips of 0.180 mm thick, pseudoelastic NiTi.
All multilayers that used were taken from sample 111306A. An SEWA AC spot welder

with a 5 kA power supply was used to create lap shear specimens for tensile testing.

A baseline for experimental parameters was established in sample 121906A. This sample
was made with round 1.588 mm diameter copper wire electrodes. The experimental
parameters for this sample are shown in Table 3. A second sample, 010407D, was later
created to examine the microstructural effects of longer pulse times and higher pulse

power settings.

Table 3: Experimental parameters covered in experiment series 121906A.

Sample | Applied | Applied |Pulse1 |Pulsel |Pulsel |Dwell |Pulse2 |[Pulse Pulse 2
Load Voltage |ramp up |time, sec | Power, |time, sec |rampup |2 time, |power,
time, sec Amp time, sec | sec Amp

121906A [0.1kg |35V 0.0833 ]0.5 700 0.167 0.0833 |0.5 300

010407D |0.1kg {35V 0.483 1.65 550 0.333 1.65 1.65 550
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The first series of experiments was designated 022107, and used dissimilar-shaped

copper electrodes. The top electrode was spade shaped, measuring 5 mm wide by 1 mm

long. The bottom electrode was an 8 mm diameter electrode. The experimental

parameters of experiment series 022107 can be seen in Table 4.

Table 4: Experimental procedure for AC spot weld samples 022107.

[Sample [Volts ressureE:]mp up [Pulse 1 sel [Dwell [Pulse 2 se 2 down
) ime, sec [Time, ower, [Time Time, sec ower, ime, sec
Jsec ps IAmps
022107A B.5 [.1 0.0833 |1.65 550 0.167  |1.65 550 0.25
022107B B.5 [.1 0.0833 |1.65 500 0.167 ]1.65 500 10.25
022107C B.5 [.1 0.0833 |1.65 450 0.167 ]1.65 K50 0.25
022107D B.5 [0.1 0.483 1.65 550 0.333 1.65 550 1.65
022107E K.5 [0.1 0.483 1.65 550 0.333 1.65 550 1.65
022107F B.5 |10 0.483 1.65 550 0.333 1.65 550 1.65

A second series of experiments, 030107, was conducted after consultation with Dr.

Michael Karagoulis. Ramp up and down times were eliminated to simplify the

waveform. New electrodes were designed and machined with a symmetric,

hemispherical shape with a 3.2 mm diameter flat at the contacts. These electrodes were

used in all subsequent AC spot welding. The electrodes were made from a chromium-

copper, Alloy 182, 15.88 mm diameter rod purchased from McMaster-Carr. The

electrodes can be seen schematically in Figure 30. Experimental parameters for 030107

can be seen in Table 5.

Table 5: Experimental parameters for series 030107.

Applied Load Electrical Applied Pulse 1 Time, | Pulse 2 Time,
Current Voltage sec sec
Min 41.5kg 250 A 25V 0.167 0
Max 41.5kg 450 A 25V 0.666 0

Series 040107 was a third and final experiment designed to find the optimum parameters.

The bounds for experiment 040107 are in Table 6.
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Table 6: Experimental parameters for series 040107.

Applied Load Electrical Applied Pulse 1 Time, | Pulse 2 Time,
Current Voltage sec sec
Min 41.5kg 750 A 25V 0.333 0
Max 41.5kg 1200 A 25V 0.333 0

3.2.1.3 Results and Discussion

Sample 121907A was made from a small piece of multilayer 111306A, described in
Section 3.1, placed between NiTi strips. The results of the spot welds can be seen in
Figure 31 and Figure 32. Near the center of the spot weld, the multilayer mixed with the
molten base metal, as evident by traces of niobium near the surface. Near the edge of the
spot weld, in Figure 32, poor adhesion between the multilayer and the base metal was
observed. Joule heating in the multilayer was greater than in the base metal due to the
number of metallurgical interfaces. Heat conduction away from the weld zone in the
base metal was high; however, the conduction from the multilayer to the base metal was
low. This resulted in poor adhesion between the multilayer and base metal. From
literature, this suggests that the contact pressure of the electrodes should be increased to

improve the heat conduction from the thin film to the base metal. (Karagoulis 1991)

In sample 010407D, niobium appears to be solutionized in some areas, and phase
separated in other areas, shown in Figure 37 and Figure 38. The backscattered electron
images show that the base metal has significantly mixed with the multilayer, meaning the
sample was heated above the melting temperature. This strongly suggests that the
heating time should be reduced, the current increased and the electrodes redesigned for

more efficient thermal conduction. (Karagoulis 1991)
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In an attempt to discover the microstructural dependencies of each setting, the first series
of experiments varied power, voltage and pressure according to Table 4. Compared with
other samples in this series, the multilayer adhered to the base metal better in sample

022107D and had less residual porosity. This is because the sample used a higher power

setting, which melted the multilayer and surrounding base metal more than other samples.

The resulting microstructure of 022107D can be observed in Figure 33. The sample was
imaged after breaking in a lap shear test. While the sample featured a eutectic solidified
area and higher strength than other samples, it was not an optimal spot weld. Some large,
brittle precipitates of NisTi; grew during the process, as shown in Figure 34; these
precipitates are undesirable because they are too large to strengthen against dislocation

motion.

At 3.5 V and 0.1 kg pressure, sample 022107B showed the best strength. Specimens
022107E and 022107F, which were made with 4.5 V, did not join the multilayer to the
base metal as well as 022107B, and contained more microvoids than the other samples.
Sample 022107F contained grain boundary Nb that grew out perpendicular from the

multilayer because of increased voltage, shown in Figure 35.

Experiment 032307 adjusted the power and time length, to try to improve the

microstructure of the spot welds. Throughout this experimental series, as power
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increased, the breaking strength of the spot welds increased. All the specimens fractured

through the spot weld in a tensile fashion, as shown in Figure 36.

To better match the power settings of DC spot welding, experiment 04122007 used
shorter pulse times and larger applied currents. Twenty-eight samples were made, each
with an identical five spot weld pattern. The experimental results from this series can be
seen in Table 7. Specimen 04122007-13 had the highest breaking strength at SOON, or

591 MPa, using an applied current of 950 amps.

A sample was made for metallurgical inspection using a 950 amp power setting, shown in
Figure 39. The multilayer film has mixed with the base metal, suggesting that spot
welding can be completed without the multilayer. However, the power required for spot
weld with the multilayer foil is lower than that required without the multilayer, which is a
result of the increased joule heating inside the multilayer and at the contact interfaces.

By increasing the resistance of the sandwich, the spot weld using the multilayer foil

requires less power to heat the above the melting point.

During experiment 032307, it was speculated that the multilayer was not required to spot
weld NiTi pieces together. Based on this hypothesis, samples 04122007-27 and
04122007-29 were made without any multilayer foil. Specimen 04122007-29 had the

highest breaking strength, 510 N, with a power setting of 1200 amps.
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A sample was made without a multilayer film, using a 1200 amp current pulse for
metallurgical, shown in Figure 40. The spot weld has a non-symmetric nugget,
suggesting the waveform of the power supply was biased to one half of the AC sine
wave. The nugget does not penetrate more than halfway through the NiTi base metal,
which is an improvement from initial results and suggests good adhesion in the bond.
However, to reduce residual void porosity inside the nugget, a higher pressure should be

applied through the electrodes.

Based on the AC spot welding results from 04122007, it is unnecessary to use the
multilayer film to join NiTi. The multilayer increases the resistance in the spot weld due
to the metallurgical interfaces, which lowers the required current to make a spot weld.
There is insufficient temperature control in spot welding to melt only the multilayer while
heating the base metal for good adhesion. Multilayer films do not improve the strength

of AC spot welding, and would add significant manufacturing cost.
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Table 7: Experimental Procedure of experiment series 04122007.
IAC Current, I::nickness, IBreaking Tensile
Sample# Jamps m Max Load [Stress, MPa
1 700 182 100 117
D 20 177 165 199
3 740 185 270 311
4 760 181 bos 112
5 780 180 125 148
le Isoo 186 35 40
7 I820 182 85 334
I8 Is40 183 35 D74
b 860 182 ) D92
10 880 185 D50 h3s
11 Iooo 183 395 461
12 bo20 183 360 420
13 P40 180 500 501
14 50 175 b70 328
15 960 182 00 586
16 80 184 400 463
17 1000 193 140 376
18 1050 178 370 442
19 1000 182 410 481
) 1050 185 410 472
D1 Ios50 184 D60 301
D2 foso 187 050 D84
3 foso 180 375 443
D4 fos0 183 D75 321
DS boso 182 385 450
D6 1100 189 430 484
D7 1100 188 460 522 No ML foil
D8 1200 181 500 589
D9 1200 182 510 508 INo ML foil
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Figure 30: Schematic drawing of spot welding design. (A) Spot weld nugget (light grey) formed by local
melting at the interface between the two pieces of the sample (B). Melting is limited to the interface by
rapid heat conduction (lines) through the el des (C). The el des apply a ive stress to the
sample.




Figure 31: Grain boundary niobium phases and small precipitates of Nb inside the NiTi base metal of
121906A. Temperatures exceeded 1300°C locally, melting the base metal. Black spots are etch pits.
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Fxgure 32 Sample 121906A2 (A) SEI of i itioning from to fully melted,

gradient. (B) The multilayer did not adhere well to the base
metal, which cmﬂd be a result of increased heat conduction or less joule heating in the base metal.
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100 um

Figure 33: SEI of post-fractured 022107D. Specimen broke at the edge of the spot weld. Eutectic solidified

multilayer can be seen at the fracture surface. This implies that the spot weld heated outside of the
electrodes (overheated).
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Figure 34: NiTi; precipitates in needle shaped morphology can be seen in the center of this SEI of sample
022107D. Niobium precipitates and residual porosity decorate the surrounding microstructure.
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Figure 35: Sample 010307A. Higher spot welding voltage causes increased residual porosity, grain
boundary Nb precipitates and irregular shaped melting paths.
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Figure 36: AC spot weld from experiment 032307. Sample was tested in shear and failed throughout the
weld area. The small lighter grey areas on the multilayer, visible on the left half, show the area that the
electrodes melted. This area is smaller than the diameter of the electrode.
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[IRTRINT] 100pn

Figure 37: Low magnification BEI of spot weld 010407D. Niobium mixed through the base metal towards
the outer surface. There is evidence of convection currents mixing the multilayer into the base metal.
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Figure 38: High magnification BEI of Nb phase separation. Bright streaks inside the dark NiTi phase
suggest solutionized Nb.

72



Figure 39: SEI of 053107A AC spot welding sample with niobium. Mixing of Nb with base metal suggests
the multilayer foil is not critical for spot welding.
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Figure 40: Specimen 053107D, AC spot weld without Nb. Melting occurred only near the interface
between the NiTi pieces. The spot weld is approximately as wide as electrode contacts. The weld has
melted more material to the right, suggesting the waveform of the power supply was non-symmetric.
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3.2.2 DC Spot welding

3.2.2.1 Introduction

Direct current (DC) spot welding is also commonly used in industry. This form of spot
welding can be more reliable because the waveform of the power output more precisely
controlled. The DC spot welding supply used for this research could only adjust between
1 and 9 millisecond pulse times, compared to 0.0833 to 1.5 second pulses in AC spot

welding.

3.2.2.2 Materials and Methods

Init