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ABSTRACT
SHAPE MEMORY ALLOY REINFORCED SELF-HEALING METAL MATRIX
COMPOSITES
by
Shobhit Krishna Misra
The University of Wisconsin-Milwaukee, 2013
Under the Supervision of Professor Pradeep Rohatgi

A metal matrix composite system incorporating Nickel Titanium (NiTi) Shape Memory
Alloy (SMA) as smart reinforcement with self-healing potential for crack closure is
investigated. Lead free proof of concept solder matrix-alloys of Sn-Bi with off eutectic
compositions were designed, synthesized and characterized. This was aimed at enabling
partial melting of the matrix at healing temperature – the temperature at which the
reinforced SMA reverts to its original shape, whereby welding the cracks shut. In this
composite system, NiTi long fibers (wires) have been incorporated as reinforcements.
The reinforcements were etched and flux treated to improve wettability with the solder
matrix and enhance the fiber matrix interface strength. This was followed by dip coating
the fiber with matrix alloy and pressure infiltration of the Single Fiber Composites
(SFCs) thus obtained to get a high volume fraction of the reinforcement in the resulting
composite. Microscopic characterization of the matrix and interface via optical and
scanning electron microscopy followed by electrical and mechanical testing of the
composite was undertaken. Etching and fluxing with subsequent Pressure infiltration of
SFCs to get self-healing composites was demonstrated as a viable method of synthesizing
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self-healing composites. Finally, macroscopic shape recovery and healing of the
microstructure were demonstrated in the obtained samples. Complete crack closure
evaluated by metallography of cross-section for Bi-10%Sn/NiTi with 23% liquid
(eutectic) at a healing temperature of 145˚C was achieved, with the eutectic melting and
sealing the crack. Complete recovery of flexural strain was observed in all bent samples.
92% of flexural strength was recovered for Sn-20% Bi /NiTi composite and 88% of the
strength was recovered for Bi-10% Sn/NiTi composite within an hour of healing.
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CHAPTER 1
Introduction
The concept of designing materials that can autonomously repair structural damage and
restore their functionality has recently gained much interest in the scientific community
[1]. As the energy resources are progressively getting scarce, there is an increasing need
for exploring alternative approaches to efficiently enhance the sustainability of a
component. Manufactured structural materials degrade irreversibly over time owing to
proliferation of damage like microscopic cracks: the growth of which eventually results
in failure. To counter this problem, engineering materials are presently designed to
prevent damage initiation and to mitigate damage proliferation, with little focus on
damage removal [2]. The inspiration for incorporating a damage removal approach in
materials can be drawn from biological systems that have evolved to develop self-repair
mechanisms wherein damage is monitored and necessary repair triggered to maintain the
functionality of the organism. This strategy of triggering ‘healing’ of structural damage in
metallic materials to enhance their service life has been explored in the present study.

1.1

Biomimetics

Biomimetics, or the engineered imitation of structure and functionality of biological
systems, has frequently been attempted to design smart materials as nature often provides
more robust solutions compared to human technology [3]. A highly organized
hierarchical structure coupled with an intricate triggering mechanism for healing and
regeneration enables biological systems to withstand substantial damage. A typical
example is healing of fractured bone [4] as shown in Fig. 1.1
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Fig. 1.1 Bone heals in stages, first internal bleeding forms a fibrin clot (a), then
unorganized fiber mesh develops (b), the fibro-cartilage is calcified (c), this calcification
is converted into fibrous bone (d), which in turn becomes lamellar bone (e) [4]

Other examples include fabricating an artificial vascular system that circulates a healing
liquid to the damaged area and use of nanoparticles as artificial leucocytes containing a
healing fluid that rush to a crack or void and deliver the healing agent [7]. Biomimetics or
bionics in its true meaning would imply copying such repair mechanisms [3-6]. A less
rigorous definition would consider nature as a potential source of inspiration for
engineering “bio-inspired” materials rather than directly imitating the healing
mechanisms [2].

1.2

Previous work on Self-Healing

1.2.1

Healing in Polymers

Polymers have proved to be the most successful among the self-healing materials owing
to their relatively large diffusion rates and high plasticity due to the presence of the crossmolecular bonds [8-12]. Healing in thermosetting polymers can be accomplished by
harnessing their ability to toughen or harden by cross-linking of polymer chain, also
known as curing. For instance, epoxy - a polymer formed by a reaction of an epoxide
resin with polyamine hardener can serve as a healing agent that can be contained in thinwalled inert brittle macro-capsules and embedded into a polymer matrix along with a
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catalyst or hardener. A propagating crack ruptures the capsules releasing the healing
agent, which fills the crack due to capillary action. Also, as the healing agent comes in
contact with the catalyst, it triggers cross-linking and hardening of the epoxy that
eventually seals the crack [9-17]. White, et al. [9] followed this approach and developed
autonomous healing in polymers by embedding microcapsules filled with a monomer
healing agent, Dicyclopentadiene (DCPD) dispersed throughout a polymeric epoxy
matrix reinforced with Grubbs’ catalyst particles. Upon coming into contact with the
catalyst DCPD undergoes a ring-opening metathesis polymerization (ROMP) reaction
resulting in healing upon damage as shown in Figure 1.2 [9]
.

(a)

(b)

Figure 1.2 (a) The autonomic healing concept. A microencapsulated healing agent is
embedded in a structural composite matrix containing a catalyst capable of polymerizing
the healing agent. i), Cracks form in the matrix wherever damage occurs; ii) the crack
ruptures the microcapsules, releasing the healing agent into the crack plane through
capillary action; iii), the healing agent contacts the catalyst, triggering polymerization
that bonds the crack faces closed; (b) Recovery of strength after healing (Matrix: epoxy
+ Grubbs’ catalyst, Healing agent: Dicyclopentadiene, Reinforcement (capsule type):
paraffin wax, Healing temperature: Ambient) [9]
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Trial polymers regained 75% of the composite’s original toughness after self-healing
with the toughness of the healed composite being greater than 100% of the toughness of
the “neat” epoxy (the matrix without any microcapsules or catalyst particles) as shown in
Figure 1.2 (b). Extensive research has since been conducted towards improving the
healing capability of micro-capsules based polymer composite of varying compositions
by optimizing parameters such as dissolution kinetics, chemistry of micro-encapsulated
material, micro-capsule size and catalyst morphology [11-17].

A variation in the encapsulation geometry was explored by Trask and Bond [18-19] to
incorporate self-healing in fiber reinforced polymer composites. They mixed resin filled
hollow fibers and hardener containing fibers with the regular fibers as reinforcement.
Healing from damage caused by impact was demonstrated, wherein the system
completely recovered its flexural strength which was, however, 87% of a similar
composite without healing capability. Degradation in mechanical properties due to
incorporation of healing mechanism, exemplified by a reduction in flexural strength in
this case, is a major drawback in the encapsulation–based healing technique.

Further extension of the hollow-encapsulation approach is the development of an
interconnected micro-vascular network [20-22], imitating, for example, the capillary
network present in the skin. Such a network could uninterruptedly deliver replenishable
healing agent to damage sites (Figure 1.3)

5

Figure 1.3 Self-healing materials with 3D microvascular networks. (a), Schematic
diagram of a capillary network in the dermis layer of skin with a cut in the epidermis
layer. (b), Schematic diagram of the self-healing structure composed of a microvascular
substrate and a brittle epoxy coating containing embedded catalyst in a four-point
bending configuration monitored with an acoustic-emission sensor. (c), Highmagnification cross-sectional image of the coating showing that cracks, which initiate at
the surface, propagate towards the microchannel openings at the interface (scale
bar=0.5 mm). (d), Optical image of self-healing structure after cracks are formed in the
coating (with 2.5 wt% catalyst), revealing the presence of excess healing fluid on the
coating surface (scale bar=5 mm).[20]

Healing has been also achieved in thermoplastics with various degrees of success [23].
Heating is often required to initiate healing, since thermoplastics soften and flow with
increasing temperature. As two pieces of similar polymer are brought into contact at
temperatures above its glass transition (Tg) the interface gradually vanishes and interface
strength increases owing to molecular inter-diffusion thereby healing the cracks. A study
on effect of molecular weight and degree of copolymerization on the crack healing
behavior of poly (methyl methacrylate) PMMA- poly (methoxy ethylacrylate) (PMEA)
copolymers was conducted [23] where a temperature of 5°C higher than the Tg and a
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healing time of over 1 minute could promote healing greater than that achieved through
simple adhesion. Other mechanisms for achieving healing in thermoplastics include photo-induced healing [24] where a photo-cross-linkable monomer is blended in the
polymer; recombination of chain ends [25] in which catalytic recombination of cleaved
chains occurs by catalytic redox reaction in presence of diffused oxygen; cross-linking
via hydrogen or ionic bonding [26]; and by incorporation of nano-particles in the thermoplastic polymer matrix [27, 28] in which the migration and clustering of embedded nanoparticles around the cracks in brittle SiO2 layer in a multi-layered composite structure
occurs due to the enthalpy and entropic interactions between the PMMA matrix and the
nano-particles.

1.2.2

Healing in Ceramics

Besides the polymers, self-healing in ceramics has also been extensively studied [29-35].
Depending upon the application, several healing mechanisms have been adopted to heal
damages in ceramics. One approach is to fabricate a concrete composite with hollow
glass ﬁbers containing an air curing sealant embedded in the matrix [29-31]. As expected
for the techniques employing a curable healing agent containing hollow reinforcement,
the self-healing concrete did heal but suffered a signiﬁcant (10%–40%) loss of stiffness
compared to the virgin concrete.

Another approach for developing self-healing in concrete [32] involves use of (i) shape
memory alloy (SMA) wires for crack closure, and (ii) hollow fibers containing adhesive
that wets the surface upon rupturing and seal the crack shut.
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A third approach, often employed in healing surface cracks in ceramics, is to incorporate
oxidizable reinforcements in the ceramic matrix in which the volume expansion upon
oxidation fills the crack. This can be schematically represented in Figure 1.4 [35].

Figure 1.4 Schematic diagram of the self-healing mechanism induced by SiC oxidation
[35] The cracks on the surface expose the dispersed SiC particles atmospheric oxygen
that results into SiO2 formation and is accompanied by almost two times volume
expansion of the and liberation of excessive heat. The crack is thus filled by the resulting
oxide and the exothermic reaction melts the matrix in the vicinity and the oxide leading to
a reaction layer and hence strong re-bonding.
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Studies by Nakao, et al. [34- 36] on alumina and mullite (Al2O3 and Al6Si2O13)
composites toughened by the inclusion of 15 volume % SiC whiskers have shown to
completely heal cracks up to a length > 100μm by this mechanism. For such a healing
scheme in ceramics, very high temperatures are required for repair because of the high
activation energies of the diffusive mass transport in their covalent or ionic bonds.
However, applications such as self-healing hydraulic concrete materials employ water
that permeates through the cracks in damaged concrete, and induces the local formation
of hydrates which lead, depending on water pressure, pH-value, crack morphology and
crack width, to a appreciable crack healing. [37]

1.2.3

Healing in Metals

Self-healing in metallic materials has received attention only in the past decade [39 – 47].
It is more difﬁcult to facilitate healing in metallic materials than in polymers owing to
their high melting temperatures and low atomic diffusivities. However, there have been
three main directions that have been taken towards development of self-healing in
metallic materials by different research groups [3]: (i) precipitation in alloys to close
voids and cracks, (ii) embedding ceramic micro-balloon encapsulated low-melting alloy
as healing agent into the matrix of higher melting alloy and (iii) reinforcing an offeutectic metal matrix with NiTi based Shape Memory Alloys (SMA)

(i)

Precipitation in under-aged alloys

In this mechanism, defect sites (primarily microscopic voids) serve as nucleation centers
for diffusion driven precipitation of oversaturated solute in the alloy and are thereby
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immobilized from further growth until failure. Consequently, the newly formed voids are
sealed before they grow and this results in improvement of creep and fatigue properties of
the alloy. This type of ‘preventive’ healing [3] has been in demonstrated by Lumley, et
al. [39] in under-aged Al-Cu alloys having decreasing solute solubility with decreasing
temperatures. Solution-treating at high temperatures, followed by quenching and
annealing for relatively short periods of time, results into an under-aged microstructure
that retains substantial amount of solute. This serves as the healing agent. The processes
of “secondary precipitation” in Al-Cu alloys that results into much finer precipitates from
low-temperature ageing [40-42 ] and investigations into dynamic precipitation in Al- CuMg-Ag alloys occurring in response to moving dislocation generation under load [4345 ], have been identified as potential healing mechanisms during fatigue and creep.

(ii)

Micro-encapsulated low-melting healing agent reinforced Metal Matrix

Composites (MMCs)
The first approach, as discussed above, followed a damage prevention regime and
“healing” process is an established metallurgical process of ageing. However, another
approach that draws its inspiration from polymer-healing and has recently been
conceptualized by Rohatgi, et al. [46-49] involves embedding a hollow reinforcement
(micro-sphere, micro-tube) containing a low-melting alloy in the matrix of a higher
melting metal. However, encapsulating a metallic healing agent requires the microcapsule to act as a diffusion barrier and the interface should be weak enough to fracture
from an advancing crack and not deflect. Figure 1.5 (a) shows low-melting Sn-Bi eutectic
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infiltrated alumina micro-balloons and Figure 1.5 (b) shows a notched Sn-0.7Cu/Sn-58
Bi-filled micro-balloon composite fabricated at UW-Milwaukee [47]
(a)

(b)

Figure 1.5 (a) A Low-melting Sn-Bi eutectic alloy infiltrated alumina micro-balloon and
(b) A notched Sn-0.7Cu/Sn-58 Bi-filled micro-balloon composite fabricated at UWMilwaukee [47]

In the line of work done on hollow fibers reinforced polymers [18, 19], attempts have
also been made to incorporate hollow micro-fibers containing low-melting healing agent
in metallic systems [48, 49]. Figure 1.6 shows one such attempted healing by
incorporating indium as a healing agent in carbon tubes embedded in a higher melting
solder matrix. A macroscopic crack that was oriented down towards gravity was healed
upon heating beyond the melting point of Indium.

Tin
Micro-hollow
fibers
Solder
Matrix

Carbon tube

Tin

Indium

Interface

Microtube
Indium

300µm

Figure 1.6 (a) Hollow micro-tubes embedded in a solder matrix, (b) optical
microstructure of the micro-tube infiltrated with Indium and embedded in tin matrix, (c)
microstructure of the healed composite when crack is oriented in the direction of gravity
[48, 49].
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Computational fluid dynamics studies by Lucci, et al. [48, 49] on this healing system
were conducted and interface wettability and crack orientation with respect to gravity
were highlighted as a major factors influencing flow of healing liquid, the more wetting
systems and gravity oriented cracks being more favorable to be filled.
Another tangential approach to accomplish healing in alloys is to use molten interdendritic eutectic as the healing agent with the matrix itself serving as the container [47].

(iii)

Shape Memory Alloy (SMA) reinforced Metal Matrix Composites (MMCs)

Manuel and co-workers [50, 51] used another approach to heal metallic materials. This
approach involves reinforcing an alloy matrix with wires made of a shape-memory alloy
(SMA), such as nitinol (NiTi). SMA wires have the ability to recover their original shape
when heated above a critical temperature [52, 53]. When the composite cracks, the
resulting plastic strain stretches the SMA that bridges the crack. On heating above the
shape transformation temperature of the SMA, the wire shrinks back to its original shape
applying compressive force to the matrix and clamping the crack. This is accompanied by
welding of the crack in the matrix alloy which is so-designed as to partially liquefy at the
healing temperature. This approach was tested by Manuel [50] on Sn-21wt%Bi alloy with
close to 95% recovery of composite Ultimate Tensile Strength (UTS) but a simultaneous
loss in uniform ductility. Also, an Mg based off-eutectic alloy was also tested for healing
with 160% increase in ductility but only partial crack closure was reported.
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1.3

Limitations in previous approaches

So far, different approaches to incorporate healing in non-biological systems have been
studied. The scope of the present study, however, is to incorporate healing in metallic
systems. For achieving healing in metallic systems, the SMA-based approach, as
discussed in the previous section, has been identified to be the most robust. This approach
combines the welding aspect of liquid-metal based healing and shape restoration of SMA
for macroscopic crack closure and potential plastic strain recovery. The present research
draws its inspiration from the work done on shape memory alloy reinforced solder
composites explored by Manuel, et al. [50, 51], Dutta, et al. [54-58], Coughlin, et al. [59,
60] and efforts of the previous graduate student Andrew C. Ruzek [48]. The table below
summarizes the previous work done on SMA based Metal matrix composites.
Table 1.1: Summary of previous work on SMA based healing in metals
System
Year Author
Results
Matrix Alloy Reinforcement
Aim
Poor wettability of
Sn-20%Bi,
Healing macro- Cu coated NiTi;
2009 Ruzek[48]
NiTi short fibres
Bi-10%Sn
cracks
loss of ductility
after healing
Coughlin,
2-10% continuous Increase fatigue 85% strain recovery
[59,
2009 et al..
Sn-3.5Ag
Austenitic NiTi
life, elongation
by super-elastic
60]
(SFC)
to failure
behaviour
1% continuous,
After healing, 95%
Manuel,
healing at 169 °C
uniaxially
orientated
of composite UTS
2007 et al..[ 50, Sn-20wt%Bi
with 20% liquid
martensitic NiTi
was recovered, 66%
51]
fraction
wire
loss of ductility
1% continuous,
160% increase in
Manuel,
Mghealing at 358°C
uniaxially
orientated
ductility
over alloy.
2007 et al.. [50, 5.7at%Znwith 15% liquid
martensitic NiTi
After healing, only
51]
2.7%Al
fraction
wire
partial crack closure
11vol% Martensitic
Dutta,
NiTi wire (SFC);
thermo2006,
Sn-3.8%AgReduced inelastic
et al.. [545vol% <15 μm
mechanical
2004
0.7%Cu
strain range by 25%
58]
martensitic
cycling response
particulate NiTi
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Manuel designed a binary alloy that would partially melt at a given temperature and
healing would occur as the reinforced SMA also shrinks at that temperature and clamps
the crack. However, Manual’s work on the proof of concept alloy lacked in-depth
characterization of healing and its confirmation at the microstructural level. Also,
although the healed alloy exhibited strength recovery, it suffered from loss of 66% in
uniform ductility with respect to the unhealed composite (41% with respect to the
unreinforced matrix). The reduction in uniform ductility and a tendency of failure along
previous fracture site was attributed to the possible accumulation of defects at the crack
surface including voids and crack surface oxidation. Furthermore, the study did not delve
into high volume fractions of NiTi reinforcement (1 volume% of continuous uniaxial
SMA wires were used in the composite). Although, this was not important for smallplastic strain recovery, recovery of high plastic strains accompanying major shape change
of the composite with soft matrices such as that of the proof of concept Sn-Bi alloy was
not explored and effective healing of stiffer matrices was not accomplished. In fact, the
work on healing in magnesium based matrix saw only partial crack closure. It was
observed that the strength of the Mg alloy overcame the force applied by the SMA wires
preventing full crack closure. Also, the author calculated the minimum volume fraction
of the SMA needed to close the crack in Mg-based matrix as 30% but mentioned the
difficulty in processing high volume fraction MMC as an impediment and resorted to the
alternate approach of strengthening the SMA. By using commercially available
precipitation strengthened SMA, the requirement for volume fraction of SMA was
reduced to 11%, however, the composites fabricated still failed to heal owing to the
oxidation of cracked surface.
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Thus effect of high volume fraction of NiTi in the matrix needs to be studied and the
mechanism of incorporating the same into the matrix needs to be established.
Furthermore, an improvement in surface wettability was achieved by electrochemical
etching followed by gold plating the SMAs but interface characterization was not done to
confirm the same. Also, coating based approach in healing can be less practical as
multiple healing cycles with prolonged exposure to high temperatures would promote
diffusion of the coating into the base metal and deterioration of wettability over time.

The work by Dutta, et al. [54-58] focusses on strain evolution in NiTi reinforced solder
joints. He studied the thermo-mechanical behavior of Tin-Silver-Copper (SAC, 95.5Sn3.8Ag-0.7Cu) solder reinforced with 11 vol. % single NiTi fiber [54-56] and 5 vol. %
NiTi particulates [57, 58]. The reinforced NiTi imposes reverse shear in the surrounding
matrix when heated above its transformation temperature and the forward plastic and
creep strains in the solder are reduced leading to improvements in the thermo-mechanical
fatigue (TMF) life of the solder. A fine dispersion of NiTi particulate reinforcement in
the solder helps in further diluting large, local strain concentrations common in the solder
joints next to solder/bond pad interfaces [58]. However, the emphasis of Dutta’s study
was not on crack closure as the healing was not studied in the single fiber composite
(SFC). The particulates were also more-or less equiaxed and the effect of particulate
aspect ratio on closing micro-cracks was also not explored. Also, the effect of a volume
fraction of reinforcement on property variation was not explored.
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The work done by Coughlin, et al. [59, 60] exploits the super-elastic behavior of NiTi as
reinforcement wherein the strain recovery upon external load removal characteristic of
the super-elastic NiTi is imparted to the resulting single fiber composite (SFC). A
recovery of 85% strain during initial cycling at strain rate of 10-4/s was reported.
However, in order for their reinforced NiTi to activate super-elastic behavior, it required
a high aspect ratios >138 to attain the necessary load (450 MPa) in their wire for the
transformation (Austenite ↔ Stress Induced Martensite). This would imply using a
14mm long NiTi for a 100μm diameter wire which is impractical for incorporation in a
solder joint. This study was also not targeted towards crack closure.

Finally, the work done on self-healing solders by Ruzek [48] explored three directions –
off-eutectic healing, micro-encapsulated healing agent based MMC and the SMA based
approach. He had little to moderate success in tailoring the self-healing property in the
system owing to difficulty in fabricating short-fiber reinforced composites, erroneous
assumption of fiber strength (σfu) [48] leading to miscalculated critical SMA fiber length
required for crack bridging, and poor wettability of the as-received as well as Cu-coated
SMA short fibers with the matrix [61]. Limited number of samples of the short fiber
reinforced composite were fabricated and tested due to the tedious task of chopping
100μm thick, 2mm long fibers. While NiTi particulate composites were shown to recover
strength at the cost of ductility, no results were presented for the short-fiber reinforced
solder. Also, crack closure was not shown in the healed composite.
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1.4

Scope of Present Study

The present study aims at designing a SMA reinforced metal matrix composite that
effectively (i) recovers high plastic strains/shape and (ii) heals macro-cracks upon
heating. Attempt is made to improve wettability at fiber-matrix interface facilitating
better load transfer and recover uniform ductility after healing. A novel fabrication route
is designed for synthesizing self-healing MMCs incorporating high volume fractions of
SMA reinforcement to affect fast and high-strain recovery. Besides, characterization of
the interface, thermo-mechanical properties of the fabricated composite, and assessment
of healing at macro- and micro-structural level has been done.
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CHAPTER 2
Theoretical Concepts and Design
2.1

Introduction

Investigation of healing in metal matrix composites requires knowledge of kinetics and
thermodynamics. As a first step it is necessary to identify a potential metallic system
application for incorporating healing. It is also necessary to identify the modes of
degradation in the alloy system of choice. Since healing in the present mechanism
involves melting and solidification of the alloy, thermodynamics of solidification is
addressed. Shape memory effect plays a key role in enabling crack closure and is also
summarized in this chapter. As a next step, the design of the healing process with
selection of matrix alloy, a compatible reinforcement and healing temperature based on
thermodynamics and kinetics is made in the subsequent sections.

2.2

Matrix: Solder as a potential metallic system for incorporating self-healing

Solders are low-melting alloys that exhibit creep at room temperatures and are prone to
low cycle fatigue failure. Consequently, they present themselves as an interesting
metallic system for incorporating and studying the self-healing phenomenon. A solder
alloy differs from conventional structural alloys in that it is re-melted to form an
electronic connection and it often operates well above its homologous temperature (~
0.5Tm). Therefore re-melting and solidification and small size of the joint must be taken
into consideration while designing a self-healing-solder system. However, in the present
study, the entire design is spatially scaled up to highlight the feasibility of the healing
process and this can eventually be scaled down to fit in the desired application. Lastly,
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any appreciable increase in electrical resistivity of the composite solder can impair its
functionality.

2.2.1

Failure in solder alloys

Reliability of solder joints has been the focus of many studies [62-67]. The main concern
in long-term solder reliability arises from the solder-joint-component interface
deterioration owing to prolonged thermo-mechanical cycling. The difference in
Coefficient of Thermal Expansion (CTE) between the solder and the circuit board and
between the solder and electronic component results into development of internal stresses
during thermal cycling and this eventually leads to thermo-mechanical fatigue failures. A
micro-crack (50μm wide) resulting from thermal cycling is shown in Figure 1.6 [67]

Figure 2.1 A crack in solder joint between component leg and circuit board caused by
thermal cycling. [67]
a) Failure within the solder
The grain structure of a solder in service is inherently unstable. A reduction of internal
energy in an initially fine grained structure is manifested as grain growth and the growth
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process is accelerated with elevated in-service temperatures and strain energy inputs
during cyclic loading. Furthermore, in systems like Sn-Pb, as the grains grow,
contaminants such as lead oxides concentrate at the grain boundaries and serve as
potential sites for nucleation of voids in a themo-mechanical cycle [68]. For Sn-Pb
solders, micro-voids appear at grain-boundary intersections when the solder is ~25% into
its fatigue life, after ~40% of the fatigue life and the voids grow into micro-cracks that
eventually grow and coalesce into macro-cracks and cause fracture (Figure 1.8) [68].

Figure 2.2 Depiction of effects of accumulating fatigue damage in a solder joint [68].

This raises the need to incorporate healing in solder-alloys and introducing SMA
reinforcements not only refines the grains but also imposes reverse shear upon heating
and slows down the degradation of the joint.

b) Failure at the solder/substrate interface
Typically a solder joint fractures near the solder/substrate interface. As an example, a
long-term aged Sn-Bi/Cu solder joint under cyclic load fractures at the Intermetallic
compound (IMC)/Cu interface owing to embrittlement at the interface [69] The layer of
Cu6Sn5 IMC, common in Sn-based solders joining Cu-substrates, thickens as the joint is
aged. The interface also sees the growth of Cu3Sn formed between the Cu6Sn5 and the Cu
substrate. During soldering and aging in Sn-Bi solders, discontinuous Bi particles from
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the solder diffuse through the IMC layers and segregate at the interface [70, 71]. This
interfacial segregation of Bi particles leads to embrittlement and fracture. The addition of
soft and ductile martensitic SMAs in the solder matrix can prolong the brittle failure in
such a case by adding toughness and diluting stress concentrations.

c) Creep in solders
A material subjected to a constant load at high temperature typically yields plastically
much below its normal yield strength by and is said to ‘creep’. Creep in metals
corresponds to the viscous behavior in viscoelastic polymers. The homologous
temperature (T/Tmelt) for a typical solder at room temperature (25°C) is > 0.6 which is
high enough for deformation via creep. At operating temperatures that are even higher
and under thermally induced stresses, creep becomes the dominating deformation
mechanism and solders undergo extensive microstructural evolution involving grain
growth, phase changes, composition redistribution, coarsening of interface intermetallic
layers, precipitates and micro-constituent phases leading to premature failure. However,
creep in solders can be taken as an advantage when incorporating self-healing in the
system. The low yielding stresses and matrix flow stresses at high temperatures facilitate
the deformation of the soft metal matrix along with the SMA reinforcement and this
enables recovery of plastic deformation and in-turn extends the life of the solder.

2.2.1 Thermodynamics of solidification and healing
The design of a suitable self-healing system in metals requires the combination of
concepts from kinetics, thermodynamics, and the design and synthesis of metal matrix
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composites. The present healing scheme involves partial melting of the metal matrix as
the alloy is heated above the shape transformation of the reinforced SMA that shrinks and
clamps the crack on heating and subsequent solidification of the alloy during the cooling
cycle resulting in welding of the crack. In order to design such a self-healing metallic
system, it is essential to understand its microstructural evolution upon melting and
solidification which entails the knowledge of thermodynamic concepts of phase diagrams
and non-equilibrium solidification which will be discussed in this section. This will later
be used as a tool to design the matrix alloy and healing temperatures. The discussion on
solidification will be followed by a briefing on the thermodynamic driving force
necessary for healing.

a) Partial Melting and Solidification
Equilibrium phase diagrams are constructed for multicomponent material mixtures and
they help in predicting formation of thermodynamically stable phases existing over a
range of temperatures, pressures and compositions of the mixture. The Gibbs Phase Rule
[72] under constant pressure, relates the number of phases present, P, the degrees of
freedom, F, and the number of components, C. as
P + F = C + 2 ................................................................................................................. (2.1)
Therefore, for a binary system (C = 2, P+F = 4), two phase region (P = 2) with two
degrees of freedom (F = 2) can exist. In the Sn-Bi system such a region exists between
the liquid solution phase (L) and the solid solutions of Sn and Bi as seen from the phase
diagram (Figure 2.3), and hence for a given composition and temperature, the alloy
exhibits partial melting in the two phase regions.
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For a fixed composition, upon increasing the temperature, melting will initiate in the
alloy beyond the solidus temperature (the lowest temperature at which liquid will exist –
denoted by the phase line separating solid phase fields from the solid + liquid phase field)
and it will completely just above the liquidus temperature (the highest temperature at
which solid crystals will still exist - denoted by the phase line separating liquid phase
field from the solid + liquid phase field) melt at the alloy will exhibit a specific liquidus
and solidus temperature. At a certain composition of the alloy, the liquidus and solidus
temperatures are identical and the lowest and the alloy congruently melts like a pure
metal. This is called a eutectic point. For the Sn-Bi system, the eutectic composition is
close to Sn-58%Bi and the eutectic melting point is around 139°C.

Partially melted zone

L + (Bi)

L + (βSn)

(βSn)+ Bi

Figure 2.3 Tin Bismuth binary phase diagram [73].
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Since the liquidus and solidus temperatures are not the same except at eutectic
compositions, as the alloy is cooled from liquid into a liquid/solid two-phase region,
crystals of the primary phase start to nucleate and grow. The composition of these
primary phase crystals at any temperature (T) and base alloy composition (CO) can be
determined from phase diagram by constructing an isothermal tie-line at the constant
temperature, T and determining its points of intersection with the liquidus (CL) and
solidus (CS) as shown in Figure 2.4

Temperature

Liquid
phase

Solid
phase

Two-phase
region

Composition
Figure 2.4 The Lever rule: Use of an isothermal tie line to determine the phase
compositions and weight fractions. Intersection of the tie line with solidus and liquidus
gives phase composition [47].
The values of CS and CL thus obtained are the compositions of the solid phase and liquid
phase respectively. Thus, under equilibrium, the liquid and solid phases in the alloy will
have compositions different from one another and from the base alloy. Also, the liquid
phase is richer in the solute than the solid phase, however, the average composition of the
alloy remains as CO.
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Besides knowing the composition of the resulting phase, one can also calculate the
weight percentage or the fraction of the resulting phases by the application of Lever Rule
[74]. In Figure 2.4 the two resulting line segments tying the points CL and CS to CO give
the fraction of the liquid phase as:
FL = (CO – CS) / (CL - CS) .............................................................................................. (2.2)
This allows for design of an alloy (composition) with a predictable liquid fraction at a
given temperature. Conversely, one can get a temperature corresponding to a fixed liquid
fraction for a given composition. For this, however, there is a need to know the equation
of the solidus and liquidus lines along with the Lever rule as this would give three
equations for the three unknowns (T, CS and CL). It may be noted that the calculations
based on phase diagrams assume equilibrium conditions which rarely exist in real
systems. However, this still gives a good starting point to design self-healing in metallic
materials.

b) Non-Equilibrium Solidification
This section emphasizes the fact that equilibrium conditions are seldom achieved during
melting and solidification due to the time dependency of most kinetic processes such as
diffusion. Micro-segregation across dendrites is a direct consequence of non-equilibrium
solidification. As an alloy solidifies, the resulting liquid is enriched in the solute. This
results in constitutional undercooling ahead of the solidification front and perturbations
manifest themselves as non-planar (dendritic, columnar) solidification fronts. As the
dendrites continue to grow, the inter-dendritic liquid becomes richer in solute and its
composition approaches the eutectic composition. Under the assumptions of limited
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diffusion in solid and complete mixing in the liquid, Scheil’s equation can be used to
calculate the solute profile in a solidified bar. [75],
CS* = k CO (1 - fS) k – 1 ................................................................................................... (2.3)
Where CS* is the concentration of the solute in the solid, k is the partition coefficient, CO
the initial concentration of the liquid and fS is the fractional distance (solidified) along the
bar. This is shown in Figure 2.5.

Figure 2.5 Solute profiles in non-equilibrium solidification of a solid with limited
diffusivity. (a) initial liquid, (b) at an intermediate stage, (c) after solidification. (d)
corresponding phase diagram. [75],
Equation (2.3) demonstrates that the last solidifying solid will have a eutectic
composition in a binary eutectic alloy system like Sn-Bi irrespective of the original alloy
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composition. Equation (3) also states that solidification rate has no effect of on microsegregation (gradient in composition, for example, the dendritic edges have a closer
eutectic composition compared to the core).
A benefit of non-equilibrium solidification microstructure is that there will always be
some inter-dendritic eutectic present in a given alloy and this would melt first providing
liquid for welding the crack during healing of an off-eutectic composition.

c) Thermodynamics of Healing
From a thermodynamic standpoint, self-healing is a non-equilibrium process in which the
restoring force that leads to healing is induced by shifting the system away from
thermodynamic equilibrium. Self-healing can be viewed as a self-organization process
that leads to increasing orderliness, or decreasing entropy of the material [3, 38]. Shifting
the system away from equilibrium can be achieved by placing it in a metastable state so
that the degradation breaks the metastable equilibrium and the system drives to the new
most stable state. Metastability in an SMA-reinforced self-healing MMC is achieved by
pre-straining the shape memory alloy designing the matrix to partially liquefy at the
healing temperature. As the system is heated, it results into the martensitic-austenitic
phase transition and recovery of the strain results in a more stable configuration and crack
closure occurs. Also, the partial liquefaction if the matrix welds the crack and this is
driven by the wetting and capillary interactions between the solder and the crack/void.
Thus, SMA strain and volume fraction of liquid can be taken as healing parameters to
necessary for driving self-healing.
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2.3

Reinforcement: Shape Memory Alloy

Understanding how Shape Memory Alloys (SMAs) work on a micro structural level is
vital in understanding how the resultant clamping force they exert can be utilized in crack
closure when used in a metal matrix composite. The Shape memory effect and
superelastic effect of Nitinol are described in detail in this section. In this research, the
shape memory effect along with a phase change in the Nitinol wire was used to effect
healing.

The shape memory effect has been reported to be exhibited by several biological
organisms. Some bacteriophage viruses inject their DNA into the bacterial cell wall by a
strain-induced martensitic transformation initiated in their tail sheath upon contact with
the bacterial cell wall. A reversible type stress induced martensitic transformation akin to
thermo-elastic martensitic transformation found in SMAs has been observed in bacterial
flagella. Shape memory alloys (SMA) were discovered and developed during the last
century. However, it was Buehler, et al. of the U.S Naval Ordinance Laboratory that
discovered Shape Memory Effect (SME) in the near stoichiometric NiTi alloys in the
early 1960’s and hence the name ‘Nitinol’ (Nickel Titanium Naval Ordinance
Laboratory) [76]. SMAs have the unique properties of superelasticity and shape memory
effect that allow them to recover their original shape after being deformed. It was later
discovered that this unique behaviour was a result of the solid-state diffusionless
transformations known as martensitic transformations [77]. Nitinol can exhibit three
phases: martensite, austenite, and stress-induced martensite depending upon the stress
and temperature conditions. When in the martensite phase, the alloy has a monoclinic
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crystal structure in the space group P21/m [78] and is soft and ductile. When heated, it
transforms converts to the parent structure, austenite, which has a cubic crystal structure,
B2 or CsCl [78]. In this phase, the material becomes hard and stiff. The stress-induced
martensite is a result of the superelastic effect and has rubber-like characteristics.

Figure 2.6 shows the temperature-transformation curve for SMAs. The shape memory
phase change from low-temperature martensite phase to the high temperature austenite
phase starts at a temperature called the austenitic start or ‘As’. The transformation is
completed at the austenitic finish temperature ‘Af’. However, upon cooling, the
martensitic phase starts forms with a temperature hysteresis at martensitic start
temperature ‘Ms’ which is often below As and it completely transforms to martensite at
martensitic finish temperature ‘Mf’. Md is the highest temperature that martensite can
form when the sample is under stress.

Figure 2.6 Phase transition temperatures in Nitinol [79]
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Composition and heat treatments have a large effect on the transition temperatures of
SMAs. A 1% shift in ratio of nickel to titanium can alter Af by 100°C [79]. Heat
treatments can precipitate out or dissolve back some of the nickel and change Af. The
maximum stress required for super-elastic transformation can also be varied with heat
treatments. SMAs can be classified into three main types based on the width and position
of their temperature-transformation curve relative to ambient temperatures (Figure 2.7).

Figure 2.7 SMA types based on their transition temperatures [79]

Type I SMA: Austenitic at room temperature, mostly used for its super-elastic properties.
Type II SMA: Martensitic at room temperature. Used for shape memory effect.
Type III SMA: Can be either austenitic or martensitic at room temperature.
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For the purpose of this research, Type II Nitinol is chosen as the shape memory alloy
reinforcement.

The Shape Change: Shape Memory and Super-elasticity

Shape Memory Effect (SME)
As discussed previously, the SMA encounters a phase change from parent (austenite) to
martensite upon cooling below its transformation temperature. This transformation,
however, does not induce a macroscopic change in strain or volume. As the alloy cools
below As, self-accommodating groups of internally twinned martensite plates form that
have unique orientations with respect to parent phase and maintain a semi-coherent
interface (along the plate habit plane) between the austenite and martensite phases. Thus
a self-accommodating structure arises in which internal twins result in elastic energy
minimization and this organization of habit plane variants allows the martensite to form
without introducing macroscopic transformation strains. When loaded in the martensitic
phase (below Mf), the variants that favor the applied strain grow at the expense of other
variants, resulting in de-twinning and re-orientation (Figure 2.8) If the plastically
deformed martensite crystal is unloaded, it remains in its re-oriented state and strain
recovery does not occur. However, as the temperature is increased above As, the phase
transformation to austenite is accompanied by a macroscopic strain (and hence a shape)
change [82] that are recoverable up to 8% for NiTi [83].
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Figure 2.8 The Shape memory Effect [51, 81]

Superelastic Effect (SE)
Under applied stress, SMAs can form stress-induced martensites (SIM). A shape memory
alloy which displays this behavior is called a pseudoelastic or superelastic alloy. Figure
2.9(a) compares microstructural deformation in steels vs SE Nitinol, schematically.
Stainless steel

Hookian elasticity

Dislocation Slip

Superelastic NiTi

Twinning

Deformation

Figure 2.9 (a) Deformation in stainless steel vs superelastic NiTi [81](b) the superelastic
effect [51]
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When a Type I SMA is deformed above Af and above a plateau stress (Figure 2.9 (b)) the
austenitic phase deforms superelastically (below its yield stress) by transforming into
stable SIMs. This occurs as the mechanical driving forces exceed for the martensitic
transformation exceed the chemical driving forces for Austenitic reversion. However,
upon unloading, SIM is no longer stable and transforms back to austenite and shape
recovery ensues as depicted in Figure 2.9 (b). In shape memory alloys, the stress required
to form SIM increases with increasing temperatures [82]
In the present study, superelasticity is not employed for designing self-healing MMCs.
However, it is noteworthy that this behavior of SMAs makes them useful reinforcements
for strain recovery as was studied in solder matrices by Coughlin, et al. [60, 61]

2.4

Composite: SMA Based Self-healing solders

2.4.1 Conceptual Design
The proposed healing mechanism is schematically represented in Figure 2.10.

Figure. 2.10 Schematic of the proposed mechanism for healing using SMA reinforcement
in a solder matrix
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Metal matrix composite consisting of Sn-Bi off-eutectic compositions as matrix alloys
and Type II Martensitic NiTi SMAs as smart reinforcements were synthesized by
pressure infiltration processing. As shown in Figure 2.10, healing is accomplished in the
MMC by the following steps:
(1) The matrix is reinforced with pre-strained soft martensitic SMA wires that deform
along with the matrix. The matrix fails before the reinforcement and the resulting
cracks are bridged by the SMA wires.
(2) The plastic strains in martensitic SMA reinforcement are accommodated by reorientation of twinned structure and upon heating, are recovered as the material
transforms to the stable high temperature phase (Shape Memory Effect as discussed
in previous section) Owing to the pre-straining of the wires, the cracked surfaces are
not only brought together, but also clamped upon heating.
(3) The clamped cracked matrix alloy surface partially melts at the healing temperature
and the resulting liquid metal fills the fine spaces between the cracks assisted by
capillary and wetting forces.
(4) Upon cooling, solidification of the composite occurs and the crack is welded shut.

2.4.1.1 Reinforcement Selection

As discussed in the previous sections, there is a need to incorporate shape memory alloy
reinforcement in the matrix of the metal to effect healing by the above discussed
mechanism. However, the reinforcement needs to fulfil certain compatibility criterions
with the matrix and for it to be able to effectively close the cracks in healing:
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1) It has to be fairly conducting, as the matrix in which healing is explored is a solder.
2) It should have a similar stiffness to the matrix alloy such that it can plastically deform
in conjunction with the matrix. Also, it should have a high tensile strength.
3) It should be able to recover massive plastic strains to demonstrate shape recovery of
the composite. It should have a long fatigue life.
4) The transformation temperature should fall within the range to which the matrix alloy
is exposed under service. Also, it should be close to the healing temperature for the
composite and below the melting temperature of the matrix alloy

Commercially available pre-strained nitinol actuators (Flexinol®, Dynalloy Inc.) with an
equi-atomic composition of Ni and Ti were used in the present study and they satisfy
these requirements [84]:
1) It has a resistivity (ρ) of 0.8 μΩm in the martensite phase and 1.0 μΩm [84] compared
to that of the base metal (0.1 – 1.3) μΩm (measured).
2) Young’s modulus and flow stress for Martensitic NiTi used in this research are
typically around 30GPa and 50 MPa respectively which are similar to that of the
solder used (~ 30 GPa and 30 MPa respectively) [82, 85]. The Young’s modulus and
flow stress for Austenitic NiTi, however are 83GPa and 193MPa respectively [82, 85]
and being stiffer, they are not used as a starting phase for the SMA. This however, is
useful during the shape recovery phase as the stiffening of the reinforcement along
with softening of the matrix alloy on heating enables shape recovery.
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3) The chosen SMA recovers 4.5% strain over 100,000 cycles at internal stresses of
138MPa [84]. It can be strained up to 8% without yielding which is the limit for most
Shape memory Alloys.
4) High Temperature Nitinol (As = 90°C) has been used in this study. This temperature
is above ambient and below Tm range of solders fabricated (139°C - 240°C). Typical
Af for a commercially available Nitinol ranges from -10°C to 115°.
Thus, the SMA selected was suited for incorporation into the metal matrix as a
reinforcement.

2.4.1.2 Selection of Matrix alloy and Healing Temperatures

The rationale behind choosing the matrix alloy was to have a simple system in which
healing can be demonstrated at relatively low temperatures and which is also used in the
industry. Solder present themselves as the alloy of choice and among the more common
systems for the replacement of leaded solders used in the industry is the Sn-Bi system.
Tin and bismuth form a binary eutectic phase diagram as seen in Figure 2.11. They can
be mixed well and processed under laboratory conditions and this enables their use in this
experimental work as was established in previous studies [47, 51]. Commercially
available Sn-Bi solders (eg. Indalloy #281, Indium Corp.), utilize the eutectic
composition (Sn-58%Bi) with low melting point a melting point of 138°C. This solder
exhibits improvements in fatigue life over lead-based solders owing to its low Coefficient
of Thermal Expansion (CTE) [86].
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Figure 2.11 Tin – Bismuth phase diagram [85]
Having established the alloy system, the next step is the selection of specific alloys for
demonstrating healing.

As discussed in section 2.2.1, by choosing an off-eutectic composition, the alloy can be
designed to melt and solidify over a range of temperatures. Also, the percentage liquid in
the alloy at a certain temperature can be decided and based on that a healing temperature
selected. Manuel’s work [51] suggested that a range of 15-25 wt% liquid allows for the
inter-dendritic liquid to freely flow, while maintaining structural stability. At lower liquid
percentages, the volume of the liquid necessary for healing can be inadequate, while at
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higher liquid percentages, the part may sag due to the continuity of the low-melting
phase.

For the present study, nine Sn-Bi alloys with 10% increment in Bi wt% were fabricated
(Sn-10%Bi, Sn-20%Bi, Sn-30% Bi and so on until Sn-90% Bi)
Healing temperatures were calculated for each of these alloys to limit the percentage
liquid at healing to the range of 15-25%. Specifically, a 15% healing liquid constitution
was chosen for the alloys with compositions below terminal solute solubility in the single
phase region (below Sn-21% Bi and above Bi-0.01%Sn, refer to phase diagram). This
means that among the fabricated alloys, Sn-10% Bi and Sn-20% Bi were chosen to have
15% liquid and the corresponding healing temperatures were calculated by the method
discussed in section 2.2.1. As an example, Sn-10% Bi was calculated to have 15% liquid
at around 197°C and hence the healing temperature (TH) was chosen to be around 197°C
for this alloy. The Bi rich end of the phase diagram, however, shows limited maximum
terminal solubility of Bi in Sn (Bi-0.01% Sn) at and therefore no alloy was chosen in the
single phase region with composition range of 99.9% Bi and 100% Bi.

As the eutectic phase is the first to melt, in the next set of alloys with composition
ranging between maximum solubility of Bi in Sn (21%) and that of Sn in Bi (0.1%), the
choice of liquid fraction for healing will be dictated by the eutectic temperature. The
minimum liquid percentage would occur at the eutectic tie-line and this essentially meant
that the minimum fraction of liquid in these alloys (21% Bi to 99.9% Bi) would get
limited by the percentage eutectic. This means that the percentage eutectic in the alloy
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will be the percentage liquid necessary for healing and the eutectic melting temperature
(TE) will be the healing temperature. For example, Sn-30% Bi has 25% eutectic phase at
139°C and hence these were chosen as its % liquid and the healing temperature
respectively. However, when calculated for near eutectic compositions such as Sn-40%
Bi and Sn-70% Bi, the eutectic phase at TE =139°C, amount to 53% and 70%
respectively. This means that below 130°C, these alloys exist as solid and above it, the
liquid fraction excessive liquidation occurs. Thus, only selected compositions were
chosen for the eutectic based melt healing in the alloy. Figure 2.12 shows the phase
diagram with markings of alloys made, tie lines at TH, and AF of the SMA that will be
reinforced in the matrix of these alloys.

Figure 2.12 Sn-Bi phase diagram showing fabricated alloys (blue, vertical lines), tie lines
at 15% liquid (blue, horizontal) and superimposition of Af temperature for the SMA.

39
Table 2.1 summarizes the list of calculated healing temperatures and percentages liquid
for a range of alloys spanning from Tin rich to Bismuth rich compositions.
Table 2.1 Calculated healing temperatures and liquid percentages for fabricated alloys
highlighting the compositions of interest for healing.
Alloy
Thealing (°C)
% Liq at Thealing
Sn
<231.97
Sn-10% Bi
195-200
15
Sn-20% Bi
160-165
15
Sn-30% Bi
139-145
25
Sn-40% Bi
139-145
53
Sn-50% Bi
139-145
81
Sn-60% Bi
139-145
93
Sn-70% Bi
139-145
70
Sn-80% Bi
139-145
46
Sn-90% Bi
139-145
23
Bi
<271.44
-

2.4.2

Fiber Matrix Interface

A major concern in incorporating NiTi SMA in metal systems is non-wettability of its
surface by most alloys and specifically Sn-Bi. This is a result of the formation of a very
stable titanium dioxide on the NiTi surface [72]. Manuel [51] used Mg-based alloys as
matrices which in her later work, partially because they could dissolve the titanium oxide
that is less stable than magnesium oxide based on the Ellingham diagram [72] and that
allowed for better bonding.

The issue of poor wettability of Sn-based matrix was

addressed by Manuel by first electrochemically etching the SMA and then sputter-coating
it with Au. Other ways in which the wettability of nitinol by solder-alloys has been
improved include electroless coating with Cu [48, 62] or removal of the oxide with an
etchant or a flux [57, 59, 60]. Pressure infiltration was explored by Ruzek [48] in
combination electroless copper coating.
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In terms of effectiveness of these methods, the coating based approaches have been less
popular for use in solder matrices. This was attributed to the diffusion of the metal
coating (electroless Cu, Ni) into the alloy matrix and resulting deterioration of the
interface with ageing and over repeated thermal cycles experienced by a solder [54, 62].
Ruzek [48] obtained poor for the interfacial strength with electroless Cu coated SMAs
that showed persisting fiber pullout instead of crack bridging in the solder-SMA
composite. By pressure infiltration alone, although the non-wetting forces were partially
overcome, but a good fiber-matrix interface was not obtained due to lack of bonding [48].

The etching and fluxing approach adopted by Dutta and Coughlin [57, 59, 60] has shown
satisfactory bonding at the interface and was adopted in the present study to fabricate
Single Fiber Composites (SFC) of the SMA wires which were then used as reinforcement
and a high volume of such reinforcements was infiltrated with the matrix alloy by
pressure infiltration technique discussed in the subsequent sections.

2.4.2.1 Role of Etchant and Flux
The natural oxide formed on Nitinol is not easily wetted by low temperature solders.
Consequently, the approach adopted to enhance wettability of NiTi with Sn-based solder
involves a two-step process: (i) etching nitinol with an HF-based flux to break down and
possibly dissolve the tenacious surface oxide followed by (ii) fluxing nitinol to remove
residual surface oxides, pickle the reinforcement and to increase the surface energy that
would further enhance the wettability of NiTi with the solder.
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Role of Etchant
Aqueous solution of 4.8% HF-10.5% HNO3 [60] was used as the etchant and the wires
were dipped in the solution for 5 minutes. The etchant (a) removes surface oxides of Ni
and Ti (to an extent), surface contaminations and relieves stresses (b) creates surface
roughness to aid mechanical bonding of the interface with the matrix and (c) lowers Ni
concentration at the interface which avoids the formation of excessive Ni-Sn
intermetallics as in microelectronic applications, TMC is strain-controlled, and under
these conditions, hard/stiff intermetallics appear to decrease fatigue life and creep
resistance by promoting void nucleation at the particle-matrix interfaces [54]
The following competing reactions are involved in the etching process [87]:
a) Dissolution of TiO2 passive layer in hydrofluoric acid to form soluble fluoride
complexes:
TiO2 + 6F- + 4H+→ [TiF6]2− +2H2O ................................... (2.4)
b) Preferential oxidation of titanium by nitric acid back to titanium dioxide that is
accompanied by inward diffusion of nickel:
Ti + 4NO3- + 4H+ →TiO2 + 4NO2 + 2H2O ............................. (2.5)
c) Simultaneous dissolution of nickel into the etching solution to form nickel cations
(which renders the solution characteristic green color of Nickel based salts):
Ni + 2H+→Ni2+ + H2 ................................................ (2.6)
Preferential oxidation of titanium occurs in accordance with the Gibbs energies of
formation of oxides (−889.5 and −211.7 kJ/mol for TiO2 and NiO (at 298 K), respectively
[72]
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Role of flux
The flux further reduces the oxide on the surface and promotes wettability by increasing
the surface energy of the substrate solder. For good fluxing, the flux activation
temperature must be less than any annealing temperature previously applied to establish
the desired shape and memory property of the nickel-titanium alloy. Certain acidic
aqueous fluxes satisfy the low temperature requirement and a commercially available
phosphoric acid based flux (Indalloy Flux # 2, Indium Corporation of America) with an
activation temperature of 100°C was used.

However, over-etching and improper cleaning of the corrosive flux needs to be avoided
as it can lead to hydrogen embrittlement of the nickel-titanium alloy [87, 88] from the
hydrogen produced in the cathodic reaction and corrosion related issues.

2.4.2.2 Pressure Infiltration Process

Pressure infiltration is a common method of synthesizing metal matrix composites. It
allows for the incorporation of high volume fraction of reinforcements and also helps to
overcome anti-wetting forces. This process was used to infiltrate the solder-nitinol single
fiber composites (SFCs) with the solder matrix alloy. This ensures reduction of porosity
in the final composite.

The steps involved in pressure infiltration processing are shown by the schematic Figure
2.13 The reinforcement is placed in a crucible, and a block of the matrix alloy is placed
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on top of it.

The crucible is then placed in a furnace that can be evacuated and

pressurized. A vacuum is drawn, and the furnace is heated above the melting point of the
matrix material. The matrix upon melting, seals off the reinforcement under vacuum
from the rest of the chamber. The chamber is then pressurized by an inert gas and the
resulting gradient in pressure between the isolated vacuum in the reinforcement and the
rest of the chamber forces the liquid matrix into the reinforcement. The pressured metal
has to overcome only the forces resisting wetting.
A

B

C

D

E

Figure 2.13 Steps involved in pressure infiltration. (A)Preform of reinforcement placed
at the bottom of a crucible, with a piece of matrix alloy on top of it. (B) A vacuum is
drawn, removing the air from the chamber and the preform. (C) The chamber is heated
and the matrix alloy melts, sealing the preform from the chamber. (D) The chamber is
then pressurized, and the resulting pressure gradient drives the matrix metal into the
preform, producing (E) a fully infiltrated composite [47].
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CHAPTER 3
Materials and Experimental Techniques
3.1 Fabrication
The fabrication of self-healing composite involved the following steps:
a) Synthesis of the matrix alloy
b) Preparation of the reinforcement including wire cutting, etching and flux-pickling
c) Dip-coating the fluxed wire in the molten solder to synthesize Single Fiber Composite
(SFC) that will be used as reinforcement in higher volume fraction composite
d) Pressure Infiltration of SFCs to synthesize final high volume fraction composite

3.1.1

Matrix alloy synthesis

Commercially pure tin (99.9%) and bismuth (99.9%) ingots donated by Kohler Company
were used to synthesize the matrix alloy. Small pieces of Sn and Bi were sectioned from
the ingots using high speed diamond blade saw. Coolant was used while cutting the
pieces and was later cleaned off. Weights of the pieces were measured to the nearest
hundredth of a gram. The two metals were melted in a resistance heating furnace at a
temperature well above the melting point of the higher melting metal (Bi, Tm= 271.43°C).
The molten alloy was stir mixed for several minutes using a graphite impeller to ensure
proper mixing. Gravity castings were then made in borosilicate tubes that were broken to
get the casting. Nine master alloys with the following compositions by weight were
synthesized in this fashion: Sn-10% Bi, Sn-20% , Sn-30% Bi, Sn-40% Bi, Sn-50% Bi,
Sn-60% Bi, Sn-70% Bi, Sn-80% Bi, and Sn-90% Bi.
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3.1.2

Reinforcement Pretreatment

Wire chopping
Nearly equiatomic NiTi alloy (Flexinol© 90) with an Af = 90°C was acquired from
Dynalloy Inc. Two batches of wires 100µm and 500µm in diameter were used in the
experiments. The 100 µm wire was used for tensile testing at elevated temperatures in a
Dynamic Mechanical Analyzer (DMA) while the 500 µm wire was used for composite
fabrication. The wires were chopped using Automatic Cutter- II procured from Cutter
Industries Inc. Wires of length of 40 mm were used for reinforcement in the composites
fabricated for DMA testing, while wires 65mm long were used as reinforcements for 3point bend testing on a Universal Testing Machine. The use of automatic cutter enabled
an accurate control of fiber length and since a large numbers of fibers were needed to be
chopped to make a single composite, automation was necessary

Etching and fluxing
As discussed in section 2.4.2.1, etchant and flux are needed to improve the wettability of
the wires in molten solder. The wires were etched in 4.8%HF- 10.5% HNO3 aqueous
solution for 3 - 5 minutes. This was followed by pickling of the wires in phosphoric acid
based commercially available flux Indalloy Flux# 2 (Indium Corporation of America).
The flux needed heating to above 100°C for activation (as prescribed by the vendor).
However, the etched wires were pickled in deactivated flux as an intermediate step
between etching and dip coating of the wires with molten solder. This prevented reoxidation of the etched NiTi surface.
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3.1.3

Precursor Single Fiber Composite (SFC) Fabrication

The etched and fluxed wires were then dip coated in the alloy with which the SFCs would
later be infiltrated. A schematic of the steps involved is shown in Figure 3.6.

As-received
(Oxidized)

Etched

Flux coated

Dipped in molten
solder

Removed from
the melt

Single fiber
composite

Figure 3.1 Preparation of single fiber to be used as reinforcement in the high volume
fraction composite (adapted from [59])
The reason for this intermediate step of making SFCs and not directly infiltrating the
etched and fluxed composite was that the fluxed wires char and embrittle as the preform
is heated to the melting point of the metal in the pressure infiltration chamber. Also, the
evolved fumes would be entrapped in the metal making a defective composite. The
phosphoric acid based flux also vigorously reacts with the steel molds.

3.1.3

Pressure Infiltration

Pressure infiltration technique (discussed in section 2.4.2.2) was used to fabricate
composites with high volume fraction of reinforcement. Before the infiltration process,
molds were prepared to enclose the wires. Figure 3.2 shows the steel split molds and the
coated quartz and borosilicate tubes used for enclosing the mold.
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Figure 3.2 The graphite coated borosilicate (small) and quartz(big) tubes used (left) and
the spit molds designed to directly obtain 3-point bend testing samples.

The molds had a rectangular cross section of 12.5mm x 6 mm and lengths of 65 mm for3point bending samples and 40mm for DMA samples. Figure 3.3 shows graphite coated
steel split mold configuration with the SFCs placed in it (left) and on the right it shows
the mold held together by wrapping an aluminum foil around it.

Figure 3.3 Split mold containing SFC reinforcements (left); Al-foil was wrapped around
the mold and was also coated with graphite which enabled its sliding in and out of the
quartz tube (right)

A variation in design of the split mold was made to facilitate the direct fabrication of
thinner (40mm x 12.5mm x 3 mm) samples for DMA tests. A steel slit was used to
separate the two halves. This not only allowed for fabricating thinner samples, but also,
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when only one half was filled with the reinforcement it facilitated preparing a control
matrix alloy sample without fibers casted under same heating and cooling conditions as
the composite.

Figure 3.4 Modified steel split molds with a steel slit is used to separate the two halves.
One half was filled with reinforcement and other was not resulting in infiltration casting
of matrix alloy and composite under similar conditions.

All the molds were filled with 20% by volume of NiTi fibers which was the volume %
of reinforcement used in this study of self-healing composites. These aluminum foil
wrapped molds containing the fiber preform were then graphite coated and inserted in
graphite coated quartz tubes (Figure 3.2). Coating with graphite enables easy removal of
the mold and the sample from the tube which can then be re-coated and reused.
Steps in pressure infiltration:
1) A zirconia felt was placed on top of the mold containing the reinforcement, and a
cylindrical piece of Sn – 20% Bi rested on top of the felt – all contained in graphite
coated quartz tube. This self-contained system was then placed in the pressure
infiltration furnace (shown in Figure 3.5)
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Figure 3.5 The pressure infiltration setup used for synthesizing the composites
2) A micro-vacuum was drawn over the system, bringing the pressure down to below
300 micron. This effectively removes all gas from the chamber and from the bed of
reinforcement.
3) After the vacuum is achieved, the chamber was heated to 100°C above the liquidus of
the respective Sn – Bi alloy and was held for 30 min to allow the chamber
temperature to equilibrate. The temperatures including superheat of 100°C ranged
from 240°C (for eutectic, TL = 140°C) to 340°C (for Bi-10%Sn, TL= 240°C)
4) The chamber is then rapidly pressurized with Argon up to around 200 psi. This
pressure forces the liquid Sn – 20% Bi to flow into the bed of NiTi reinforcement,
overcoming the forces resisting wetting and ensuring minimal or no porosity.
5) Upon cooling, the infiltrated sample was taken out of the quartz tube. The graphite
coating of the inner and outer walls of the steel mold and of the quartz tube facilitated
easy removal of the sample from the mold system. As-infiltrated samples were used
for testing and characterization.
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3.2

Characterization Techniques

3.2.1

Metallographic sample preparation and Optical Microscopy

Optical microscopy was done on these castings to confirm the expected microstructures
and check for any porosity. A Series grinding steps were performed using a Buehler Beta
polisher with an automatic head on progressively fine wax-coated SiC grit papers. Using
wax coating is a recommended procedure for soft metals such as Sn and Bi. The samples
were polished using 1 micron and then 0.05 micron alumina suspensions. Etched was
done using a solution of 95 mL of ethanol, and 5 mL of nitric acid. Images were acquired
using the Clemex Image Analysis system.

3.2.2

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray

Spectroscopy (EDS)
Hitachi S-4800 SEM was used to image the samples at higher magnifications. Back
Scattered Electron (BSE) Imaging was used to capture the phase contrast as the Bismuth
rich phase appears lighter compared to Sn-rich phase, bismuth being the heavier of the
tow metals. Also, Energy Dispersive X-Ray Spectroscopy was done to confirm the
elemental composition of the constituent phases and Nitinol by spot and area scans, and
elemental mapping was done to highlight the distribution of elements in a multi-phase
region of the matrix and in characterizing the interface between the nitinol fiber and the
Sn-Bi matrix alloys.
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3.2.3

X-Ray Diffraction (XRD)

X-ray diffraction studies were done on the matrix alloys using Bruker D8 Advance X-ray
Diffraction Machine using Cu-Kα X-rays (λ = 1.54 Å) at a scan rate scan rate (2θ/min) of
4°/min. This was done to confirm the existence of the phases present in Sn-Bi alloys.

3.2.4

X-ray Photon Spectroscopy (XPS)

XPS also known as ESCA (Electron Spectroscopy for Chemical Analysis) was used as a
surface-analysis technique to confirm the presence of oxide film on the Shape Memory
Alloy wire. An HP 5950A ESCA Spectrometer with a monochromatic Aluminum X-Ray
source was used to analyze top 1-2nm of the surface.

3.2.4

Mechanical Testing: Three Point Bend Test

The three-point bend test was used as the primary mechanical testing method for the
following reasons: a) It provides a visible crack on the surface of the sample which can
be easily observed, b) it allows for samples to be damaged, but not completely fractured
and c) it allows for shape recovery tests to be conducted for demonstration of healing.
The schematic below (Figure 3.6) shows the three-point bend test setup.
r

r

d
C

r

Figure 3.6 The set-up of a three-point bend test. The grey bar is the sample, the large
arrows are the application of force during the test and the small arrows show the
applicable measurements [47].

52
The size of the samples is determined by a formula (3.1) relating the thickness (d),
support-span (C) and radius of the testing contacts (r):
C = 2r + 3d  d/2 ........................................................................................................... (3.1)
Equation (3.1) in conjuncture with the apparatus used, allowed for testing of samples
with a length of 65 mm (a support span of 45 mm) , a thickness (d) of 6 mm, and width
(w) ranging from 12.5-13 mm. The quantitative measurements made from three-point
bend testing load (L) and mid-point displacement (D) data are flexural stress (F) and
flexural strain (F), obtained using the equations (3.2) and (3.3)
F = 3LC/2wd2 .............................................................................................................. (3.2)
F = 6Dd/C2 ................................................................................................................... (3.3)
Prior to testing, all the samples were polished to 800 grit using SiC paper and all threepoint bend tests were loaded at 1 mm/min deflection in order to maintain consistency.

3.2.5

Dynamic Mechanical Analysis (DMA)

Dynamic mechanical Analysis is commonly used to analyze the visco-elastic behavior in
polymers. However, this equipment forms an important tool for thermo-mechanical
characterization of the reinforcement as well as the solder matrix alloy [89]. TA Q800
DMA was used in the present study to analyze the self-healing system. The following
characterizations were made using DMA:

(a) Stress-Strain curves of SMA wires under tension at variable temperatures: Stress
strain curves were obtained for SMA fibers. Since the load capacity for DMA is limited
to 18N, obtaining the curve for high stresses for a stiff material like SMA required that
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fibers with smaller diameter be used. Consequently, wires with 100μm diameter were
used for the test. The scheme followed for tension test required initial calibration of the
tension clamp followed by programming the equipment in Isothermal strain-rate
controlled loading mode with a strain ramp of 0.5%/min to 7.5% straining of the SMA
and then reducing the strain back to zero-stress value at the same ramp rate. This
procedure was followed for temperatures of 35°C, 65°C, 95°C and 125°C to cover the
ranges of martensitic and superelastic behavior of the nitinol SMA. The gauge length of
the wire was directly measured from the equipment and ranged from 10 – 11 mm. A fresh
sample was used for testing at a given temperature. For mapping the superelastic
response of the SMA, it was necessary to remove the 4.5% pre-strain in the as-received
wire. For doing so, the wires were heated to 130°C (in the austenitic range) under a dead
load of 4.5 MPa (enough to keep the wires in tension) and the strain was zero-referenced
at this length of the wire.

(b) Modulus vs Temperature: Another useful application of DMA is to measure
temperature dependent modulus. The test conducted is called a Temperature
Ramp/Frequency sweep test under the ‘Multi-frequency strain mode’ of the TA Q800
DMA. The material is heated at a constant rate and while heating it is deformed
(oscillated) at constant amplitude (strain) over one or more frequencies. The equipment
measures the elastic modulus of the sample (called the storage Modulus) which is related
to (but not equal to) it’s Young’s Modulus. For the Sn-Bi matrix alloy as well as the
composite bars fabricated, the test was performed in a 3-point bend configuration. The 3point bending clamps were calibrated before the test following the procedure specified by
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the manufacturer. The gauge length (support span) of the bending fixture was fixed at
20mm while sample thickness and width were entered into the software. A small
oscillatory strain of 0.2% (within elastic limits of the alloy and limited by the maximum
load capacity of 18N of the DMA) was given to all the samples and they were oscillated
at a frequency of 1Hz (a typical frequency for such analysis) while the temperature was
ramped at 5°C/min. The Modulus vs Temperature response was measured for the samples
and recorded in the Universal TA Analysis software.
(c) Strain recovery vs Temperature in self-healing samples: DMA proved instrumental in
characterizing plastic strain recovery of the self-healing composites. Composite 3-point
bent bars that were initially bent to a flexural strain of 8% were clamped in 3-point
bending mode with the mid-point of maximum deflection touching the loading arm of the
clamp. The initial displacement was measured and a small preload force of 0.01N was
applied to the bent bar at its midpoint. The sample was then heated at a constant ramp
rate of 5°C/min. As the sample straightened, the deflection of the movable clamp was
measured with Temperature. Also, a first derivative of % strain recovered vs Temperature
was plotted that gave the rate of strain recovery.

3.2.6

Differential Scanning Calorimetry (DSC)

The transformation temperatures of the SMAs were measured by differential Scanning
Calorimetry using TA Q20 instrument. Constant heating and cooling rate was maintained
at 10°C per minute. The Mf, Ms, As and Af temperatures were determined by the
intersection of tangent lines on the steepest slope of the curve as described by ASTM
Standard F 2004-05 (2010) [90]
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3.2.7

Hardness Testing

Vickers micro-hardness measurements were taken to gauge the mechanical properties of
the matrix and reinforcement using Buehler Micromet II Digital Microhardness Tester. A
load of 100 gf was used with a dwell of 10 seconds and at least 10 indentations were
made per measurement. The hardness value was directly read from the Tester.

3.2.8

Resistivity Testing

A lower value of resistivity is what is needed for effective solder application for the
composite. The resistivity of the unreinforced matrix alloy and the reinforced composites
were measured using a 4 probe test. HP 34420A micro-ohm meter is used for the test. In
a 4 probe resistance test, two probes provide current through the sample, and two probes
measure the voltage drop across the sample. This enables measurement of accurate
reading of the sample’s resistance that is independent of the resistances in the leads
connecting the sample to the ohmmeter. The resistivity () of a sample was evaluated
using its resistance (R), cross sectional area (A) and length using the relation (3.4):
 = R*(A/L) ................................................................................................................... (3.4)

3.3

Self-healing Assessment

The assessment of healing was done by covering the following aspects involved in the
self-healing process: (a) visual and measured recovery of plastic strains, (b) visual and
microstructural crack-closure and (c) recovery of Strength.
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Damage was imposed on the samples by bending them to large (8%) flexural strains. The
surface in tension was also cracked macroscopically.
Recovery of plastic deformation:
In order to monitor visual healing of the bent samples, a split furnace was used to heat the
sample (Figure 3.7, left). The sample was enclosed in a quartz tube and a thermocouple
was placed close to sample. Adequate insulation covering the exposed quartz tube with
only a small window left uncovered (Figure 3.7, right), allowed uniform temperatures
with minimal heat to be attained. The furnace was first equilibrated at the healing
temperature and the sample, placed on a ceramic base, was then slid into the tube from
one end. The end was closed with insulation after inserting the sample. A video camera
was set up to record top view during healing.

Figure 3.7 Setup to record healing
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Another arrangement allowed for heating the sample on a hot-plate on a hot plate and
recording through the duration in which the sample recovers shape. In healing of Sn-20%
Bi at 165°C, snapshots from the footage of straightening of the bent bar were taken at
uniform time intervals of 9 seconds from the start until completion of the shape recovery.
Angle of bend (θ) was measured using Image J image analysis software. The rate of
angular recovery was calculated empirically according to the equation (3.5):
Rate of recovery ( ̇ ) = θ/ t = (θ –θ0)/(t-t0) ................................................................. (3.5)
Where (θ0, t0) is the initial angle of bent bar and start time for the straightening.

A second and more accurate method for quantifying plastic deformation recovery was to
measure the recovery of flexural strain with temperature using a DMA as discussed in
section 3.2.5. This was done for all the composites fabricated.

Crack closure:
The second aspect of healing is the closure of micro- and macroscopic cracks. Cracks as
wide as 1 mm and as small as a few microns were closed and healed and this was
observed visually and under an optical micro-scope. Polished and etched composites
were also cracked to observe healing in a micro-structure. The samples were continued to
heat at the healing temperatures until they had partial melting post crack closure and the
healed microstructure was studied. For Bi-10%Sn, the sample was heated for 15 min for
crack closure and partial liquefaction to occur and the samples were healed. All the
samples were heated for an hour to ensure complete healing before microstructural and
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strength evaluation. The rate of heating of the samples depended on their thermal
conductivity and was in the order of 50°C/min.

Recovery of strength
Selected matrix alloys, virgin as well as healed composites were tested in flexure before
cracking and after healing and their recovery in strength at similar strains was reported as
a percentage to demonstrate healing.
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CHAPTER 4
Results and Discussion

4.1

Matrix Alloy

4.1.1

Microstructure

Optical and Scanning Electron Microscope Images were taken for the samples after
etching. Figure 4.1 shows the typical microstructures of the cast Sn-Bi alloys synthesized
in the present study in backscattered mode at 350X. The contrast is obtained owing to the
difference in atomic number of Bismuth (heavier) and Tin.

10%Bi

20%Bi

30%Bi

40%Bi

50%Bi

60%Bi

70%Bi

80%Bi

90%Bi

Figure 4.1 SEM – Back Scattered Electron Images of the Sn-Bi alloy at 350X. The
amount of Bismuth in Tin was increased progressively by 10%.
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It can be seen that with increasing Bismuth content in Tin, the bismuth rich phase
(lighter) increases and the alloy is nearly completely eutectic at Sn-60% Bi with a
“Chinese script” structure.

In hypereutectic compositions, the bismuth rich phase

separates out and can be seen as blocks of the phase with sharp edges. This is seen as
much lighter in back scattered mode.

4.1.2

Composition

Area scan on representative hypo- and hyper-eutectic alloys of Sn-40%Bi and Sn-80% Bi
are shown in Figure 4.2. Bismuth is represented by red and Tin by green.
Hypo-eutectic Sn-40Bi

Hyper-eutectic Sn-80Bi

Figure 4.2 Elemental mapping of a hypoeutectic (Sn-40% Bi) and a hyper-eutectic (Sn80% Bi) composition (bismuth = red, tin = green)
The validation in composition of the different phases was done through EDS area scans
for the various compositions. Figure 4.3 and 4.4 show the characterization of Sn-50% Bi
(hypo-eutectic) and Sn-80% Bi (hypereutectic) compositions.

61

Sn-50Bi

(a) Overall Composition

(b) Eutectic

(c) Sn-rich phase

Figure 4.3 Confirmation of Sn-50% Bi (a) overall elemental composition: Sn-48.5% Bi
(b) eutectic composition: Sn-58%Bi (c) Sn-rich phase composition: Sn-22.5% Bi.
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Sn-80Bi
Sn-50Bi

(a) Overall Composition

(b) Eutectic

(c) Bi-rich phase

Figure 4.4 Confirmation of Sn-80% Bi (a) overall elemental composition: Sn-80% Bi (b)
eutectic composition: Sn-53%Bi (c) Bi-rich phase composition: ~100% Bi.
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As seen in the Figures 4.3 and 4.4, the Overall composition confirms with the results of
EDS analysis for both the alloys. EDS was done for all the alloys and the results followed
very closely with the synthesized alloy composition. Also, the eutectic composition
closely matches the phase diagram values. The tin rich phase in hypoeutectic Sn-50%Bi
was seen to have a composition of Sn-22.5% Bi and the Bismuth rich phase in the
hypereutectic SN-80% Bi was seen as nearly pure Bismuth.

X-ray diffraction was also used to characterize the phases and it can be qualitatively seen
from Figure 4.5 that the peaks for Tin gradually decrease in intensity and eventually
vanish with the increase in Bi content (pure Bi in the Bottom)

Figure 4.5 X-ray diffraction patterns for pure Sn (top-most) with increasing Bi content up
to pure Bismuth (bottom). Notice the strong texturing seen in some compositions.
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4.1.3

Thermo-mechanical Properties

Figure 4.6 shows a plot of elastic modulus of various Sn-Bi alloys with temperature. The
alloys follow the expected trend of reduction in stiffness with temperature as the alloy
softens. However, the change in modulus becomes less steep as the bismuth content is
increased in the alloy. This can be attributed to the reduction in ductility upon addition of
the brittle Bi. This graph can be useful in designing high temperature mechanical
properties such as strain evolution in solders.
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Figure 4.6 Modulus vs Temperature in Sn-Bi alloys under dynamic loading.
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4.1.4

Electrical Resistivity

Electrical resistivity of the matrix alloys were measured using a 4-probe resistance test as
discussed in the previous section. The resistivity of the alloy was seen to increase
exponentially from pure tin (0.11μΩm) to bismuth (2.48 μΩm). The near eutectic
composition (Sn-60% Bi) had a resistivity of 0.54μΩm. This can be explained by the fact
that as long as the electrons have a continuous path of least resistance, the resistivity is
near to that of Sn-rich phase and the eutectic. As the Bi rich phase continues to grow and
isolates the eutectic, the electrons are forced to travel through Bi and hence an increase in
resistivity is observed.

Resistivity vs Composition
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2.50

Base alloy
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ρ = 0.0857e0.0323(wt. % Bi in Sn)
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Figure 4.7 Effect of alloying of Tin with bismuth on its electrical resistivity
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4.2 Reinforcement: SMA
4.2.1

Composition

EDS study was used to confirm the composition of the shape memory alloy wires used in
the experiment. The composition was found to be near-equiatomic with 52.3 at % Ti –
47.7 at % Ni.

Figure 4.8 EDS confirmation of the NiTi wire composition.
4.2.2

Oxide Layer Confirmation

XPS was used to confirm the oxide layer chemistry on the surface of NiTi as shown:
2p3/2
458.51

Figure 4.9 TiO2 on the surface of NiTi confirmed by XPS (left) against literature [91]
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XPSPEAK Version 4.1 was used for curve fitting of the XPS data and the best it was
with a 23% Gaussian fit with the Peak: value at a Binding energy of 458.51 eV and a Full
Width at Half Max (FWHM) of 1.554 (STD dev = 0.98). This value closely matched
with the value in literature for 2p3/2 orbital binding energy of TiO2 (458.51 eV)

4.2.3

Transformation Temperature

The Flexinol® 90 NiTI SMA was tested in the DSC to determine the transformational
temperature. The Mf, Ms, As and Af temperatures are 45°C, 53°C, 78°C and 83°C
respectively. The 90C Flexinol peak is typical for a transformation from oriented
Martensite to Austenite, [92] rather from thermal Martensite to Austenite.

Figure 4.10 Differential Scanning Calorimetry (DSC) results for FlexinolTM 90 NiTi SMA
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4.2.4

Thermo-mechanical Properties

Characteristic superelastic behavior was seen for temperatures above Af = 83°C as is
shown in Fig. 4.11 (a) It can also be observed that plateau stress for the Austenite to
Stress induced Martensite increased with increasing temperature. Also note that since the
wire has been deformed extensively, some plastic strain is retained upon recovery.
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Fig. 4.11 (a) Superelastic behavior for temperatures T>Af (95°C and 125°C) (b)
Martensitic behavior (T<Mf) with a pre-strain of 4.5%.
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At temperature of 65°C (Fig 4.11(a), red) that is below the As (78°C) but above the Ms
(53°C), the wire showed large ductility but no super-elasticity. At 35°C when the wire is
completely Martensitic, the sample showed a typical stress-strain curve for the SMA. A
prestrain of 4.5% as provided by the manufacturer was also confirmed by the DMA as the
sample was cooled below the A↔M transition temperature. The wire is also much less
stiffer in the Martensitic phase compared to the Austenitic phase as expected.

4.2.5

Electrical Resistivity

The electrical resistivity of NiTi SMA was measured as 0.83μΩm and this was close to
the value reported by the manufacturer (resistivity of martensitic phase = 0.8 μΩm)
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4.3 Composite
4.3.1

Microstructure

Composites were fabricated for all the matrix alloy compositions and selected alloys were
used to demonstrate healing (refer to Section 2.4.1.2). Two representative microstructures
of hypo- and hypereutectic alloy matrices reinforced with 20% by volume of NiTi are
shown below:
a) Hypo-eutectic: Sn-10%Bi/NiTi and Sn-20%Bi/NiTi Composites
Figure 4.12 shows the SEM microstructure of Sn-10% Bi reinforced with 20% by volume
NiTi. It can be seen that the fibers are well bonded with the matrix and the light phase is
richer in Bismuth as was seen in the un-reinforced matrix.

a

b

Figure 4.12 SEM micrograph of Sn-10% Bi / NiTi (d=100μm) composite at (a) 300X (b)
1000X
Figure 4.13 shows the microstructure of Sn-20% Bi reinforced with 20% by volume
NiTi.
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Figure 4.13 SEM micrograph of Sn-20% Bi / NiTi (d=500μm) composite at (a) 300X (b)
1000X
b) Hyper-eutectic: Bi-10%Sn/NiTi and Bi-30% Sn/NiTi Composites
The typical microstructures of hypo-eutectic matrix are seen for Bi-10% Sn (Figure 4.14)
and Bi-30% Sn (Figure 4.15 and 4.16) Owing to slow cooling rates (furnace cooling),
coarse microstructures with large bismuth grains were obtained.

Figure 4.14 Optical micrograph of Bi-10% Sn / NiTi (d=500μm) composite
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Figure 4.15 SEM micrograph of Bi-30% Sn / NiTi (d=500μm) composite

Figure 4.16 SEM micrograph of Bi-30% Sn / NiTi (d=500μm) composite in SE (left) and
BSE (right) mode.
4.3.2

Composition and Interface Characterization

EDS spot analysis of the composite matrix alloy and reinforcement were done on Sn-20%
Bi/NiTi and it revealed the composition of NiTi as Ni-47% Ti and the Sn-rich and Bi-rich
phases were also discerned (Figure 4.17)
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(a)

(b)

(c)

Figure 4.17 Spot analysis of Sn-20%Bi/NiTi composite at three different locations: (a)
NiTi SMA reinforcement (b) Sn rich region in matrix (c) Bi rich region in matrix alloy
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Interface Characterization
Figure 4.18 shows the attempted infiltration of the as-received SMAs. This results in
minimal wetting and shows that pressure-infiltration by itself was unable to form the
composite. However, the composite in the front in Figure 4.18 (right) that was prepared
using the SFC route showed complete infiltration. This was also confirmed by
microscopy.

Figure 4.18 partially infiltrated composite in which the wires were not fluxed and etched
(left). Notice the wires can be plucked out from the as infiltrated NiTi composite (right,
center) showing poor wetting. Composite on the front right with SFCs as reinforcements
shows good infiltration.
Inter-diffusion of Sn, Ni and Ti lead to the formation of an intermetallic reaction layer at
the fiber matrix interface, confirmed by Coughlin, et al. [59], and this suggested adequate
wetting of the NiTi fiber (Figure 4.19). Line scans were performed to confirm the
elemental distribution across the interface.
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Sn-Bi

Interface
NiTi

Fig. 4.19 A distinct Sn-Ti-Ni intermetallic layer was observed. The presence of this
intermetallic layer suggests that the liquid solder wets the NiTi wire adequately following
application of the flux.

Figure 4.20 shows the elemental map of Sn-20% Bi/NiTi composite near at the interface.
The area under magnification captures a eutectic region in the off-eutectic alloy. It can be
seen that a distinct interface is seen at the boundary of NiTi and the Sn-Bi alloy. Upon
mapping of elemental pairs, it is seen that there is an inter-metallic zone consisting of SnTi-Ni. This proves that good wetting had occurred and that a good interface would
translate into better load transfer from the fiber to the matrix during healing.
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Figure 4.20 Elemental mapping of Sn-20%Bi/NiTi composite
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4.3.3

Thermo-mechanical Properties

The thermo-mechanical properties of the synthesized self-healing composites were tested
for the first time. Figure 4.21 shows that unlike the virgin alloy matrices that softened
upon heating, the SMA reinforced composites behave quite differently. At temperatures
below As (which was found to be 78°C by DSC) the modulus of matrix decreases with
temperature increase. However, as the austenite phase forms in the reinforcement – which
is stiffer than the martensitic phase (as discussed in section 2.3.2), the composite stiffens
and reaches a maximum stiffness beyond which the composite starts to soften again as
the matrix has lost much of its modulus. Stiffening of the wire with temperature is critical
in healing as it allows for greater restoration energy for the system.
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Figure 4.21 Composite stiffens as heated through the SMA transition Temperature and
again softens
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4.3.4

Electrical Resistivity

The resistivity of NiTi has little effect on the resistivity of the composite for compositions
in which the more conducting Sn-rich phase is predominant and the electrons find the
path of least resistance through them. However, the graph deviates as the higher
resistivity B-rich phase exceeds as then the wire becomes more conductive compared to
the matrix. In this case, however, since the wire is not a continuous phase, the electrons
still have to travel through the high resistivity matrix and an effective resistivity is
observed the value of which is intermediate to that of the matrix alloy and the
reinforcement.
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Figure 4.22 Resistivity of the composite with varying matrix alloy
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4.3.5

Hardness Test

The NiTi reinforced composites were subjected to Vickers micro-hardness testing in the
manner described in Chapter 3, section 3.2.8. Since micro hardness testing can test
specific microstructural features, the hardness of the both the matrix and reinforcements
were tested. The NiTi fiber showed a Vickers hardness of 215.6. The matrices with NiTi
reinforcement had a slightly higher is value is slightly higher than the value than the
monolithic alloys.

4.4 Self-healing Assessment
4.4.1

Recovery of Plastic Strains

In the first scheme, healing was done on Sn-20% Bi sample at 165°C on a hot plate and
the bar took 38 seconds (t0) to heat to the temperature at which the wires started
straightening. Figure 4.23 below shows the straightening time adjusted for heating (t-t0)

142°

t=0s

151°

t=9s

161°

t=18s

170°

t=27s

178°

t=36s

Figure 4.23 Snapshot of healing of bent Sn-20%Bi/NiTi bar at equal intervals of time
starting at t=0s.
Rate of recovery as described in chapter 3 (section 3.3, equation (11)):
̇ = θ/ t = (θ –θ0)/(t-t0) = slope of the graph of θ vs t which comes to be around 1°/sec.
A second and method for quantifying plastic deformation recovery was by measuring the
recovery of flexural strain with increasing temperature using a DMA as discussed in
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section 3.2.5. This was done for all the composites fabricated and they showed more or
less similar recovery profiles. As a representative, Bi-10% Sn bar with an initial flexure
strain of 8% was heated at 5°C/min and the resulting strain recovery measured with
Temperature (Figure 4.24). Entire flexural strain was recovered well before the
temperature approached healing temperature (TH = 145°C) for the alloy. Rate of strain
recovery for the alloy peaked to about 34.5%/min around the transformation.
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Figure 4.24 Recovery of flexural strain in Bi-10% Sn/NiTi composite deformed initially
to 8% flexural strain.
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4.4.2

Crack Closure

Macroscopic crack closure was observed in all composites fabricated. Figure 4.25 shows
crack closure and healing in Sn-20% Bi matrix that was (a) cracked and (b) notched and
cracked. The healing was done at TH = 165°C for 1 hour.

(a)

(b)
NiTi
Wires

Matrix

Matrix

Figure 4.25 Crack closure and healing in Sn-20% Bi matrix that was (a) cracked and (b)
notched and cracked.

82
4.4.3

Healing of Microstructure

Healing of microstructures was observed in all the composites. However, hypo-eutectic
compositions showed a much distinct and coarse microstructure to track healing.
t=0s

t=15s

t=20s

t=30s

t=45s

t=60s

t=8min

t=15min

Figure 4.26 Healing of microstructure in Bi-20% Sn. In the later stages, the molten
eutectic phase can be seen to sink in the last stage. This fills any internal cracks in the
matrix.
.
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Crack

Crack

NiTi Wire

NiTi Wire

Healed
Crack

Crack

Matrix

Matrix
Cracked Sample

After Healing

Figure 4.27 Microstructural crack closure and healing in Bi-10%Sn matrix. The left side
is cracked and right is healed. Notice that the wire runs horizontal and the previous
locations have been sealed and filled with low-melting eutectic phase.
Figure 4.26 shows that it took a minute from equilibrating at the healing temperature of
145°C to close all the cracks in B-20%Sn and within 15 minutes, the melting of liquid
phase occurred that lead to healing of the eventual sample. In Figure 4.27, a cross-section
of microstructure showing crack closure and healing at two different locations is shown.
The rate of heating was around 50˚C/min for the sample.

4.4.4

Recovery of Strength

The results from three-point bend testing showed a 92% recovery in strength of Sn-20%
Bi/NiTi composite within an hour of healing and 88% recovery in strength of Bi-10%
Sn/NiTi (Figure 4.27)
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(a)

(b)

Figure 4.28 Recovery of flexural strength in (a) Sn-20% Bi /NiTi and (b) Bi10%Sn/NiTi
Thus, good restoration of strength of the samples was observed in the hypo- and hypereutectic compositions of the alloy.
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CHAPTER 5
Conclusion and Future Work

Conclusions
Sn-Bi-SMA composite systems were investigated for healing and healing temperatures
for different alloy compositions were calculated. In order to incorporate high volume
fractions of NiTi and to overcome the issue of poor wettability of NiTi with the alloy
matrix a novel method was designed: etching, fluxing and dip coating the fiber in matrix
alloy to form Single Fiber Composites (SFC) followed by pressure infiltration of the
SFCs with the same matrix alloy to synthesize composites with high volume fraction
reinforcement (20%).
Key findings of the research are enlisted below:
1) Evaluated change in flexural storage modulus of Sn-Bi alloys of different
compositions with temperature and found that:
a. Modulus decreases with increasing temperatures
b. Sensitivity of the alloy modulus to temperature increases with increasing Sn
content
c. High Bi alloys had relatively constant modulus regardless of temperature in the
range 30˚C - 140 ˚C studied.
2) Evaluated the electrical resistivity of Sn-Bi alloys and found that the resistivity
increases exponentially with Bi content. The resistivity of Sn-Bi alloys in the studied
at room temperature may be described by the following empirical equation ρ =
0.0857e0.0323(wt.% Bi) µΩm
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3) Measurement of strain recovery of the composites with temperature showed a logistic
function type behavior with the maximum strain recovery peaking to 35%/min at the
transformation temperature (~ 85˚C) of the SMA reinforcement irrespective of the
alloy composition.
4) Crack closure evaluated by metallography of cross-section for Bi-10%Sn with 23%
liquid (eutectic) at a healing temperature of 145˚C. Cracks were shown to close
completely and the eutectic was seen to melt and reseal the crack.
5) The healing temperature for each alloy was determined based on the criteria a) of
requirement of 15-25% liquid at healing temperature for compositions with less than
21%Bi in Sn and b) liquid fraction as eutectic fraction and the healing temperature as
eutectic temperature for rest of the alloys provided that the liquid in matrix does not
exceed 25%.
6) In the temperature range of transformation of the SMA to austenite phase (75˚C 95˚C) the composites showed stiffening and those compositions made with high Sn
content showed a stronger inflection than those with high Bi content due to properties
of the matrix.
7) Electrical resistivity of the composites was measured to show a dependence on Bi
wt% as: ρ = 0.0238e0.0241 (wt.% Bi) µΩm due to the presence of NiTi wires that are more
conductive than bismuth but less conductive than Tin.
8) 92% of flexural strength was recovered for Sn-20% Bi /NiTi composite and 88% of
the strength was recovered for Bi-10% Sn /NiTi composite within an hour of healing.
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Future Work
Future work would include, a study of this system under creep testing low cycle fatigue
testing and characterization of healing of micro voids and strains using strain imaging,
non-destructive tests as X-Ray and CT scan . A more complex and accurate model for the
strain field generated also needs to be made taking into account the Shape memory effect
of the reinforcements to provide inputs to the experimentation. Effect of random fibers on
healing will be followed as a logical step to incorporate this mechanism in solders. Also,
the ultimate goal would be to look into NiTi nano-fibers as reinforcements to get the
desired aspect ratio for micro-crack closure since the proof of concept has already been
shown at larger scales. Computational fluid dynamics analysis of the flow of liquid metal
through the microstructure needs to be made at different length scales of the crack and
the quantitative modeling of filling of the cracks and solidification of the healing liquid
needs exploration, taking into consideration the microstructure, surface tension and
capillary forces instrumental in crack closure.
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