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ABSTRACT 

 

ROOM-TEMPERATURE ELECTROCHEMICAL HEALING OF STRUCTURAL METALS  

Zakaria Hsain 

James H. Pikul 

 

For over 6,000 years, repairing high-strength metallic materials has required high 

temperatures and large energy inputs. Likewise, recent innovations in self-healing and repairable 

metals have remained limited by the need for heating, the small size of repairable cracks, and the 

low strength and constrained chemical composition of healed metals. While welding remains the 

most widely used approach to repair metals, the increasing ubiquity of digital manufacturing and 

ñunweldableò alloys call for radically different approaches. This thesis pioneers a new approach 

for repairing structural metals at room-temperature, termed ñelectrochemical healingò. First, by 

mimicking the transport-mediated healing of bone, selective nickel electrodeposition enables rapid, 

effective, low-energy, and room-temperature healing of a cellular metal. A polymer coating 

restricts electrodeposition only at fracture or high stress sites, and a statistical method quantifies 

and predicts the probability of a target recovery of tensile strength based on energy input. This 

thesis extends room-temperature healing to low-carbon steel, a widely used structural metal, by 

elucidating how ion transport and electrolyte chemistry influence growth morphology and strength 

in fractured steel wires repaired with nickel electrodeposition. Pulsed electroplating and electrolyte 

chemistry selection improve nickel adhesion and enable fully fractured steel wires to recover up to 

69% of their pristine strength. Finally, this thesis presents a framework for effective room 

temperature electrochemical healing based on a quantitative model that links geometric, 

mechanical, and electrochemical parameters to the recovery of tensile strength in repaired metals. 

This framework enables full recovery of tensile strength in a variety of structural metals, including 
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ñunweldableò alloys and a 3D-printed difficult-to-weld funicular shellular structure, as well as over 

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 healing. Room-temperature electrochemical healing could open exciting 

possibilities for the scalable, autonomous, repeatable, and prophylactic repair of metals in structures 

and robots, enable cellular materials that respond to environmental stimulus with growth and 

morphogenesis, and advance the life cycle sustainability of structural metals. 
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1 

CHAPTER 1 

Metal Repair from Forge Welding to Self-Healing 

 

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 metals, primarily as ornaments and pigments, was heavily influenced 

by cultural and social norms, as well as the local availability of naturally occurring ores. The earliest 

metals included copper and lead, with archeological evidence of their use dating back to 8,000 BC 

in eastern Turkey and northern Iraq (1), and to 5,500 BC in southeastern Iran (3). Gold and silver 

likely began to be used later, around 5,000 BC, in southeastern Europe and the Near East. While 

metals were initially used in their natural form (as ores) or processed at room temperature (e.g., 

cold forging), high-temperature techniques (e.g., forge welding) were gradually introduced to allow 

the production of metallic artifacts with improved mechanical properties and 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 produce bronze and other copper alloys with tin, 

lead, arsenic, or antimony impurities, with archeological evidence found in western Asia and China 

(1, 4). The widespread production and use of cast copper alloys for tools and weapons determined 

the onset of the Bronze Age (5), which is about 3,300 BC in Greece, western Asia, and China, and 

about 2,500 BC in western Europe. 

Around 1,000 BC, the Bronze Age ended in the Near East as humans began to master the 

crafting of iron and steel (2). Iron, of meteoric origin, had been extracted and used as early as 6,000 

BC (1). However, with furnaces and kilns unable to reach temperatures above 1,540 oC that are 

required for the smelting of iron oxide (Fe2O3) with charcoal, iron production was limited to spongy 

pure iron or to wrought iron with <0.08 % carbon content (6). As higher temperatures became 
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accessible and the charcoal-to-ore ratio was increased, steels with higher carbon content, and thus 

higher mechanical strength, were produced (6). During the first millennium BC, the use of steel 

spread throughout Eurasia and Africa, becoming an established material for the manufacture of 

tools and weapons (2, 6). As for the once-dominant copper alloys, social and political upheaval 

might have precipitated their adoption, along with gold and silver alloys (e.g., electrum), as money 

tokens and means of exchange starting around 600 BC (7, 8). 

At the dawn of the medieval period (around 500 AD), trade throughout the Mediterranean 

region, Asia, and the Indian Ocean flourished, supported by legal systems for contract enforcement, 

the large-scale reemergence of credit money, and a relative reduction in violence (9, 10). Medieval 

trade not only enabled the long-distance movement of metal products and coins, but also facilitated 

the transfer of metal extraction, purification, and fabrication technologies (11). For instance, the 

large-scale production of wootz steel in India and Central Asia, aided by trade and technology 

transfer, enabled Arab armorers to produce Damascus steel which is renowned for its excellent 

mechanical strength and unique microstructure (6, 12ï14). During this period, demand for iron and 

copper alloys led to significant industrialization, most notably in China under the Song dynasty 

(906 to 1279 AD) where metal production was so intensive that it severely depleted the 

northwestern forests from which charcoal was sourced (15, 16). 

For iron and steel production to expand beyond the limitations of charcoal production 

required the confluence of several factors. In 18th century Great Britain, prohibitions on cutting 

trees for charcoal, the local abundance of coal, and improvements in mechanization and production 

processes, all coalesced to enable the production of steel at low cost and in massive quantities (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 Britain (17). Abundant steel and iron supported the industrialization of Western 
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Europe, the United States, and Japan during the 19th century, engendering rapid demographic, 

social, cultural, and scientific developments (18). Some of these scientific developments would 

lead to the chemical isolation of elemental aluminum by Hans Christian Ørsted in 1825, as well as 

the invention of both the Bayer process in 1888, to extract purified alumina (Al2O3) from bauxite 

ore, and the Hall-Héroult process in 1886, to electrolytically produce aluminum from purified 

alumina dissolved in molten cryolite (Na3AlF6) (19ï21). Due to its mechanical, chemical, thermal, 

and metallurgical properties, aluminum would play an important role in many of the technologies 

of the 20th century from computers to aerospace vehicles. Concurrently, titanium, nickel, sodium, 

magnesium, and a variety of other non-ferrous metals and alloys would also play important roles 

in an increasing diversity of technological applications (2, 6). The 20th century was also the 

beginning of an explosion in the demand for steel, aluminum, and many non-ferrous alloys in 

construction and industry, which has had negative environmental repercussions that humanity still 

grapples with to this day. Nowadays, metal mining, processing, and fabrication results in over 4 

billion tons of CO2-equivalent emissions annually, and the mining and refining of aluminum, alone, 

results, per annum, in over 14,000 tons of largely toxic byproducts (22ï24). 

1.2.   Cellular metals, or the future of metals 

Metallurgy has long focused on modifying the crystalline microstructure and chemical 

composition of metals to improve their properties and adapt them to various applications. However, 

in the past few decades, focus has turned to tuning the spatial architecture of metals, by fabricating 

them in a cellular structure, as an alternative, potentially more effective, approach to improve their 

properties, endow them with novel functionalities, and open new possibilities for their use. A 

cellular structure is ñan assembly of prismatic or polyhedral cells with solid edges and facesò (25).  

These cells can be open and interconnected, or closed and walled from each other, and can be 

spatially organized in a variety of stochastic (Fig. 1.1a) or regular (Fig. 1.1b) architectures (26, 

https://www.britannica.com/biography/Hans-Christian-Orsted
https://www.britannica.com/biography/Paul-Louis-Toussaint-Heroult
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27). In other words, a cellular structure is a heterogeneous two-phase mixture of an empty (or air) 

phase and a continuous architected solid phase. 

Various naturally occurring materials, such as wood, bone, and cork, possess a cellular 

structure which reduces their mass and enhances their capacity to simultaneously perform multiple 

functions (e.g., structural load bearing, transport of oxygen and nutrients, material and energy 

storage, adaptive growth and repair) (28ï31). These natural cellular materials have been studied 

for centuries, with the English polymath Robert Hooke documenting an optical microscope 

observation of cork in the 1660s (25). They have also served as an important inspiration for the 

development of synthetic materials, including metals (30, 32). For instance, the hierarchical 

structure of bone, where mineralized collagen is structured on multiple length scales from the 

millimeter scale to the nanoscale (30), has recently inspired the development of engineering 

materials, including metals, with built-in structural hierarchy that imparts resilience to defects and 

damage (33ï36). Driven by rapid improvements in digital design (37ï40), fabrication techniques 

(41ï50), and fundamental knowledge of the physical behavior and geometric diversity of cellular 

structures (51ï57), cellular metals have enabled (and will likely continue to enable) performance 

improvements in lightweight structural materials (49, 58, 59), electrochemical energy storage (60ï

62), catalysis (63, 64), tissue engineering scaffolds (65ï67), and a variety of other applications. 

Figure 1. 1 (a) Micro computed tomography image of a stochastic cellular metal. (b) Repeating 

unit cell of a face-centered cubic (FCC) inverse opal cellular structure. Adapted from ref. (68). 
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1.3.  Common metal repair techniques 

As early as 4,200 BC, humans developed techniques to join metal parts together, which 

were used to repair fractured or damaged parts (69, 70). These techniques, such as welding and 

brazing, not only enable the fabrication of parts with multiple cast components or dissimilar 

metallic phases, but also avoid the high energetic cost of melting and recasting fractured parts. 

Forge welding is one of the earliest metal joining and repair techniques. It has been used, 

most notably, to join multiple layers of hard and ductile ferrous phases into a single high-strength 

high-toughness steel layer for swords and other high-strength tools (2, 13). This technique involves 

plastically deforming the metals to be joined at the joint area, via hammering or otherwise applying 

high pressure, which results in coalescence, significant inter-diffusion, and high-strength metallic 

bonding at the joint. Though it can be applied at room temperature on relatively soft metals (e.g., 

gold, lead), and with low applied pressure on oxide-free noble metals in ultrahigh vacuum (71, 72), 

it requires higher temperature and applied pressure when joining stiffer metals such steels and 

aluminum alloys.  

Enabled by the technological advances of the last two centuries, welding has taken 

multiples forms that enable controlled metal fusion by restricting high temperatures to a narrow 

area around the metal joint (73ï75). Welding techniques can be classified into four categories 

depending on whether mechanical loading (pressure) is used and the nature of the thermal energy 

source (gas, arc, or beam) (75). In each of these categories, the use of different tools or techniques 

to apply the mechanical and/or thermal load needed to fuse metals together further differentiates 

welding techniques into subcategories (Fig. 1.2). For instance, pressure welding can be classified 

into six subcategories (resistance, friction, ultrasonic, cold, induction, and forge welding) 

determined by the nature of the applied mechanical or thermal load (electrical resistive or joule 

heating, mechanical friction, ultrasound waves, hammering or applied mechanical pressure at 
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room temperature, electromagnetic induction heating, and high-temperature hammering, 

respectively).  

Due to the variety of available welding techniques, the choice of the appropriate 

technique for a given application is determined by its advantages and limitations. For example, 

arc welding can be performed at low cost in an ambient environment, but usually requires 

consumable filler metals or fluxes (chemical cleaning and reducing agents), and can cause 

thermal cracking in some nickel and aluminum alloys (76, 77). In contrast, electron beam welding 

is expensive, requires vacuum conditions, and is unsuitable for magnetic materials, but it offers a 

very high energy density of 107 W.cmī2, does not require filler metal, inert shielding gas, or 

fluxes, and can, with well-tailored control parameters, weld ñunweldableò nickel alloys (78, 79). 

This variety of welding techniques has allowed them to be adapted and adopted, becoming 

indispensable for the fabrication and repair of metals of varying chemical and morphological 

characteristics in applications as diverse as buildings, aircraft, and ship hulls (74, 75, 80, 81).  

In applications that are not suitable for welding, brazing, which involves the melting of a 

filler metal to join metal parts of higher melting point, offers a possible alternative. Brazing is an 

ancient technique, with evidence of its use dating back to the Bronze Age. Archaeological evidence 

of brazing in Mesopotamia was dated to 3,000 BC (70), and an Egyptian papyrus dating to the third 

century AD explains the preparation of a near-eutectic Cu-Au alloy, with occasional Ag inclusions, 

as a filler metal for brazing (82). Though similar to soldering, brazing requires higher temperatures 

(above 450 oC), uses fluxes to prevent contamination and oxidation, requires that the filler metal 

wet the metal joint via capillary action, and results in metal joints of higher strength (70, 75, 83). 

Nowadays, brazing is used, for instance, with nickel or silver-magnesium alloys as filler metals, to 

repair ñunweldableò nickel alloys in gas or steam turbines (75, 84). 

 



7 

 

Figure 1. 2 Classification of common welding techniques. 

 

1.4.  Innovations in self-healing and repairable metals 

The current paradigm for designing load-bearing structures is heavily focused on 

preventing or delaying crack growth and fracture. Designers and engineers conduct probabilistic 

and computational analyses (e.g., finite element analysis, topology optimization, Weibull analysis) 

to consider the distribution of flaws and inclusions within the structural material, account for 

possible loading scenarios, and predict useful life and the likelihood of structural failure (37, 85ï
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89). They must also calculate safety factors to guard against brittle fracture and fatigue failure (90, 

91), which leads, in many cases, to overly heavy and bulky structures. 

During the last two decades, a number of materials scientists and engineers have attempted 

to shift the engineering design paradigm from one focused on failure, to one focused on continuous 

repair and healing, which led to the emergence of self-healing and repairable materials and 

structures (92ï94). These novel materials and structures are not only designed to experience 

yielding or even significant cracking and still be sustainably restored to their original function, but 

may also adjust their physical properties if their use case changes. Most importantly, this is 

achieved without having to decommission parts, manufacture replacements, or even, in some cases, 

use any human or robotic intervention. 

Many strategies for developing self-healing and repairable materials, including metals, 

derive from pioneering work on polymers (95), where healing precursors (e.g., monomer, catalyst) 

are stored throughout the material and locally used where fracture occurs. As a crack propagates 

throughout the polymer, precursors at the damage site are activated, leading to the formation of 

new polymer or the strong binding of broken polymer chains (94, 96, 97). This healing strategy, 

however, suffers from limited repeatability, as the precursors may be totally depleted to heal a 

single damage, preventing their use to repair a subsequent damage at the same location. When the 

precursors can be transported to the damage site, repeated healing occurs (98, 99). Intrinsic healing 

mechanisms, such as reversible chemical reactions (94, 100), chain re-entanglement (94), and 

hydrogen or other non-covalent bonding (94, 101, 102), have also demonstrated repeatable and 

effective healing in polymers, but with limited material strength.  

In contrast to polymers, metals have proven more difficult to repair or endow with self-

healing capacity. Since metallic bonds are stronger than the supramolecular bonds (e.g., hydrogen 

bonds) that hold polymer networks, a higher energy input is required to induce diffusion or phase 
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transition in metals. At ambient conditions (~20 oC, 1 bar), metal atoms in a solid metallic phase 

possess very slow transport rates, with their diffusivities ranging from 10-45  to 10-35 m2/s (103, 

104). Fickôs law describes the relation between the flux of metal atoms undergoing diffusion, N 

άέὰȢά Ȣί  , and the diffusivity, D [m2/s], of these atoms: 

ὔ ὈȢɳὅȟ                         (eq. 1.1) 

where  ɳ ὅ άέὰȢά   is the spatial gradient of concentration. The diffusivity, D, is linked to 

temperature, T [K] , through the Arrhenius relation: 

                        Ὀ  ὈȢÅØÐ ȟ    (eq. 1.2) 

where Ὀ  [m2/s] is the diffusivity at infinite temperature, Ὁ ὐȢάέὰ is the activation energy, 

Ὑͯ  ψȢσρτ ὐȢάέὰȢὑ   is the universal gas constant. Therefore, the diffusive flux N is related to 

temperature T through the following: 

         ὔ ὈȢɳὅȢÅØÐ Ȣ                 (eq. 1.3) 

In other words, with all else fixed, a higher temperature leads to higher diffusivity and faster 

diffusion of metal atoms, which is supported by ample experimental evidence (103, 105, 106). 

Though this temperature-diffusive flux relation (eq. 1.3) was not formulated 

mathematically until the 19th century (107), the ancients understood that to repair metals, for 

instance through brazing or forge welding, requires high temperatures to induce faster transport 

within a metallic phase or across metallic interfaces (2, 69, 82). Recently developed mechanisms 

for healing or repairing metals have imitated this strategy by exploiting temperatures near or above 

the melting point of the healing metal to induce effective damage repair and healing. 

1.4.1. Phase transition of locally stored solder 

In a direct emulation of the local storage of healing precursors in self-healing polymers 

(95), solder stored in ceramic tubes or capsules enabled crack filling and repair in metals (108). 

When a crack propagates through the structural metal, it fractures solder containers in its path. The 
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solder, then, flows and fills the crack through capillary action, upon application of heat at a 

temperature above its melting point. Though solidification of the solder results in crack filling, 

studies have shown that substantial voids form at the interface between the solder and the healed 

metal (109, 110). Thus, the solder-metal interface remains weak after healing, and prone to further 

crack propagation.  

This healing approach requires external heat input, and neither enables substantial recovery 

of mechanical properties nor prevents further crack propagation in the damaged metal. Moreover, 

the solder containers may cause stress concentrations, which further weaken the healed metal. 

Hence, the local storage approach that has proven successful at enabling self-healing polymers 

likely cannot be directly translated to metals. 

1.4.2. High-temperature precipitation 

Creep fracture occurs when a metal is slowly deformed with sustained applied stress, that 

is significantly lower than its ultimate strength, in high-temperature environments such us jet 

engines and turbines (111). A metallic alloy designed as a metastable supersaturated solid solution 

can, within a specific high-temperature window, self-heal, thus delaying or preventing the growth 

of creep cavities. For instance, creep deformation at 550 oC in an iron-molybdenum (Fe-Mo) alloy 

results in cavities, ranging in size from a few nanometers to a few micrometers, which are 

spontaneously filled by precipitated Mo atoms (112). As Mo atoms are significantly larger than Fe 

atoms, it is significantly less thermodynamically 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 they 

form, significantly delaying creep fracture and enhancing service lifetime (104, 110, 112). A similar 

healing mechanism was demonstrated in Fe-Au, Fe-Cu, and Fe-Au-B-N alloys (113, 114), and in 

a 347 stainless steel with B solute atoms (115). 
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Though this healing mechanism is autonomous and effective at delaying creep fracture, it 

cannot heal cavities or cracks beyond a few micrometers in size and is limited to metals operating 

in high-temperature environments. Heating a metal operating at room temperature to induce this 

mechanism would incur a massive energy penalty of 107 J to 109 J per 1 mm of healed crack length 

(116ï119). Moreover, preferential precipitation at cavities requires that the temperature fall within 

a specific range (112). If the temperature is too low, the transport of the solute atoms would be 

exceedingly slow. If the temperature is too high, the solute atoms would precipitate and nucleate 

within the solid metal matrix. Most importantly, this mechanism suffers from limited repeatability, 

as the diffusion of solute atoms towards cavities slows once the equilibrium concentration of these 

atoms within the solvent matrix is reached. 

1.4.3. Combined precipitation and phase transition 

In alloys with carefully tailored composition and microstructure, both high-temperature 

solute precipitation and phase transition can be marshaled to enable effective self-healing with 

lower heat input. In the cast composite alloy (Al 81Cu13Si6)100īx(Sn57Bi43)x, Sn-Bi rich phases formed 

within a Al -Cu-Si bimodal eutectic matrix, when x was increased from 0 to 3 at. % (120). Upon 

heat input, the Sn-Bi phases, with a melting point of 139 oC, acted as a healing precursor by 

transitioning to a liquid state and filling cracks in their vicinity. Additionally, Sn and Bi atoms 

dissolved within the Al-Cu-Si matrix diffused along interfaces and dislocations, and precipitated 

on crack surfaces and high-strain regions (Fig. 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 size (120). Hence, this dual healing mechanism enhances the resilience 

of this self-healing alloy to damage at different length scales, though its applicability is restricted 

to a small set of composite eutectic alloys of similar microstructure. Moreover, the need for heat 

input leads to a significant energy cost: from 106 to 107 J per mm of healed crack length (119). 
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1.4.4. Localized joule heating 

As an effective means to minimize and localize heat input, electric resistive heating (also 

known as joule heating) enabled autonomous healing of microcracks in metals. An oscillating 

electric pulse lasting about 400 µs, with a maximum current of ~25 kA, led to extreme temperature 

gradients at microcracks, with the local temperature at crack tips reaching up to 1000 oC. The 

thermal gradient resulted in localized compressive stress of up to 500 MPa, which fused the 

microcracks closed (121). This healing approach is not only rapid (less than 1 millisecond), 

repeatable, and effective at restoring mechanical strength (121), but it also significantly lowers 

energy input compared to high-temperature precipitation: 102 to 104 J per mm of healed crack length 

(119, 121, 122). However, the effectiveness of joule heating diminishes as cracks increase in size, 

and the local thermal gradients can lead to undesirable oxidation and microstructure changes. 

1.4.5. Internal exothermic reaction 

Heat-releasing (exothermic) chemical reactions are an attractive mechanism to heal cracks 

in metals when supplying heat externally is impractical. Alternating ~25 nm-thick layers of Al and 

Ni diffuse into one another with the aid of a 10 mA current pulse, resulting in the exothermic 

formation of Al -Ni intermetallic compounds (123, 124). This chemical reaction produces a rapidly 

propagating thermal wave, reaching temperatures as high as 1700 oC, which fuses cracks in a 

nearby thin metallic film (123, 125). This mechanism has demonstrated effective and rapid (~1 

millisecond), but non-repeatable healing of ~1.5 µm-long cracks, though its effectiveness 

diminished significantly once the crack opening distance exceeded 500 nm (123).  As this 

exothermic reaction could also be initiated by frictional contact, high strain rate mechanical 

loading, or an impinging laser beam (126), and is effective at healing nano-to-microscale defects, 

microelectromechanical sensors, microelectronic interconnects, and microrobots could benefit 
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from its use to extend their service lifetime and enhance their resilience to fatigue and tribological 

damage (117, 127ï131). 

1.4.6. Phase transition of low melting point alloys 

Though generally characterized by low strength, low melting point eutectic alloys can be 

easily repaired after fracture via a low-energy reversible transition from a rigid solid phase to a 

mobile liquid phase. As the liquid phase needs to be contained within a solid matrix, these alloys 

lend themselves well to use in self-healing low-stiffness composites that are suitable for soft 

robotics and wearable sensors (132ï134). In one study, an In-Sn-Bi eutectic alloy that melts at 62 

oC was dispersed into an elastomer matrix, with 50 % relative density (135). The resulting 

composite, after undergoing a large scissor cut, healed to recover more than 75 % of its original 

yield strength while consuming 102 to 103 J per mm of healed crack length (119, 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 self-healing capacity, but all these innovations suffer from at least one of five 

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., high-temperature creep) or externally supplied via 

a conventional heat source such as a furnace. In other cases, an applied electric current 

indirectly generated localized high-temperature heat either through resistive heating or through 

an exothermic chemical reaction. High-temperature heat is problematic because 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 polymers (89, 136) or 

electronics (137ï139). 
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- Limitation II: A direct consequence of high-temperature heat input is high energy consumption. 

Healing mechanisms can consume as much as 109 J per mm of healed crack length, severely 

hampering their use in robots and in energy-constrained systems. 

- Limitation III : Healing structural metals in demanding load-bearing applications requires 

healing with high strength. In other words, the healing mechanism must either be based on a 

high-strength self-healing metal, or must reliably enable the restoration of original strength 

after damage in a high-strength metal. Healing mechanisms that cannot enable high-strength 

healing include those that use relatively soft eutectic alloys, or 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 micrometers, which limits their effectiveness and usefulness. 

- Limitation V: Some healing mechanisms are limited to alloys with a specific microstructure or 

chemical composition. For instance, the high-temperature precipitation mechanism can only 

operate in metastable solid solutions, including precipitation-hardened alloys, with solute 

atoms that have a sufficiently high diffusivity at temperatures that do not compromise the 

stability of the solid matrix. This limitation also applies to low melting point alloys that requires 

metallic elements with a relatively low melting point to be mixed together in specific 

percentages to achieve a eutectic composition characterized by a lower melting point than its 

constituent elements. 

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

autonomously adapt their geometries and local densities to dynamic loading scenarios, nor self-

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

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

costs and short lifetimes. Consequently, the ecosystem for synthesizing, manufacturing, and 
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designing metallic materials is based on preventing failure, which results in overweight parts 

designed to withstand multiples of their expected loading (37, 85, 91, 140).  

In contrast, many biological materials and organisms, such as bones (29, 141), mollusks 

(142), and plants (32, 143), exhibit self-healing capabilities at low homeostatic temperatures (~20 

to 40 oC). 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 enable effective 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 e lectrochemistry 

Electrochemistry is a branch of physical chemistry concerned with the interplay between 

electricity and chemical reactions. An electrochemical cell is a device composed of an electrolyte 

in contact with two electrodes: an anode (positively charged electrode) a cathode (negatively 

charged electrode). A 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 electrodes are measured. Based 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 non-spontaneous and can only be sustained through the 

supply of electric current or voltage, such as during water electrolysis to produce hydrogen (144). 

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, such as in the classic Daniel 

cell and in batteries (145).  

The electrolyte allows the transport (or migration) of charged ions under an applied electric 

field, but prevents electron transport. Electrons at the cathode reduce ions at the electrolyte-cathode 
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interface, while oxidation occurs at the electrolyte-anode interface. The depletion and production 

of ions at the cathode and anode surfaces, respectively, leads to an ion concentration gradient in the 

electrolyte which drives ion diffusion from the anode to the cathode, as elucidated through Fickôs 

law (eq. 1.1). Additionally, bulk motion (or convection) of the electrolyte, due to stirring, agitation, 

or thermal fluctuations, drives the motion of ions. Hence, electric current density in an electrolyte 

is derived from the total flux of ions, which is the sum of the rates of diffusion, convection, and 

migration of dissolved ions. For an ion of interest, the Nernst-Planck equation provides its 

contribution to the total flux: 

ὔ ὈȢɳὅ ὅὺ ᾀόὅὊɳ•ȟ                             (eq. 1.4) 

where Ὀ is ion diffusivity, ὅɳ is the concentration gradient, ὅ is the bulk concentration, ὺ is the 

convection velocity, ᾀ is the charge carried by the ion (or its valence number), ό is ion mobility (or 

its average velocity when subjected to a force of 1 N/mol), Ὂ ωφτψυ ὅȾάέὰ is Faradayôs 

constant (or the electric charge in 1 mol of electrons), and •ɳ is the potential gradient (146). 

The standard potential • of an electrochemical reduction/oxidation reaction is determined 

by the change in standard Gibbs free energy ЎὋ , or the maximum amount of reversible work per 

mole that this reaction can perform at standard temperature and pressure,  

ЎὋ  ᾀὊ•ȟ                                                       ὩήȢρȢυ 

where ᾀ is the number of participating electrons, and Ὂ is Faradayôs constant (146). Thus, ЎὋ  of 

the electrochemical cell is simply obtained through the difference between the values of ЎὋ  at 

each electrode. The standard cell potential leads to the actual cell potential when reaction kinetics 

are considered through the Nernst equation (146): 

Ў• Ў•
ὙὝ

ᾀὊ
ÌÎ ὗ  ȟ                                              ὩήȢρȢφ 
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where Ὑ ψȢσρτ
Ȣ

 is the ideal gas constant, Ὕ is temperature, and ὗ
Б

Б
 is the 

reaction quotient, which is defined as the ratio of the chemical activity of reduced species to the 

activity of oxidized species, with activity often approximated with the concentrations of the 

respective chemical species. Thus, according to eq. 1.5, the reduction potential of a dissolved ion 

is significantly affected by its concentration in solution.  

In addition to potential, the pH of the electrolyte, or the concentration of H3O+ or H+ ions 

(ὴὌ ÌÏÇ ( ]), is an important determinant of the potential of a given reduction or oxidation 

reaction, as well as the thermodynamic stability of the participating chemical species. A plot of 

potential with respect to pH, commonly called a ñPourbaix diagramò, provides a graphic 

representation of thermodynamic stability of different reduced and oxidized forms of given 

electrode material, as well as the potential and pH conditions required to initiate a desired reaction 

on this electrode. Using theoretical and experimental methods, Pourbaix diagrams for many 

chemical elements and compounds have been constructed, mostly in aqueous (water-based) 

solutions. For instance, the Pourbaix diagram for nickel in an aqueous solution, in Fig. 1.3, shows 

that Ni2+ is not stable in solution at pH > 8.5, and that at pH < 5, aqueous Ni2+ ions reduce to solid 

Ni at a potential lower than -0.3V vs. a standard hydrogen electrode (SHE), while water is 

simultaneously reduced to hydrogen gas (H2). 



18 

 

Figure 1. 3 Pourbaix diagram of nickel at 25 oC and [Ni 2+] = 10-6 mol/l. Red dashed lines 

correspond to the water reduction (hydrogen evolution) and oxidation (oxygen evolution) 

reactions. Adapted with permission from ref. (147). 

 

1.6. Metal healing with electrodeposition 

Electrodeposition (also known as electroplating or plating) is an electrochemistry-based 

approach to deposit materials on electrically conductive surfaces. The deposition occurs in an 

electrochemical cell composed on an anode, cathode, and a solid or liquid electrolyte. During 

deposition, electrons at the cathode reduce ions to metal atoms at the electrolyte-cathode interface. 

For example, nickel ions, Ni2+, are electrodeposited onto an electrically conductive cathode as solid 

metal atoms (Ni2+ (aq) + 2e- Ÿ Ni(s)) (Fig. 1.4). The cathode reaction may involve a complicated 

multi-step reduction process or undesirable side reactions (e.g., hydrogen evolution). At the anode, 

an oxidation reaction occurs, where ions are released in the electrolyte and electrons are released 
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in the external circuit. Oxidation may involve metal corrosion, oxygen evolution, or the release of 

ions stored in an intercalation compound. During nickel electrodeposition, if a nickel 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.  

 

Figure 1. 4 Schematic of an electrochemical cell for nickel electrodeposition. 

 

Various metals are electrodeposited at scale in many industrial applications, such as copper 

for interconnects in electronic circuits (148, 149), and zinc alloys for protecting steel structures 

from corrosion (150). While most chemical elements can be electrodeposited either in pure or 

alloyed form (colored elements in Fig. 1.5), only a subset of these elements can be deposited from 

aqueous electrolytes (orange in Fig. 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 electrodeposited from aqueous electrolytes. 

 

In an aqueous electrolyte, electrodeposition can operate efficiently at room temperature 

and result in metallic deposits with excellent mechanical properties (151). Thus, electrodeposition 

could be an effective approach to heal high-strength metallic materials and restore their mechanical 

properties after fracture or damage. An electrochemical approach is attractive because metal 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 example, increases from about 2x10-41 m2/s as 

solid Ni atoms (106) to about 1x10-9 m2/s as Ni2+ ions in water (105). Hence, an electrochemical 

healing approach could overcome the lagging kinetics of metals without resorting to high-

temperature heat. 
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Prior work on electrochemical healing of metals is scarce. A 2013 paper showed that the 

electrodeposition of nickel resulted in epitaxial growth and strong metallic bonding in nickel sheets 

with a 1.5 mm-long crack (152) (Fig. 1.6a, b). The tensile strength of a 100 µm-thick cracked 

nickel sheet was increased by 70% after healing, to reach 96 % of the strength of a non-cracked 

sheet. However, as the thickness of the nickel sheets increased, nickel growth kinetics through the 

high-aspect-ratio crack led to voids in the deposited nickel. As a result, the strength of a 300 µm-

thick sheet was only increased by 10% after 20 hours of plating (Fig. 1.6c). Electrodeposition 

required elevated temperatures (40 and 55 oC) and high input energy (~8x104 J/mm), and could not 

selectively plate nickel only where fracture occurred (119, 152). Subsequent work from the same 

researchers focused on tuning electrolyte chemistry to mitigate the formation of voids and other 

defects that limit strength recovery during healing (153ï155). Yet, neither the 2013 publication, 

nor follow-up publications demonstrated room-temperature healing of fractured nickel, or any other 

structural metals, with reliably high restoration of mechanical properties.  
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Figure 1. 6 (a) Illustration of pre-cracked nickel sheet dogbone, and scanning electron 

microscope (SEM) image of the crack. (b) SEM image of the crack after healing with nickel 

plating. (c)Tensile strength of non-cracked, cracked, and healed nickel sheets of thicknesses from 

100 to 300 µm. Adapted with permission from ref. (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 of reach. Room-

temperature healing of metals is difficult because metal atoms have low room-temperature 

diffusivities in solid phases (10-45 to 10-35 m2/s) (103). Metals, therefore, are healed at temperatures 

near or above their melting points which requires high temperatures and large amounts of energy 
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(107 J to 109 J per 1 mm crack length for solute precipitation, for example) (116ï118). Strategies 

using low melting temperature alloys (102 to 103 J/mm) (135), highly-localized joule heating (102 

to 104 J/mm) (121, 122), and combined solute diffusion and phase transition (106 to 107 J/mm) 

(120) have been recently developed to reduce the healing energy input, but none have demonstrated 

effective room-temperature healing.  

In this thesis, we overcome the limitations of prior metal healing approaches by 

demonstrating an electrochemical approach that can selectively heal cracks and fractures from the 

microscale to the macroscale, do so at room temperature with minimal energetic and financial cost, 

reliably and predictively restore mechanical properties (e.g., tensile strength, toughness) as well as 

other important physical properties (e.g., electric conductivity), and repair a variety of useful 

metals, including commonly used structural metals (mild steel) and ñunweldableò alloys. This 

thesis paves the way for many exciting possibilities such as autonomous and prophylactic repair, 

as well as the development of 3D-printed metal structures optimized for repair that disrupt the 

current failure-focused engineering design paradigm.  
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CHAPTER 2 

Room-Temperature Electrochemical Healing of Cellular Metals 

 

This chapter has been adapted with permission from: Z. Hsain, J. H. Pikul, ñLow-Energy Room-

Temperature Healing of Cellular Metals.ò Advanced Functional Materials 29, 43 (2019). DOI: 

10.1002/adfm.201905631. 

 

2.1. Bones inspire transport-mediated healing in metals 

To achieve effective healing at or near room temperature, biological structural materials, 

such as bone, transport mass and energy (oxygen, nutrients, and cells, for example) to and from 

areas where healing is needed (156, 157). This transport-mediated approach is dramatically 

different from the local storage of healing matter which is used to heal synthetic materials such as 

polymers (94, 95) and metals (110). 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 the alloy flows 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 strength (110, 158). 

Fig. 2.1a shows the cellular structure and healing response of bone. The cellular structure 

plays a critical role in realizing transport-mediated healing. The continuous hard phase (mineralized 

collagen) provides a structural network to support mechanical loads while the open-cell pores, 

where open cell means the pore volume is a continuous phase (27), house functional materials (cells 

and blood 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 healing, which typically takes one 
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month to a few years at 37 ̄C (156). Inspired by the effective transport-mediated 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 use electrochemical transport of nickel ions in polymer-coated cellular nickel 

materials to demonstrate rapid, effective, and low-energy healing of metal at room temperature. 

We chose cellular nickel because of its wide use (159), electrochemical reversibility, and 

demonstrated light weight and high strength (58). The polymer coating enabled selective healing 

only at fractured locations. The combination of ion migration, fast ion diffusion (10-9 m2/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 their 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 samples were 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 energy input. 
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Figure 2. 1 Transport-mediated healing in cellular metals inspired by bone. (a) Illustration of 

hematoma formation during bone fracture. Healing occurs by transporting cells and nutrients 

through the cellular bone to the fracture location. (b) Illustration of our transport-mediated 

approach for healing polymer-coated cellular nickel. Healing occurs by transporting electrons 

through the nickel and nickel ions through the electrolyte in the pores to the healing location. The 

nickel ions electrochemically reduce, and new nickel is electrodeposited. (c) SEM image of a 

fractured nickel strut. Exposed nickel and the plastic coating are false-colored with blue and 

brown, and the background brightened to highlight the strut. (d) The same strut in (c) after 

healing. Electrodeposited nickel is false-colored green. (e) Stress-strain data of a cellular 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 µm average 

diameter pores, into dog-bone shaped samples. The samples were 75 mm in length, 15 mm in 

width and 1.6 mm in thickness, which corresponds to ~6.4 times the pore size and ~32 times the 

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 (~6 vol%) removed organic 

contaminants and etched the native nickel oxide. Using a Specialty Coating Systems PDS2010 

vapor deposition tool, we conformally coated cellular nickel samples with 5 to 9 µm-thick 

conformal films of Parylene D (poly(dichloro-p-xylylene)). Parylene D enabled targeted healing 

by limiting electrochemical reduction to fracture sites due to its excellent chemical stability, high 

dielectric strength, and superior barrier properties (160). Detailed information on the deposition 

process of Parylene D and its properties is available in other articles (160ï162).   

Fig. 2.1b illustrates our approach for healing cellular nickel at room temperature (21.1±0.3 

oC). Applying a negative potential (-1.8 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 nickel. We used an aqueous nickel electrolyte (Nickel 
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Sulfamate RTU by Technic Inc.), which is composed mainly of nickel sulfamate (26%), nickel 

bromide (0.7%) and boric acid (2.3%). The open-cell pores enabled rapid ion transport to the 

fracture site, as previously demonstrated in battery electrodes (163). A BioLogic SP-300 

potentiostat/galvanostat controlled the electrochemical cell, supplied the constant voltage (-1.8 V 

vs. Ni), measured the current i(t), and stopped when the target charge Q was reached. We obtained 

energy E by multiplying the total charge Q by the voltage V as follows, 

                        Ὁ ὠȢὗ ὠ᷿ Ὥὸ ὨὸȢ     (eq. 2.1) 

Fig. 2.1c shows a fractured nickel strut after straining the cellular nickel in tension. The 

10% failure strain of Parylene D (160) was large enough so that only severely damaged nickel was 

exposed, but lower than the 23% failure strain of the nickel (164) so that fractured nickel was not 

covered by polymer. Nickel electrodeposited on both sides of the fractured strut grew until the 

growth fronts merged, forming a continuous strut (Fig. 2.1d). The strength of two electrochemically 

merged interfaces were comparable to bulk nickel (152). Fig. 2.1e shows the typical stress-strain 

data of Parylene-coated cellular nickel. To characterize the healing effectiveness, we healed cellular 

nickel samples after three types of damage: plastic deformation at 3% strain (P), tensile failure 

beyond the ultimate strain Ůu (F1), and local failure by scission (F2) (Fig. 2.1e). Then, we conducted 

tensile testing on healed samples using an Instron 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 0.001 s-1. To measure 

electrical resistance, we used a Keithley DMM6500 digital multimeter. A FEI Quanta 600 

Environmental scanning electron microscope (SEM) enabled high resolution imaging of cellular 

nickel samples.  

2.3. Restoring strength, toughness, and electric conductivity in fractured cellular nickel  

We first characterized the healing of 8 mm-wide dog-bone shaped samples with a 4 mm 

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

of the scission. Fig. 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 cellular nickel, 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 scission (Fig. 

2.2c). After healing, we subjected samples to tensile loading until failure. Fig. 2.2d-f shows the 

stress-strain behavior of F2 samples healed with 0 J (non-healed), 500 J, and 1,500 J of electrical 

energy, with pristine sample data shown for reference (Fig. 2.2d). The tensile strength ůU 

(maximum stress) and toughness UT (area under the stress-strain 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 efficiency, eů=su,healed/su,pristine, and the toughness 

healing efficiency, eU=UT,healed/UT,pristine. Fig. 2.2d shows eů and eU versus energy input. Strength 

and toughness healing efficiencies increased linearly with 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 energy (Fig. 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% target healing 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 nickel outside the scission (B samples). Fig. 2.2i 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 J in Fig. 2.2g is due to the strength of the healed region 

surpassing the material strength, which forced failure in the surrounding cellular nickel.  

 

Figure 2. 2 Healing of cellular nickel with scission damage (F2). Photograph (a) and SEM 

micrograph (b) of cellular nickel with F2 failure before healing. (c) SEM micrograph of healed 

cellular nickel showing nickel deposits isolated to the scission vicinity. (d-f) Stress-strain 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 reference. (g) Strength and toughness healing efficiency, eů 

and eU, plotted versus electrical energy input. (h) The probability of attaining a target strength 

healing efficiency plotted versus electrical energy input. Connected lines correspond to 50, 80, 

and 100% healing efficiency. (i) Fraction of samples that fractured outside the healed scission (B 

samples) compared to samples fractured at the scission (A samples) as a function of electrical 

energy input.  
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We also tested the ability of this healing 

technique to recover electrical conductivity by cutting 

the samples in half (complete scission), healing them 

with 1500 J, and comparing the electrical resistance 

in the pristine state and after healing (Fig. 2.3). The 

pristine resistance was 0.159 ± 0.001 ɋ and the healed 

resistance was 0.163 Ñ 0.032 ɋ (Table A5). Thus, we 

are able to recover electrical resistance after complete 

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 samples loaded to near failure in tension (F1 damage) exhibited full 

recovery of strength after as little as 10 hours of healing. Fig. 2.4a, b shows optical and SEM 

images of cellular nickel subjected to F1 failure. Typically, a single large macroscopic crack (> 1 

mm) emerged along with numerous microscale cracks (< 100 µm) throughout the sample due to 

the uniform loading (Fig. A1 b, c). Fig. 2.4d-g show stress-strain data of F1 samples strained in 

tension after 0, 250, 2,500, and 3,500 J of healing (additional data in Fig. A2). In general, the 

cellular nickel strength and toughness increased as the input energy increased. The strength and 

toughness healing efficiencies were the strength and toughness of each healed sample normalized 

by the same sampleôs strength and toughness during the first loading. Fig. 2.4h shows the average 

strength and toughness healing efficiency of ten samples for each energy. The average strength 

healing efficiency increased linearly, starting at 23% for non-healed 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% for non-healed samples to 36% after 3,500 J. We fit healing 

Figure 2. 3 Cellular nickel in pristine 

state, after complete scission, and after 

healing with 1500 J. 
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efficiency data to Gaussian distributions (Fig. 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 input. Fig. 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 input. The 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 average grain size) compared to the pristine cellular nickel with 5-15 µm wide grains (165). 

Additionally, the slight decline in toughness healing efficiency 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. 

 

Figure 2. 4 Healing of cellular nickel subjected to tensile loading until failure (F1). Photograph 

(a) and SEM micrograph (b) of F1 nickel foam before healing. (c) SEM micrograph of F1 foam 

healed with 250 J. (d-g) Stress-strain 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 efficiency plotted 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. 



32 

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 damage), unloaded the samples, healed them with 0 ï 

2,100 J, and then loaded the samples again until failure. Fig. 2.5a shows the resulting stress-strain 

data of a healed (pink) and non-healed (blue) sample (additional data in Fig. A3). The tensile 

strength of the healed sample was noticeably larger than the non-healed sample. We defined the 

strengthening factor, fů, as the ratio of the healed to non-healed strength. Under this definition, fů = 

1 for non-healed samples. The strengthening factor represents the extent to which a healed P sample 

can resist future damage compared to a non-healed sample. Fig. 2.5b shows the strengthening factor 

of cellular nickel samples subjected to 100 ï 2,100 J of healing energy. The average strengthening 

factor increased from 0.98 to 1.26 until 1,500 J, after which it plateaued. Fig. 2.5c shows the 

probability of achieving 0.8, 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 

concentrations which cracked the Parylene coating and exposed the underlying nickel when the 

local strain exceeded the Parylene failure strain (Fig. 2.5d). Nickel was then electrodeposited on 

exposed nickel during healing (Fig. 2.5e), which selectively strengthened the nickel in areas 

subjected to the highest stress concentrations. Fracture in healed struts during the second loading 

occurred between nickel deposits (Fig. 2.5f), which confirms that the deposited nickel increased 

the strut strength. 
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Figure 2. 5 Healing of plastically 

deformed cellular nickel (P). (a) Stress-

strain data for the first loading of P 

cellular nickel, followed by stress-strain 

data for the second loading after 

healing with 0 J (no healing) and 1,500 

J of energy input. (b) Strengthening 

factor plotted versus electrical energy 

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 before healing. (e) SEM 

micrograph of P cellular nickel after 

healing. (f) SEM micrograph of post-

healed fracture in a P cellular nickel 

strut. 

 

 

 

 

 

 

 

 

 

2.5. Room-temperature healing with low energy requirements 

Transport-mediated electrochemical healing of cellular nickel at room temperature requires 

lower energy input than many metal healing techniques. Fig. 2.6 compares the healing temperature 

and energy input per mm of crack length for several metal healing techniques.  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 input is 104 to 106 times lower 

than solute precipitation (116ï118, 120), 10 ï 104 times lower than electron beam welding (166, 

167), 100 times lower than prior electrochemical healing (152), 1 ï 10 times lower than arc welding 

(74), and comparable to crack-localized joule heating (121, 122), and phase transition in low 



34 

melting temperature alloys (135). The low energy requirements of our healing approach can be 

especially advantageous to energy-constrained systems such as autonomous vehicles and battery-

powered robots. 

 

Figure 2. 6 Temperature during healing plotted with respect to healing energy input per mm of 

crack length for our electrochemical healing approach, different reports of metal healing, and 

two welding methods. Data on other healing techniques was obtained from refs. (74, 116, 167, 

117, 118, 120ï122, 135, 152, 166). More details on method for estimating temperature and 

energy input from each reference are available in Appendix A. 

 

2.6. Summary 

To realize room-temperature 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 mechanical loads, 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 functionalized 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 migration and 

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 stochastic and develop 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 chapter demonstrates rapid, effective, and low-energy healing of polymer-coated 

cellular nickel at room temperature using electrochemistry. Our transport-mediated approach can 

be applied to increase lifetime, and prevent premature failure of cellular metals, which are widely 

used in structural materials with high strength, high stiffness, and low weight (27, 35, 49, 58, 

159). Additionally, this work presents a new approach to heal electrically and thermally 

conductive materials (133, 168, 169), and will benefit from advances in 3-D printing, self-healing 

polymers, and topology optimization tools. 
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CHAPTER 3 

Healing Structural Steel via Improved Growth and Adhesion of 

Electrodeposited Nickel 

 

This chapter has been adapted with permission from: Z. Hsain, Z. Jiang, J. H. Pikul, ñEnabling 

Effective Electrochemical Healing of Structural Steel.ò Multifunctional Materials 4, 2 (2021). 

DOI: 10.1088/2399-7532/abfb4f. 

 

3.1. Enabling electrochemical healing of a widely-used structural metal 

Electrochemical healing is the only technique that has realized room-temperature 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 allowed them to migrate under the influence of an 

electric field and increased their diffusivity by 30 orders of magnitude, from about 2x10-41 m2/s as 

solid Ni atoms (106) to about 1x10-9 m2/s as Ni2+ ions in water (105). These ions were then 

selectively reduced to form metal atoms at the damage site, which fused fractured surfaces together 

and enabled effective, rapid, and low-energy healing of metals at room temperature (119). 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 time (119), a more detailed understanding of this healing 

process is required to enable the effective repair of a variety of useful structural metals.  

In this chapter, we elucidate the impact of ion transport and electrolyte chemistry on room-

temperature electrochemical healing of steel. This work focuses on low-carbon steel (also known 

as mild steel) because it is widely used in diverse structural applications, such as ship hulls, 

machinery, structural beams, and concrete-reinforcing bars (170). Fig. 3.1a shows the 

electrochemical healing process. A low-carbon steel wire is initially coated with a passivating 

polymer coating. Upon fracture, steel is exposed to the surrounding electrolyte so that nickel ions 

https://doi.org/10.1088/2399-7532/abfb4f
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can be electrochemically reduced to solid nickel on the fractured surface (Fig. 3.1b). As the nickel 

grows, it bridges the fracture and raises the tensile strength of the wire from zero to a substantial 

portion of its original value (Fig. 3.1c). Electrodeposited nickel is used as a healing material due to 

its widespread use, its high mechanical strength, and its rich electrolyte chemistry (151). We 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 and computational methods, we show that pulsed 

plating enhances nickel density and mitigates diffusion-limited growth to realize a fourfold increase 

in adhesion energy at the nickel-steel interface and an over threefold increase in recovered tensile 

strength when 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 nickel-steel interface 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. 

 

Figure 3. 1 SEM images of (a) a pristine polymer-coated 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 of nickel 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 

McMaster-Carr. A Specialty Coating Systems PDS2010 conformally coated wire samples with a 

uniform layer of Parylene C (poly(chloro-p-xylylene)) 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 vapor-phase monomer then flowed into the deposition chamber 

where it polymerized at room temperature (~ 25 °C). Parylene C is an excellent passivating coating 

because of its chemical stability, high dielectric strength, and superior barrier properties (160). 

More details on the deposition process and properties of Parylene C can be found in other 

publications (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 cutter and inserted into a 3D-printed fixture. 

The fixture ensured that the fractured wire was axially aligned during the healing process, while 

also serving as an electrolyte vessel (Fig. B5). The fixture also set the spacing between steel halves 

(typically 250 µm), which was measured with an optical microscope. Small quantities of silicone 

adhesive (Sil-Poxy by Smooth-On, Inc.) applied to both ends of the wire ensured that the wire 

sample remained 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 steel wire was fully 

immersed in a nickel aqueous 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 fracture. Both the nickel anode and steel wire were 

electrically connected to a BioLogic SP-300 potentiostat/galvanostat which applied a controlled 

potential to the steel cathode vs. Ni and measured the resulting electric current i(t). The instrument 
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automatically stopped the healing process once a user-defined charge input Q was reached, with 

ὗ  ᷿Ὥὸ Ὠὸ. All healing experiments were conducted in a temperature-controlled lab 

environment, with temperature held at 20 ± 1 oC. 

This study used five common aqueous nickel plating electrolytes (172). Two electrolytes, 

Sulfamate and Watts, were purchased from Technic Inc. as ñElevate Ni 5910 RTUò and ñWatts 

Nickel Pureò. The other three electrolytes were mixed using ultrapure deionized water and 

chemicals purchased from Millipore Sigma. The chemical components of lab-mixed and 

commercial electrolytes are listed in Table 3.1 and Table 3.2, respectively. 

An Instron 68SC-2 mechanical testing machine equipped with a 2-kN load 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 0.0008 s-1. We 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 healing efficiency. Since the healed steel wires 

fractured at the nickel-steel interface, we considered that the energy released during tensile loading 

contributed entirely to crack propagation at this interface. Accordingly, we assumed negligible 

energetic contributions from deformation in the steel wire or the electrodeposited nickel. As such, 

the adhesion energy W is expressed as: 

ὡ
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where A is the cross-sectional area of the wire. We quantified the recovery of tensile strength ůu 

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

Ὡ
„ȟ
„ȟ

Ȣ                                                      ÅÑȢ  σȢς 

The average tensile strength of five pristine steel wires set „ȟ σχφȢρ ὓὖὥ (Fig. B6). 
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To characterize the morphology of the steel wires during and after healing, we used both 

scanning electron microscopy (high-vacuum mode in a FEI Quanta 600 Environmental SEM) and 

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

 

Table 3. 1 Chemical composition of lab-made aqueous nickel electrolytes. 

Components Sulfamate Strike Modified Woods Woods 

Nickel sulfamate 

tetrahydrate 
320 g/l - - 

Nickel chloride 

hexahydrate 
- 112 g/l 200 g/l 

Nickel sulfate 

hexahydrate 
- 112 g/l - 

Nickel bromide - - - 

Hydrochloric acid 12 ml/l 50 ml/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 255 ï 383 g/l - 

Nickel sulfate - 198 ï 295 g/l 

Nickel chloride - 22.5 ï 45 g/l 

Nickel bromide 5.7 ï 9.5 g/l - 

Boric acid 22.5 ï 37.5 g/l 30 ï 45 g/l 

Wetting additive 2 ï 8 ml/l - 

Brightening additive 15 ï 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 two-dimensional domain with rotational symmetry 

around the central wire axis, as shown in Fig. 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/l 

nickel sulfamate (Ni(H2NSO3
-)2). The electrolyte filled a 0.25-mm gap between the fractured 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, we set a constant-concentration boundary condition.  

Ion transport in the electrolyte, which includes contributions from both diffusion and 

migration, was governed by the Nernst-Planck equation (146), 

i i i i i i l
N D c z u c F f=- Ð - Ð,                                 (eq. 3.3) 

where ci represents the concentration of ionic species i, Di is diffusivity, ui is mobility, iʟ is the 

electrolyte potential, F is Faradayôs constant, Ni is the 

ionic flux, and zi is charge number. We estimate the 

mobility using the Nernst-Einstein equation (146), 

i
i

D
u

RT
= .                   (eq. 3.4) 

Nickel reduction (Ni2+
(aq) + 2e- = Ni(s)) 

occurred at the cathode (fractured steel wire), while 

the opposite reaction (nickel oxidation) occurred at 

the anode. The reaction rates were governed by the 

Butler-Volmer equation (146),  

0[exp( ) exp( )]a c
n

F F
i i

RT RT

a a
h h= - - ,                             (eq. 3.5) 

  
Figure 3. 2 2D computational model of 

the electrochemical healing of a steel 

wire as constructed in COMSOL. 
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where i0 is the exchange current density, Ŭc and Ŭa are the apparent transfer coefficients at the 

cathode and anode, R is the ideal gas constant, T is the operating temperature, F is Faradayôs 

constant, and ɖ is the overpotential. 

The deformed geometry interface, a built-in COMSOL feature, used the reaction rate, as 

inferred from Butler-Volmer kinetics, to control the movement of the mesh at the cathode surface, 

thus simulating the growth of nickel. More details on the computational model and the various 

parameters used can be found in Appendix B. 

3.4.  Effect of ion transport on electrochemical healing 

To investigate the effect of ion transport on the healing of steel, we observed, by ex-situ 

optical microscopy, the evolution of nickel morphology on steel wires during two types of applied 

plating. Fig. 3.3a shows microscope images of a wire healed by potentiostatic 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 voltage (-1.5 V vs. Ni) was applied to the fractured wire throughout the healing 

process. During pulsed plating, the applied voltage alternated periodically between -1.5 V 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 µm. After 1 mAh of charge 

input, potentiostatic plating resulted in rough nickel deposits with non-uniform 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, show that, 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 

center, then progressively coalesced towards the edges. After 10 mAh of charge input, nickel grew 

into a quasi-spherical 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 nickel resulting from 

potentiostatic plating. 

 

Figure 3. 3 (a) Ex-situ optical microscopy images of nickel growth at various levels of charge 

input during healing by potentiostatic and pulsed plating. (b) Diffusive flux magnitude of Ni2+ 

ions in the electrolyte after one hour of healing by potentiostatic plating (from 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 from t = 1,100 s to t 

= 5,900 s (from computational model). At all times, the applied voltage was -1.5 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) Stress-strain data of two steel wires healed by pulsed and 

potentiostatic 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 showed that the type 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 diffusive flux of Ni2+ 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 center. Fig. 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 between a point at the edge and a point at the 

center. At t = 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 resulted in a reduced variation in growth velocity. The difference between the center and 

the edge was 8.9 nm/s at t = 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 rate along the 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 nickel-steel interface. To examine the extent 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 (SEM) (Fig. 3.3d). Nickel grown by potentiostatic plating showed 

significantly higher porosity than 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 plating (173). The lower porosity (or higher density) of nickel grown by pulsed 

plating enhances its strength and fracture toughness (151). But most importantly, the higher density 

means that a crack at the interface would require more energy to propagate since the nickel-steel 
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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 nickel-steel adhesion compared 

to potentiostatic plating. 

Superior nickel-steel adhesion due to pulsed plating was confirmed by tensile testing after 

healing. Fig. 3.3e shows stress-strain data of the best performing steel wires healed by pulsed and 

potentiostatic plating respectively. In both cases, the healed steel wire fractured at the Ni-steel 

interface, and the steel wire healed with pulsed plating exhibited higher tensile strength (maximum 

stress) and higher toughness. Fig. 3.3f,g show calculated adhesion energy at the Ni-steel interface 

and strength healing efficiency for steel wires healed by pulsed plating and potentiostatic plating. 

Pulsed plating enabled a 4.1x increase in average adhesion energy (4.9 kJ/m2) compared to 

potentiostatic plating (1.2 kJ/m2), which was confirmed by the improved density of nickel deposited 

by pulsed plating (Fig. 3.3d). Pulsed plating also led to a 3.4x increase in average strength healing 

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 their rate of 

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, the nickel growth 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 strength (152). The strength 

recovery after healing was inversely correlated with the metal thickness (152), which we suspect 

was due to larger voids forming in thicker samples with larger diffusion distances. Pulsed plating, 

thus, has the potential to improve the tensile 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 healed steel samples by affecting the mechanical properties of the deposited 

nickel and adhesion at the Ni-steel interface. To understand the role of electrolyte chemistry in 

electrochemical healing, we healed steel wires using five different aqueous nickel electrolytes: 

Sulfamate, Watts, Sulfamate Strike, Modified Woods, and Woods. 

Fig. 3.4a shows the cathodic efficiency and area-normalized growth rate that are 

characteristic of each electrolyte at a potential of -1.5V vs. Ni. The cathodic efficiency Ů is a ratio 

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

nickel determined by Faradayôs law, 
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where Q is the charge input (in coulombs), M is the molar mass of nickel (58.69 g/mol), and F is 

Faradayôs constant (96,485 C/mol). Thus, ‐ ρππ Ϸ indicates that all the electric current is used 

to reduce nickel ions, while ‐ ρππ Ϸ occurs when side reactions, such as hydrogen 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 (pH = -0.2) at 

‐ υȢωτ Ϸ. The cathodic efficiency was higher for Sulfamate Strike (pH = 1.0) and Modified 

Woods (pH = 0.2) at ‐ τωȢφ Ϸ and ‐ ςωȢς Ϸ. With pH approaching 4, near-ideal cathodic 
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efficiency values were realized, with ‐ ωυȢφ Ϸ and ‐ ωψȢω Ϸ 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 (4.85 g/m2.s), Sulfamate Strike (5.81 

g/m2.s), and Modified Woods (5.50 g/m2.s). Meanwhile, the Sulfamate electrolyte exhibited a low 

nickel growth rate (0.775 g/m2.s), in contrast with its high cathodic efficiency. 

Table 3. 3 Electrochemical processes used for healing steel wires. 

Process Step Electrolyte 
Potential 

vs. Ni 

Charge 

input or 

time 

Pulsed or potentiostatic 

1 - Modified Woods -1.5 V 30 mAh Pulsed 

2 - Sulfamate Strike -1.5 V 20 mAh Pulsed 

3 
1 Woods -3 V 2 mins Potentiostatic 

2 Sulfamate Strike -1.5 V 20 mAh Pulsed 

4 - Watts -1.5 V 10 mAh Pulsed 

5 - Sulfamate -1.5 V 10 mAh Pulsed 

6 
1 Woods -3 V 2 mins Potentiostatic 

2 Sulfamate -1.5 V 10 mAh Pulsed 

7 

1 Woods +3 V 0.5 min Potentiostatic 

2 Woods -1.5 V 2 mAh Pulsed 

3 Sulfamate -1.5 V 10 mAh Pulsed 

 

We used seven electrochemical processes based on these five nickel electrolytes to heal 

steel wires, as outlined in Table 3.3. Two-step processes (3 and 6) were designed to enhance 

adhesion at the Ni-steel interface by using the Woods electrolyte. With its low pH 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 the three-step process 7 which 

started with an anodic step that electrochemically etched the oxidized steel surface, followed by 
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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 the Ni-steel interface compared to 

potentiostatic plating (Fig. 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 during healing. Therefore, 10 mAh was needed when healing with 

Sulfamate (‐ ͯ ρππ Ϸ), but 30 mAh of charge input was needed when healing with Modified 

Woods (‐ ͯ σπ Ϸ). 

Since the healed wires fractured at the Ni-steel interface during tensile testing, the recovery 

of tensile strength after healing was limited by adhesion at the Ni-steel interface. Fig. 3.4b shows 

the adhesion energy at the Ni-steel interface for steel wires healed with the studied electrochemical 

processes. Adhesion energy was below 10 kJ/m2 for processes 2-5. By combining Woods and 

Sulfamate electrolytes in processes 6 and 7, adhesion energy was increased substantially to 33.4 

and 35.9 kJ/m2 on average. Process 7 enabled a high adhesion energy of 48.8 kJ/m2. The highest 

adhesion energy, 52.0 kJ/m2, was achieved using process 1 (Modified Woods); however, this data 

is only from two measurements since the majority of samples fractured at the Ni-Ni interface.  

Fig. 3.4c shows the strength healing efficiency achieved with each electrochemical 

process. Processes 2-4 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 average strength healing 

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 Ni-Ni interface before tensile testing. 

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

fracture mechanisms of healed steel wires. Figs. 3.4d, e show each fracture face of a steel wire 
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healed with process 6 after it fractured at the Ni-steel interface. Fig. 3.4d shows the steel side of 

the fracture, while Fig. 3.4e shows the nickel side. The fracture surfaces were smooth on both faces 

with no evidence of plastic deformation. Energy dispersive x-ray spectroscopy (EDS) revealed the 

presence of nickel on the steel side, which may be explained by the presence of a strongly bonded 

thin layer of nickel on the steel surface (Fig. 3.4f). We hypothesize that the first layer of nickel 

deposited by the Woods electrolyte has a higher adhesion energy to the steel surface, compared to 

its adhesion energy with the nickel deposited by the Sulfamate electrolyte. Thus, fracture which 

appeared to occur at the Ni-steel interface from a macroscopic point of view, occurred, seemingly, 

at the interface between the nickel deposited by Woods and the nickel deposited by Sulfamate. A 

similar fracture behavior was observed in steel wires healed by process 7.  

High adhesion energy at the Ni-steel interface was also achieved using process 1, yet it did 

not result in high strength healing efficiency due to premature fracture at the Ni-Ni interface. Fig. 

3.4g shows 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, which effectively stalled the 

growth of nickel and prevented the two nickel masses from coalescing into a single continuous 

mass. Therefore, the Ni-Ni interface remained weak and prone to fracture. Interestingly, the low 

pH and high chloride concentration which prevented coalescence at the Ni-Ni interface, 

significantly improved adhesion at the Ni-steel 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 here resulted in healed wires 

that fractured at the Ni-steel interface. Fig. 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 circle encloses 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 indicative of 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 fracture, 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 non-metallic 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 nickel (Fig. 

3.4i) or at the Ni-steel interface (Fig. 3.4j) during healing. Their presence 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 defective near-substrate layer was 

proposed as a possible failure 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 of -1.5 V vs. Ni. (b) Adhesion energy at the Ni-steel interface in steel 

wires healed by seven different electrochemical processes. (c) Strength healing efficiency of steel 

wires healed by seven different electrochemical processes. (d, e) SEM images of a steel wire 

healed with process 6 (One-step Woods + Sulfamate) after post-healing fracture at the Ni-steel 

interface. The large images are details of the images in the insets (inset scale bars = 500 µm). (f) 

Energy dispersive x-ray spectroscopy spectrum of fracture surface in steel wire healed with 

process 1 after post-healing fracture at the Ni-steel interface. (g) SEM image of the 

electrodeposited nickel in a steel wire healed with process 1 (Modified Woods) after post-healing 

fracture at the Ni-Ni interface. (h) SEM image of the fracture face in a steel wire healed with 

process 5 (Sulfamate) after post-healing fracture at the Ni-steel interface. The blue, green, and 

orange circles indicate areas characterized by three different fracture mechanisms. (i) SEM 
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image of a non-metallic inclusion (bright area) within the nickel layer in a steel wire healed with 

process 7 (Two-step Woods + Sulfamate) after post-healing fracture at the Ni-steel interface. (j) 

SEM image of non-metallic inclusions (bright area) on the steel surface in a steel wire healed 

with process 5 (Sulfamate) after post-healing fracture at the Ni-steel interface. 

 

3.6. Predicting required healing time and charge input 

Figure 3. 5 (a) Diagram explaining the two-parameter geometric model of metal wire healing. 

(b) Estimated charge input (in milli-ampere-hours) required to heal wires of different diameters 

at four different crack widths. (c) Estimated time (in hours) required to heal wires of different 

diameters at four different crack widths. 

 

While we used submillimeter-sized wires (0.58 mm in diameter) in this work, 

electrochemical healing can be applied to steel wires (and wires 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 on two parameters: wire diameter d and crack width w. 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 in Fig. 3.5a, we considered, based 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 blue regions) excluded. We approximated the radius of the sphere as Ὑ
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ςυύ Ὠ Ⱦ, the height of the spherical caps as Ὤ Ὑ ςυύ Ὠ , and the 

length of the cylinders as ὒ ςύ. The estimated volume of deposited nickel (grey region) was 

therefore 

ὠ
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To relate the nickel volume V to the required charge input Q, we used Faradayôs law, ὗ

, where Ů is the cathodic efficiency, z is the number of electrons participating in the 

electrochemical reduction (here ᾀ ς), n is the number of moles of nickel, and F is Faradayôs 

constant. Faradayôs law was modified such that, 
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where ɟ is the density of nickel (8900 kg/m3) and M is its molar mass (58.69 g/mol). Using eq. 3.7 

to substitute the volume, V, yielded an expression for the estimated charge input,  
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The time required for healing ȹt was estimated by relying on the area-normalized growth 

rate ὶ
Ȣ

 where ὃ Ὠ is the area of the crack faces in a fractured wire. By manipulating 

Faradayôs law, we obtained  
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The results derived from this model, which are shown in Fig. 3.5b, c, assume that the 

Sulfamate electrolyte is used during healing. Hence, ‐ ͯ ρππ Ϸ and ὶ πȢχχυ ὫȾά ί. The results 

can be modified for a different electrolyte using the data in Fig. 3.4a. For Ὠ πȢυψ άά and ύ

πȢςυ άά, which are the parameters used in our healing experiments, the model predicts that ὗ



54 

ψȢφ άὃὬ and Ўὸ φȢφ Ὤέόὶί (Fig. B11). These predictions align closely with our experimental 

observations which supports the accuracy of this geometric model. 

Fig. 3.5b shows the estimated charge input 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 around 5x103 mAh regardless of diameter. For the lowest crack 

width (0.01 mm), charge input increases from 5x10-4 mAh for a 0.01-mm wire to about 6 mAh for 

a 10-mm wire. For reference, a high-capacity smartphone battery can provide 5,000 mAh of charge 

input when fully charged (176). Thus, about eight hundred 10-mm wires (comparable in size to 

concrete-reinforcing bars) can be healed with the full charge of a single smartphone battery if the 

crack width is minimized (w = 0.01 mm). About eighty 10-mm 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 100 fully charged smartphone batteries would be needed to heal a single 10-

mm wire. These results, thus, emphasize the importance of minimizing crack width for low-energy 

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 0.01-mm wire and 1 minute for a 10-mm wire. For a crack width of 10 mm, 

the times necessary for healing become impractical, ranging from about 1.3x109 hours (148,000 

years) for a 0.01-mm wire to about 1400 hours (58 days) for a 10-mm wire. These estimates, thus, 

show that it is important to minimize crack width to 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 electrochemical healing of low-carbon 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 potentiostatic plating, pulsed plating enhanced nickel density and mitigated diffusion-

limited growth, thus resulting in a fourfold increase in adhesion energy at the nickel-steel interface 

and an over threefold increase in recovered tensile strength. By healing steel using different nickel 

aqueous 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 adhesion at the nickel-steel 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 Ni-steel interface could enable even higher values of strength healing efficiency. 

Based on a simple geometric model of a healed steel wire, we showed that minimizing 

crack width is important to enable rapid and low-energy healing. With a crack width of 0.01 mm, 

over eight hundred 10-mm steel reinforcing bars (commonly used in construction) could 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 possibility of 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 Effective Electrochemical Healing of Fractured Metals 

 

This chapter has been adapted from: Z. Hsain, M. Akbari, Z. Jiang, M. Akbarzadeh, J. H. Pikul, 

ñElectrochemical Healing of Fractured Metals.ò Submitted (2022). 

 

4.1.  An alternative to welding for a circular metals economy 

In 2021, the world produced over 2 billion tons of metal resulting in about 3 billion tons of 

CO2 equivalent emissions (22, 23, 177, 178). Improving the sustainability of structural metals, 

through a circular economic model based on recycling, refurbishing, repair, and reuse (179), plays 

an important role in mitigating greenhouse gas emissions and addressing detrimental climate and 

ecological effects (23, 177, 180) (Fig. 4.1a). Repair, in particular, not only extends the operational 

lifetime of metal structures, thus reducing waste from end-of-life 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 multi-metal parts (182). Due to the 

slow diffusion (10-45 ï 10-35 m2 s-1) of metal atoms at room temperature (103), 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 metals (73, 74, 80). Although recent 

innovations in repairing metal cracks at high temperature, such as joule heating (121, 122), solute 

precipitation (114, 183), and exothermic reactions (123), have shown promise, welding remains the 

dominant means to restore the geometric and physical properties of metals (74, 184, 185). 

Welding, however, suffers from distinct limitations that are accentuated by recent 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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series (77, 186) and nickel superalloys with Al and Ti concentrations in excess of 4 wt.%, such as 

IN100 and IN738 (187), are considered ñunweldableò as they are vulnerable to cracking after fusion 

welding due to extreme thermal gradients and solute segregation (81, 188) (Fig. 4.1b). Approaches 

have been developed to mitigate these limitations (77, 81, 189, 190), however, high levels of 

operator skill, experience, and precision are required, which may limit the wide adoption of welding 

in a decentralized circular economy. Posing further challenges to welding are recent advances in 

design (38, 86) and additive manufacturing (41, 42, 191, 192) which have enabled metal structures 

with high levels of geometric complexity. The octet-truss lattice shown in Fig. 4.1c is 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 cause damage to nearby 

non-metallic materials, as metals are increasingly integrated with polymers (89, 136) or electronics 

(137ï139) in various aerospace, robotic, and sensing applications. 

By enabling fast room-temperature diffusion of metal ions in an aqueous medium (10-9 m2 

s-1), 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 

are only reduced at fracture sites, thus resulting in efficient targeted healing (Bottom 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 energy use (~102 J per mm of crack length) 

compared to many high-temperature healing techniques (up to 109 J/mm) (119). To become a 

credible alternative to welding, electrochemical healing should effectively repair a wide variety of 

structural metals beyond nickel, including complex 3D printed structures and ñunweldableò alloys. 

This has, however, proven difficult because achieving high adhesion of plated nickel to other metals 

requires multi-step processes with different electrolyte chemistries (193, 194) and because no 
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quantitative 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, and mechanical 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 difficult-to-weld metals, including two 

ñunweldableò aluminum alloys and a difficult-to-weld 3D printed funicular shellular structure, and 

the possibility of over 100% recovery of toughness in fractured metals subject to tensile loading. 

To facilitate adoption, the model reveals scaling relationships 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 numbers for aluminum (in kilotons) from ref. (24). (b) Illustration of 

thermal cracking resulting from welding ñunweldableò alloys. (c) 3D rendering of an octet-truss 

lattice structure. Top inset shows that a conventional welding torch cannot access a fracture in 

an internal 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.   Healing a fractured 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 the cross-section of a 

fractured strut (119, 193), we exposed the non-fractured surface of the metal to plating (Fig. 4.2a). 

A pair of Ni 200 (> 98% nickel alloy) half-dogbone samples simulated a fractured dogbone sample 

(Figs. 4.2a, C2 A). Insulating electric tape masked the fractured sample so that only a fraction, 

Ae/2, of the total available area, Ao/2, in each half-dogbone was exposed (Figs. 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 the samples. Applying a constant potential of -1.8 V vs. Ni to 

the fractured sample resulted in nickel deposition over the entire exposed area Ae, with the amount 

of plating controlled by the charge input Q (Figs. 4.2a, C2 C). After removing the masking tape, 

healed Ni 200 samples were tested in tension until fracture. Fig. 4.2b shows the resulting stress-

strain data for two samples healed with 200 mAh and 1000 mAh, alongside the stress-strain data 

of a pristine sample for reference. To assess the effectiveness of the healing process, we compared 

the tensile strength of each healed sample, ůU, with the average tensile strength of five pristine 

samples, ůM (Table C3). Samples healed with Q = 1000 mAh exhibited an increase in strength 

healing efficiency ůU/ůM as Ae increased, eventually reaching a plateau at ůU/ůM = 1, or full 

restoration of pristine tensile strength (Fig. 4.2c). In contrast, samples healed with Q = 200 mAh 

exhibited an increase in ůU/ůM reaching a maximum of ůU/ůM = 0.8395 at Ae/Ao = 0.3125, before 

subsequently declining down to ůU/ůM = 0.4817 at Ae/Ao = 0.5625 (Fig. 4.2c). We also examined 
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the impact of varying the charge input Q at a fixed Ae/Ao = 0.4375, and observed that, at a low 

charge input, Q = 200 mAh, ůU/ůM = 0.6244 but as Q is increased to 400 mAh and beyond, ůU/ůM 

reached and remained around 1.0 (Fig. 4.2d). 

To develop a quantitative model of these experiments, we first differentiated samples by 

the type of fracture experienced upon post-healing tensile testing. Three types of fracture were 

observed: I, P, and M (Fig. 4.2e). In type I, de-bonding 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 the initial fracture. 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 with changes in Ae (Fig. 4.2f). Samples healed with Q = 1000 mAh all 

experienced type-I fracture at low Ae/Ao, but as Ae increased, the incidence of type-M fracture 

increased at the expense of type-I fracture. Samples healed with Q = 400 mAh experienced the 

same high incidence of type-I fracture at low Ae, though unlike 1000 mAh samples, the incidence 

of type-P fracture increased with larger Ae. Comparing the data in Fig. 4.2c and Fig. 4.2f reveals 

that type-I fracture was always dominant at low Ae/Ao, type-M fracture was prevalent when ůU/ůM 

~ 1, while an increasing prevalence of type-P fracture was associated with declining ůU/ůM. 
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Figure 4. 2 (a) Illustrations of Ni 200 dogbone samples in the pristine, fractured, and healed 

state. The fractured sample is masked to leave only an area Ae exposed. (b) Stress-strain 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 healing efficiency ůU/ůM as a function of exposed area 

ratio Ae/Ao for Ni 200 samples healed using a charge input of 200 mAh and 1000 mAh. (d) 

Strength healing efficiency ůU/ůM as a function of charge input Q for Ni 200 samples with Ae/Ao = 

0.4375. (e) Photographs showing 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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Ae/Ao 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. Assuming force uniformity and using 

Faradayôs law, we related ůU (the tensile strength of the healed sample) to †  (the interfacial 

shear strength, for type-I fracture), „  (the tensile strength of the structural metal, for type-M 

fracture), and „  (the tensile strength of plated nickel, for type-P fracture) through a single 

independent variable X = Ae/AM , where AM is the cross-sectional area of the structural metal. The 

three governing equations of the model are 
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for type-P fracture, 

„ † ὢ „ ȟ                                               ὩήȢτȢς 

for type-I fracture, and 

„ „                                                                ὩήȢτȢσ 

for type-M fracture, where ANi is the cross-sectional area of plated nickel, ‐ is the cathodic 

efficiency of nickel plating (Table C2), M is the molar mass of nickel (58.69 g/mol), F is Faradayôs 

constant (96,485 C/mol), and ” is the mass density of nickel (8,900 kg/m3), ὒ  and ὡ  are the 

thickness and width of the structural metal such that ὃ ὒὡ ,  and „ ȟ is an added stress 

term. The theoretical model is described in greater detail in Appendix C. 

Fig. 4.3a shows ůU/ůM as a function of Ae/AM for each fracture type using expressions (1), 

(2), and (3). For a given value of Ae/AM, the lowest curve determines the achievable strength healing 

efficiency ůU/ůM, which leads to two hypothetical healing cases. In case 1, the type-I line intersects 
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the type-P curve below the type-M horizontal line, which means that ůU/ůM = 1 cannot be achieved 

and full recovery of tensile strength is not possible. In case 2, the intersection point moves above 

the type-M line, either due to the use of plated metal with a higher tensile strength, an increase in 

the charge input, or an increase in the interfacial shear strength. This opens a window in which 

ůU/ůM = 1, or full healing, is physically possible. 

This model showed good agreement with the healed Ni 200 samples (Fig. 4.3b, Table C4). 

A linear regression of the type-I fracture line showed that † φȢρτ ὓὖὥ and „ ȟ

ρυψȢωχ ὓὖὥ (Fig 4.3b, red line; Fig. C13). Since we used no chemical or electrochemical 

treatment before nickel plating to maintain a simple healing process, the Ni-metal interface shear 

strength, † , was lower than values reported from ring shear tests of nickel plated on different 

metals, including nickel itself (194, 195). Type-P fracture curves were plotted for charge inputs 

from 200 to 1000 mAh, with the tensile strength of plated nickel at „ συψ ὓὖὥ (Fig. S5). 

Experimental data and type-P fracture curves are colored in shades of green according to the charge 

input used (Fig. 4.3b). The type-P fracture curve for 200 mAh is slightly above, but closely follows 

experimental data for samples healed with 200 mAh and Ae/AM values of 41.36, 57.91, and 74.45. 

The experimental data from Fig. 4.2d is also shown in Fig. 4.3b, with a cluster of datapoints at 

ůU/ůM ~ 1.0 and Ae/AM = 57.91. Fig. 4.3b demonstrates that to guarantee full healing, or ůU/ůM ~ 

1.0, two conditions need to be met: a sufficiently high exposed area so that Ae/AM > 45, and a charge 

input higher than 200 mAh. 

Interestingly, the samples retained significant strength, ůU/ůM ~ 0.4, when there was no 

exposed metal on which nickel could be plated, Ae/AM = 0. To explain this, we compared the surface 

morphologies of the cross-sections of a pristine sample (Fig. 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 cross-sectional area between half-dogbone 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 cross-sectional areas. As a result, we expect a significant non-zero tensile strength in healed 

samples even if Ae = 0, which we accounted for in the model with the „ ȟ stress term (eq. 4.2). 

 

Figure 4. 3 (a) Two plots of ůU/ůM as a function of Ae/AM that include three curves corresponding 

to each fracture type (I, P, M). The top plot represents a hypothetical case in which only partial 

healing is possible (ůU/ůM <1), while the bottom plot represents a case in which full healing 

(ůU/ůM =1) is possible. (b) Plot of ůU/ůM as a function of Ae/AM showing the 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 of cross-section of half-

dogbone Ni 200 sample. (d) Higher magnification image of (c) showing detail of surface 

morphology. (e) SEM image of cross-section of Ni 200 sample after post-healing type-P 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 difficult-to-weld metals demonstrates the viability of 

electrochemical healing as an alternative to conventional welding. With the same experimental 

approach used with Ni 200 samples, we electrochemically healed two ñunweldableò aluminum 

alloys, Al 2024 and Al 7075. In Fig. 4.4a, we applied our theoretical model to Al7075 samples 

healed with 200 and 400 mAh of charge input. Linear regression of the type-I fracture line showed 

that † χȢςσ ὓὖὥ and „ ȟ ωχȢρπ ὓὖὥ (Fig 4.4a, red line; Fig. C13). Using 400 mAh 

of charge input, full healing of tensile strength was achieved at Ae/AM = 63.00 and Ae/AM = 81.00, 

indicated by high strength healing efficiencies ůU/ůM of 1.022 and 1.021 (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 † φȢφυ ὓὖὥ and „ ȟ τȢττ ὓὖὥ (Fig 

4.4b, 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 input at Ae/AM = 81.00, achieving near-full healing 

with ůU/ůM = 0.9532 (Fig. 4.4b, Table C6).  

While our framework targets tensile strength 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, type-I fracture dominated initially in Al 2024 and Al 7075, before declining in 

favor of type-P and type-M fractures (Fig. 4.4c). For Al 2024, the incidence of type-I fracture 

decreased to 0 % at Ae/AM = 81, as the incidences of type-M and type-P fractures increased to 40 

% and 60 %, respectively. Incidence of type-P fracture then increased further in line with our 

theoretical prediction that type-P fracture dominates for large Ae/AM. For Al 7075, type-M and type-

I fractures co-existed while Ae/AM was between 45 and 81, but as Ae/AM increased to 99, type-P 

fracture dominated. The co-existence of type-M and type-I fracture within this intermediate range 

of Ae/AM values occurred along with high toughness recovery, in addition to full recovery of tensile 
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strength. Fig. 4.4d shows the stress-strain data of four Al 7075 samples healed with Q = 400 mAh 

and Ae/AM = 81, with two experiencing type-I fracture and the two others experiencing type-M 

fracture. While all four samples exhibited similar tensile strength with ůU/ůM ~ 1, the samples that 

experienced type-I fracture showed remarkably high toughness (area under the stress-strain curve) 

as the plated nickel slid across the Al 7075 surface during loading. Toughness healing efficiency 

U/UM, the ratio of healed to pristine toughness, for all Al 7075 samples rose with increasing Ae/AM, 

peaked at U/UM = 1.00 for Ae/AM = 63, then decreased to U/UM = 0.258 for Ae/AM = 99 (Fig. 4.4e, 

yellow data). Toughness healing efficiency was highest for samples that experienced type-I 

fracture, peaking at U/UM = 1.364 for Ae/AM = 81 (Fig. 4.4e, red data; Table C7). In summary, 

healed Al 7075 samples with Ae/AM values equal to or slightly higher than the Ae/AM at which the 

type-I and type-M fracture lines intersect (red and yellow lines in Fig. 4.4a) were likely to 

experience type-I fracture, and as a result, to exhibit up to 136% recovery of toughness. This insight 

opens the door to future developments that may enable improved toughness recovery in healed 

metals under tensile loading. 

In addition to ñunweldableò alloys, we used electrochemical healing to enable tensile 

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 of AlSi10Mg for 3D printing, we fabricated a funicular shellular 

structure that carries internal forces axially (no transverse stress) (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 topological subdivision which generates two-manifold anticlastic surface-based structures with 

cross-sections normal to the direction of the internal force flow for any given loading condition 

(40, 196ï198) (see Appendix 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 need to be re-

printed or replaced. We loaded the structure in tension until the four struts fractured, healed 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 -1.8V vs. Ni for 5 seconds followed by -0.2V vs. Ni for 3 seconds) 

before proceeding with potentiostatic plating at -1.8V vs. Ni (Fig. C12). We have shown in an 

earlier work that pulsed plating mitigates diffusion-limited electrodeposition, which improves 

nickel adhesion to the healed metals and prevents void formation at the fracture gaps (193). The 

normal healing method (potentiostatic only) with Q = 1200 mAh resulted a low 38.5 % recovery 

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

+ potentiostatic) with Q = 1200 mAh enabled a 110.1 % recovery of tensile strength (bottom plot 

in Fig. 4.4h, Fig. C12 B). We observed that the normal healing method resulted in type-P fracture 

of all four struts, while the enhanced method resulted in type-P fracture at the central strut, with 

limited or no type-I fracture at the three outer struts (Fig. 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, and time requirements across length scales. We used our 

model (with properties for Al 7075) to estimate the charge input, Q (Fig. 4.5a), financial cost, C 

(Fig. 4.5b), and time, T (Fig. 4.5c) required for full healing in fractured metals with a cross-

sectional area ranging from 10-8 to 1 m2. For metals similar in size to the dogbone samples in this 

study (AM = 2.0 mm2), full healing would require 335 mAh, 30 hours, and $0.01. Q and C are low, 

if not negligible, for small length scales, but rise at an increasing rate as length scale increases. On 

the other hand, T rises with a declining rate as length scale increases but may become prohibitively 
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high at large length scales. See Appendix C for the full derivation of Q, C, and T. Improving the 

adhesion between the plated nickel and structural metal, as measured by the interfacial shear 

strength † , using proven chemical and electrochemical processes (193ï195), can decrease the 

energetic and financial costs of electrochemical healing. For a structural metal with AM = 2.0 mm2, 

required charge input decreases by 80% to 67.1 mAh due to a 5x improvement in † , by 90% 

to 33.5 mAh due to a 10x improvement, and by 95% to 16.8 mAh due to a 20x improvement. Thus, 

the marginal benefit of improving †  declines rapidly, which suggests that common 

electrochemical pretreatments (193) might be the optimal choice. Though we focused our cost-

reduction analysis on increasing interfacial shear strength, † , 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 govern Q, C, and T (Fig. 4.5), with †

χȢςσ ὓὖὥ, healing a standard concrete-reinforcing steel bar or a metal part of similar size (AM  ~ 

10-4 m2), 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 V) (199). A 100 mA.cm-2 current density would reduce the healing 

time tenfold, to 22.4 hours. Costs increase dramatically for a large metal part (AM  ~ 0.1 m2): 

$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 V) (199), 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 centimeter-scale, but can be prohibitively expensive and slow at or near 

the meter-scale. 
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Figure 4. 4 (a) Plot of ůU/ůM as a function of Ae/AM showing the model applied to healed Al 7075 

samples. The circles with standard deviation bars represent experimental data, with circles 

colored according to the corresponding charge input. (b) Plot of ůU/ůM as a function of Ae/AM 

showing the model applied to healed Al 2024 samples. (c) Incidence of the three types of fracture 

after healing as function of Ae/AM for healed Al 2024 and Al 7075 samples (Al 2024 samples 

healed with 600 mAh are excluded). (d) Strain-strain data of four healed Al 7075 samples with 

Ae/AM = 81.0 that experienced type-I and type-M fracture. (e) Plot of toughness healing efficiency 

U/Um for healed Al 7075 samples with respect to Ae/AM. Yellow data corresponds to all Al 7075 
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samples, while red data corresponds only to samples that experienced type-I 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 healing, and after post-healing 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). 

 

 

 

 

 

Figure 4. 5 (a) Minimum charge input required 

for full healing for metals with a cross-sectional 

area AM ranging from 10-8 to 1 m2 assuming 1x, 

5x, 10x, and 20x improvement in shear strength 

at the nickel-metal interface, including inset 

showing data for AM ranging from 10-4 to 10-2 

m2. (b) Financial cost of healing due to the 

consumption of electricity and nickel, assuming 

1x, 5x, 10x, and 20x improvement in shear 

strength at the nickel-metal interface. (c) Time 

required for full healing with a current density of 

10 mA/cm2. 
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4.6.   Summary 

Room-temperature 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, cross-sectional 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 strength in a nickel alloy and two ñunweldableò aluminum alloys. We also 

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 

potentiostatic plating, we enabled full restoration of tensile strength in a 3D printed difficult-to-

weld shellular structure. Repairing 3D printed parts mitigates the high energy and cost associated 

with the current approach of recycling and reprinting fractured parts. 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 scales. As an effective scalable 

approach to repair fractured metals, electrochemical healing could reduce demand for structural 

metals, thus mitigating their emissions intensity by up to 400 kg of CO2 per ton of metal (182), and 

moving us forward on the road to sustainability and net-zero emissions. 
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CHAPTER 5 

Conclusion and Outlook 

 

For over 6,000 years, humans have relied on high-temperature processes, such as brazing 

and welding, to repair high-strength structural metals. Recent innovations in self-healing and 

repairable metals have proposed a variety of autonomous and non-autonomous repair mechanisms, 

but have remained hampered by the need for heating and the resulting high energy input, and have 

been limited by the low strength of healed metals, the small size of repairable cracks, or the 

constrained microstructure and chemical composition of healed metals. This thesis overcomes these 

limitations, and demonstrates room-temperature healing of high-strength metals using selective 

nickel electrodeposition. This healing approach can efficiently heal cracks and fractures from the 

microscale to the macroscale, fully restore tensile strength and electric conductivity, recover the 

energy dissipative property of tough ductile metals, as well as repair a variety of useful metals, 

including aluminum alloys and complex 3D printed cellular structures considered to be unsuitable 

for welding. With the model-based framework elucidated in chapter 4, room-temperature 

electrochemical healing could be extended to repairing a more expansive set of structural metals 

and conductive materials, in loading conditions beyond tension, and using electrodeposited metals 

beyond nickel. 

This thesis represents a major contribution to the budding field of self-healing and 

repairable metals, and will, hopefully, be the precursor to a multitude of transformative 

developments in this field. The effective healing of high-strength metals at room temperature with 

low energy input can open the door to broad scientific and engineering advancements, including 

transforming the sustainability, service lifetime, and design process of metal parts. Ideas 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 that electrochemical 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 boneôs structure. The ability for metal to repair itself 

autonomously, however, presents many intriguing possibilities, which can especially benefit 

robots, inaccessible metal parts, and structures 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 oxidation reaction 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 voltage source 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 autonomous nickel electrodeposition. 

An ideal candidate anode would be a high-capacity chemical compound that can reversibly 

intercalate nickel ions at a potential at least 1.0 V lower than the nickel reduction potential, is stable 

in an aqueous electrolyte, and does not generate side reactions. Research on metal-ion batteries can 

offer some clues as to the composition and structure of anodes that meet these criteria. The main 

issue, however, is that nickel has been underutilized as a charge-carrying ion in divalent metal-ion 
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intercalation batteries, as it is denser (8.9 g/cm3) than other metals with divalent ions such as 

magnesium (8.9 g/cm3), calcium (8.9 g/cm3), and zinc (8.9 g/cm3). High nickel density makes it 

unlikely for nickel-ion batteries to compete with other metal-ion batteries in terms of gravimetric 

energy density or specific capacity. Thus, few studies have demonstrated and characterized nickel-

ion batteries (200Έ202), compared to the multitude of studies on zinc-ion, magnesium-ion, and 

other divalent metal-ion batteries (203Έ205). Replacing nickel with one of these other metals for 

autonomous healing might be another path forward, although nickel is a more advantageous healing 

material for high-strength structural metals. Nickel outperforms magnesium, calcium, and zinc in 

terms of strength, toughness, and thermal resistance. Nickel is also easier to deposit from an 

aqueous electrolyte, compared to magnesium and calcium which can only be deposited using ionic 

liquids. The impact of changing the electrodeposited metal on healing performance may 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 thesis can only be effectively used once. 

If a second fracture occurs in the structural metal, it could not be healed effectively with reasonably 

low energy input since metal used to heal the first fracture would still be exposed to the electrolyte. 

To enable repeatable healing, we could extend our healing approach by depositing an insulating 

polymer on exposed metal after the first healing, then after each subsequent healing step (Fig. 5.1). 

By using a self-limiting selective technique such as electropolymerization (206, 207) or 

electrospray deposition (208, 209), polymer is deposited with controllable thickness where metal 

is exposed, and no polymer is deposited in areas where insulating polymer is already present. This 

repeatable healing method can enable healing of the same metallic part several times with no loss 

of healing efficiency. A further improvement on this 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. 

 

 

 

Figure 5. 1 Proposed method for room-temperature 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 areas. Parylene passivated conductive metal surfaces, acted as an impermeable 

barrier to nickel ions, and was stable at the acidic pH of the nickel aqueous electrolyte. However, 

Parylene needs to be deposited before fracture, restricts the use of the structural metal at 

temperatures above ~200 oC, cannot be itself repaired after damage, and cannot be actively 

modified to change the exposed metal area around a fracture site. There is, thus, a need for 

innovation in active or passive methods for the selective passivation of metal surfaces. 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 on simple tensile loading and its resulting material failure 

mechanisms. Future work can explore other mechanical loading modes such as bending, fatigue, 

and creep, and assess the effectiveness of electrochemical healing in sustaining service life and 

recovering the resistance of a metal to fracture and cracking under these loading modes.  

5.5.   Integrated self-healing metal composites 

Integrating the electrolyte and metal anode, along with the structural metal, into a single 

material system is key to enabling the application of electrochemical healing to standalone 

structures and robots. The structural metal, metal anode, and electrolyte can be encapsulated in a 

leak-proof high-strain elastomer shell for a fully integrated and self-healing structural composite, 

which is powered by on-board energy storage (210), or by scavenging energy from the environment 

(211). The use of a high-conductivity solid electrolyte can eliminate the risk of liquid electrolyte 

leakage, and obviate the need for the elastomer shell. Cellular metals can significantly reduce the 

volume of such a system by enabling electrolyte storage in their pores. In a robot or structure with 

multiple self-healing parts, the mass penalty imposed by the electrolyte can be mitigated by 
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designing a circulatory system that distributes electrolyte where it is needed from a single central 

storage container.  

Cellular funicular structures, similar to the one shown in chapter 4 and Appendix C, that 

only experience local forces along the axis of their members regardless of overall loading condition 

and that are designed to fail with a predictable mechanism, at a predictable location, could further 

optimize integrated self-healing metal composites. Electrolyte would only need to be transported 

to the predesignated failure location, thus reducing the amount of stored electrolyte as well as 

enabling targeted energy-efficient healing. 

5.6.   L ife cycle environmental impact of metal repair 

Extending the service life of metal structures can reduce demand for newly fabricated 

metal. This would mitigate the greenhouse gas emissions, waste generation, and overall 

environmental impact of metal mining, refining, and processing activities. In a 2022 paper (182), 

Olivetti et al. estimated that reducing demand for steel, which represents over 90% of total metal 

production, holds the potential of emissions mitigation equivalent to ~400 kg of CO2 per ton of 

metal. Future studies are needed to assess the emissions mitigation potential of electrochemical 

healing and other metal repair technologies, to propose areas of application most likely to maximize 

mitigation potential, and to further investigate the energy and resource requirements of repair 

technologies. 

5.7.   Healing in high-reliability  structural applications 

In many demanding structural applications, particularly in the aerospace industry, high 

levels of performance and reliability are required of load-bearing parts, as well as the processes 

used to repair them. Investigating the use of electrochemical healing in such applications can lead 

to significant improvements in the reliability and predictability of strength restoration. This future 

work could benefit from the statistical approach proposed in chapter 1 (see Appendix A for further 
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details), as well as build on the theoretical model proposed in chapter 4 (see Appendix A for further 

details).  

Though electrochemical healing can be effectively used at room temperature, repairing 

metals in high-reliability applications might require post-healing 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 addition to the resulting effect 

on mechanical, thermal, and other properties of interest. 

5.8.   Responsive morphogenic materials 

Structural biological materials, such as bone and wood, are endowed with multifunctional 

hierarchical structures that allow them to efficiently redistribute matter and respond with growth, 

healing, and morphogenesis to environmental stimuli, such as thermal and mechanical loading. 

Mimicking these biomaterials to design high-strength materials, including metals, that can 

reconfigure their geometries, tune their physical properties prophylactically or in response to 

stimulus, and self-heal after fracture or damage, would contribute to disrupting the failure-focused 

engineering design paradigm. 

Electrochemistry can be harnessed for continuous morphogenesis of geometry, 

microstructure, and properties in architected cellular materials. A cellular structure allows fast ion 

transport through its pores and provides a high surface-to-volume ratio for enhanced 

electrochemical kinetics. Although 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 material (212). For instance, 

Xia et al. induced reversible buckling in individual members of silicon-coated metallic 

microlattices via electrochemical lithiation and delithiation of silicon (213). The reversible 
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buckling could be spatially controlled 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 geometry. Developments in autonomous electrochemical 

healing, sensing, selective passivation, electrochemical energy storage, and energy harvesting may 

be crucial to advancing the design of high-performance responsive morphogenetic materials. 
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APPENDIX A 

Supplementary Information to Chapter 2 

 

Probabilistic analysis of healing success 

The cellular nickel samples showed a stochastic healing performance (Tables 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 

processed, tested, and healed as described above for each value of energy input. We then calculated 

the relevant Fig. of merit (stress healing efficiency eů or strengthening factor fů) for each sample 

depending on its damage type (P, F1 or F2). Using Matlab, we produced a Gaussian (normal) 

probability distribution that fits each set of ten data points for a given energy. The result is a 

probability density function (pdf) for each set of ten samples (Fig. A4). The probability density 

function •ὼ of a statistical variable ὼ is described by  

•ὼ  
ρ

ς“ὺ
Ὡ ȟ                                           ὩήȢὃρ 

where ὺ is the variance and µ is the arithmetic mean. In practical terms, the Matlab fitting process 

consisted of finding the values of µ and ὺ for each set of ten samples. 

To calculate the probability of ὼ ὥ, we integrate •ὼ as follows: 

ὴὼ ὥ •ὼ ὨὼȢ                                              ὩήȢὃς 
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The lower bound of integration was the target figure of merit and the upper bound was set to 

e = 250 % (or fů = 2.50). Using this method, we plotted design (Figs. 2.2 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 the healing energy and temperature ranges for our 

work, different metal healing methods, and two metal welding methods (arc welding and electron 

beam welding).  

For arc welding, we obtained a voltage range of 17 ï 45 V and a current range of 190 ï 590 

A, which encompasses the most common arc welding techniques (gas metal arc welding, flux-

cored arc welding, and shielded metal arc welding, for example) (74). The current and voltage 

ranges yielded a power range of 3,230 ï 26,550 W. The travel speed ranged from 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 20,000 oC (74, 214). For electron beam welding, the energy input ranges 

from 6,000 to 3,000,000 J/mm (166). A study of the temperature distribution on the surfaces of 

different metals and metallic alloys during electron beam welding revealed that peak temperatures 

range from 1,100 to 2,300 oC (167). 

For the various reports of metal healing, we calculated energy input based on available 

information such as healing time, temperature, current, and voltage. In cases where information on 

the furnaces used for heating could not be obtained, we used the electric power of commercial lab 

furnaces by Thermo Scientific rated for the temperature range in the study to calculate total energy 

consumption (1,000 W for ~1,200 oC (118), 700 W for ~750 oC (116), 190 W for ~200 oC (117), 

and 170 W for ~150 oC (120)). For the electrochemical healing study (152), we calculated energy 
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input based on 500 ml of electrolyte with the same specific heat capacity as water and determined 

convective heat losses to be negligible. 

Temperature ranges were all reported in their respective studies except for one study on crack-

localized joule heating (122) which we assumed to have roughly the same temperature range as the 

other study that used the same healing method (121). 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 on scanning electron micrographs to estimate crack size. We summarize the 

data estimated or directly retrieved from other metal healing reports in Table 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 with 3,500 J. 

Scherrer grain size analysis  

Using a Rigaku D/Max-B x-ray diffractometer (XRD) with a Cu K-Ŭ source, we performed x-ray 

diffraction, then plotted and analyzed the resulting data using XôPert Highscore Plus by Malvern 

Panalytical. We performed x-ray diffraction on a thick layer of electrodeposited nickel coated on 

the same cellular nickel used in this work (Fig. A5 a). The electrodeposition occurred in the same 

conditions described above (-1.8 V vs. Ni reference, Ni sulfamate RTU electrolyte, and room 

temperature). We used the Scherrer equation to estimate grain size, 

Ὀ  
ὑ‗

‍ὧέί—
ȟ                                                             ὩήȢὃσ 

where D is the crystalline grain size, K is a dimensionless shape factor (K ~ 1), ɚ is the x-ray 

wavelength (here, ɚ = 0.154 nm), ɓ is the peak broadening (defined as the peak width at half the 

maximum intensity), and ɗ is the Bragg angle. By applying eq. A2, we obtained an average grain 

size of 27 nm in electrodeposited nickel. This grain size was qualitatively confirmed by SEM (Fig. 
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A5 b). In comparison, the pristine cellular nickel had grains ranging in size from 5 to 15 µm (Fig. 

A5 c). Since nickel follows the Hall-Petch model (165), we concluded that the electrodeposited 

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

 

Supplementary figures 

 

Figure A 1 a) Stress-strain data of F2 cellular nickel healed with 0 J, 250 J, 900 J, 1,500 J, and 

2,100 J of electrical energy. b) Stress-strain data of twenty pristine cellular nickel samples used to 

calculate the healing efficiencies of F2 samples. Average tensile strength is 2.1432 MPa and 

average toughness is 97,178 J/m3. 

1,500 J 2,100 J 900 J 

500 J 250 J 0 J (Non-healed) 
a 

b 
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Figure A 2 a) Stress-strain 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, 2,500 J, and 3,500 J of electrical energy (continuous 

lines). SEM micrographs of microscale cracks in F1 cellular nickel after tensile failure (scale 

bar: 100 µm) (b) and F1 cellular nickel healed with 2,500 J of electrical energy input (scale bar: 

1 mm) (c). 

 

0 J (Non - healed) 

250 J 1,000 J 

3,500 J 2,500 J 1,500 J 

ō Ŏ 

a 
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Figure A 3 a) Stress-strain data of P cellular nickel healed with 100 J, 360 J, 900 J, 1,500 J, and 

2,100 J of electrical energy. b) Stress-strain data of ten non-healed P cellular nickel samples 

used to calculate the strengthening factors of P samples. Average tensile strength is 1.8578 MPa. 

 

 

 

 

 

 

 

a 

100 J 360 J 

2,100 J 1,500 J 900 J 

b 



86 

 

Figure A 4 Probability density functions of stress healing efficiency at each energy input for F2 

samples (a), F1 samples (b), and P samples (c). 

 

Figure A 5 a) X-ray diffraction spectrum of electrodeposited nickel. SEM micrographs of 

electrodeposited nickel (b) and a pristine nickel surface in the cellular nickel (c) (scale bars: 10 

µm). 

b c 

a 

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

inches). 

 

Table A 1 Stress healing efficiency eů and toughness healing efficiency eU for all F2 samples. 

0 J 250 J 500 J 

eů eU eů eU eů eU 

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 2,100 J 

eů eU eů eU eů eU 

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 A 2 Stress healing efficiency eů and toughness healing efficiency eU for all F1 samples. 

 

0 J 250 J 1,000 J 

eů eU eů eU eů eU 

21.0943 2.9985 35.0746 14.3804 33.0123 13.6124 

23.6453 3.5352 35.1792 8.4700 64.5745 9.9222 
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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 J 3,500 J 

eů eU eů eU eů eU 

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 A 3 Strengthening factor fů values for all P samples. 

100 J 360 J 900 J 1,500 J 2,100 J 

1.0751 

0.9796 

1.0515 

0.8546 

1.1619 

0.9993 

0.9111 

0.7433 

0.9926 

0.9763 

1.0885 

1.0578 

1.0618 

1.0055 

1.1531 

0.9988 

1.0295 

0.9553 

1.1235 

1.0226 

1.1195 

1.1821 

1.1826 

1.2130 

1.0669 

0.9671 

1.0834 

1.0614 

1.0966 

1.1971 

1.2201 

1.2739 

1.3213 

1.3158 

1.3250 

1.5475 

1.0736 

1.1446 

1.2138 

1.1504 

1.3691 

1.2821 

1.2098 

1.1162 

1.2065 

1.0942 

1.0059 

1.3563 

1.1696 

1.2445 

 

Table A 4 Healing energy, temperature, and crack length in different studies of metal healing. 

Reference Healing method Energy (J) Temperature (oC) 
Crack length 

(mm) 

(116) 
Heat-driven 

precipitation 
1.20E6 1050 to 1200 0.050 

(117) 
Heat-driven 

precipitation 
2.80E5 700 to 750 0.002 

(118) 
Heat-driven 

precipitation 
6.84E7 200 0.100 

(135) Phase transition 5.0E3 70 15.000 

(121) Joule heating ~200 600 0.020 

(122) Joule heating ~35 600 0.250 

(120) 

Heat-driven 

precipitation + Phase 

transition 

2.25E5 150 0.050 

(152) Electrochemistry 
4.0E4 to 

1.0E5 
40 to 55 1.500 
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APPENDIX B 

Supplementary Information to Chapter 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 the article, we present below a more detailed 

discussion of the physics governing electrochemical reaction kinetics at electrode boundaries. We 

also provide in Table B1 a list of parameters used in the computational model along with their 

values. 

The Butler-Volmer equation describes the kinetics of electrochemical redox reactions at the 

electrode surface: 

0[exp( ) exp( )]a c
n

F F
i i

RT RT

a a
h h= - - ,                                 (eq. B1) 

where i0 is the exchange current density, Ŭc and Ŭa are the cathodic and anodic charge transfer 

coefficients respectively (with Ŭc = Ŭa), R is the ideal gas constant, T is the operating temperature, 

F is Faradayôs constant, and ɖ is the overpotential.  

The exchange current density i0 has a linear dependence on nickel ion concentration, and this 

dependence is described by this equation: 

Ὥ Ὥȟ
ὧ

ὧ ȟ
Ȣ                                                    ÅÑȢ"ς 

where Ὥȟ  is the reference exchange current density and ὧ ȟ  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 nickel ion concentrations ranging from 0.10 

mol/l to 1.46 mol/l. This measured behavior is presented in Fig. B1 in both a Tafel plot and a linear 
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plot. Since the applied potential in the computational model is -1.5 V, we use the slope of a segment 

of the Tafel plot between -1.4 V and -1.6 V and the Butler-Volmer equation to calculate the 

exchange current density i0 and the charge transfer coefficient Ŭc = Ŭa at each concentration. Fig. 

B2 shows that exchange current density increased with increasing concentration, and Fig. 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 charge transfer coefficient of Ŭc = Ŭa = 0.030297 which corresponds to the experimental 

average. Secondly, we adjust the reference exchange current density Ὥȟ  in the expression above, 

so that the current density at the cathode surface in the computational model corresponds to the 

experimental current density at a given nickel ion concentration. The best fit between simulated 

and experimental current density is obtained with Ὥȟ ςσς ὃȾά  (Fig. B4). 

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

pulsed plating, which are presented in Figs. B9 and B10. 

 

Figure B 1 Electric current behavior with respect to overpotential at different 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 sulfamate electrolyte. 

 

 

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 density at the steel cathode surface relative to 

nickel ion concentration. 

 

 

Table B 1 Value of parameters used in the computational model 

Parameter Value Unit  

Diffusivity (nickel ions) 1.0E-9 m2/s 

Diffusivity (sulfamate ions) 1.0E-9 m2/s 

Charge number (nickel ions) 2  

Charge number (sulfamate ions) -1  

Reference exchange current density 232 A/m2 

Charge transfer coefficient (anode) 0.030297  

Charge transfer coefficient (cathode) 0.030297  

Equilibrium potential 0 V 

Initial concentration (nickel ions) 1460 mol/m3 

Operating temperature 298 K 
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Supplementary figures 

 

Figure B 5 3D-printed fixture used as a wire alignment tool and electrolyte vessel. Only the 

lower rectangular cavity, which includes a 1 mm-wide channel, is used to hold the electrolyte. 

 

Figure B 6 Stress-strain data of pristine steel wires. 

10 mm 
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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 Stress-strain data of steel wires healed using different electrochemical processes. 

This data was used to produce the data in Fig. 3.4b, c. 

 

 

 

 


