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ABSTRACT

ROOM-TEMPERATURE ELECTROCHEMICAL HEALING OF STRUCTURAL METALS
Zakaria Hsain

James H. Pikul

For over 6,000 years, repairing higtiength metallic materialshas requiredhigh
temperatures and large energy inputkewise, recent innovations in sdifaling and repairable
metals have remaindiinited by the need for heatinthe small size of regirable cracks, anthe
low strengthand constrained chemical compositiminhealed metaldVhile welding remains the
most widely used approach to repair mettile increasing ubiquity of digital manufacturing and
Aunwel dabl e oradicdlly difgrentapp@dchesTHisatresigpioneersa new approach
for repairing structural metals amomtemperature t e eleceodhenficahealing. First, by
mimicking the transportmediated healing of bonselectivenickel electrodepositioanablesapid,
effective, lowenergy, and rooremperature healingf a cellular metal. Apolymer coating
restricts electrodepositiaonly atfracture or high stressites and astatisticalmethodquantifies
and predics the probability of a target recovery of tsile strengttbased on energy inputhis
thesisextend roomtemperature healintp low-carbon steela widely used structural metdly
elucidatinghow ion transport and electrolyte chemistry influence growth morphology and strength
in fractured steeliresrepaired with nickel electrodepositidpulsed electroplating and electrolyte
chemistry selectiomprove nickel adhesion and enahldly fractured steel wireso recovetup to
69% of their pristine strength-inally, this thesispresents a framework for effective room
temperature electrochemical healing based omuantitative model that links geometric,
mechanical, and electrochemical parameietbe recovery of tensile strength in repaired metals.
This framework enables full recovery of tensile strengthvariety of structural metals, including

viii



iunwel da lahdel3D-pranted ddfigust-to-weld funicular shellular structuras well aover

100% recovery of toughness in an aluminum alloy. The model reveals scaling relationships for the
energetic, financial, and time costs of repairing metals that facilitate the practical adoption of
electrochemical healingRoomtemperature electrochemida healing could open exciting
possibilitiesfor thescalableautonomous, repeatable, and prophylaefair of metalin structures

and robots.enablecellular materialsthat respond to environmental stimulus with growth and

morphogenesis, aratlvance th life cycle sustainability of structural metals.
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CHAPTER 1

Metal Repair from ForgeWelding to SeHHealing

1.1. A brief history of metals

The earliest use of metals and metal ores dates back to the Neolithic period, as early as
11,000 BC(1, 2). The use of metalprimarily as ornaments and pigmentssieavily influenced
by cultural and social norms, as weltls local availability of naturally occurring or&e earliest
metals included¢opperandlead, witharcheologicakvidence of thie usedating back t@®,000 BC
in eastern Turkey and northern Irélg, and to 5,500 BC in southeastern I{8h Gold and silver
likely began to be used later, around 5,00Q BGoutheastern Europe arfteNear EastWhile
metalswere initially used in their natural form (as ores) or processed at room temperature (e.g.,
cold forging) highttemperature techniqués.g., forge weldingyvere gradually introducea allow
the production of metht artifactswith improved mechanical propertiesid diverse chemical
compositions. By 4,000 BC, smelting (heating an ore to extract a base metal) and casting
(solidifying molten metal in a mold) were used to prodoimze and o#tr copper alloys with tin,
lead, arsenic, or antimony impuritjegth archeological evidence found in western Asia and China
(1, 4). The widespread production and use of cast copper ddoysols and weapordetermined
theonset of the Bronze Ag®), which isabout3,300 BCin Greece, western Asia, and Chiaad
about 2,500 BC in western Europe.

Around 1,000 BC, he Bronze Age enddd the Near Easts humans began to master the
crafting of iron and ste€p). Iron, of meteoric origin, had been extracted and used as early as 6,000
BC (1). However, vith furnaces and kilns unable to reach temperatures above °C348at are
requiredfor the smelting of iron oxide (E£@3) with charcoaliron productionwas limited taspongy

pure iron or towrought ironwith <0.08 % carbon conter(6). As higher temperatures became



accessibland thecharcoalto-ore ratio was increased, steels with higher carbon content, and thus
higher mechanical strength, were produ¢®d During the first millennium BCthe use of steel
spread thwughoutEurasia and Africabecoming an establishedaterid for the manufacture of
tools and weapon, 6). As for the oncedlominant copper alloys, social and politicgheaval
might have precipitated their adoptjaiong withgold andsilver alloys(e.g., electrum)as money
tokensand means of exchanggartingaround 600 BE7, 8).

At the dawn of the medieval period (around 500 Afade throughout the Mediterranean
region Asia, and the Indian Ocedlourished supported by legal systelfies contract enforcement
the largescalereemergence of credit monend a relative reduction iriolence(9, 10) Medieval
trade not only enabled the louljstance movement of metal products and coins, bufadfliiated
the transfer of metadxtraction,purification and fabricatiortechnologieg11). For instancethe
largescale production of wootz steel in Indiad Central Ais, aided by trade and technology
transfer,enabledArab armorers to produdeamascus steel which is renowned for its excellent
mechanicastrengthand unique microstructu(é, 12 14). During this period, demarfdr iron and
copper alloyded to significant industrializatigrmost notablyin Chinaunder the Song dynasty
(906 to 1279AD) where metal production was so intensive that it severely depleted the
northwestern forests from which charcoal was souftBd16)

For iron and steel production #xpand beyond the limitations of charcoal production
required the confluence of several factdrs18" century Great Britainprohibitions on cutting
trees for charcoal, the local abundance of coaljrmpdovements in nehanization and production
processes, atloalesced to enabthe production of steel at low cost andnassivequantities(6,

17). By about 1820, the abundance and high energy density of coal enabled a level of steel
production that would have destroyed about 57 million acres of forest, an area equivalent to the

entirety of Great Britair{17). Abundant steel and iron supported thdustrialization of Western



Europe the United States, and Japamring the 19 century engendering rapidiemographic,
social, cultural, and scientific develmgns (18). Some of these scientific developments would
leadto the chemical isolativof elemental aluminum bylans Christian Drsteid 1825 as well as
theinventionof both the Bayer process in 1888 extract pufied alumina (AbOs) from bauxite
ore, and theHall-Héroultprocess in 1886to electrolytically produce aluminum from purified
alumina dissolve in molten cryolite (NgAlF¢) (197 21). Due to itsmechanical, chemical, thermal,
and metallurgical properties, aluminwmould play an important rolim many of the technologies
of the 20" centuryfrom computergo aerospace vehicle€oncurrently, itanium, nickel, sodium,
magnesiumand a variety of othemonferrousmetals and alloys would also play important sole
in an increasing diversity of technological applicati¢@s 6). The 20" century was also the
beginning of an explosion in the demand for Istakiminum, and many neferrous alloys in
construction anéhdustry, which has had negative environnaérégpercussions that humanity still
grapples witha this day Nowadays, metal mining, processing, and fabrication resultsen 4
billion tons of @,-equivalent emissiorennually, and the mining and refining of aluminum, alone,
results, per annum, imver 14,000 tons of largely toxic byprodu(2&i 24).

1.2. Cellular metals, or the future of metals

Metallurgy has long focused on modifyitige crystalline microstructure and chemical
composition of metals to improve their properties and adapt them to various appli¢édiweser,
in the past few decaddecus has turned to tunirige spatl architecture of metalby fabricating
them in acellular structure, asaalternative, potentially moffective approach témprovethdr
properties endow them with novel functionalities, and opsw possibilities for thir use A
cel | ul ar asassembly of prisreatior polyhdrakells with solid edges and facg25).
These cells can be open and interconnected, or closed and walled from each other, and can be

spatially organizedn a variety of stochastiqFig. 1.1a) or regular(Fig. 1.1b) architecturs (26,


https://www.britannica.com/biography/Hans-Christian-Orsted
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27). In other wordsa cellular structure is a heterogenetws-phasamixture ofanempty(or air)
phaseanda continuousarchitectedsolid phase

Various naturally occuing materials, such as woglblone and cork possess a cellular
structurewhich reduces their mass and enhances tapiacityto simultaneouslyerform multiple
functions (e.g., structural load bearing, transport of oxygen and nutneatsrial and energy
storageadaptive growth and repif28i 31). These natural cellular materials have been studied
for centuries, with the English polymath Robert Hooke documenting an optical microscope
observation of cork in the 166Q85). They have also served aa importantinspirationfor the
development ofsynthetic materials, includingetals (30, 32) For instance, he hierarchical
structure of bone, whemmineralizedcollagenis structured on multiple length scaléem the
millimeter scale to the nanoscal@80), hasrecentlyinspired the development @ngineering
materials including metalswith built-in structural hierarchthat impartgesilience to defects and
damagg33i 36). Driven by rapid improvements in dtgl design(37i 40), fabrication techniques
(417 50), andfundamental knowledgef the physical behavior and geometric diversitfycellular
structure (511 57), cellular metals havenabled &nd will likely continue to enab)gerformance
improvements idightweightstructural material§49, 58, 59) electrochemical energy stora@®i

62), catalysig63, 64) tissue engineeringcaffolds(65 67), and a variety of othexpplications
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Figure 1.1 (a) Micro computed tomography image of a stochastic cellulaalm@) Repeating
unit cell of a facecentered cubic (FCJdnverse opal cellular structurédaptediromref. (68).



1.3. Common metal repair techniques

As early as 4,200 BC, humans developed techniques to join metal parts togéibbr
wereused to repair fractureor damagegarts(69, 70) These techniquesuch as welding and
brazing, not only enal# the fabrication ofparts with multiple cast components or dissimilar
metallic phasedut also avoid the higénergeticost of melting and recasting fractured parts.

Forge welding is one of the earliest metal joining and repainigobs It has beemised,
most notably, to join multiple layers of hard and ductile ferrous phases into a singkriigth
high-toughness steel layfar swords and other higstrength tool$2, 13) This techniquénvolves
plastically defornng the metals to be joined tite joint area, via hammerig otherwise applying
high pressurewhich resultdn coalescence, significant intdiffusion, and higkstrength metallic
bonding at the jointThough it can bappliedat room temperaturen relatively softmetals(e.qg.,
gald, lead, and with low applied pressuo@ oxidefree noble metals in ultrahigh vacu@#i, 72)
it requires higher t@peratureand applied pressumghen joiningstiffer metals such steels and
aluminum alloys

Enabled by the technological advances of the last two centuridding has taken
multiples forms thaénablecontrolledmetal fusiorby restricting high temperatures to a narrow
area around theetal joint(73i 75). Welding techniqugcan be classifiethto four categories
depending onvhether mechanical loading (pressure) is used and the nature of the thermal energy
source(gas, arc, or bean{}5). In each of these categorighe use of different tools or technigue
to apply the mechanical and/or thermal loesbdedo fuse metals togethéurther differentiates
welding techniquemto subcategorie@-ig. 1.2). For instance, pressure weldican be classified
into six subcategorie§esistance, friction, ultrasonic, cold, induction, and forge welding)
determined byhe nature of the applied mechanioathermal loadelectrical resistiver joule

heating, mechanicdiction, ultrasoundwaveshammering or applied mechanical pressat



roomtemperatureglectromagneticnductionheating andhigh-temperaturdhammering
respectively.

Due to he variety of available welding techniguéise choice othe appropriate
techniqueor a given applicatiois determined by its advantages and limitations. For example,
arc welding can be performed at low cost in an ambient environmenistnity requires
consumabldiller metalks or fluxes (chemical cleaning and reducing ageatgjcan cause
thermalcracking in somaickel and aluminum alloy§6, 77) In contrastelectron beam welding
is expensive, requires vacuum conditions, and is unsuitable for magnetic materials, but it offers a
very high energy density a0’ W.cm'2, does not require filler metahert shieldinggas or
fluxes, and cajwith well-tailored control parameterseldi unwel dab |l e ¢78,@9) c k e |
This variety of welding techniquebas allowed them to be adapted aembpted, becoming
indispensable for the fabricatiamd repair of metalof varying chemical and morphological
characteristicén applications as diverse as buildings, aircraft, and ship (#4ls75, 80, 81)

In applications that are not suitable for weldingaaing, which involve the melting of a
filler metal to join metal parts of higher melting poioffers a possible alternativBrazing is an
ancient technique, with evidence of its use dating battiet®@ronze AgeArchaeological evidence
of brazing in Mesopotamia was dated to 3,000(B@, and & Egyptian papyrus dating toe third
century ADexplains the preparatiaf a neareutectic CuAu alloy, with occasionalg inclusions,
as a filler metal fobrazing(82). Though #émilar to soldering, brazingequireshighertemperatures
(above &0 °C), use fluxesto preventcontamination andxidation requires that the filler metal
wet the metal joinvia capillary actionandresuls in metal jointof higher strengtt{70, 75, 83)
Nowadays, brazing is used, for instance, wittkel or silver-magnesiunalloys as filler metaldo

repai r i wickelallbyd ia gabk @ steam turbin€sb, 84)

a l



Arc welding

Figure 1. 2 Classificationof common welding techniques

1.4. Innovations in slf-healing and repairalde metals

The current paradignfor designing loadbearing structuress heavily focused on
prevening or delayingcrackgrowth and fractureDesigners and engineers conduct probabilistic
and computational analyses (efmite element analysis, topology optimizatjdieibull analysis
to consider the distribution of flaws and inclusions within the structonateria] account for

possible loading scenaricand predicuseful life and thdikelihood of structural failur€37, 85



89). Theymust also calculate safety factors to guard against brittle fracture and fatigue(&dllure
91), which leads, in many cases,aeerly heavy and bulky structures.

During the last two decades, a number of materials scieatidtengineersaveattempted
to shift theengineeringlesignparadigm from one focused on failure, to one focused on continuous
repair and healing, which led to the emergence oftmdfing and repairable matericdsd
structures(92i 94). These novelmaterials andstructuresare not onlydesigned to experience
yielding or evensignificantcrackingandstill be sustainably restored to their original functibat
may also adjust theirhysical properties if their use case chanddest importantly, this is
achievedvithout having to decommission pantsanufacture replacements evenin some cases,
useanyhumanor roboticintervention

Many strategies foidevelopingself-healing and repairablmaterials, including metals,
derive from pioneering work on polymeg@5), where healingrecursorge.g.,monomey catalys)
arestored throughout the material and locally used where fracture oéauescrack propagates
throughout the polymepgrecursors at the damage site are activdeadling tothe formation of
new polymeror the strong binding of broken polymer chaf@d, 96, 97) This healingstrategy
however,suffers fromlimited repeatability as the precursors may be totally depleted to heal a
single damageprevening their use to repair a subsequent damage at the same |oéétiem the
precursos can be transported to tdamagesite, repeated healing occ@8, 99) Intrinsic healing
mechanisms, such as reversible chemical reac{@@hs100) chain re-entanglemen{94), and
hydrogen or othenon-covalent bondind94, 101, 102)havealsodemonstrated repeatable and
effective healingn polymers but with limited material strength.

In contrast to polymers, metals have proven more difficufepair or endow with self
healing capacitySince metallic bonds are stiger tharthe supramolecular bonds (e.g., hydrogen

bonds) that hold polymer networka higher energy input is required to induce diffusiophase



transitionin metals.At ambient conditions (~28C, 1 bar), metal atoms in a solid metallic phase

posseswery slow transport ratesvith their diffusivitiesranging from104° to 10% m?#s (103,

104)Fi ckds | aw describes the relation beNMween t
Gédr d |, and the diffusivityD [m?s], of these atoms:

0 o816h (eq. 1.1)
where N0 & ¢ dt is the spatial gradient o€oncentration. The diffusivityD, is linked to

temperatureT [K], throughthe Arrhenius relation:
0O O&A@b—nh (eq. 1.2)

whereO [m?s] is the diffusivity at infinite temperatur® 0 ¢ & is the activation energy,
YOy p g € a8 is the universal gas constaiherefore, the diffusive fluX is related to

temperaturd through the following:
0 0868A@ZH— 8 (eq. 1.3)

In other words, with all else fixed, a higher temperaturedéadigher diffusivity andfaster
diffusion of metal atomswhich is supported by ample experimental evidého8, 105, 106)
Though this temperaturaiffusive flux relation (eq. 1.3) was not fomulated
mathematically until the 9century (107), the ancients understodHat to repair metalsfor
instancethrough brazingor forge welding requires high temperatures to inddaster transport
within ametallic phase oacrossmetallic interfaceg2, 69, 82) Recently developethechanism
for healing or repairing metals have imitated this strategy by explog@imgeratures near or above
the melting poinbf the healing metal to induce effective damage repair and healing.
1.4.1. Phase transitionof locally stored solder
In a direct emulation of thiocal storage of healing precursors in dedhling polymers
(95), solder stored irceramictubes or capsules enabled crack filling and repamétals(108).

When a crack propagates through the structural metal, it fractures cmhdigners in its patihe

9



solder, then, flows andlls the crack through capillary action, upon application of heat at a
temperature above its melting poifihough solidification of the solder results in crack filling,
studies have shown that substantial voids form at the interface between the sottier leealed
metal(109, 110) Thus, the soldemetal interface remains weak after healing, and prone to further
crack propagation.

This healing approaaiequires external heat input, ameither enables substantial recovery
of mechanical properties nor prevents further crack propagation in the damaged/imetaver,
the solder containers may cause stress concentrations, which further weaken the healed metal.
Hence, thdocal storage approadhat has proven successful at enabkedf-healingpolymers
likely cannot balirectly translated to metals.

1.4.2. High-temperature precipitation

Creep fracturedccurs when a metal is slowly deformed with sustained applied,gtrats
is significantly lower than its ultimate strength, in higgmperature environments such us jet
engines and turbingd11). A metallic alloy designed as a metastable supersaturated solid solution
can, within a specific higkemperature windowself-heal, thus delaying or prevemg the growth
of creep cavities. For instanezeep deformation at 55C in an iroamolybdenum (Févio) alloy
results in cavities, ranging in size from a few nanometers to a few micrometers, which are
spontaneously filled by precipitated Mo ato(h&2) As Mo atoms are significantly larger than Fe
atoms, it is significantly less thermodymically favorable for Mo atoms to nucleate within the Fe
matrix, than to diffuse through dislocations and grain boundaries, and nucleate on the surfaces of
creep cavities. This preferential nucleation ensures the continuous repair of creep cavities as the
form, significantly delayingreep fractureand enhancing service lifetinjg04, 110, 112)A similar
healing mechanism was demonstrated irfABeFe Cu, ard Fe-Au-B-N alloys(113, 114), and in

a 347 stainless steel with B solute atqfisb).

10



Thoughthis healing mechanisis autonomous andffective at delging creep fracturgit
cannot heal cavities or cracks beyond a few micrometers in sidze limited tometalsoperating
in high-temperatureenvironmentsHeating a metal operating at room temperature to induce this
mechanism would incur a massive engogpalty of10’ J to 18 J per 1 mnof healeccrack length
(1161 119). Moreover, preferential precipitation at cavities requires that the temperature fall within
a specific rang€112). If the temperature is too low, the transport of the solute atoms would be
exceedigly slow. If the temperature is too high, the solute atoms would precipitate and nucleate
within the solidmetalmatrix. Most importantly, this mechanism suffers from limited repeatability
asthe diffusion of solute atoms towards cavities slows oncedhiitrium concentration of these
atoms within the solvent matrix is reached.

1.4.3. Combined precipitation and phase tran#ion

In alloys with carefully tailored composition and microstructdreth high-temperature
solute precipitation and phassansitioncanbe marshaled to enable effective dwdflingwith
lower heat inputin the castomposite alloyAls:Cui3Sis)1 0 o(Ss7Bisz)x, Sn-Bi rich phase formed
within a Al-Cu-Si bimodal eutectic matrixwhenx was increased fror to 3 at. %(120). Upon
heatinput, the SRBi phaseswith a melting point ofL39 °C, acted as a healing precursor by
transitioning to a liquid state and filling cracks in their viciniddditionally, Sn and Bi atoms
dissolved within the ACU-Si matrix diffused alongnterfaces and dislocationand precipitated
on crack surfaces and higtrain regiongFig. 1.2c) The latter mechanism is effective at repairing
cracks below a micrometer in size, while the first mechanism can repair cracks from a few to
hundreds of micrometers in si¢E20). Hence, this dudiealingmechanism enhances the resilience
of this selfhealing alloy to damage at different length scalesugh its applicabilitys restricted
to a small set of composite eutectic alloys of similar microstruciloeeover the need for heat

inputleadsto a significant energy cost: frob@ to 10’ J per mm of healed crack length19).
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1.4.4. Localized joule heating

As an effective mearn® minimizeand localize heat inpuélectric resistive heating (also
known asjoule heatingy enabled atonomous healingfanicrocracks in metals. i oscillating
electric pulsdasting about 400 psyith a maximum current of25 kA, led to extreme temperature
gradiens at microcrackswith the local temperature at crack tips reaching up to 2G00he
themal gradient resulted in localized compressive stress of up to 500 MPa, which fused the
microcracks closed121). This healing approacts not only rapid (less than 1 millisecond),
repeatable, and effective at restoring mechanical stre@@th), but it also significantly lowers
energy input compared to higamperature precipitatiod(?to 1¢* Jper mm of healed crack length
(119, 121, 122)However, the effectiveness of joule heating diminishes as cracks increase in size,
and the locathermal gradients can lead to undesirable oxidation and microstructure changes.

1.4.5. Internal exothermic reaction

Heatreleasing éxothermi¢ chemical reactiomare an attractivenechanisnto heal cracks
in metalswhen supplying heat externally is impractiddternating~25 nmthick layers of Al and
Ni diffuse into one anotr with the aid of @0 mA current pulseresulting in the exothermic
formationof Al-Ni intermetallic compoursl123, 124) This chemical reactioproduces aapidly
propagatingthermalwave reaching temperatures as high as 170which fusescracksin a
nearby thin metallic film(123, 125) This mechanismhas demonstrateeffective andrapid (~1
millisecond, but nonrepeatablehealing of ~1.5 pmlong cracks, though st effectiveness
diminished significantly once the crack opening distance exceeded 50(28h As ths
exothermic reaction could also leitiated by frictional contact, high strain rate mechanical
loading, or an impinging laser bedd?6), and is effective at healing natomicroscale defects,

microelectromechanicatensors microelectronicinterconnects and microrobotsould benefit
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from its useto extend their service lifetimend enhance their resiliencefaigue andribological
damagg117, 127131).

1.4.6. Phase transition oflow melting point alloys

Though generally characterized by low strength, low melting point eutectic atloyisec
easily repaired after fracture via a l@mergyreversibletransition from a rigid solid phase to a
mobile liquid phaseAs the liquid phase needs to Gentainedwithin a solid matrix these alloys
lend themselves well to use selfhealing low-stiffnesscompositesthat aresuitable forsoft
robotics and wearabkensorg132 134). In one studyanin-SnBi eutectic alloy that melts at 62
°C wasdispersedinto an elastomer matrixwith 50 % relative density135). The resulting
composite after underging a large scissor cut, heal@drecovemrmore than75 % of its original
yield strengthwhile consumindL(?? to 1¢® Jper mm of healed crack length19, 135)

1.4. Limitations of existing metal healing approaches

Recent innovations have mobilized a plethora of diverse mechanisms to repair metals and

endow them with selfiealing capacitybut all these innovations suffer from at least onéwvef

limitations

- Limitation I: Heat input, at temperatures close to or even above the melting point of the healing

metallic phase, was needed for effective crack closure and repair. In some cases, the heat was

a feature of the operating environment (i.e., Higghperature creep) or extatly supplied via

a conventional heat source such as a furnace. In other eesemplied electric current

indirectly generated localized higemperature heat either through resistive heating or through

an exothermic chemical reactidtigh-temperaturdeat is problematibecause it can not only

lead to thermal cracking or undesirable microstructure change, but also cause damage to nearby

non-metallic materials, as metals are increasingly integrated with poly(88rs136)or

electronicg137 139).
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Limitation II: A direct consequence of highmperature heat input is high energy consumption.
Healing mechanisms can consume as much &8 pér mm of healed crack lehgseverely
hampering their use irobots and in energgonstrained systems.

Limitation 1lI: Healing structural metals in demandit@pd-bearing applications requires
healing with high strengthn other wordsthe healingnechanism must either be based on a
high-strength sethealing metal, or must reliably enable the restoratioorigfinal strength

after damagén a highstrength metalHealing mechanisms that cannot enable {sigjangth
healing include thoséhat use reltively soft eutectic alloysor rely on solder that adheres
weakly to metallic surfaces.

Limitation IV: Many healing mechanisms can only repair cracks or fractures with sizes below
a few micrometerswhich limits their effectivenesandusefulness.

Limitation V: Some healing mechanisms are limited to alloys with a specific microstracture
chemical compositianFor instance, the higtemperature precipitation mechanism can only
operate in metastable solid solutipmiscluding precipitatiorhardened alloyswith solute
atomsthat have a sufficiently high diffusivity at temperatures that do not compromise the
stability of the solid matrixThis limitation also applies to low melting point alloys that requires
metallic elements with a relatively low meltingipt to be mixed together in specific
percentages to achiewesutectic compositiocharacterized by a lower melting point than its
constituent elements.

Currently, high strength synthetic structural materials, such as metals, cannot

autonomously adapt tliegeometries and local densities to dynamic loading scenarios, nor self

heal at or near room temperatute,recover their mechanical properties once fractured. Synthetic

structural materials must, therefore, be repaired and monitored regularly, vemslaties to high

costs and short lifetime€onsequently, the ecosystem for synthesizing, manufacturing, and
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designing metallic materials isased on preventing failure, which results in overweight parts
designed to withstanahultiples oftheir expected lading(37, 85, 91, 140)

In contrast, rany biological materials and organisms, such as btesl41) mollusks
(142), and plantg32, 143) exhibitself-healing capabilities at low homstatic temperatures (~20
to 40°C). These biological materials can not only regain their mechanical strength and geometric
integrity after damage or fracture, but can also internally redistribute matter in response to dynamic
deformation.Taking inspiration from these biological materials to enabféeetive healing of
metals at room temperature with low energy input would transform the sustainability, lifetime, and
design process of structural metal parts and conductive materials

1.5. A brief introduction to electrochemistry

Electrochemistry is a branch of physical chemistry concerned with the interplay between
electricity and chemical reactionsn electrochemical celk a devicccomposed ofin electrolyte
in contact withtwo electrodesan anode(positively charged electre)l a cathode(negatively
charged electrodel third electrode, usually one with a fixed potential that does not participate in
any reaction such as Ag/AgCl and Hg/HgO, may be used as a reference with respect to which the
potentials of the other two electtes are measureBased on whether it consumes or produces
electricity, an electrochemical cell can be classified as either a galvanic or an electrolytic cell. In
an electrolytic cell, the redox reactions are-spontaneous and can only be sustained through the
supply of éectric current or voltage, such as during water electrolysis to produce hydiagen
In a galvanic cell, the redox reactions proceed spontaneously, usually due to a difference between
the potentials of the dominant reactions at the anode and the cathode, suttte ataissic Daniel
cell and in batterie€l45).

The electrolytallowsthetransport (or migron) of chargedonsunder an appliedlectric

field, but prevents electron transpdgtectrons at the cathode reduce ions at the electrobttende
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interface while oxidation occurs ahe electrolyteanodeinterface.The depletion and production
of ions at the cathode and anode sudamspectively, leads to an ion concentration gradient in the
electrolyte which drives ion diffusion from th
law (eq. 1.1)Additionally, bulk motion(or convectionpf the electrolytedue to stirring, agitation,
or thermal fluctuationgjrives the motion of ionsHence, electric curreensityin an electrolyte
is derived fromthe total flux of ions which isthe sum ofthe rates of diffusion, convection, and
migration of dissolved ionsFor an ion of interest,he NernstPlanck equation provideks
contribution to the total flux
0 o3 60 6 @eh (eq. 14)

whereQ s ion diffusivity, 1 0 is the concentration gradiert, is the bulk concentration is the
convectiorvelocity, & is the charge carried by the i@ its valence number is ion mobility (or
its average velocity when subjected to a force of 1 N/mi@), w@ T @f é6i s Far aday 0 s
constant (or the electric charge in 1 mol of electrons)nani the potential gradieti146)

Thestandardhotentiale of an electrochemicakductionbxidation reaction is determined
by the chage instandardGibbs free energy”O, or the maximum amount aéversiblework per
molethat this reaction can perforat standard temperature and pressure

Y0 & Oh Q HB

whered is the nunber of participating electrons, aft@éf s F ar a d a($48)sThus,¥®@ sft a n t
the electrochemical cell is simply obtained through the difference between the vali€s aif
each electrodél'he standard cell potential leads to the actual cell potential when reaction kinetics
areconsideredhrough the Nernst equati¢h46)

v v XXio w o
d,‘bu [ o)
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is the

where'Y (& pEF— is the ideal gas constariYis temperature, and ~ —

reaction quotient, which is defined as the ratio of the chemical activity of reduced species to the
activity of oxidized species, with activityften approximated with the concentratioof the
respective chemical specidhus,according to eq. 1.5he reduction potential of a dissolved ion
is significantly affected bits concentration in solution

In addition to potentialthe pH of the electrolyte or the concentration of ED* or H" ions
MO 11 €),isanimportant determinant of thetentialof a given reduction or oxidation
reaction, as well as the thermodynamic stability of the participating chemical spegkd of
potentid wi t h respect to pH, c ommo n |pys a gyi@hie e d
representation of thermodynamic stability of different reduced and oxidized forrgsveof
electrode materiahs well as the potential and pH conditions required to initidesized reaction
on this electrodeUsing theoretical and experimental methodsurBaix diagramdor many
chemical elements andompoundshave been constructed, mostly in agueous (wWadeed)
solutions.For instance, the Pourbaix diagram for nidkein aqueous solutipin Fig. 1.3, shows
that N#* is not stable in solution at pH > 8.5, and that aq aqueouNi2* ionsreduce tcsolid
Ni at a potential lower than0.3V vs. a standard hydrogen electrode (SHE)ile wateris

simultaneously redudgo hydrogergas (H).
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Figure 1.3 Pourbaix diagram of nickedt 25°C and[Ni?*] = 10°° mol/l. Red dshed lines

correspond to the water reduction (hydrogen evolution) and oxidation (oxygen evolution)
reactions Adaptedwith permissiorfrom ref.(147).

1.6. Metal healing with electrodeposition

Electrodepositionglso known a®lectroplatingor plating is an electrochemistrpased
approach tadeposit materials on electrically conductive surfaces. The deposition occurs in an
electrochemical cell composed on an anode, cathodea audid or liquidelectrolyte. During
deposition, electrons at the cathode redioosto metal atomat the electrolyteathode interface.
For example, nickébns, N?*, areelectrodepositedntoan electrically conductiveathode as solid
metalatoms(Ni?*(aq) + 2eY Ni (Fig.)1%). The cathode reaction may involve@mplicated
multi-step reduction process or undesirable side reactionshgdgogen evolution). At the anode,

an oxidation reaction occyrghereions are released in the electrolyte and electrons are released
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in the external circuit. Oxidation may inve metal corrosion, oxygen evolution, or the release of
ions stored in an intercalation compouiiring nickel electrodeposition, if mickel anode is
present, the oxidation reaction will be the reverse of the reduction reaction shown above, and there

will be no net change in the concentration of nickel ions in the aqueous electrolyte.

.—Voltage
source

Anode

Ni q\ 2+
metal \ Ni

Figure 1.4 Schematic of an electrochemical cell for nickel electrodeposition

Various metals are electrodeposited at scale in many iralugtplicationssuch asopper
for interconnects in electronic circuif$48, 149) andzinc alloys for protecting steel structures
from corrosion(150). While most chemical elements can be electrodeposited either in pure or
alloyed form (colored elements kig. 15), only a subset of these elements can be deposited from

agueous electrolytes (orangeHig. 1.5).
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Figure 1.5 Periodic table showing the elements that can be electrodeposited. The elements
highlighted in orange can be electrodeposifiexin aqueous electrolytes.

In an aqueous electrolyte, electrodeposition can operate efficiently at room temperature
and result irmetallic deposits with excellent mechanical propeltiés) Thus, electrodeposition
couldbe an effective approach to heah-strengthmetallic materialand restore their mechanical
properties aftefractureor damageAn electrochemical approach is attractive becanstl atoms
are transported as ions dissolved in a solvent, as opposed to their reduced metallic form, which
allows them to migrate under the influence of an electric field and increases their diffusivity by 30
orders of magnitude. The diffusivity of nickel, for exals increases from about 2x#an?/s as
solid Ni atomg(106)to about 1x18 m?s as Ni* ions in water(105). Hence, an electrochemical
healing approach couldvercome the lagging kinetics of metalsthout resorting to high

temperature heat.

20



Prior work on electrochemical healing of metiglscarce A 2013 papeshowed that
electrodeposition dfickelresulted in epitaxial growth arstrongmetallic bondingn nickel sheet
with a 1.5 mmlong crack(152) (Fig. 16a, b). The tensile strength of 00 pm-thick cracked
nickel sheet was increased by 70% after heatmgeach96 % ofthe strength of a necracked
sheet However as the thickness of the nickel sheets increasiekel growth kineticghroughthe
high-aspectratio crackled to voids in the deposited nickéls a result,le strength of a 300m-
thick sheetwas only increased by 10% after 20 hours of plafffig. 1.6c). Electrodeposition
required elevated temperatures (40 an8@5%nd high input energy (~8x1&mm), and could not
selectively plate nickel only where fracture occurfetl9, 152) Subsequent woritom the same
researcherfocused on tuning electrolyte chemistry to mitigate the formation of voids and other
defects that limit strength recovery during heal{hi§3 155). Yet, neither the 2013 publication,
nor follow-up publicationddemonstratéroom-temperature healingf fracturednickel, or any other

structural metalswith reliably high restoration of mechanical properties
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Figure 1.6 (a) lllustration of precracked nickel sheet dogbone, and scanning electron
microscope (SEM) image of the crack. 88M image of the crack after healing with nickel
plating. (c)Tensile strength of necracked, cracked, and healed nickel sheets of thicknesses from
100 to 300 umAdaptedwith permissiorfromref. (152).
1.7. Towards room-temperature repair of high-strength metals

Since the development of brazing and forge welding in the Bronze Age (~4,000 BC), the
effective repair of metals with high strength at room temperature has remained out dRoeach.
temperature healing of metals is difficult because metal atoms haveolmwtemperature

diffusivities in solid phases (¥9to 10%°m?%/s) (103). Metals, therefore, are healed at temperatures

near or above their melting points which regaihigh temperatures and large amounts of energy

22



(10" J to 18 J per 1 mm crack length for solute precipitation, for exan(@& 118). Strategies

using low melting temperature alloys €16 1G J/mm)(135), highly-localized joule heating (20

to 10* J/mm) (121, 122) and combined sota diffusion and phasgansition(10° to 10° J/mm)
(120)have beemecentlydeveloped to reduce the healing energy input, but none have demonstrated
effective roomtemperature healing.

In this thesis we overcome the limitations of prior metal healing approaches
demonstratingin electrochemical approach that can selectively heal cracks and fréinrélse
microscale to the macroscale, deasooom temperatungith minimalenergetic and financial cost
reliably and predictivelyestore mechanical properti@sg.,tensile strengthtoughneskas well as
other important physical properties (e.g., electric conductivagy repair a variety of useful
metak, including commonl used structural metals (mild steel) amdi n wel dabThsd al | o
thesispaves the wajor manyexciting possibilitiessuch asautonomous and prophylactic repair,
as well asthe developmendf 3D-printed metal structures optimized for repthiat disruptthe

current failurefocused engineering design paradigm.
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CHAPTER 2

RoomTemperature Electrochemical Healing of Cellular Metals

This chaptehas been adaptedth permissiorfrom: Z. Hsain  J . H. -EnergylRbom A Low
Temperatur e Heal i Adyanaed Furieohal Materzga®9, 48 £018)] DOL: 0

10.1002/adfm.201905631.

2.1. Bones inspire transportmediated healing in metals

To achieve effective healing at or near room temperature, biological structural materials,
such as bondransportmass and energy (oxygen, nutrients, and cells, for example) to and from
areas where healing is needgb6, 157) This transportnediated approach is dramatically
different from thdocal storage of healing matter which is used to heal synthetic materials such as
polymers(94, 95)and metalg110). The local storage approach was implemented in metals by
storing a low melting point alloy in tubes or capsules throughout the metal. Once a fracture occurs,
the tubes or capsules break and theydlows to fill the fracture aided by heat input. However,
once solidified, the alloy adhered poorly to the fracture surfaces which led to an insignificant
recovery of mechanical strengthl0, 158)

Fig. 2.1a shows the cellular structure and healing response of bone. The cellular structure
plays a critical role in realizing transpenediated healing. The continuous hard phase (minedaliz
collagen) provides a structural network to support mechanical loads while thealpeores,
where open cell means the pore volume is a continuous (#¥skeouse functional materials (cells
and bbod vessels) that sense where fracture occurs and allow mass and energy transport to and
from fracture locations. Matter transported to the fracture site forms a cartilaginous callus and

reconstructs blood vessels leading to full bone remodeling and dneatiich typically takes one
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month to a few years at 3€ (156). Inspired by the effective transpertediated healing in bone,
we selected electrochemistry as a method to rapidly transport metal ions at room temperature and
convert the ions to solid metal through reduction reactions.

Here we useelectrochemical trangpt of nickel ions in polymecoated cellular nickel
materials to demonstrate rapid, effective, and-ém&rgy healing of metal at room temperature.
We chose cellular nickel because of its wide ($89) electrochemical reversibility, and
demonstrated light weight and high stren@B). The polymer coating enabled selective healing
only at fractured locations. The combination of ioigmration, fast ion diffusion (1®m?s), and the
cellular structure enabled 100% strength recovery of 1.6 mm thick fractured samples after as little
as 1500 J and four hours of potentiostatic healing at room temperature. Healed samples fully
recovered thie strength after being loaded to within 1% strain of total failure, which corresponded
to a 350% increase in the fractured nickel strength. By choosing a polymer coating with a lower
failure strain than the underlying metal, plastically deformed sampégs electrochemically
strengthened by up to 55% of their original strength, thus preventing fracture in areas exposed to
high stress. Finally, we developed a method to quantify the stochastic healing process and predict

healing success based on energytnpu
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Figure 2. 1 Transportmediated healing in cellular metals inspired by bdaglllustration of
hematoma formation during bone fracture. Healing occurs by transporting cells and nutrients
through the cellular bone to the fracture locatidb) lllustration of our transpoHmediated

approach for healing polymeroated cellular nickelHealing occurs by transporting electrons
through the nickel and nickel ions through the electrolyte in the pores to the healing location. The
nickel ions electrochemically redu@nd new nickel is electrodepositéd) SEM image of a
fractured nickel stut. Exposed nickel and the plastic coating are fals®red with blue and

brown, and the background brightened to highlight the std)tThe same strut ifc) after

healing. Electrodeposited nickel is falselored green(e) Stressstrain data of a cddilar nickel
sample. We characterize the healing effectiveness of cellular nickel subjected to three damage
types: plastic deformation at 3% strain (P), failure beyond the ultimate strain (F1), and local
failure by scission (F2).

2.2. Materials and methods

We cut cellular nickel (nickel foam), with 3% relative density and 250 um average
diameter pores, into ddgone shaped samples. The samples were 75 mm in length, 15 mm in
width and1.6 mm in thickness, which corresponds to ~6.4 times the pore size and e82Ham
strut width. The gauge section for each sample was approximately 45 mm in length and 8 mm in
width. Immersing samples for one hour in a mixture of methanol (~93 vol%), hydrochloric acid
(~0.5 vol%), nitric acid (~0.5 vol%) and ultrapure water (~-Ba)aremoved organic
contaminants and etched the native nickel oxidgndgJa Specialty Coating Systems PDS2010
vapor deposition toolye conformally coatedellular nickel samples with to 9 pumthick
conformalfilms of Parylene Opoly(dichlorop-xylylene)). Parylene D enabled targeted healing
by limiting electrochemical reduction to fracture site® toits excellent chemical stability, high
dielectric strength, and superior barrier propel{i€®) Detailed information o the deposition
process of Parylene D aitd propertieds available in other articld460' 162).

Fig. 2.1b illustrates our approach for healing cellular nickel at room temper@ire+0.3
°C). Applying a negative potentiat{.8 V) to the fractured cellular nickel, relative to a nickel
counter electrode, healed the sample by driving electrons to the fracture location and reducing

nickel ions in the electrolyte to solid nick&Ve used an aqueous nickel electrolytacksl
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SulfamateRTU by Technic Inc.), which is composed mainly of nickel sulfamate (26%), nickel
bromide (0.7%) and boric acid (2.3%d)he opercell pores enabled rapid ion transport to the
fracture site, as previously demonstrated in battery electr¢té?) A BiolLogic SR300
potentiostat/galvanostat controlled the electrochemical cell, isdghk constant voltage-{.8 V
vs. Ni), measuwgdthe curreni(t), and stoppdwhen the target charggwas reached. We obtained
energyE by multiplying the total charg® by the voltageV as follows,
0 wd w ™Os (eq. 21)

Fig. 2.1c shows a fractured nickel strut after straining the cellulakatiin tension. The
10% failure strain of Parylene @60)was large enough so thanly severely damaged nickel was
exposed, but lower than the 23% failure strain of the nidi&4) so that fractured nickel was not
covered by polymer. Nickel electrodepositedbmth sides of the fractured strut grew until the
growth fronts merged, forming a continuous stRig. 2.1d). The strength of two electrochemically
merged interfaces were comparable to bulk ni¢kBR). Fig. 2.1e shows the typical stressdrain
data of Paryleneoated cellular nickel. To characterize the healing effectiveness, we belhldal
nickel samples after three types of damage: plastic deformation at 3% strain (P), tensile failure
beyond t he w1}, andlacal ilue byrsassion (fig. 2.1e). Then, ve conducted
tensile testingpn healed samplassing an Inson 5564 equipped with a 100 N load cell. We set
the testing speed at 2.54 mm/min which corresponds to a strain rate of about'0TeDmeasure
electrical resistance, we used Keithley DMM6500 digital multimeterA FEI Quanta 600
Environmentalscanning electron microscop8EM) enabled high resolution imaging of cellular
nickel samples

2.3. Restoring strength, toughness, and electriconductivity in fractured cellular nickel

We first characterized the healing of 8 mwvide dogbone shaped samples with a 4 mm

scission cut at the center (F2 damadgy. 2.2a, b shows a photograph and scanning electron
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microscopy image of cellular nickel after fracture. Damage was limited tionthediate vicinity

of the scissionFig. 2.2c shows the sample after healing. Nickel electrodeposited on the exposed
nickel at the scission merged and formed a dense nickel deposit. As the scission was applied, stress
was imparted on the surrounding cealiuhickel, which fractured local segments of the Parylene
coating and allowed spherical nickel deposits to form during electrodeposition. The Parylene
coating remained pristine and prevented nickel deposition beyond 1 to 3 mm from the @€igsion

2.2c). After healing, we subjected samples to tensile loading until faikige.2.2d-f shows the
stressstrain behavior of F2 samples healed with 0 J {mealed), 500 J, and 1,500 J of electrical
energy with pristine sample data shown for referen@gg. 2.2d). The tensile strengtliiy
(maximum stress) and toughnés$s(area under the stresfgain curve) increased with increasing
electrical energy input. The tensile strength and toughness were measured from the average of ten
healed samples at each energy and normalized by the average strength and toughness of twenty
pristine samples to quantify the strength healing efficieBsySu neaed Su prisine @nd the toughness

healing efficiencyeu=U 1 neaedUT prisine Fig. 2.2d showse; andey versus energy input. Strength

and toughness healing efficiencies increaseaitipavith energy input from 51% and 20% at 0 J

until they plateaued near 100% and 84% at 1,500 J which corresponds to a minimum of four hours
of healing. The strength healing efficiency fit normal Gaussian distributions for samples healed at
each energyFig. A4 a). We used the statistical healing efficiency data to predict the likelihood

that healed cellular nickel samples achieved a target strength healing efficiency for a given energy
input. Fig. 2.2h shows the resulting healing curves for 50, 80, and 100% taegtng efficiencies.

For a sample healed at 1,500 J, there is a 100, 96, and 69% chance of achieving 50, 80, and 100%
strength healing efficiencies. Samples loaded after healing fractured either at the healed scission
(A samples) or in the cellular nidkeutside the scission (B sampleBjg. 2.2 shows how the

fraction of B samples increased with healing energy. This trend suggests that the stagnation of
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strength healing efficiency after 1,500 JFiy. 2.29 is due to the strength of the healed region

surpassing the material strength, which forced failure in the surrounding cellular nickel.
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Figure 2.2 Healing of cellular nickel with scission damage (FR2hotograph (a) and SEM
micrograph (b) of cellular nickel with F2 faite before healingic) SEM micrograph of healed
cellular nickel showing nickel deposits isolated to the scission vic{dify.Stressstrain data of

F2 cellular nickel healed with 0 J, 500 J, and 1,500 J of electrical energy. Data from a pristine
cellular nickel is included in (d) for referenc@) Strength and toughness healing efficiengy, e
and e, plotted versus electrical energy inp(it) The probability of attaining a target strength
healing efficiency plotted versus electrical energy input. Connected lines correspond to 50, 80,
and 100% healing efficienc{i) Fraction of samples that fractured outside the healed scission (B
samples) empared to samples fractured at the scission (A samples) as a function of electrical
energy input.
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We also tested thebdity of this healing

Pristine

technique to recover electrical conductivity by cuttin
the samples in half (complete scissidmaling them

with 1500 J, angdomparing the electrical resistance
in the pristine state and after healifig. 2.3) The

pristine resiancewas 0.159+@.01 q and

resistance wa(3abloASL TEs, We BmSiil

_ _ Figure 2.3 Cellular nickel in pristine
are abldo recover electrical resistance after comple state, after complete scission, and aft

healing with 1500 J.

scission to within 2.5% of the original value. This
result indicates that our electrochemical healing technique can enable full recovery of electrical
conductivity in cellular metals.

Cellular nickel samplesoaded to near failure in tension (F1 damage) exhibited full
recovery of strength after as little as 10 hours of heakigy.2.4a, b shows optical and SEM
images of cellular nickel subjected to F1 failure. Typically, a single large macroscopic ctack (>
mm) emerged along with numerous microscale cracks (< 100 pm) throughout the sample due to
the uniformloading(Fig. Al b, c). Fig. 2.4d-g show stresstrain data of F1 samples strained in
tension after 0250, 2,500, and 3,500 J bealing (additional data iRig. A2). In general the
cellular nickel strength and toughness increased as the input energy increased. The strength and
toughnessealing efficiencies were the strength and toughness of each healed sample normalized
by the same sampl eds strengt Rig. 24 shows thelaydtagee ss du
strength and toughness healing efficiency of ten samples for each .efikeggiverage strength
healing efficiency increased linearly, starting at 23% for-nealed samples and rising to 104%
for 3,500 J, representing a 4.5X increase in the fractured sample strength. The average toughness

healing efficiency increased from 4.5&6 non-healed samples to 36% after 3,500 J. We fit healing
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efficiency data to Gaussian distributidifsg. A4 b), using the same method used for F2 samples,

to predict the likelihood that healed F1 samples achieved a target healing efficiency for a given
energy inputFig. 2.4i shows the healing design curves for 50, 80, and 100% target strength healing
efficiencies. The probability of achieving a strength healing efficiency of 50, 80 and 100% is 95,
77, and 56% respectively for a 3,500 J energy inpud.High strength healing efficiency was due

to the electrodeposited nickel mending cracks and increasing the relative density of the cellular
nickel. The limited toughness recovery was likely due to the low ductility of electrodeposited nickel
(27 nm averag grain size) compared to the pristine cellular nickel wits fim wide graing165).
Additionally, the slight decline in toughness healficiency from 42% at 2500 J to 36% at 3500

J (Fig.4h) is likely due to the brittle nature of the nanocrystalline electrodeposited nickel, compared
to the pristine nickel, as well as the electrodeposited nickel locally restricting the bending of nickel

struts, which decreased the failure strain.
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Figure 2.4 Healing of cellular nickel subjected to tensile loadurgil failure (F1). Photograph
(a) and SEM micrograph (b) of F1 nickel foam before healiclgSEM micrograph of Ffoam
healed with 250 Jd-g) Stressstrain data of F2 cellular nickel healed with 0 J, 250 J, 2,500 J
and 3,500 J of electrical energy. Data from a pristine cellular nickel is included in (d) for
reference(h) Toughness and strength healing efficigplogted with respect to electrical energy
input. (i) The probability of attaining a target strength healing efficiency (50, 80 and 100%)
plotted versus electrical energy input.
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2.4.  Prophylactic healing of plastically deformed cellular nickel

Electrochemical healing of plastically deformed cellular nickel increased the cellular nickel
strength and resistance to future failure. To characterize this strengthening effect, we loaded cellular
nickel samples in tension until 3% strain (P damagehaddd the samples, healed them with 0
2,100 J, and then loaded the samples again until fakige2.5a shows the resulting stresgrain
data of a healed (pink) and nbealed (hle) sample (additional data Kig. A3). The tensile
strength of the healed sample was noticeably larger than theeabed sample. We defined the
strengthening factofg, as tre ratio of the healed to ndrealed strengtiJnder this definitionfs =
1 for nonhealed samples. The strengthening factor represents the extent to which a healed P sample
can resist future damage compared to almaied sampléig. 2.5 shows the strengthening factor
of cellular nickel samples subjected to 10D,100 J of healing energy. The average strengthening
factor increased from 0.98 to 1.26 until 1,500 J, after which it plate&igd2.5c shows the
probability of achieving.8,1.0, and 1.2 strengthening factors with increased energy input.

Scanning electron microscopy images provided insight into the strengthening mechanism.
During plastic deformation, local regions of the cellular nickel were subjected to large stress
concentations which cracked the Parylene coating and exposed the underlying nickel when the
local strain exceeded the Parylene failure stffig. 2.5d). Nickel was then electrodeposited on
exposed nickel during healin@rig. 2.5e), which selectively strengthed the nickel in areas
subjected to the highest stress concentrations. Fracture in healed struts during the second loading
occurred between nickel depodiEg. 2.5), which confirms that the deposited nickel increased

the strut strength.
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Healed with 1500 J Figure 2.5 Healing of plastically
deformed cellular nickel (Pja) Stress
strain data for the first loading of P
cellular nickel, followed by stresdrain
data for the second loading after
healing with 0 J (no healing) andsD0

J of energy input(b) Strengthening
i factor plotted versus electrical energy
Engineering strain input. (c) The probability of attaining a
target strengthening factor (0.8, 1.0 and
1.2) plotted versus electrical energy
input. (d) SEM micrograph of P cellular
nickel beforehealing.(e) SEM
micrograph of P cellular nickel after
healing.(f) SEM micrograph of post
healed fracture in a P cellular nickel
strut.
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2.5. Roomtemperature healing with low energy requirements

Transportmediated electrochemical healing of cellular nickel at room temperature requires
lower energy input than many metal healing technidtigs 2.6 compares the healing temperature
and energy input per mm of crack length for several metal heathgitpies. Electrochemical
healing of cellular nickel required 200 to 700 J/mm at room temperature, about 0.6 to 2.2% of the
energy available in a 5,000 mAh smartphone battery. This energy inputts 1@ times lower
than solute precipitatiol16/ 118, 120) 107 10* times lower than electron beam weldifig6,
167), 100times lower than prior electrochemical heal{h§2), 17 10 times lower than arc weldjn

(74), and comparable to cratcalized joule heating121, 122) and phaseransition in low
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melting temperature alloyd35) The low energy requirements of dugaling approach can be
especially advantageous to enempnstrainedgystems such as autonomous vehicles and battery

powered robots.
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Figure 2.6 Temperature during healing plottedth respect tdealing energy input per maf
crack length for ouelectrochemical healing approactiifferent rgorts of metal healingnd
two welding method®ata on other healing techniques was obtained from (é#5.116, 167,
117,118, 120122, 135, 152, 166More details on method for estimating temperature and
energy input from each reference are available in Appefdix

2.6. Summary

To realize roortemperature healing of metals, we took inspiration from healing in
biological materials. Biological materials, such as bone, are cellular and possess a continuous hard
phase that provides a structural network to support mezdiaoiads, while the interconnected
pores house functional active materials that respond to environmental stimuli and allow mass and

energy transport to and from fracture locations for healing. We adopted this architecture using
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cellular nickel functionalied with a polymer coating. Electrolyte infiltrated into the cellular nickel
pores allowed nickel ions to transport from remote reservoirs to fracture locations through
electrochemical oxidation and reduction reactions. The combination of fast ion nmgaatio
diffusion enabled 100% recovery of tensile strength in cleaved samples after as little as four hours
of healing at room temperature. In addition to healing, we strengthen metals before they fail. We
also show that the healing process is stochast®t @wvelop a method to quantify and
predict healing success based on energy input, which is applicable in many materials beyond the
scope of this work

This chapterdemonstrates rapid, effective, and lenergy healing of polymeroated
cellular nickel at room temperature using electrochemi§ity transporimediated approach can
be applied to increase lifetime, and prevent premature failure of cellular metals, amhiwidely
used in structural materials with high strength, high stiffness, and low W&igI&5, 49, 58,
159). Additionally, this work presents a new approach to heal electrically and thermally
conductive materialgl33, 168, 169)and will benefit from advances iR[3 printing, selfhealing

polymers, and topology optimization tools.
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CHAPTER 3

Healing Structural Steel via Improved Growth and Adhesion of
Electrodeposited Nickel

This chaptehas been adaptedth permissiorfrom: Z. Hsain zZ. Ji ang, J. H. Pi l
Ef fective EIl ectr ochemi dallifundiena Mateniags4, @ 0285.t r uct ur

DOI: 10.1088/2399532/abfb4f

3.1. Enabling electrochemical healing of widely-used structural metal

Electrochemical healing is the only technique that has realized-t@mperature healing
of metals(119). In this approach, metal atoms were transported as ions dissolved in a solvent, as
opposed to their reduced metallic form, which allowlesim to migrate under the influence of an
electric field and increased their diffusivity by 30 orders of magnitude, from about2x#8 as
solid Ni atoms(106) to about 1x18 m?%s as Ni* ions in water(105). These ions were then
selectively reduced to form mettbms at the damage site, which fused fractured surfaces together
and enabled effective, rapid, and lewergy healing of metals at room temperatii®) Although
electrochemical healing was able to fully recover the tensile strength of nickel foams using nickel
ions with as little as four hours of healing tifid.9), a more detailed understanding of this healing
process is required enable the effective repair olvariety of useful structural metals.

In thischapter we elucidate the impact of ion transport and electrolyte chemistry or room
temperature electrochemical healing of steel. This work focuses ecelden steel (also known
as mild steel) because it is widely used in diverse structural applications, swtiipahulls,
machinery, structural beams, and concreteforcing bars (170) Fig. 3.1a shows the
electrochemical healing process. A loarbon steel wire is initially coated with a passivating
polymer coating. Upon fracture, steel is exposed to the surroundiigoblte so that nickel ions
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can be electrochemically reduced to solid nickel on the fractured s(ifigc8.1b). As the nickel

grows, it bridges the fracture and raises the tensile strength of the wire from zero to a substantial
portion of its originalvalue(Fig. 3.1c). Electrodeposited nickel is used as a healing material due to
its widespread use, its high mechanical strength, and its rich electrolyte chébtigiryVe use a
simplified cylindrical geometry to understand how chemistry and electrochemical transport affect
the growth morphology and tensile strength of fractured steel wires, which represent individual
struts in a cellular material. Using experimental anmputational methods, we show that pulsed
plating enhances nickel density and mitigates diffusimited growth to realize a fourfold increase

in adhesion energy at the niclatkel interface and an over threefold increase in recovered tensile
strengthwhen compared to potentiostatic (constant voltage) plating. By healing steel using different
nickel aqueous electrolytes, we demonstrate that combining pulsed plating with judicious choice
of electrolyte chemistry can improve adhesion at the nistfeallinterface and recover up to 69%

of the pristine steel wire tensile strength. Finally, using a geometric model of a healed steel wire,
we predict the charge input and time required to heal metal wires with diameters ranging from a

micrometer to a centimeter

Polymer-coated steel wire Fractured wire Healed wire

(a) O )

Plated

Polymer nickel

‘[ coating

Figure 3.1 SEM images of (a) a pristine polymewated steel wire, (b) a fractured steel wire
with illustrated ion and electron transport during healing, and (c) a steel wire healed after the
selective electrodeposition pickel at the fracture.
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3.2.  Experimental methods

Low-carbon steel wire (AISI 1006/1008), 0.58 mm in diameter, was purchased from
McMasterCarr. A Specialty Coating Systems PDS2010 conformally coated wire samples with a
uniform layer of Parylene C (poly(chlommxylylene)) by vapor deposition. The process started
with the vaporization of the Parylene C dimer at 175 °C, which is then cleaved into monomers in a
pyrolysis furnace at 690 °C. The vagurase monomer then flowed into the deposition chamber
where it pdymerized at room temperature (~ 25 °C). Parylene C is an excellent passivating coating
because of its chemical stability, high dielectric strength, and superior barrier pro(g0s
More details on the deposition process and properties of Parylene C canndeirfoather
publicationg(160, 162, 171)

To test electrochemical healing performance, 12 to 14 mm long Parylene C coated steel
wire samples were bisected at the midpoint with a wire cattg¢inserted into a 3printed fixture.

The fixture ensured that the fractured wire was axially aligned during the healing process, while
also serving as an electrolyte veg$d). B5). The fixture also set the spacing between steel halves
(typically 250 um), which was measured with an optical microscope. Small quantities of silicone
adhesive (SiPoxy by SmootfOn, Inc.) applied to both ends of the wire ensured that the wire
sample rerained fixed, and that the crack width remained unchanged throughout the healing
process. The cured silicone adhesive was mechanically removed at the end of the healing process.

We applied a few drops of isopropanol to the fracture area before the stealasifully
immersed in a nickel agueous electrolyte. With its low surface tension, isopropanol ensured that
the electrolyte fully wetted the steel fracture surfaces. A pure nickel plate anode was immersed in
the electrolyte about 1 cm away from the fuaet Both the nickel anode and steel wire were
electrically connected to a BioLogic S0 potentiostat/galvanostat which applied a controlled

potential to the steel cathode vs. Ni and measured the resulting electric §)rr&he instrument
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automaticlly stopped the healing process once a-defined charge inpu® was reached, with
0 _ Qo All healing experiments were conducted in a temperatangrolled lab
environment, with temperature held at 20 %1

This study used five common aqueauskel plating electrolyte&l72). Two electrolytes,
Sulfamate and Wattsyer e pur chased from Technic 1| nc. as |
Ni ckel Pur eo. The other three electrolytes wi
chemicals purchased from Millipore Sigma. The chemical components ahif@n and
commercial eletrolytes are listed ifable 3.1andTable 32, respectively

An Instron 68S& mechanical testing machine equipped withk&2oad cell and wedge
action grips tested the tensile properties of the healed wires. The testing speed was 5.00 mm/min,
which corresponded to a strain rate of 0.0008V¥e used tensile testing data to calculate two
measures of healing performance: the adhesion energy at the interface between the electrodeposited
nickel and the steel surface, and the strength healingeeffi. Since the healed steel wires
fractured at the nickedteel interface, we considered that the energy released during tensile loading
contributed entirely to crack propagation at this interface. Accordingly, we assumed negligible
energetic contributios from deformation in the steel wire or the electrodeposited nickel. As such,
the adhesion enerdly is expressed as:

o "0Qw ¢, "0Q® A fio
co “'Q ®

whereA is the crossectional area of the wire.®/ quant i fi ed the reacovery

via the strength healing efficieney, which is a ratio of healed to original tensile strength:

S L ) A Rog

The average tensile strength of five pristine steel wires get o x&pd 0 dFig. B6).
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To characterize the morphology of the steel wires during and after healing, we used both
scanning electron microscopy (highcuum mode in a FEPuanta 600 Environmental SEM) and

optical microscopy (Olympus BX41 microscope equipped with a Lumenera Infinity 5 camera).

Table 3.1 Chemical composition of lalmade aqueous nickel electrolytes.

Components Sulfamate Strike Modified Woods Woods
Nickel sulfamate
320 g/l - -
tetrahydrate
Nickel chloride
- 112 g/l 200 g/l
hexahydrate
Nickel sulfate
- 112 g/l -
hexahydrate
Nickel bromide - - -
Hydrochloric acid 12 mi/l 50 mi/l 80 ml/l
Boric acid 30 g/l 15 g/l -
Sulfamic acid 20 g/l - -

Table 3.2 Chemical composition of commercial aqueous nickel electrolytes.

Components Sulfamate Watts
Nickel sulfamate 25571 383 g/l -
Nickel sulfate - 19871 295 g/l
Nickel chloride - 22.51 459/l
Nickel bromide 5.71 9.5 g/l -
Boric acid 22.51 37.5 g/l 3071 45 g/l
Wetting additive 27 8 mlll -
Brightening additive 157 25 ml/l -
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3.3. Computational methods

We constructed a computational model of the wire healing using COMSOL Multiphysics
software. The model geometry consisted of a-tivoensional domain with rotational symmetry
around the central we axis, as shown iRig. 3.2. The white areas were the two halves of the
fractured steel wire, 0.58 mm in diameter. The grey area was an electrolyte containing 1.46 mol/I
nickel sulfamate (Ni(bNSGy)2). The electrolyte filled a 0.261m gap between theafttured steel
surfaces, which were designated as the cathode (red lines). The other boundaries of the steel wire
(purple lines) were electrically insulating. The blue boundary on the top was the nickel anode. At
the left and right electrolyte borders, wat a constanrtoncentration boundary condition.

lon transport in the electrolyte, which includes contributions from both diffusion and
migration, was governed by the Ner®anck equatioj146),

N=D & zuck 7, (€9.3.3)

wherec; represents the concentration of ionic spekiBs is diffusivity, u; is mobility,t; is the

electrolyte potentiaFi s Far adaMigthe c ot deamenfis ey

ioni i ; Nickel anode
ionic flux, andz is charge number. We estimate the cxclando.

mobility using the NernsEinstein equatiofl146),

& Electrolyte
D. E (Ni2* + NH,SO,)
i =R_'II" (eq. 34) -
Insulating Sthee:j
surface cathode
Nickel reduction (Nifaq + 2€ = Nig) v A 0.29 mm
[<0.25 mm !

occurred at the cathode (fractured steel wire), whil

the opposite reaction (nickel oxidation) occurred afigure 3.2 2D computational model of

. the electrochemical healing ofséeel
the anode. The reaction rates were governed by the e as constructed in COMSOL .

Butler-Volmer equatior(146),

.. F F
I, :|0[exp(aF§T h) -exp( ﬁR_T h)), (eq.3.5)
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whereio is the exchange current densit,and U, are the apparent transfer coefficients at the
cathode and anod® is the ideal gas constarit,is the operating temperaturé,i s Far aday 6 ¢
constant, and is the overpotential.

The deformed geometry interface, a bintCOMSOL feature, used the reaction rate, as
inferred from ButletVolmer kinetics, to control the movement of the mesh at the cathode surface,
thus simulating th@rowth of nickel. More details on the computational model and the various
parameters used can be found\ppendix B.

3.4. Effect of ion transport on electrochemical healing

To investigate the effect of ion transport on the healing of steel, we obskyvexsitu
optical microscopythe evolution of nickel morphology @teel wires during two types of applied
plating. Fig. 3.3a shows microscope images of a wire healed bgmtastatic plating (top) and a
wire healed by pulsed plating (bottom) after 0, 1, 2, 6, and 10 mAh of plating. During potentiostatic
healing, a constant voltagel (5 V vs. Ni) was applied to the fractured wire throughout the healing
process. During pulseplating, the applied voltage alternated periodically betw&enV for 5
seconds and 0 V for 3 seconds. At the beginning of the healing process (0 mAh), the two freshly
cut wires were fixed so that the crack widths were approximately 250 um. After lofrohlarge
input, potentiostatic plating resulted in rough nickel deposits withumifiorm thickness, whereas
pulsed plating resulted in smooth nickel which grew uniformly across the steel surface. The images
taken after 2 and 6 mAh of charge input, sttbat, during potentiostatic plating, the two nickel
masses growing from the opposing steel surfaces first coalesced at the edges which led to a void at
the center. During pulsed plating, the two nickel masses grew uniformly and coalesced first at the
cente, then progressively coalesced towards the edges. After 10 mAh of charge input, nickel grew

into a quasspherical shape which connected the two broken halves of each wire. The nickel
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resulting from pulsed plating showed a smoother surface than the miekalting from

potentiostatic plating.
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Figure 3.3 (a) Exsitu optical microscopy images of nickel growth at various levels of charge
input during healing by potentiostatic and pulsed plating. (b) Diffusive flux magnitudé& of Ni

ions in the electrolyte after one hour of healing by potentiostatic pléftiogn computational

model). (c) Growth velocity (in nanometers per second) of nickel along the cathode boundary
during healing by potentiostatic plating and pulsed plating at times ranging fromt= 1,100 sto t
= 5,900 s (from computational model). At tathes, the applied voltage wak5 V vs. Ni in the

pulsed plating model. (d) SEM images of nickel surfaces after 0.5 mAh of charge input during
potentiostatic and pulsed plating. (e) Streg=min data of two steel wires healed by pulsed and
potentiostatt plating. (f) Adhesion energy of steel wires healed by pulsed and potentiostatic
plating. (g) Strength healing efficiency of steel wires healed by pulsed and potentiostatic plating.
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Our optical microscopy observations of the healing process showeléltgpé of plating
had a significant influence on nickel growth morphology. We further examined nickel growth by
simulating ionic transport and nickel plating during the healing of a steel wire (see section 2.6).
Fig. 3.3b shows the magnitude of the diffus flux of Ni?* ions around the fracture during healing
by potentiostatic plating. The diffusive flux was about two orders of magnitude lower at the center
of the fracture than at the edges. Thus, the growth of nickel is expected to be faster at the edges
than at the centekig. 3.3c shows a plot of the growth velocity of the nickel layer with respect to
position along the (expanding) cathode boundary. In the case of potentiostatic plating (dark blue
curves), the growth velocity varied significantly betwea point at the edge and a point at the
center. Att = 1,100 s, the difference in growth velocity between a point at the center and another
at the edge was 13.4 nm/s. This difference increased to 24.3 nm/s at t = 5,900 s. Meanwhile, pulsed
plating resulked in a reduced variation in growth velocity. The difference between the center and
the edge was 8.9 nm/s att= 1,100 s, and 17.7 nm/s at t = 5,900 s. The computational model, thus,
shows that pulsed plating reduced the variation in nickel growth ramg &ihe steel surface
compared to potentiostatic plating, though it did not achieve perfectly uniform growth.

The difference in growth morphology also affected nickel porosity, thus likely impacting
adhesion at the nicksteel interface. To examine the ext of nickel porosity results from both
types of plating, we observed, nickel electrodeposited with 0.5 mAh of charge input under a
scanning electron microscope (SEW)g. 3.3d). Nickel grown by potentiostatic plating showed
significantly higher porosityhan the nickel grown by pulsed plating. This is consistent with prior
reports on nickel plating which demonstrate that pulsed plating results in higher density compared
to potentiostatic platingl73). The lower porosity (or higher density) of nickel grown by pulsed
plating enhances itsrength and fracture toughng451). But most importantly, the higher density

means that a crack at the interface would require more energy to propagate since tistemickel
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interfacial contact area is higher and the number of microscale pores or flaws close to the interface
is lower. Therefore, pulsed plating is expected to result in higher niitkel adhesion compared
to potentiostatic plating.

Superior nickekteel adhesion due to pulsed plating was confirmed by tensile testing after
healing.Fig. 3.3e shows stresstrain data of the best performing steel wires healed by pulsed and
potentiostatic plating respectively. In both cases, the healed steel wire fractured aistbel Ni
interface, and the steel wire healed with pulsed plating exhibited hagiséle strength (maximum
stress) and higher toughneBgy. 3.3f,g show calculated adhesion energy at thestdel interface
and strength healing efficiency for steel wires healed by pulsed plating and potentiostatic plating.
Pulsed plating enabled a 4.lixcrease in average adhesion energy (4.9 FJtompared to
potentiostatic plating (1.2 kJAnwhich was confirmed by the improved density of nickel deposited
by pulsed platingFig. 3.3d). Pulsed plating also led to a 3.4x increase in average strezajthch
efficiency (20.0 %) compared to potentiostatic plating (5.8 %).

The spatial difference in nickel growth rate between the two plating methods can be
explained by contrasting the rate of depletion of nickel ions at the cathode surface to théir rate o
diffusion. During potentiostatic plating, the nickel ion depletion rate at the center of the fracture
was faster than the rate at which these ions could diffuse due to the longer diffusion length at the
center compared to the edges. Consequently, thelmgjrowth rate at the center of the fracture was
limited by diffusion. In the case of pulsed plating, periodically setting the voltage to zero after each
negative voltage pulse allowed nickel ions time to diffuse to the center of the fracture so that the
nickel growth was denser and more uniform across the steel surface.

From a morphological standpoint, pulsed plating significantly diminished (or even
eliminated) void formation compared to potentiostatic plating, which reduced stress concentrations

that lead to fracture. This observation agrees with prior work on nickel sheets healed with nickel
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electrodeposition, where voids impeded the full recovery of tensile stréts2h The strength
recovery after healing was inversely correlated with the metal thickb®&8% which we suspect

was due to larger voids forming in thicker samples with larger diffusion distances. Pulsed plating,
thus, has the potential to improve thagile strength recovery of healed metal parts of various sizes
and geometries.

3.5. Effect of electrolyte chemistry on electrochemical healing

In addition to ion transport, electrolyte chemistry plays an important role in recovering the
tensile strength of laed steel samples by affecting the mechanical properties of the deposited
nickel and adhesion at the -Blieel interface. To understand the role of electrolyte chemistry in
electrochemical healing, we healed steel wires using five different agueous aladtedblytes:
Sulfamate, Watts, Sulfamate Strike, Modified Woods, and Woods.

Fig. 34a shows the cathodic efficiency and areamalized growth rate that are
characteristic of each electrolyte at a potentialldsV vs. Ni. The cathodic efficiendyis a ratio

of the experimental mass of electrodeposited nickel to the theoretical mass of electrodeposited

ni ckel determined by Faradayds | aw,
a ) ¢O. .
- 7 T h A RI
a a 0L @

whereQ is the targe input (in coulombs)M is the molar mass of nickel (58.69 g/mol), anis
Faradayb6s constant 056 indica@ds that allrnhe électric carrbnt is ysed
to reduce nickel ions, while p Tt occurs when side reactions, such asrbgdn evolution,
consume a fraction of the current.

We observed a positive correlation between the cathodic efficiency and the pH of the
electrolyte. We measured the lowest cathodic efficiency in the Woods electrolyte-(p2) at
- v TP . The cathodicefficiency was higher for Sulfamate Strike (pH = 1.0) and Modified

Woods (pH=02)at 1 @b and- ¢ & b. With pH approaching 4, neadeal cathodic
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efficiency values were realized, with w@&pP and- @b for Watts (pH = 3.8) and
Sulfamate (pH= 3.5).

The growth rate of nickel, which was normalized by the steel cathode area, did not appear
to correlate with pH. The growth rate was highest for Watts (4.85g)/nSulfamate Strike (5.81
g/mé.s), and Modified Woods (5.50 g#ra). Meanwhile, the @famate electrolyte exhibited a low
nickel growth rate (0.775 ghs), in contrast with its high cathodic efficiency.

Table 3.3 Electrochemical processes used for healing steel wires.

) Charge
Process Step Electrolyte Potentl.al input or Pulsed or potentiostatic
vs. Ni time

- Modified Woods  -1.5V 30 mAh Pulsed
2 - Sulfamate Strike -1.5V 20 mAh Pulsed

1 Woods -3V 2 mins Potentiostatic
3 2 Sulfamate Strike -1.5V 20 mAh Pulsed

- Watts -15V 10 mAh Pulsed

- Sulfamate -15V 10 mAh Pulsed

1 Woods -3V 2 mins Potentiostatic
° 2 Sulfamate -15V 10 mAh Pulsed

1 Woods +3V 0.5 min Potentiostatic
7 2 Woods -15V 2 mAh Pulsed

3 Sulfamate -15V 10 mAh Pulsed

We used seven electrochemical processes based on these five nickel electrolytes to heal
steel wires, as outlined imable 3.3. Two-step processes (3 and 6) were designed to enhance
adhesion at the Niteel interface by using the Woods electrolyte. WitloitspH and high chloride
concentration, the Woods electrolyte removed native oxides and impurities and plated a thin layer
of highly adherent nickel. These two processes were improved in thestbpeprocess 7 which

started with an anodic step that étechemically etched the oxidized steel surface, followed by

47



pulsed plating of a thin layer of nickel in Woods. The use of pulsed plating was based on our study
of ion transport, which showed that it led to higher adhesion at tiseeBl interface compatteo
potentiostatic platindFig. 3.3f). For all processes, we adjusted the charge input based on the
cathodic efficiency of each electrolyte to ensure that the mass of plated nickel was about 11 mg
regardless of the electrolyte used dutiegling. Therefore, 10 mAh was needed when healing with
Sulfamate {* p 1 ir), but 30 mAh of charge input was needed when healing with Modified
Woods (x o 1P).

Since the healed wires fractured at thesi¢iel interface during tensile testing, the recpv
of tensile strength after healing was limited by adhesion at tisteNi interfacefig. 3.4b shows
the adhesion energy at the-§leel interface for steel wires healed with the studied electrochemical
processes. Adhesion energy was below 10 k#dmprocesses-8. By combining Woods and
Sulfamate electrolytes in processes 6 and 7, adhesion energy was increased substantially to 33.4
and 35.9 kJ/mon average. Process 7 enabled a high adhesion energy of 4&.8ThEnhighest
adhesion energy, 52.0 ki, was achieved using process 1 (Modified Woods); however, this data
is only from two measurements since the majority of samples fractured atiient&rface.

Fig. 3.4c shows the strength healing efficiency achieved with each electrochemical
processProcesses-2 enabled limited recovery of strength (below 20%). Process 5 (Sulfamate)
improved the strength healing efficiency to an average of 20%, and up to a maximum of 33.2%.
Processes 6 and 7 did not lead to a significant improvement in the avaeughshealing
efficiency, but significantly increased the maximum achievable strength healing efficiency to
56.8% and 68.9%. Healing with process 1 presented unique challenges as most healed wires
fractured at the NNi interface before tensile testing.

Scanning electron microscopy (SEM) allowed us to glean morphological cues into the

fracture mechanisms of healed steel wikggs. 3.4d, e show each fracture face of a steel wire

48



healed with process 6 after it fractured at thestdel interfaceFig. 3.4d shows the steel side of

the fracture, whilé-ig. 3.4eshows the nickel side. The fracture surfaces were smooth on both faces
with no evidence of plastic deformation. Energy dispersiv@yspectroscopy (EDS) revealed the
presence of nickel on the stes@dle, which may be explained by the presence of a strongly bonded
thin layer of nickel on the steel surfagféig. 3.4f). We hypothesize that the first layer of nickel
deposited by the Woods electrolyte has a higher adhesion energy to the steel surfzaredctom

its adhesion energy with the nickel deposited by the Sulfamate electrolyte. Thus, fracture which
appeared to occur at the-blieel interface from a macroscopic point of view, occurred, seemingly,
at the interface between the nickel deposited by#gand the nickel deposited by Sulfamate. A
similar fracture behavior was observed in steel wires healed by process 7.

High adhesion energy at the-Blieel interface was also achieved using process 1, yet it did
not result in high strength healing eféiaicy due to premature fracture at theNNinterface.Fig.
3.4gshows the surface of nickel electrodeposited on one half of a steel wire healed by process 1.
The electrodeposited nickel exhibits severe pitting which is commonly attributed to corrosion
(174) Corrosion is likely driven by both the low pH (~ 0.2) and the high chloride concentration (~
1 mol/l) in the Modified Woods electrolyte. As the two nickel masses grew and drew closer
together, it became more difficult for nickel ions to diffuse into the shrinking gap at a sufficiently
high rate. The rate of corrosion, thus, exceeded the rate of diffusion, \iteictively stalled the
growth of nickel and prevented the two nickel masses from coalescing into a single continuous
mass. Therefore, the Mi interface remained weak and prone to fracture. Interestingly, the low
pH and high chloride concentration whichrepented coalescence at the-Ni interface,
significantly improved adhesion at the-8teel interface by removing the native oxide and

enhancing the density of active nucleation sites.
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Aside from process 1, the electrochemical processes explored hdtedrgsbhealed wires
that fractured at the Niteel interfaceFig. 3.4h shows an SEM image the fracture face of a steel
wire healed by process 5. This SEM image elucidates how a crack evolves as it grows through the
Ni-steel interface. The orange circlectoses an area of stable crack growth characterized by a
smooth surface with remnants of the delaminated nickel that remained attached. The green circle
encloses a significant mass of nickel that remained on the steel surface. The crack, thus, grew out
of the interface and into the nickel, resulting in brittle fracture within the nickel. Crack growth
outside the interface may have been facilitated by the presence of a defect or inclusion. The blue
circle highlights a void nucleation pattern which is intieof plastic deformation. As the crack
exits the interface and continues to grow into the bulk of the nickel (or steel) plastic deformation
may become the dominant fracture mechanism. However, in all the healed steel wires observed
under SEM after fraare, areas characterized by plastic deformation were limited, and the fracture
mechanisms highlighted by the orange and green circles were more prevalent.

Figs. 3.4i,j are SEM images of nemetallic inclusions observed in healed steel wires after
fracture These inclusions glow brightly because they cannot conduct impinging electrons in the
SEM. They are likely recrystallized nickel salts that were trapped within the growing (fadxel
3.4i) or at the Nisteel interfacéFig. 3.4j) during healing. Theipresence may be responsible for
weakening the electrodeposited nickel near the steel surface resulting in the low tensile strength of
some healed steel wires. This agrees with prior work, where a defectiveubhstnate layer was
proposed as a possiblalfisle mechanism in a study of the adhesion of electrodeposited nickel to

steel(175).
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Figure 3.4 (a) Cathodic efficiency and normalized growth rate of five different nickel
electrolytes at a potential e1.5 V vs. Ni. (b) Adhesion energy at thesidiel interface in steel
wires healed by seven different electrochemical processes. (c) Strength heigliencgfof steel
wires healed by seven different electrochemical processes. (d, €) SEM images of a steel wire
healed with process 6 (Orstep Woods + Sulfamate) after postaling fracture at the Nsteel
interface. The large images are details of the iesig the insets (inset scale bars = 500 pm). (f)
Energy dispersive-ray spectroscopy spectrum of fracture surface in steel wire healed with
process 1 after postealing fracture at the Nsteel interface. (g) SEM image of the
electrodeposited nickel insteel wire healed with process 1 (Modified Woods) afteripesliing
fracture at the NiNi interface. (h) SEM image of the fracture face in a steel wire healed with
process 5 (Sulfamate) after pdstaling fracture at the Nsteel interface. The blue, gne, and
orange circles indicate areas characterized by three different fracture mechanisms. (i) SEM
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image of a nommetallic inclusion (bright area) within the nickel layer in a steel wire healed with
process 7 (Twastep Woods + Sulfamate) after postaling fracture at the Nbteel interface. (j)
SEM image of nemetallic inclusions (bright area) on the steel surface in a steel wire healed
with process 5 (Sulfamate) after postaling fracture at the Nsteel interface.

3.6.  Predicting required healingtime and charge input
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Figure 3.5 (a) Diagram explaining the twparameter geometric model of metal wire healing.

(b) Estimated charge input (in milimperehours) required to heal wires of different diameters
at four differentcrack widths. (¢) Estimated time (in hours) required to heal wires of different
diameters at four different crack widths.

While we used submillimetegized wires (0.58 mm in diameter) in this work,
electrochemical healing can be applied to steel wires Ydres of various metals and conductive
materials) with characteristic dimensions from the microscale to the macroscale. To understand if
electrochemical healing could be practically used at different length scales, we conceived a
geometric model based two parameters: wire diametkand crack widtlw. This model enabled
first-order approximations of the charge input and time required to heal cylindrical metal wires
with diameters spanning three orders of magnitude.

As shown irFig. 3.5a, we consideredased on empirical observations, that the volume of
nickel deposited to heal a wire could be approximated by a sphere. The nickel volume was
represented by the grey region of the sphere, with the spherical caps (light blue regions) and

cylinders (dark hle regions) excluded. We approximated the radius of the sphehe as
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-Ccu Q 7 the height of the spherical caps@s'Y — - ¢c © Q ~ —, andthe

length of the cylinders @ ¢U. The estimated volume of deposited nickel (grey region) was
therefore

TH . cu 'Q ) B . .
—Y — oY Q “ W8 A By
o o

To relate the nickel voluméto the required chargeinp@ we used Baraday

—, where Uis the cathodic efficiencyz is the number of electrons participating in the

electrochemical reduction (heée ), nis the number of moles of nickel, akdi s Far adayo
constant . Faradayo6és, | aw was modi fied such that
. 0 . «
0 cTwh A By

wherej is the density of nickel (8900 kgArandM is its molar mass (58.69 g/mol). Usiag. 3.7

to substitute the volum#/, yielded an expression for the estimated charge input,

N 13 “O”
0 CG = TY  ¢YQ < o0Q 8 Q

The time required for healingptwas estimated by relying on the are@malized growth

ratei r whered -'Q is the area of the crack faces in a fractured wire. By manipulating

Far aday OGobtaineh w, we
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The results derived from this model, which ah®wn in Fig. 3.5b, c, assume that the
Sulfamate electrolyte is used during healing. Hencep it andi 18§ x 6X¥a i. The results
can be modified for a different electrolyte using the dafign3.4a. ForQ 1@ yx & andy

T W &, which are the parameters usadur healing experiments, the model predicts Ghat
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U a 6QandYd @&'@ 6 i(Fig. B11). These predictions align closely with our experimental
observations which supports the accuracy of this geometric model.

Fig. 3.5b shows the estimated charggut needed to heal wires ranging in diameter from
0.01 to 10 mm at four crack widths: 0.01, 0.1, 1, and 10 mm. At a crack width of 10 mm, charge
input needed to heal a wire remains arouxt®®mAnh regardless of diameter. For the lowest crack
width (0.01mm), charge input increases from 5%I8Ah for a 0.0dmm wire to about 6 mAh for
a 10mm wire. For reference, a higfapacity smartphone battery can provide 5,000 mAh of charge
input when fully charged176). Thus, about eight hundred-tfim wires (comparable in size to
concretereinforcing bars) can be healed with the fillarge of a single smartphone battery if the
crack width is minimized (w = 0.01 mm). About eighty-hbn wires can be healed with a single
smartphone battery if the crack width is increased to 0.1 mm. However, with a large crack width
of 10 mm, more than D0fully charged smartphone batteries would be needed to heal a single 10
mm wire. These results, thus, emphasize the importance of minimizing crack width-feméogy
electrochemical healing,

Fig. 3.5c shows the estimated time needed to heal wires ranging in diameter from 0.01 to
10 mm at four crack widths: 0.01, 0.1, 1, and 10 mm. At a crack width of 0.01 mm, healing requires
between 1.3 hour for a 0.84m wire and 1 minute for a 3I@m wire. For a crdcwidth of 10 mm,
the times necessary for healing become impractical, ranging from about *1h@x6 (148,000
years) for a 0.0mm wire to about 1400 hours (58 days) for avia wire. These estimates, thus,
show that it is important to minimize crack whdo achieve healing within practical timeframes.
Electrochemistry as a healing technique for metal wires can enable healing within about one hour

regardless of wire diameter if crack width is at or below 0.01 mm.
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3.7. Summary

To enable effective electrocheralthealing of lowcarbon steel, we sought to improve our
understanding of the influence of ion transport and electrolyte chemistry on the growth of
electrodeposited nickel. Using experimental and computational methods, we showed that,
compared to potentitetic plating, pulsed plating enhanced nickel density and mitigated diffusion
limited growth, thus resulting in a fourfold increase in adhesion energy at the-stiekkinterface
and an over threefold increase in recovered tensile strength. By heaéhgsshg different nickel
agueous electrolytes, we demonstrated that etching the steel surface and growing a thin layer of
nickel in the Woods electrolyte, followed by healing with pulsed plating in the Sulfamate
electrolyte resulted in strong adhesiorthet nicketsteel interface, and enabled the strength of a
healed steel wire to reach up to 69% of the strength of a pristine wire. Preventing inclusions at or
near the Nisteel interface could enable even higher values of strength healing efficiency.

Basal on a simple geometric model of a healed steel wire, we showed that minimizing
crack width is important to enable rapid and {emergy healing. With a crack width of 0.01 mm,
over eight hundred tthm steel reinforcing bars (commonly used in construction)d be healed
in under one minute using only one fully charged smartphone battery (5,000 mAh).

This work is the first demonstration of electrochemical healing of a metal other than nickel
(119, 152) and opens the possibilityf healing a variety of structural metals using selective
electrodeposition. With its low energy and time requirements, as well as its effective recovery of
strength, electrochemical healing can be used to minimize weight in aerospace structures, extend
the service life of structural parts, and more efficiently employ scarce resources in-energy

constrained systems or remote environments.
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CHAPTER 4

Framework for EffectiveElectrochemicalHealing of Fractured Metals

This chaptehas been adapted fro&: Hsain M. Akbari, Z. Jiang, M. Akbarzadeh, J. H. Pikul,

AEl ectrochemical H e aSubmittef(2022). Fr act ur ed

4.1. An alternative to welding for a circular metalseconomy

In 2021, the world produced ovebRlion tons of metal resulting in about 3 billion tons of
CO; equivalent emission22, 23, 177, 178)Improving the sustainability of structural metals,
through a circular economic model based on recycling, refurbishing, repair, an@lr&isplays
an important role in mitigating greenhouse gas @omssand addressing detrimental climate and
ecological effect$23, 177, 180)Fig. 4.1a). Repair, in particular, not only extends the operationa
lifetime of metal structures, thus reducing waste froma@Hde disposal and byproducts of mining
and refining(23, 24, 181)Fig. 4.1a), but also complements recycling, which is limited by the
difficulty of removing elemental contaminants from alloys and rmmakial partg182). Due to the
slow diffusion (107 103 m? s?) of metal atoms at room temperat(t®3), high temperature
techniques, most notably welding with its many variations (e.g., arc, high energy beam, friction,
resistance), have been relied upon to repair and join structural \I&arst, 80) Althoughrecent
innovations in repairing metal cracks at high temperature, such as joule l{gafind22) solute
precipitation(114, 183) and exothermic reactio23), have shown promise, welding remains the
dominant means to restore the geometric and physical properties of (néfdl84, 185)

Welding, however, suffers from distinct limitations that are accentuatestbyt advances
in digital manufacturing and material integration, and which call for radically different approaches

to repair metals. Several metallic alloys, including aluminum alloys of the 2000, 6000, and 7000
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serieg(77, 186)and nickel superalloys with Al and Ti concentrations in excess of 4 wt.%, such as
INLI0Oand IN738187), are considered fAunwel dabl ed as they
welding due to extreme thermal gradients and solute segre{@itioh88)(Fig. 4.1b). Approaches
have been developed to mitigate these limitatigfs 81, 189, 190)however, high levels of
operator skill, experience, and precision are required, which may limit the wide adoptiddin§we
in a decentralized circular economy. Posing further challenges to welding are recent advances in
design(38, 86)and additive manufacturingl, 42, 191, 192yhich have enabled metal structures
with high levels of gemetric complexity. The octetuss lattice shown ifig. 4.1cis an example
of a complex geometry where a fracture in an internal strut cannot be readily accessed by a welding
torch (or beam). Moreover, the high temperatures induced by welding can canaggeda nearby
nonrmetallic materials, as metals are increasingly integrated with polyB®%r&36)or electronics
(1371 139)in various aerospace, robotic, and sensing applications.

By enabling fastsomtemperature diffusion of metal ions in an aqueous mediurfir(0
s1), electrochemical healing represents a radically different approach to repair fractured structural
metals(119, 152, 193)Coating a metal structure with a passivating coating ensures that metal ions
areonly reduced at fracture sites, thus resulting in efficient targeted héBbttigm insets of Fig.
4.1c). Using this approach, electrochemical plating of nickel has enabled 100 % recovery of tensile
strength in fractured cellular nickel, with minimal ege use (~18J per mm of crack length)
compared to many higemperature healing techniques (up t@ 18nm) (119). To become a
crediblealternative to welding, electrochemical healing should effectively repair a wide variety of
structural metals beyond nickel, including com
This has, however, proven difficult because achieving high aathetplated nickel to other metals

requires multistep processes with different electrolyte chemistfi€s3, 194)and because no
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guantitatve framework has been advanced to link the parameters that influence electrochemical
healing to the recovery of mechanical properties.

Here, we propose a framework for electrochemical healing that elucidates the geometric,
electrochemical, anchechanical parameters needed for 100% recovery of tensile strength in fully
fractured structural metals. Through an experimentally validated theoretical model, this framework
enables the full restoration of tensile strength in diffitodtveld metals, inluding two
Afunwel dabl ed al umi ntaweld aD printed feinicalar shellalar structurfe,iamdu | t
the possibility of over 100% recovery of toughness in fractured metals subject to tensile loading.
To facilitate adoption, the model reveals soglielationships for the energetic, financial, and time

costs of repairing metals across length scales.
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Figure 4.1 (a) Life cycle of structural metal parts under a linear model and a sustainable

circular model with 2019 numbgifor aluminum (in kilotons) fromef. (24). (b) Illustration of

t her mal cracking resulting from wel di-thugs fiunwe/l
lattice structure. Top inset shows that a conventional welding torch cannot access a fracture in

an interral strut. Bottom insets show how nickel ions can easily access the fractured internal

strut, where they are reduced to nickel metal during electrochemical healing. A passivating

coating enables targeted electrochemical reduction at the fracture site.

4.2. Hedling afractured nickel alloy

Fig. 4.2a illustrates our approach to electrochemically heal structural metals. As an
improvement over earlier approaches in which metal was only plated at thesecties of a
fractured struf119, 193) we exposed the nemactured surface of the metal to platifigg. 4.2a).
A pair of Ni 200 (> 98% nickel alloy) hatlogbone samples simulated a fractured dogbone sample
(Figs. 4.2a, C2 A). Insulating electric tape masked the fractured samptbatoonly a fraction,
AJ2, of the total available are&y/2, in each halflogbone was exposd#igs. 4.2a, C2 B). A
custom fixture(Fig. C2 D) held the fractured sample in a nickel sulfamate aqueous electrolyte in
alignment and with no gap between thenples Applying a constant potential ef.8 V vs. Ni to
the fractured sample resulted in nickel deposition over the entire exposéd, aviéh the amount
of plating controlled by the charge inpQt(Figs. 4.2a, C2 C). After removing the masking tape,
healed Ni 200 samples were tested in tension until frackige4.2b shows the resulting stress
strain data for two samples healed with 200 mAh and 1000 mAh, alongside theststimsdata
of a pristine sample for reference. To assess the effectiveness of the healing process, we compared
the tensile strength of each hedilsamplefiy, with the average tensile strength of five pristine
samplesfiv (Table C3). Samples healed wit® = 1000 mAh exhibited an increase in strength
healing efficiencylu/ wi as Ae increased, eventually reaching a plateauliatwi = 1, or full
restaation of pristine tensile streng{kig. 4.2c). In contrast, samples healed wi@@= 200 mAh
exhibited an increase i/ mireaching a maximum afy/ wi= 0.8395 atdJ/A, = 0.3125, before
subsequently declining down €/ wi= 0.4817 atAJA, = 0.5625(Fig. 4.2). We also examined
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the impact of varying the charge inpQtat a fixedAdJA, = 0.4375, and observed that, at a low
charge input, Q = 200 mAy/ wi= 0.6244 but af is increased to 400 mAh and beyodd, wi
reached and remained around (El. 4.2d).

To develop a quantitative model of these experiments, we first differentiated samples by
the type of fracture experienced upon guostling tensile testing. Three types of fracture were
observed: |, P, and KfFig. 4.2e). In type |, debonding occurred at the interface between the plated
nickel and the structural metal, with the metal sliding out of the plated nickel sleeve that surrounds
it. In type P, the plated nickel fractured at the same location as tia¢ firsitture. In type M, the
metal dogbone fractured in a new location, indicating that the tensile strength of the healed sample
was approximately equal to the tensile strength of a pristine sample. The incidence of these three
types of fracture varied wi changes il (Fig. 4.%). Samples healed witQ = 1000 mAh all
experienced typé fracture at lowAdJ/A,, but asAc increased, the incidence of typk fracture
increased at the expense of typeacture. Samples healed wih= 400 mAh experienced the
same high incidence of typgdracture at lowA., though unlike 1000 mAh samples, the incidence
of type-P fracture increased with larg&s. Comparing the data iRig. 4.2c andFig. 4.2 reveals
that typel fracture was always dominant at IdwWA., typeM fracture was prevalent wheli/ i

~ 1, while an increasing prevalence of typéracture was associated with declintng wi
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Figure 4.2 (a) lllustrations of Ni 200 dogbone samples in the pristine, fracturedheatéd

state. The fractured sample is masked to leave only an aegased. (b) Strestrain data of a

pristine Ni200 sample, and two samples with the same exposed area, healed with different charge
inputs (200 and 1000 mAh). (c) Strength healingieféicn @ yias@ function of exposed area

ratio AJA, for Ni 200 samples healed using a charge input of 200 mAh and 1000 mAh. (d)
Strengt h he al viasafunetibnfof chairge inputyQ fail Ni 200 samples witAA

0.4375. (e) Photographs shimg the three types of fracture sustained by healed samples upon
subsequent tensile loading. (f) Incidence of the three types of fracture after healing as function of
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AdAs in Ni 200 samples healed with 1000 mAh and 200 mAh of charge input. Each datapoint
corresponds to between 3 and 5 samples.

4.3. A quantitative model for effective electrochemical healing

Informed by these experimental insights, we developed a model that predicts the tensile
strength of healed samples for each type of fracture. Assumicg foriformity and using
Faradayo6s | (the tengie streregth aftthe dealed sample) to  (the interfacial
shear strength, for typefracture),, (the tensile strength of the structural metal, for tiype
fracture), and, (the tensile strength of plated nickel, for tyPefracture) througta single
independent variabl¥ = AJAu, whereAy is the crossectional area of the structural metal. The

three governing equations of the model are

0 p N o o :
w ” w o v Q
» "B G 5 o’ q o W O U 0w © [ 0]
for typeP fracture,
” T (I) ” F] IQ ﬁ &

for typel fracture, and
» . (03 %)

for typeM fracture, wheré\y; is thecrosssectional area of plated nickelis the cathodic
efficiency of nickel platingTableC2),Mi s t he mol ar mass of nickel
constant (96,485 C/mol), aridis the mass density of nickel (8,900 kdynd andc are the
thickness and width of the structuraétal such thab 0 @ , and, i is an added stress
term. The theoretical model is described in greater detAppendix C

Fig. 4.3a showsly/ wias a function oAJ/Aw for each fracture type using expressions (1),
(2), and (3). For a given value & Aw, the lowest curve determines the achievable strength healing

efficiencytu/ W which leads to two hypothetical healing cases. In case 1, th¢ lippdntersects

62

(



thetype-P curve below the typk! horizontal line, which means th&s/ w= 1 cannot be achieved
and full recovery of tensile strength is not possible. In case 2, the intersection point moves above
the typeM line, either due to the use of plated metal withigher tensile strength, an increase in
the charge input, or an increase in the interfacial shear strength. This opens a window in which
Gu/ wi= 1, or full healing, is physically possible.

This model showed good agreement with the healed Ni 200 saffges.3b, Table C4).
A linear regression of the tygefracture line showed that ¢ W 0 dand, B
p vapX) U ¢Fig 4.3, red line; Fig. C13). Since we used no chemical or electrochemical
treatment before nickel plating to maintain a simple healing process, -thethli interface shear
strength,t , was lower than values reported from ring shear tests of nickel plated on different
metals including nickel itself(194, 195) TypeP fracture curves were plotted for charge inputs
from 200 to 1000 mA, with the tensile strength of plated nickel,at o v ip0 §Fig. S5)
Experimental data and tygefracture curves are colored in shades of green according to the charge
input usedFig. 4.3b). The typeP fracture curve for 200 mAh is slightly atebut closely follows
experimental data for samples healed with 200 mAh/at#, values of 41.36, 57.91, and 74.45.
The experimental data froffig. 4.2d is also shown irFig. 4.30, with a cluster of datapoints at
Gu/ wi~ 1.0and AJAuw = 57.91.Fig. 4.30 demonstrates that to guarantee full healingjubrai~
1.0, two conditions need to be met: a sufficiently high exposed area g@/that 45, and a charge
input higher than 200 mAh.

Interestingly, the samples retained significant strengthi~ 0.4, when there was no
exposed metal on which nickel could be platetiw = 0. To explain this, weompared the surface
morphologies of the crossections of a pristine samp(Eig. 4.3c, d) and a healed sample after
type-P fracture(Fig. 4.3e, f). These micrographs revealed that some plated nickel was present on

the crosssectional area between hdibgbone samples suggesting that there was a few
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micrometers gap which allowed nickel ion transport, and thus, nickel deposition and adhesion at
the cros-sectional areas. As a result, we expect a significarizeom tensile strength in healed

samples even #.= 0, which we accounted for in the model with the , stress ternfeq. 4.2).
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Figure 4.3 (a) Two plots ofly/ wias a function of #Ay that include three curves corresponding

to each fracture type (I, P, M). The top plot represents a hypothetical case in which only partial
heal i ng iubw<i)powhite ithe bottom pldt represents a case in which full healing
(Ww=1) is pos s ivbwaga fungtidtn)of 4Rvislowingahe theoretical model

applied to healed Ni 200 samples. The circles with standard deviation bars are experimental
data, with circles colored according to the corresponding charge input. The data enclosed by the
dashed line rectangle is the same data shown in Fig. 2d. (c) SEM image edextes of half
dogbone Ni 200 sample. (d) Higher magnification image of (a)istypdetail of surface

morphology. (e) SEM image of cressction of Ni 200 sample after pdstaling typeP fracture.

(f) Higher magnification image of (e) showing the presence of plated nickel within the cross

sectional area.
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4.4. Healing difficult -to-weld metals

Extending our framework to difficulib-weld metals demonstrates the viability of
electrochemical healing as an alternative to conventional welding. With the same experimental
approach wused with Ni 200 sampl ddabweodelaé¢ ami o
alloys, Al 2024 and Al 7075. IRrig. 4.4a, we applied our theoretical model to Al7075 samples
healed with 200 and 400 mAh of charge input. Linear regression of théfrgature line showed
thatt Xx& @ 0 énd, E w® 1 0 {Fig4.4a, red line; Fig.C13). Using 400 mAh
of charge input, full healing of tensile strength was achievédAy = 63.00andAJAv = 81.00,
indicated by high strength healing efficiencigé wiof 1.022 and 1.02(Fig. 4.4a, Table C5). In
Fig. 4.4b, we applied the theoretical model to Al 2024 samples healed with 400 and 600 mAh of
charge input. Linear regression showed that o W O cand, F 18 1 0 dfFig
4.4p, red line; Fig. C13). As a charge input of 400 mAh was insufficient to enable full healing, we
healed Al 2024 samples with 600 mAh of charge inpAt/&iu = 81.00, achieving neafull healing
with Gu/ wi= 0.9532(Fig. 4.4b, Table C6).

While our framework targets tensileestigth recovery in fractured metals, it suggests the
possibility of full recovery of both toughness and tensile strength under specific conditions. Similar
to Ni 200 samples, typkfracture dominated initially in Al 2024 and Al 7075, before declining in
favor of typeP and typeM fractures(Fig. 4.4c). For Al 2024, the incidence of typdracture
decreased to 0 % at/Am = 81, as the incidences of typkand typeP fractures increased to 40
% and 60 %, respectively. Incidence of typdracture then incesed further in line with our
theoretical prediction that tyge fracture dominates for largg/Av. For Al 7075, typeM and type
| fractures ceexisted whileAJAn was between 45 and 81, but&g#Awv increased to 99, type
fracture dominated. The @xistence of typ& and typel fracture within this intermediate range

of AJAw values occurred along with high toughness recovery, in addition to full recovery of tensile
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strengthFig. 4.4d shows the sessstrain data of four Al 7075 samples healed v@th 400 mAh

and AJAv = 81, with two experiencing typefracture and the two others experiencing tjpe
fracture. While all four samples exhibited similar tensile strength duithii~ 1, the samples &
experienced typéfracture showed remarkably high toughness (area under the sttig@@ascurve)

as the plated nickel slid across the Al 7075 surface during loading. Toughness healing efficiency
U/Uw, the ratio of healed to pristine toughness, foABI075 samples rose with increasifgAw,
peaked atJ/Uy = 1.00 for A/Aw = 63, then decreased tdUn = 0.258 forAdAmw = 99 (Fig. 4.4e,

yellow data). Toughness healing efficiency was highest for samples that experienced type
fracture, peaking dt/Uy = 1.364 forAJAm = 81 (Fig. 4.4e, red data; TableC7). In summary,
healed Al 7075 samples with/Aw values equal to or slightly higher than thgAy at which the

typel and typeM fracture lines intersect (red and yellow linesFiy. 4.4a) were likely to
experience typéfracture, and as a result, to exhibit up to 136% recovery of toughness. This insight
opens the door to future developments thay m@able improved toughness recovery in healed
metals under tensile loading.

I n addition to Aunwel dabled all oys, We USE
strength recovery in 3D printed metal structures with complex geometries, which would be
impossible to repair using conventional welding. Using 3D/polyhedral graphic statics as a design
method and selective laser melting®@®i10Mg for 3D printing, we fabricated a funicular shellular
structure that carries internal forces axially (no transversssy(Fig. C11) and is designed to fail
at its central section, which includes three outer struts and a middle strut that is difficult to access
(Figs. 4.4f, S4). This structure is a type of funicular polyhedral frame designed using a technique
of topolagical subdivision which generates twmanifold anticlastic surfaekased structures with
crosssections normal to the direction of the internal force flow for any given loading condition

(40, 196 198) (seeAppendix C). Owing to its geometric complexity and the inaccessibility of the
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middle strut, this structure could not be repaired by conventional welding and would needto be re
printed or replaced. We loaded the structure in tension until the four strutgdrhdtealed it via
selective nickel plating, then fractured it in tension again to assess the recovery of tensile strength
(Fig. 4.4g). In addition to the healing method which we have used thus far (potentiostatic plating
at-1.8V vs. Ni), we used an enhanced method in which we apply 1000 cycles of pulsed plating
(one cycle includes plating &at.8V vs. Ni for 5 seconds followed b§.2V vs. Ni for 3 seconds)
before proceeding with potentiostatic plating b8V vs. Ni(Fig. C12). We have shown in an
earlier work that pulsed plating mitigates diffusiimited electrodeposition, which improves
nickel adhesion to the healed metals and/gmes void formation at the fracture gafi93). The
normal healing method (potentiostatic only) wigh= 1200 mAh resulted a low 38.5 % recovery

of tensile strengtftop plot in Fig. 4.4h, Fig. C12 A), while the enhanced healing method (pulsed

+ potentiostatic) witlQ = 1200 mAh enabled a 110.1 %eowery of tensile strengttibottom plot

in Fig. 4.4h, Fig. C12 B). We observed that the normal healing method resulted irRyfpecture

of all four struts, while the enhanced method resulted in-B/fracture at the central strut, with
limited or no ty-| fracture at the three outer str@isg. 4.4g, C12).

4.5. Costs of electrochemical healing at different length scales

Using electrochemical healing to repair metals in practical applications requires careful
consideration of its energetic, financial, &imde requirements across length scales. We used our
model (with properties for Al 7075) to estimate the charge if@yEig. 4.5a), financial costC
(Fig. 4.50), and time,T (Fig. 4.5¢) required for full healing in fractured metals withceoss
sectional area ranging from-3@ 1 n?. For metals similar in size to the dogbone samples in this
study @w = 2.0 mn3), full healing would require 335 mAh, 30 hours, and $0@andC are low,
if not negligible, for small length scales, but ris@a increasing rate as length scale increases. On

the other handl rises with a declining rate as length scale increases but may become prohibitively
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high at large length scales. S&ependix Cfor the full derivation ofQ, C, andT. Improving the
adhesbn between the plated nickel and structural metal, as measured by the interfacial shear
strengtht , using proven chemical and electrochemical proc€49&195), can decrease the
energetic and financial costs of electrochemical healing. For a structural metalwithO mng,
required charge input decreases by 80% to 67.1 mAh due to a 5x improverhent inby 90%
to 33.5 mAh due to a 10x improvement, d&ryd5% to 16.8 mAh due to a 20x improvement. Thus,
the marginal benefit of improving declines rapidly, which suggests that common
electrochemical pretreatmen(ts93) might be the optimal choice. Though we focused our-cost
reduction analysis on increasing interfacial shear strerigth, , using plated nickel (or other
metal) with higher tensile strength or increasing the average current density during plating would
also lower the costs of full healing.

According to the scaling relationships that gove&rC, andT (Fig. 4.5), with T
X& @ 0 ¢healing a standard concretsnforcing steel bar or a metal part of similar siéa ¢
10 m?), would require $4.0, 224 hours (or 9.3 days), and 123 Ah (or 0.3 % of the capacity of a
Tesla Model 3 battery at 1.8 {199). A 100 mA.cn¥ current density would reduce the healing
time tenfold, to 22.4 hours. Costs increase dramétiat a large metal partAy ~ 0.1 n?):
$125,892, 7079 hours (or 9.7 months), and 3,890,451 Ah (or 93x the capacity of a Tesla Model 3
battery at 1.8 VY199), where financial cost is dominated by nickel. In summary, without the
implementation of cost reduction measures, electrochemical healing is attractive for metal fractures
from the micrometer to the cemtéterscale, but can be prohibitively expensive and slow at or near

the meterscale.
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samples, while red data corresponds only to samples thatiexped typd fracture. (f) 3D

rendering of the shellular structure with vertical and horizontal sections showing details of the
structure. (g) Photographs of a 3D printed shellular structure in its pristine state, after initial
tensile fracture, after tading, and after poshealing fracture. (h) Pristine and healed stress

strain data for two shellular structures, one healed with the normal method (potentiostatic only),
and another healed with the enhanced method (pulsed + potentiostatic).
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required for full healing with a current density of
10 mA/crh

p, = $0.0746/kWh
Py = $30.00/kg

Financial cost, C ($)
=
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4.6. Summary

Roomtemperature electrochemical healing represents a radical shift from the current high
temperature approaches to repair metals, including welding. We presented a framework for the
effective electrochemical healing of fractured metals based on a model that relates the recovery of
tensile strength to relevant geometric (e.g., exposed area;sexctmal area), electrochemical
(e.g., charge input, cathodic efficiency), and mechanical (e.g., tensile strength of structural and
electroplated metals) parameters. We experimentally validated this model and demonstrated full
recovery of tensile strerfgt i n a ni ckel all oy and two Aunwel
showed that fully recovering both toughness and tensile strength is possible under specific
conditions. Informed by this framework and using a healing method that combined pulsed and
potentbstatic plating, we enabled full restoration of tensile strength in a 3D printed ditbeult
weld shellular structure. Repairing 3D printed parts mitigates the high energy and cost associated
with the current approach of recycling and reprinting fractpaats. To facilitate the adoption of
electrochemical healing, we revealed the scaling relationships that govern the charge input,
financial cost, and time required for full healing across length scatean effective scalable
approach to repair fractudemetals, electrochemical healing couttluce demand for structural
metals, thusnitigating their emissions intensity by up to 400 kg of é&r ton of meta(182), and

moving us forward on the road to sustainability andzeeb emissions.
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CHAPTER 5

Conclusion and Outlook

For over 6,000 years, humans have relied on-tegiperature processes, such as brazing
and welding, to repair higbtrength structural metals. Recent innovations in-tseding and
repairable metals have proposed a variety oframtmus and neautonomous repair mechanisms,
but have remained hamperedthg need for heating arnie resultindhigh energy inputand have
been limited bythe low strength of healed metals, thmall size of repairable cracks, or the
constrained microaticture and chemical composition of healed metals. This thesis overcomes these
limitations, and demonstrates rogamperature healing of higgtrength metalsising selective
nickel electrodeposition. This healing approaahefficiently heal cracks and fractures from the
microscale to the macroscakelly restoretensile strength and electric conductivity, recover the
energy dissipative property of tough ductile metatswell agepair a variety of useful metals,
includingaluminumalloys and complex 3D printed cellular structures considered to be unsuitable
for welding With the modebased framework elucidated in chapter 4, rdemperature
electrochemical healing could be extended to repairing a more expansive set of structigsal meta
and conductive materials loading conditions beyond tension, and using electrodeposited metals
beyond nickel.

This thesis represents a major contribution to the budding field chealing and
repairable metajsand will, hopefully, be the precursdao a multitude of transformative
developments in this fieldhe effective healing diigh-strengthmetals at room temperature with
low energy inputanopen the door to broad scientific and engineering advancements, including

transforming the sustaindity, servicelifetime, and desigmprocessof metal partsideas abound
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for ways to build on this work both in the realm of theoretical and experimental research, and in
the realm of industrial application.

5.1. Autonomous healing

Although we demonstrated thelectrochemical healing of metal is an effective and low
energy healing process, an external voltage source was required to provide the input energy. This
process is similar to healing in bones, where the energy for healing is provided by the consumption
of food and not directly stored in the bonebd
autonomously, however, presents many intriguing possibilities, which can especially benefit
robots inaccessible metal parts, astductures in remote areas.

In prior work, the metal to be healed acted as cathode (nickel sink) while a nickel acted as
anode (nickel source), with both immersed in an aqueous nickel electrolyte. Since the reduction
reaction occurring at the cathode was the inverse of the oxidagiotiore occurring at the anode,
no difference in Gibbs free energy existed between the two electrodes. Thus, the equilibrium
potential difference between them was zero and there was no spontaneous driving force for the
healing reaction. An external voltageurce was, therefore, required to push electrons from the
anode to the cathode through an external circuit, and nickel ions in the same direction through the
electrolyte.

Creating an imbalance in equilibrium potential by replacing the nickel anode with an anode
of lower (more negative) potential could be the way to enable autonomousahéckeddeposition
An ideal candidate anode would behayh-capacity chemical compouth that canreversibly
intercalate nickel ions at a potentlleast 1.0 V lowethan the nickel reduction potential, is stable
in an aqueous electrolyte, and does not generate side reaResearch on metabn batteries can
offer some clues as to tlkemposition and structure of anodes that meet these criteria. The main

issue, however, is thatakel has been underutilized as a chacgeying ion indivalent metaion

73



intercalationbatteries, as it is denser (8.9 gfyrthan othemetals with divalenions such as
magnesium (8.9 g/c#) calcium (8.9 g/c), and zinc (8.9 g/cA). High nickel density makes it
unlikely for nicketion batteries to compete with other matai batteries in terms of gravimetric
energy density or specific capacifihus,few studeshave demonstrated and characterized niekel

ion batteies (200E202), compared tdhe multitude ofstudieson zinc-ion, magnesiunion, and
other divalent metabn batterieg203E05) Replacing nickel witlone of these other metdtsr

autonomous healing might be another path fornatdough nickel is more advantageous healing
material forhigh-strengthstructural metalsNickel outperforms magnesium, calciyand zinc in
terms of strength, toughness)dathermal resistance. Nickel is also easier to deposit from an
agueous electrolyte, compared to magnesium and calcium which can only be deposited using ionic
liquids. The impact of changing the electrodeposited methkating performancmay be assessed
using the model discussed in chapter 4 (see eq. 4.1 in particular).
5.2. Repeatable healing

Electrochemical healing as demonstrated in this thesismigrbe effectively used once.
If a second fracture occurs in thieuctural metalit could not be healedfectively with reasonably
low energy input since metal used to heal the first fracture would still be exposed to the electrolyte.
To enable repeatable healing, e@uld extend our healingpproachby depositing an insulating
polymer on exposed metal aftée first healing, then after each subsequent healingSgpb.1)
By using aselflimiting selective technique such as electropolymerizati@06, 207) or
electrospray depositiof208, 209) polymer is deposited with controllable thicknegsere metal
is exposedand no polymer is deposited in areas where insulating polymer is already pragent.
repeatable healingiethodcan enable healing of the same metallic part several times with no loss

of healing efficiency.A further improvement on thi method would develop an electrolyte
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chemistry that contains both metal ions and monomers, and would be used to deposit either metal

or polymer depending on the applied potential.

Metal strut -
| Polymer
coating
Monomer/
solution
Metal strut is electrochemically Coated metal strut is fractured

coated with insulating polymer. exposing metal on crack surfaces.

| Coated
metal
| Exposed
Electrolyte metal
containing
metal ions
Fractured metal strut is healed Metal strut is fully healed.
by selective metal electrodeposition
Second
<« healed
New crack
- polymer
Monomer_4= coating
solution

Exposed metal on healed crack  Subsequent cracks can be effectively
is electrochemically coated healed without metal deposition
with insulating polymer on the first healed crack

Figure 5. 1 Proposedmethod for roortemperature repeatable healing of metals
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5.3. Selective surface passivation

A conformal Parylene coating enabled selective nickel electrodeposition at fracture sites
and high stress aredParylene passivated conductive metal surfaces, acted as an impermeable
barrier to nickel ionsandwas stable at the acidic pH of the nickel aqueous electrolyte. However,
Parylene neetdlto be deposited before fracturegstricts the use of the structuraletal at
temperatures above ~20C, cannot be itself repaired after damagad cannot be actively
modified to change the exposed metal area around a fracturdisiiee is thus,a need for
innovation inactive or passivenethodsfor the selective passi@tion of metal surface These
methods can, for instance, involve functional coatings or hydrophobic molecular radicals.

5.4. Exploring modes of deformation beyond tension

In this thesis, we focused @imple tensileloading and its resulting material failure
mechanisms. Future work can explotber mechanical loading modes such as bending, fatigue,
and creep, and assess the effectiveness of electrochemical healirgjaining service life and
recovering theesistance of metal to fracture and crackingdam these loading modes.

5.5. Integrated self-healing metal composites

Integrating theelectrolyte and metalnode, along with the structural metal, into a single
material system is key to enabling the application of electrochemical healing to standalone
structures and robot$he structurametal, metal anode, and electrolgn be encapsulated in a
leak-proof highstrain elastomer shdibr a fully integrated andelf-heding structuralcomposite,
which is powered by ehoard energy storad@210), or by scavenging energy from the environment
(211) The use of a higleonductivity solid electrolyte can eliminate the risk of liquid electrolyte
leakage, and obviate the need for theswimer shellCellular metals can significantly reduce the
volume of such a system by enabling electrolyte storage in their pogesobot or structure with

multiple selthealing partsthe mass penalty imposed by the electrolya@ be mitigated by
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designing a circulatory system that distributes electrolyte where it is needed Bmglecentral
storage container

Cellular funicular structuressimilar to the one shown in chapter 4 and Appendith&,
only experience local forces along the axitheir members regardless of overall loading condition
and that are designed to fail with a predictable mechanism, at a predictable location, could further
optimize integrated seliealing metal composites. Electrolyte would only need ttrdesported
to the predesignated failure locatjgdhus reducing the amount of stored electrolyte as well as
enabling targeted energgfficient healing.
5.6. Life cycle environmental impactof metal repair

Extending the service life of metal structures cauce demand for newly fabricated
metal. This wouldmitigate the greenhouse gas emissions, waste generation, and overall
environmental impaadf metalmining, refining,andprocessingactivities In a 2022 papefl182),
Olivetti et al. estimated that reducing demand for stgbich represents over 90% of total metal
production,holds the ptential of emissions mitigation equivalent to ~400 kg of.@ér ton of
metal. Future studies are needed to assess the emissions mitigation potential of electrochemical
healing and other metal repair technologieprtpose areas of application most ik maximize
mitigation potential, and to furén investigate the energy and resource requirements of repair
technologies.
5.7. Healing in high-reliability structural applications

In manydemandingstructural applications, particularly in the aerospace industry, high
levels ofperformance andeliability are required of loablearing partsas well as the processes
used to repair thenhinvestigating the use of electrochemical healing in such applicatan lead
to significant improvements in the reliability and predictability of strength restoration. This future

work could benefit from the statistical approach proposed in chaggeelAppendix A for further
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details) as well as build on the thedetl model proposed in chapte(ske Appendix A for further
details)

Though electrochemical healing can be effectively used at room temperature, repairing
metals in higkreliability applications might require pekealing heat treatment to enhance
interdiffusion and improve adhesion at the interface between the structural metal and the
electrodeposited metal. The effect of this heat treatment on microstructure and chemical
composition in and around the interface is worthy of investigation, in addittbe tesulting effect
on mechanical, thermal, and other properties of interest.

5.8. Responsive morphogenic materials

Structural biological materials, such as bone and waadendowed with multifunctional
hierarchical structures thatlow themto efficienty redistribute matteandrespond with growth,
healing, and morphogenesis environmental stimuli, such as thermal and mechanical loading.
Mimicking these biomaterials to desigmngh-strength materials, including metalhat can
reconfigure their geomes, tune their physical propertiggophylactically or in response to
stimulus and sekheal after fracture or damageould contribute to disrupting the failufecused
engineering design paradigm.

Electrochemistry @&n be harnessedfor continuous morphogenesis ajeometry,
microstructure andpropertesin architected cellular material& cellular structure allows fast ion
transport through its pores and provides a high sutfgelume ratio for enhanced
electrochemical kineticg\lthough electrochemistry acts over time scales from minutes to hours, it
enables the retention of a given change in the material even when voltage/current input is removed,
as well as allows the possibility of energy storage within the cellular mgi&t) For instance,

Xia et al induced reversible buckling in individual members osilicon-coated metallic

microlattices via electrochemical lithiatiorand delithiation of silicon(213). The reversible
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buckling could be spatially otrolled through the introduction of defects during fabrication, as
well as translated to other geometric configurations such as rotation, bending, and structural
expansion depending on initial silicon geomefgvelopments in autonomoetectrochemical
healing, sensingselective passivatioelectrochemical energy storage, amergy harvesting may

be crucial taadvancing the design bfgh-performanceesponsive morphogenetic materials.
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APPENDIX A

Supplementary Information to Chapte2

Probabilistic analysis of healing succes

The cellular nickel samples showed a stochastic healing perforr(ieatnles A1-A3). In
other words, healing with a high energy input did not guarantee a high healing efficiency.
Therefore, we developed a probabilistic approach based on Gaussian statistics to analyze and
predict the evolution of mechanical properties due to healing.

We calculated the probability of achieving a target stress healing efficiency (for F1 and F2
samples) or strengthening factor (for P samples) for each healing energy. Ten samples were
processedestedand healed as described above for each value ofyeimgngt. We then calculated
the relevantig. of merit (stress healing efficien®g or strengthening factds) for each sample
depending on its damage type (P, F1 or F2). Using Matlab, we produced a Gaussian (normal)
probability distribution that fits ed set of ten data points for a given energy. The result is a
probability density function (pdf) for each set of ten samf#ég. A4). The probability density

functione ® of a statistical variablevis described by

p . ~ o~
—Q h Q
U ®p
whereu is the variance and is the arithmetic mean. In practical terms, the Matlab fitting process

consisted of finding the values pfandv for each set of ten samples.

To calculate the probaliy of @ @& we integrate @ as follows:

e &+ 0Rd Q¢
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The lower bound of integration was the tarfigtire of merit and the upper bound was set to
e= 250 % (orfs = 2.50). Using this mabd, we plotted desigifrigs. 22 h, 3i, and 4b)that enabled

the targeting of expected healing performance based on a specific energy input.

Estimation of healing energy and temperature from the literature

We resorted to different means to estimate tladiing energy and temperature rangesolar
work, differentmetal healing methodand two metal welding methods (arc welding and electron
beam welding).

For arc weldingwe obtained voltage range of 1i745 V and a current range of 186%90
A, which encompasses the most common arc welding techniques (gas metal arc welding, flux
cored arc welding, and shielded metal arc welding, for exar(ipi¢)The current and voltage
ranges yielded a power range of 3,2386,550 W. The travel speed ragfrom 2 to 10 mm/s.
Dividing the power by the travel distance in a second provides the energy input per mm crack
length: 323 to 13,275 J/mm. The temperature of the plasma arc at the metal surface was reported
to be between 3,000 and 20,0@X74, 214) For electron beam welding, the energy input ranges
from 6,000 to 3,000,000 J/m(h66). A study of the temperature distribution on the surfaces of
different metals and metallic alloys during electron beam weldivepted that peak temperatures
range from 1100 to 2300°C (167).

For the various reports of metal healing, wecgklted energy input based on available
information such as hdag time temperature, currerdndvoltage In cases where information on
the furnaces used for heating could not be obtained, we used the electric power of commercial lab
furnaces by Therm8cientific rated for the temperature range in the study to calculate total energy
consumption 1,000W for ~1,200°C (118), 700 W for ~750°C (116), 190 W for ~200°C (117),

and 170 W for ~150C (120)). For the electrochemical healing studyp?2), we calculated energy
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input based on 500 ml of electrolyte with the same spdudiat capacity as water and determined
convective heat losses to be negligible.

Temperature ranges were all reported in their respective studies except for one studyon crack
localized joule heatin@l22)which we assumed to have roughly the same temperature range as the
other study that used the same healing meffi@dd). For each study, the calculated energy was
normalized by the healed crack length. Whenever the sizes of healed cracks were not explicitly
reported, we relied oscanning electromicrographs to estimate crack size. We summarize the
data estimated or directly retrieved from other metal healing reportsbie A4.

For our work, we estimated the lower bound of healing energy per unit crack length based on

a F2 sample with a 4 mm scission healed with 900 J. The upper bound was estimated based on a

F1 sample with a 5 mm macroscopic crack healed 3y§00J.

Scherrer grain size analysis

Using a Rigaku D/MaB x-ray diffractomete(XRD)withaCukU sour ce, wa perfor

di ffraction, then plotted and analyzed the
Panalytical We performed xay diffraction on ahick layer of electrodeposited nickel coated on
the same cellular nickel used in this w@Rkg. A5 a). The electrodeposition occurred in the same
conditions described above (8 V vs. Ni reference, Ni sulfamate RTU electrolyte, and room
temperature). W used the Scherrer equation to estimate grain size,

0

O —
T we

Qo

—_ ¢

whereD is the crystalline grain siz& is a dimensionless shape fact&r { 1), a-is the xray
wavelength (hereg-= 0.154 nm)p is the peak broadening (defined as the peak width at half the
maximum intensity), and is the Bragg angle. By applyireg). A2, we obtained an average grain

size of 27 nm in electrodeposited nickel. Thisgsaze was qualitatively confirmed by SHFig.
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A5 Db). In comparison, the pristine cellular nickel had grains ranging in size from 5 to {Bigim
A5 c). Since nickel follows the HaPetch mode(165), we concluded that the electrodeposited

nickel had higher strength and lower ductility than the pristine nickel.

Supplementary figures
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Figure A 1 a) Stressstrain data of F2 cellular nickel healed with 0 J, 250 J, 900 J, 1,500 J, and
2,100 J of electrical energy. b) Strestsain data of twenty pristine cellular nickel samples used to
calculate the healing efiiencies of F2 samples. Average tensile strength is 2.1432 MPa and
average toughness is 97,178 3/m
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Figure A 2 a) Stressstrain data of F1 cellular nickel in the pristine state (dashed lines) and after
healing with 0 J, 250 J, 1,000 J, 1,500 J, 2,508nd] 3,500 J of electrical energy (continuous
lines). SEM micrographs of microscale cracks in F1 cellular nickel after tensile failure (scale
bar: 100 um) (b) and F1 cellular nickel healed with 2,500 J of electrical energy input (scale bar:
1 mm) (c).
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Figure A 3 a) Stressstrain data of P cellular nickel healed with 100 J, 360 J, 900 J, 1,500 J, and

2,100 J of electrical energy. b) Strestsain data of temon-healed P cellular nickel samples
used to calculate the strengthening factors of P samples. Average tensile strength is 1.8578 MPa.
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Figure A 5 a) Xray diffraction spectrum of electrodeposited nickel. SEM micrographs of
electrodeposited nickel (b) andpaistine nickel surface in the cellular nickel (c) (scale bars: 10

pm).
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2

Figure A 6 3D printed device used for healing of cellular nickel samples (dimensions are in

inches).

Table Al Stress healing efficiency and toughness healing efficienayfer all F2 samples.

0J 250J 500 J
€ €u € €u € €u
44.8738 15.9935 58.2133 30.2323 89.1772 76.1944
44.6317 14.9267 74.6148 35.5187 70.1961 38.4706
38.0732 14.6607 81.7306 41.2253 75.1629 43.0954
46.0657 20.4104 60.8511 32.9445 117.0358 84.52
48.1259 15.7461 57.3192 25.7382 120.5706 116.732
58.6377 21.296 56.8274 19.6087 34.6966 12.0655
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59.2263 26.1214 48.6316 22.4507 66.3764 28.345

53.2709 27.6469 39.9978 19.3036 36.4651 14.0729
49.9348 16.0855 48.7349 24.7125 43.7843 2.8569

62.3922 27.4423 41.9449 19.2681 62.5122 27.0546

900 J 1,500 J 2,100J
€ €u € €u € €u

108.1753 97.0712 93.9784 65.8805 95.2939 52.0583
83.1004 52.4603 85.4738 64.2525 100.6287 74.5683
85.1732 63.8496 90.5907 71.394 94.8645 56.0464
123.7154 93.5784 99.9121 83.3149 104.2474 66.5609
117.2572  100.7517 94.0625 91.2723 106.4991 88.7265
87.8115 52.5474 118.3926 96.0715 102.6186 68.7005
101.7359 87.7235 130.5875 95.8774 130.0777 113.407
70.1591 22.1144 110.7877 90.2446 118.627 124.8568
86.1892 42.06 119.7367  103.4487  112.2841 89.2017
73.4091 29.0506 126.5708 76.4666 119.5524  105.4429

Table A2 Stress healing efficiency and toughness healing efficiengyfer all F1 samples.

0J 250J 1,000 J
€ €u € €u € €u
21.0943 2.9985 35.0746 14.3804 33.0123 13.6124
23.6453 3.5352 35.1792 8.4700 64.5745 9.9222



16.7393 1.5321 25.3237 8.5484 36.2600 5.5118
19.0665 1.5606 40.7039 10.2332 25.6704 2.9258
27.7569 13.1454 40.1619 5.1628 58.0123 6.3404
15.0923 1.1752 36.8715 8.5879 24.4865 5.1419
30.1459 11.4526 16.5049 5.8940 41.5218 8.2369
24.6799 3.9063 12.4887 3.5789 94.6802 29.9663
23.1653 2.5836 20.3087 3.1602 41.3786 7.4766
31.6532 3.2104 16.1541 1.4037 67.0186 14.7414
1,500 J 2,500 3,500
€ SV € ey € €y
95.6751 18.8274 48.9879 6.8230 130.2697 69.7569
111.9315 31.5815 131.4432 64.6084 114.4421 39.9882
87.9601 34.1084 59.9733 16.9451 91.7985 12.2286
29.4396 10.0856 131.5648 100.7711 49.7342 10.8695
30.6392 5.8910 66.7634 9.3828 51.4856 14.9047
41.6183 5.9003 135.1484 82.1517 97.0847 17.8115
28.7275 10.1522 35.9451 3.2211 130.4396 48.8561
46.8527 6.8506 101.6827  130.5233  116.8388 16.7466
67.1198 6.9835 61.9500 8.0510 156.4824  104.1017
71.0493 23.5992 21.0992 3.0180 102.2734 21.8186
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Table A3 Strengthening factog alues for all P samples.

100 J 360 J 900 J 1,500 J 2,100
1.0751 1.0885 1.1195 1.2201 1.3691
0.9796 1.0578 1.1821 1.2739 1.2821
1.0515 1.0618 1.1826 1.3213 1.2098
0.8546 1.0055 1.2130 1.3158 1.1162
1.1619 1.1531 1.0669 1.3250 1.2065
0.9993 0.9988 0.9671 1.5475 1.0942
0.9111 1.0295 1.0834 1.0736 1.0059
0.7433 0.9553 1.0614 1.1446 1.3563
0.9926 1.1235 1.0966 1.2138 1.1696
0.9763 1.0226 1.1971 1.1504 1.2445

Table A4 Healing energy, temperaturand crack length in different studies of metal healing.

Reference  Healing method Energy (J) Temperature (°C) Crack length

(mm)

(116) Heatdriven 1.20E6 1050 to 1200 0.050
predpitation

(117) Heatdriven 2.80E5 700 to 750 0.002
precipitation

(118) Heatdriven 6.84E7 200 0.100
precipitation

(135) Phase transition 5.0E3 70 15.000

(121) Joule heating ~200 600 0.020

(122) Joule heating ~35 600 0.250
Heatdriven

(120) precipitation + Phase  2.25E5 150 0.050

transition
(152) Electrochemistry 4.10(I)Eésto 40to 55 1.500
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APPENDIX B

Supplementary Information taChapter 3

Computational model

To understand ion transport during healing by pulsed plating and potentiostatic plating, we
constructed a 2D computational model in COMSOL Multiphysics. While we summarized the
inner workings of the computational model in Hré&cle, we present below a more detailed
discussion of the physics governing electrochemical reaction kinetics at electrode boundaries. We
also provide inrable B1 a list of parameters used in the computational model along with their
values.

The ButlerVolmer equation describes the kinetics of electrochemical redox reactions at the

electrode surface:

i =iolexp@Esh) -exp( 2 A) (eq. B1)

whereiy is the exchange current densityandU, are the cathodic and anodic charge transfer
coefficients respectively (witbk= UL), R is the ideal gas constaifitis the operating temperature,
Fi s Far aday 0disthe overpotentialt , and

The exchange current densigyas a lineadependence on nickel ion concentration, and this

dependence is described by this equation:

where'@; s the reference exchange current densitytfandﬁ is used to normalize nickel ion
concentration. We reveal this dependence by measuring the behavior of the electric current relative

to the overpotential during nickel electrodeposition at nickeconcentrations ranging from 0.10

mol/l to 1.46 mol/l. This measured behavior is present&iginB1 in both a Tafel plot and a linear
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plot. Since the applied potential in the computational mod&I3sV, we use the slope of a segment

of the Tafelplot between-1.4 V and-1.6 V and the Butlevolmer equation to calculate the
exchange current densityand the charge transfer coefficidit= U, at each concentratiofig.

B2 shows that exchange current density increased with increasing concengnadi€éig. B3 shows

that the charge transfer coefficient remained constant, hovering around 0.03 regardless of the molar
concentration of nickel ions.

To align the computational model with these experimental observations, we, first, set a
constant chargaansfer coefficient otk = Uy = 0.030297 which corresponds to the experimental
average. Secondly, we adjust the reference exchange current @gnsitg the expression above,
so that the current density at the cathode surface in the computatiodel corresponds to the
experimental current density at a given nickel ion concentration. The best fit between simulated

and experimental current density is obtained @ith ¢ o @fa (Fig. B4).

Finally, we plotted extensive results from the computational model, for both potentiostatic and

pulsed plating, which are presentedrigs. B9 and B10.
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Figure B 1 Electric current behavior with respect to overpotential atedé@ht nickel ion
concentrations shown in Tafel plot format (left) and in linear format (right).
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Figure B 2 Exchange current density relative to nickel ion concentration during nickel plating in
a nickel sulfamatelectrolyte.
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Figure B 3 Charge transfer coefficient relative to nickel ion concentration during nickel plating
in a nickel sulfamate electrolyte.
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Figure B 4 Simulated and experimental current dépnsit the steel cathode surface relative to
nickel ion concentration.

Table B1 Value of parameters used in the computational model

Parameter Value Unit
Diffusivity (nickel ions) 1.0E9 m?/s
Diffusivity (sulfamate ions) 1.0E9 m?/s
Charge number (nickel ions) 2
Charge number (sulfamate ions) -1
Reference exchange current density 232 A/m?
Charge transfer coefficient (anode) 0.030297
Charge transfer coefficient (cathode) 0.030297
Equilibrium potential 0 \%
Initial concentration (nickel ions) 1460 mol/m?
Operating temperature 298 K
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Supplementaryfigures

10 mm

Figure B 5 3D-printed fixture used as a wire alignment tool and electrolyte vessel. Only the
lower rectangular cavity, which includes a 1 awide channel, is used to hold the electrolyte.
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Figure B 6 Stressstrain data of pristine steel wires.
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Figure B 7 Current density data used to calculate cathodic efficiency and normalized growth

rate.
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Figure B 8 Stressstrain data of steel wires healed using different electrochemical processes.
This data was used to produce the datdig. 3.4b, ¢
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