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�³�1�R���S�U�R�E�O�H�P���L�V���W�R�R���V�P�D�O�O���R�U���W�R�R���W�U�L�Y�L�D�O���L�I���Z�H���F�D�Q���U�H�D�O�O�\���G�R���V�R�P�H�W�K�L�Q�J���D�E�R�X�W���L�W�� 

You say you are a nameless man, but you will not long remain so to your immediate colleagues 

if you can answer their simple questions when they come into your office. 

You are not nameless to me. 

�'�R���Q�R�W���U�H�P�D�L�Q���Q�D�P�H�O�H�V�V���W�R���\�R�X�U�V�H�O�I���´ 

-Richard P. Feynman, in response to a letter from his former student and physicist Koichi Mano- 



 

  



 

Summary 

In most living organisms, damaged tissues can be repaired through a healing process that is 

spontaneously promoted. In artificial materials, this process does not spontaneously take place 

and permanent degradation phenomena such as fatigue cracking or corrosion lead to important 

durability concerns regarding the stability and maximum working life of a certain component. A 

�F�R�P�P�R�Q���H�Q�J�L�Q�H�H�U�L�Q�J���D�S�S�U�R�D�F�K���W�R���V�R�O�Y�H���W�K�L�V���L�V�V�X�H���L�V���F�D�O�O�H�G���³�G�D�P�D�J�H���S�U�H�Y�H�Q�W�L�R�Q�´���D�Q�G���L�W���U�H�I�H�U�V���W�R��

the oversizing of parts to allow them to work in safe conditions long enough without overcoming 

a certain critical damage threshold.  

�,�Q�� �W�K�H�� �S�D�V�W�� �I�H�Z�� �G�H�F�D�G�H�V���� �D�� �Q�H�Z�� �G�H�V�L�J�Q�� �D�S�S�U�R�D�F�K�� �N�Q�R�Z�Q�� �D�V�� �³�G�D�P�D�J�H�� �P�D�Q�D�J�H�P�H�Q�W�´�� �Z�D�V��

introduced, which instead relies on considering damage development as an integral part of the 

life of a component. Accordingly, different materials have been designed that show a so-called 

�³�V�H�O�I-�K�H�D�O�L�Q�J�´���U�H�V�S�R�Q�V�H�����L���H�����W�K�H���D�E�L�O�L�W�\���W�R���F�R�X�Q�W�H�U�D�F�W���G�D�P�D�J�H���J�U�R�Z�W�K���W�K�U�R�X�J�K���D���K�H�D�O�L�Q�J���S�U�R�F�H�V�V��

that effectively closes open defects and restore the material initial conditions. This approach has 

been ingeniously presented for polymeric materials almost 20 years ago and was then translated 

to other classes of materials such as ceramics and metals.  

In metals, however, the promotion of a spontaneous healing is response is made difficult by 

strong bonding states which lead to negligible or simply non-efficient transport phenomena at 

room temperature. Consequently, to overcome this issue different research groups focused on 

�W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �³�K�L�J�K �W�H�P�S�H�U�D�W�X�U�H�´�� �V�H�O�I-healing alloys that could find application in 

temperature and load conditions typically leading to creep degradation. For all such materials, 

however, the healing response has to be promoted through a furnace treatment that can only be 

applied to large components. In this thesis, a new method for healing of metal thin films is 

introduced that does not require the use of large equipment or external annealing steps, as it 

relies on a reactive multilayer that is nested as a thermal battery within a thin film architecture. 

Ni/Al r eactive multilayers, thin film stacks able to release a large amount of energy through an 

exothermic reaction that generates a self-sustained propagating heat wave, are shown to promote 

efficient healing in metal thin films through a process that closely resembles a small-scale weld-

repair. After demonstrating that this approach promotes efficient healing in conductive thin films 

of gold and copper up to a maximum defect size of 500 nm, a novel method for tuning the 



 

reactivity of these heat sources is introduced that is solely based on compositional adjustments 

in nickel layers by solid-solution alloying. This approach might prove useful in tailoring the 

reactivity of Ni/Al multilayers for healing in specific applications where either a milder energy 

release or a higher maximum temperature are required. Indeed, this thesis discusses the effect of 

the melting point of the to-be-healed materials on the healing efficiency to demonstrate that local 

melting is indeed required for healing and materials with melting points higher than the 

maximum reaction temperature cannot be effectively healed. 

In the second part of this work, quenching of the heat wave produced by the heat source on thin 

film heat sinks is studied in depth. Using a combination of sputter deposition and high-speed 

infrared imaging, the quenching behavior of the self-sustained heat wave produced in a Ni/Al 

multilayer is discussed and quenching thresholds are found for propagation on copper and gold 

(400 nm ca.) and silicon (1.3 µm), a potential substrate for intrinsic heat source healing with 

Ni/Al.  Considering that the propagation is stopped on only 1.3 µm silicon, a novel thermal barrier 

multilayer is then introduced that is able to restore propagation on otherwise quenching 

substrates. The thermal barrier is based on the use of materials with a largely different phononic 

band structure, Zr and Al2O3, that when deposited as a multilayer have a very low out-of-plane 

thermal conductivity. The introduction of this insulating material could enable the integration of 

intrinsic heat source healing on otherwise non-accessible substrates. 

The thesis is finally closed by a broad discussion on the potential of healing in metals and the 

possible role that reactive materials could play in its further development. Reactive multilayers 

�D�U�H���Y�D�O�L�G�D�W�H�G���D�V���D���³�P�D�W�H�U�L�D�O�V���S�O�D�W�I�R�U�P�´���W�K�D�W���S�U�R�Y�L�G�H�V���R�W�K�H�U�Z�L�V�H���L�Q�D�F�F�H�V�V�L�E�O�H���W�K�H�U�P�D�O���S�U�R�I�L�O�H�V�����7�K�H��

high temperature produced during the intermetallic-forming reaction together with the fast 

propagation velocity of the reaction front enables one to investigate novel phenomena, from 

healing of thin films to small-scale thermoelectric energy conversion. 

  



 

Sommario 

Nella maggior parte degli organismi viventi, i tessuti danneggiati possono essere riparati 

attraverso un processo di guarigione che viene promosso spontaneamente �G�D�O�O�¶�R�U�J�D�Q�L�V�P�R. In 

materiali artificiali, questo processo non avviene spontaneamente e fenomeni di degradazione 

permanente come la fatica meccanica o la corrosione portano a problemi di durabilitá per quanto 

riguarda la stabilità e la massima durata di utilizzo di un determinato componente. Un approccio 

ingegneristico comune per risolvere questo problema si chiama "damage prevention" e si 

riferisce al sovradimensionamento dei componenti in fase di progettazione per consentire loro 

di lavorare in condizioni di sicurezza abbastanza a lungo senza superare una certa soglia critica 

di deterioramento.  

Negli ultimi decenni è stato introdotto un nuovo approccio di design noto come "damage 

management", che si basa invece sul considerare processi di degrado come parte integrante della 

vita di un componente. Di conseguenza, sono stati progettati diversi materiali che mostrano una 

cosiddetta "self -healing response", cioè la capacità di contrastare uno specifico processo di 

degrado attraverso un processo di �³�K�H�D�O�L�Q�J�´ che ripara i difetti e ripristina le condizioni iniziali 

del materiale. Questo approccio è stato introdotto magistralmente per materiali polimerici quasi 

20 anni fa ed è stato poi esteso ad altre classi di materiali come i ceramici e i metalli.  

Nei metalli, tuttavia, la promozione di una �³�K�H�D�O�L�Q�J���U�H�V�S�R�Q�V�H�´ spontanea è resa difficile dai forti 

legami atomici che si riflettono in fenomeni di trasporto trascurabili o semplicemente non 

efficienti a temperatura ambiente (diffusione in bulk, diffusione a bordo grano o in superficie). 

Di conseguenza, per superare questo problema, diversi gruppi di ricerca si sono concentrati sullo 

sviluppo di leghe autoriparanti "ad alta temperatura" che potrebbero trovare applicazione in 

condizioni di temperatura e di carico che tipicamente portano a rottura dovuta a creep. Per tutti 

questi materiali, tuttavia, la �³�K�H�D�O�L�Q�J���U�H�V�S�R�Q�V�H�´ deve essere promossa attraverso un trattamento 

termico che deve essere applicato tramite una fornace. In questa tesi, viene introdotto un nuovo 

metodo di �³�K�H�D�O�L�Q�J�´�� �S�H�U film sottili metallici che invece non richiede l'uso di grandi 

apparecchiature o fasi di annealing esterno, in quanto si basa su un multilayer reattivo annidato 

come batteria termica all'interno di un film. 



 

Questa tesi dimostra che multilayer reattivi di Ni/Al, film sottili in grado di rilasciare una grande 

quantità di energia attraverso una reazione fortemente esotermica che genera un onda di calore 

che propaga attraverso il materiale, �S�U�R�P�X�R�Y�R�Q�R���X�Q���³�K�H�D�O�L�Q�J���S�U�R�F�H�V�V�´��efficiente in film sottili 

metallici attraverso un processo che assomiglia molto a �X�Q���³�Z�H�O�G���U�H�S�D�L�U�´���V�X���S�L�F�F�R�O�D���V�F�D�O�D. Dopo 

aver dimostrato che questo app�U�R�F�F�L�R���S�U�R�P�X�R�Y�H���³�K�H�D�O�L�Q�J�´��in film sottili di oro e rame fino ad 

una dimensione massima del difetto di 500 nm, viene introdotto un nuovo metodo per alterare la 

reattività di queste batterie termiche che si basa esclusivamente su aggiustamenti composizionali 

negli strati di nichel con elementi di lega che formano una soluzione solida con il nichel. Questo 

approccio potrebbe rivelarsi utile per adattare la reattività di un multilayer di Ni/Al per �³�K�H�D�O�L�Q�J�´ 

in applicazioni specifiche dove è richiesto un rilascio di energia più blando o una temperatura 

massima più alta. Infatti, questa tesi discute l'effetto del punto di fusione dei materiali da riparare 

sull'efficienza di �³�K�H�D�O�L�Q�J�´ per dimostrare che la fusione locale è effettivamente necessaria e che 

i materiali con punto di fusione superiore alla temperatura massima di reazione non possono 

essere riparati efficacemente. 

Nella seconda parte di questa tesi il �³�T�X�H�Q�F�K�L�Q�J�´ dell'onda di calore prodotta da Ni/Al su diversi 

film sottili che agiscono da heat sinks viene studiato e discusso. Utilizzando una combinazione 

di sputtering e imaging a infrarossi ad alta velocità, viene discusso il comportamento di 

estinzione dell'onda di calore prodotta in un multilayer di Ni/Al e i limiti  di estinzione per la 

propagazione su rame e oro e silicio sono individuati (400 nm e 1,3 µm, rispettivamente. 

Considerando che la propagazione viene fermata su appena 1,3 µm di silicio, ), un potenziale 

substrato, viene poi introdotto una nuova barriera termica che è in grado di ripristinare la 

propagazione su substrati che altrimenti la estinguerebbero. La barriera termica si basa 

sull'utilizzo di materiali con una �³�S�K�R�Q�R�Q�L�F�� �E�D�Q�G�� �V�W�U�X�F�W�X�U�H�´ molto diversa, Zr e Al2O3, che se 

depositati come multistrato hanno una conducibilità termica �³�R�X�W-of-�S�O�D�Q�H�´ molto bassa. 

L'introduzione di questo materiale isolante potrebbe consentire l'integrazione di una fonte di 

calore intrinseca di guarigione su substrati altrimenti non accessibili. 

La tesi è infine chiusa da un'ampia discussione sul potenziale di produrre leghe metalliche che 

siano davvero in grado di autoripararsi e sul possibile ruolo che i materiali reattivi potrebbero 

svolge�U�H���Q�H�O�O�¶ulteriore sviluppo di queste proprietá. I multilayer reattivi sono dimostrati essere 

una valida "materials platform" che fornisce profili termici altrimenti inaccessibili. L'alta 



 

temperatura prodotta durante la reazione che porta alla formazione di intermetallici, insieme alla 

alta velocità di propagazione del fronte di reazione, permettono di studiare e introdurre nuovi 

�I�H�Q�R�P�H�Q�L���� �G�D�O�O�¶�³�K�H�D�O�L�Q�J�´��di film sottili alla conversione di energia termoelettrica su piccola 

scala. 
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1 
I n t r o d u c t i o n 

 

1 Introduction  

�³�6�H�O�I-�K�H�D�O�L�Q�J���P�D�W�H�U�L�D�O�V���D�U�H���F�R�P�L�Q�J���R�I���D�J�H�´ 

Professor Scott White, 2017.  

Inaugural words for the 5th International Conference on Self-Healing Materials.  

 

After 20 years or research, self-healing materials appeared finally ready to hit the market. 

1.1 Motivation  

In many living organisms, it is typical that a tissue is able to recover from different types of 

damage. This spans from healing processes in trees, where the plant locally releases resin to 

patch a damaged area, to wound closure in animals. This fascinating and complex process, 

however, is limited to a very narrow class of materials, mainly to living materials in living 

organisms. Indeed, when in use, most artificial materials deteriorate and often suffer permanent 

form of mechanical, thermal or chemical damage that leads to the loss of structural or functional 

properties and requires costly and time-consuming repairs. Traditionally, frequent maintenance 

operations are avoided by oversizing structural components or designing functional systems to 

keep the estimated damage level well below a certain safety threshold within their maximum 

�O�L�I�H�W�L�P�H�� �L�Q�� �Z�R�U�N�L�Q�J�� �F�R�Q�G�L�W�L�R�Q�V���� �7�K�L�V�� �W�U�D�G�L�W�L�R�Q�D�O�� �G�H�V�L�J�Q�� �D�S�S�U�R�D�F�K�� �L�V�� �N�Q�R�Z�Q�� �D�V�� �³�G�D�P�D�J�H��

preventi�R�Q�´���D�Q�G���L�W���D�O�O�R�Z�V���P�D�W�H�U�L�D�O�V���W�R���F�R�Q�F�O�X�G�H���W�K�H�L�U���O�L�I�H���F�\�F�O�H���Z�H�O�O���E�H�I�R�U�H���S�R�W�H�Q�W�L�D�O�O�\�� �F�U�L�W�L�F�Dl 

damage even starts to develop. 

 

Figure 1.1: Two different materials behavior: for materials in (a), the damage generation grows monotonically during service 

life and the damage extent will reach, eventually, a critical threshold above which maintenance is required. On the contrary, 

materials in (b) display self-healing behavior, which manifests as non-monotonic, damage evolution, which shows periodic (or 

individual) decays corresponding to healing events.  
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An alternative and thus far poorly explored design methodology relies instead on leaving the 

�P�D�W�H�U�L�D�O�� �L�W�V�H�O�I�� �L�Q�� �F�K�D�U�J�H�� �R�I�� �³�P�R�Q�L�W�R�U�L�Q�J�´�� �G�D�P�D�J�H�� �H�Y�R�O�X�W�L�R�Q���� �7�K�L�V�� �D�S�S�U�R�D�F�K���� �Z�K�L�F�K�� �H�P�E�U�D�F�H�V��

�G�D�P�D�J�H���G�H�Y�H�O�R�S�P�H�Q�W���U�D�W�K�H�U���W�K�D�Q���D�Y�R�L�G�L�Q�J���L�W�����L�V���N�Q�R�Z�Q���D�V���³�G�D�P�D�J�H���P�D�Q�D�J�H�P�H�Q�W�´���D�Q�G���L�W���L�Q�Y�R�O�Y�H�V��

the use of a material able to display so-�F�D�O�O�H�G�� �³�V�H�O�I-�K�H�D�O�L�Q�J�´�� �E�H�K�D�Y�Lor: the ability to 

autonomously recover from a potentially critical degradation process (Figure 1.1). Currently, a 

�V�K�L�I�W�� �I�U�R�P�� �W�K�H�� �W�U�D�G�L�W�L�R�Q�D�O�� �³�S�U�H�Y�H�Q�W�L�R�Q�´�� �G�H�V�L�J�Q�� �S�U�R�F�H�V�V�� �W�R�� �W�K�H�� �P�R�U�H�� �D�P�E�L�W�L�R�X�V�� �³�P�D�Q�D�J�H�P�H�Q�W�´��

approach is severely limited by the lack of materials able to display reliable self-healing 

behavior. Indeed, one of the grand challenges in modern materials science is to apply the 

naturally ubiquitous concept of healing to non-biological inorganic systems and create artificial 

materials showing an autonomous healing response to damage generation.  

The concept of materials healing or, more specifically, �W�K�D�W�� �R�I�� �³�V�H�O�I-�K�H�D�O�L�Q�J�� �P�D�W�H�U�L�D�O�V�´�� �Z�D�V��

introduced in 2001 for polymer composites1 and later translated to other classes of materials, 

from aerogels2,3 to ceramics4�±9. However, despite the outstanding progress in the development 

of self-healing materials in numerous fields, from high temperature ceramics5,8,9 to soft 

robotics10, these materials remain relatively immature prototypes that are still working their way 

towards engineering applications. This is especially true for metals and their alloys.  

Considering the vast use of metallic materials in modern society, from structural elements in 

infrastructures to conducting lines in microelectronics, the development of reliable and efficient 

self-healing mechanisms for this material class would substantially influence modern economics 

and allow a substantial rethinking of the design process and maintenance protocols for 

skyscrapers, bridges, airplanes, microprocessors and much more. However, as metals are known 

for their considerable chemical inertia at room temperature and their tendency to undergo severe 

oxidation at high temperature in atmospheric conditions�����P�R�V�W���³�K�H�D�O�L�Q�J�´���D�S�S�U�R�D�F�K�H�V���W�R���P�H�W�D�O�O�L�F��

materials have so far been based on the use of furnace treatments in controlled atmosphere.  

  

1.2 Aim of the thesis 

Broadly speaking, this thesis aims first of all at providing an overview of healing 

mechanisms in different materials classes with a focus on metals alloys and thin films and, 

secondly, at introducing a new method for healing of metallic thin films that is not based on a 



 

3 
I n t r o d u c t i o n 

 

furnace heat treatment, but rather on the use of reactive multilayers as an intrinsic heat source. 

After introducing reactive multilayers for intrinsic heat source healing, I explore a few of the 

facets of this approach. First, I demonstrate how the use of traditional metallurgical alloying and 

alloy design helps broaden the range of applications of our technique by altering the reactivity 

of the reactive multilayers. Then, I investigate the challenges related to quenching induced by 

the thermal contact of the heat source with candidate heat sink substrates. Finally, this work 

briefly discusses the reasons why the approach we introduce has the potential to be developed 

into a fully autonomous healing mechanism. Indeed, while not being completely autonomous at 

the current state of development, the use of reactive multilayers as intrinsic heat sources in 

multilayered thin film systems enables the introduction of a healing mechanism that is not based 

on the use of furnace heat treatment or electrodeposition. 

 

1.3 �$���U�H�D�G�H�U�¶�V���J�X�L�G�H 

This thesis is structured as follows: first, chapter 2 provides a broad background on self-

healing mechanisms in a number of different classes of materials, from polymers to concrete, 

with a specific focus on metals. In this regard, I would like to emphasize that this section is not 

a deep dive into a detailed and overarching discussion of self-healing materials. Rather, while 

there have been hundreds of studies published and numerous materials developed in the past 25 

years, this section is aimed at providing only a few interesting examples and introducing the 

reader to the concept of self-healing materials design. For a more detailed overview, the readers 

can refer to a detailed book: Self-healing Materials8.  

Building on the evident lack of truly autonomous healing mechanisms for metals, I introduce a 

discussion on the energy scales of healing in metallic materials inspired by Hsain and Pikul11, 

which leads us to the introduction of the concept of intrinsic heat source healing, a healing 

mechanism �E�D�V�H�G�� �R�Q�� �W�K�H�� �X�V�H�� �R�I�� �U�H�D�F�W�L�Y�H�� �P�X�O�W�L�O�D�\�H�U�V�� �D�V�� �D�� �³�W�K�H�U�P�D�O�� �E�D�W�W�H�U�\�´�� �W�K�D�W�� �R�Q-demand 

releases heat to the damaged area in a thin film. In chapter 3, a literature overview on past 

research on reactive multilayers will be discussed to introduce the reader to the field of reactive 

nanomaterials, their design, their peculiar and charming reactive behavior and the field of 

applications where they have been implemented so far.  
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After introducing our method as proof of concept to on-�G�H�P�D�Q�G���³�K�H�D�O�´���D���W�K�L�Q���I�L�O�P in chapter 4, 

I acknowledge it lacks versatility as the maximum temperature and propagation velocity of the 

heat wave that promotes healing are closely bound to the mixing behavior of the two reactants 

in the heat source: Ni and Al. To tackle this aspect, in chapter 5 I discuss a method for tuning 

the reactivity of said heat source by alloying the high-melting Ni layers through co-sputtering 

with elements having different reactivity towards aluminum. Cu, weakly reactive, and Pt, 

strongly reactive, lower and enhance the heat source energy output, respectively, thus opening 

up the doors to integration of on-demand healing in devices with demanding temperature 

restrictions.  

Following these results, chapter 7 presents a study that I believe will prove fundamental for this 

technology to make it into real world applications by investigating a reverse thermal 

management problem related to understanding and preventing heat dissipation during the 

propagation of the self-sustained reaction in Ni/Al on thin film heat sinks. Indeed, the integration 

of intrinsic heat source healing in real world microelectronic devices requires a deeper 

understanding of conductive heat losses to the substrate or adjacent on-chip components, which 

act as heat sinks and might quench the reaction. Chapter 7 offers a detailed overview of the 

propagation behavior of Ni/Al reactive multilayers reaction when in intimate thermal contact 

with noble metals and silicon heat sinks and demonstrates that stable propagation of the heat 

�I�U�R�Q�W�� �F�D�Q�� �E�H�� �D�F�K�L�H�Y�H�G�� �X�S�� �W�R�� �D�� �F�U�L�W�L�F�D�O�� �³�T�X�H�Q�F�K�L�Q�J�� �W�K�L�F�N�Q�H�V�V�´�� �Z�K�L�F�K��depends on the thermal 

properties of the heat sink thin film.  

Finally, chapter 8, 9 and 10 discuss our efforts towards the ignition of the heat release process 

via mechanical stimuli and an outlook on a potential future line of research on reactive materials.  

This thesis builds upon seminal work in the field of self-healing materials by White et al.1 and 

reactive materials by Weihs et al.12�±19 and demonstrate that research in this apparently narrow 

and highly focused field is diffusing into other disciplines in materials science and engineering. 

Indeed, I show that scientific interest for reactive multilayers shall not be limited to the 

fundamental study of reaction kinetics and phase formation, but rather broadened to the use of 

such intriguing thermophysical processes to create new classes of applications: from functional 

materials to the development of novel thermal barriers that might open new avenues in 

microscale, on-demand heating technology.  
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2 Self-healing materials 

 

Like living organisms, materials age.  

When designing devices or structures that have to perform within acceptable safety thresholds 

for a long time span, it is the responsibility and burden of a materials engineer to consider the 

general degradation mechanisms that might affect a certain component and account for them 

before manufacturing even begins. Common degradation mechanisms include microstructural 

or compositional changes that might be induced by high temperature or stress exposure, time-

dependent mechanical loading that leads to fatigue cracks, environmental attack induced by 

exposure to a corrosive environment or a combination of these and other factors.  

 

 

Figure 2.1:The autonomous healing concept introduced by White et al.1. A healing agent is contained in capsules that are 

dispersed within the polymeric matrix, where the catalyst required to initiate the healing process is dispersed. Once a crack is 

formed (a), it will eventually propagate and reach a capsule, thus breaking it and releasing the healing agent (b), which 

polymerizes and closes the crack upon interaction with the catalyst (c). A broken capsule is shown in (d) 1. Reprinted with 

permission. 

 



 

6 
S e l f - h e a l i n g  m a t e r i a l s 

 

�8�S�� �X�Q�W�L�O�� �W�K�H�� �H�D�U�O�\�� ���������¶�V���� �W�K�H�� �G�H�V�L�J�Q�� �S�D�U�D�G�L�J�P�� �L�Q�� �W�H�U�P�V�� �R�I�� �P�D�W�H�U�Lals degradation relied upon 

introducing a design safety factor to allow a certain product/structure to perform long enough 

while developing and accumulating inevitable damage. Since 2001, however, late professor 

Scott White and his co-workers began to blur the boundaries in terms of materials durability by 

�L�Q�W�U�R�G�X�F�L�Q�J���W�K�H���F�R�Q�F�H�S�W���R�I���³�V�H�O�I-�K�H�D�O�L�Q�J���P�D�W�H�U�L�D�O�V�´1: a new class of materials, which, like tissues 

in living organisms, could repair themselves upon being damaged (Figure 2.1). 

 

2.1 Self-healing in polymers and polymer composites 

The field of self-healing materials and composites originated from polymers. In polymeric 

materials, engineering of a healing response is made easier by relatively high molecular mobility 

in ambient conditions and the strong temperature dependence of phenomena like solid-state 

diffusion, viscous flow or bonds rearrangement close to room temperature.  

 

 

Figure 2.2: The healing process: capsule fracture and healing agent release. The stress field ahead of a propagating planar 

crack when the capsules are stiffer than the matrix (a, left) or more compliant (a, right). The crack is attracted to the capsules, 

which leads to fracture and liquid healing agent release (b-d) 1. Reprinted with permission. 
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After more than 15 years of research and development in the field of self-healing polymers, 

numerous self-repair mechanisms have been introduced, but all of them can be classified in two 

broad classes: extrinsic and intrinsic healing approaches. In the following sections, the most 

important approaches for both categories will be discussed: container-based self-healing 

(extrinsic) and reversible bonds self-healing (intrinsic). 

 

2.1.1 Container-based self-healing in polymers 

Extrinsic healing in polymers refers to the addition of a healing aid, which has the sole role 

of promoting a healing response upon damage generation, but holds no role in improving or 

contributing to the structural or functional properties of the base material. In most cases, self-

healing polymers are inspired by the healing processes typical of many natural organisms, where 

a fluid released at the damaged site promotes restauration of compromised tissues. This 

mechanism has been translated to artificial materials through the production of composites 

consisting of a matrix, which plays a structural or functional role, reinforced with a dispersion 

or network of containers, which enclose the so-�F�D�O�O�H�G���³�K�H�D�O�L�Q�J���D�J�H�Q�W�´����Figure 2.2). Upon fracture 

of the composite or mechanical rupture of the capsules, the containers burst and the liquid agent 

is released in contact with the matrix. At this stage, solidification through polymerization of the 

liquid healing agent is promoted through different mechanisms, which lead to crack closure and 

healing. Amongst these, the most known and widespread crack-closure mechanism is due to the 

reaction of the liquid precursor, enclosed within distributed capsules, with a catalyst previously 

dispersed with the polymer matrix. Upon contact with the catalyst, a polymerization reaction is 

triggered and the solid products create a physical bridge between the crack surfaces, thus 

restoring structural integrity within the damaged component. 

Introduced in 2001 by White et al.1, this approach has been broadly developed and improved20�±

22. Nowadays, capsules-based healing relies mainly on three different processes: the previously 

discussed mechanism, which is based on a two-components reaction (precursor-catalyst), the use 

of liquid precursors able to react with the atmosphere or environment surrounding the crack and 

finally the use of liquid precursors able to directly react with the polymer matrix without the 

need of a catalyst to promote the polymerization and solidification of the healing agent23�±25.   
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Other common types of container-based self-healing materials, such as vascular or hollow-fiber-

reinforced composites, take an even tighter inspiration from wound closure in living organisms 

by reproducing the capillary blood flow in animals26�±29. Similar to previously discussed capsule-

reinforced materials, hollow-fiber and vascular networks offer the advantage of a higher 

probability of healing because of container fracture, but at the same time they are less efficient 

in promoting subsequent healing events at the same damage site as a consequence of channel 

clogging. Indeed, capsule-reinforced self-healing materials have been demonstrated to 

outperform their vascular counterpart in terms of healing repeatability. 

 

 

Figure 2.3: Self-healing materials with vascular networks. Inspired by the capillaries network in animal bodies (a) a material 

containing a similar network on interconnected fluid transporting channels was produced (b). Upon damage, the material 

releases a liquid healing agent that repairs open cracks or damage (c, d)30. Reprinted with permission. 

 

2.1.2 Reversible bond-based healing in polymers 

Seldom referred to as a second generation of self-healing polymeric materials with improved 

healing repeatability and a healing mechanism that is closer to being fully autonomous, another 

type of self-healing polymers is based on the rupture and restoration of reversible bonds31,32. As 
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these materials do not strictly need the addition of a specific healing agent, but rather they rely 

�R�Q���W�K�H���R�Z�Q���P�D�W�H�U�L�D�O�¶�V���D�E�L�O�L�W�\���W�R���U�H�S�D�L�U���E�U�Rken bonds, they are often referred to as intrinsic healing 

polymers. Regardless of the type of reversible bond that promotes a healing response, these 

materials display self-healing behavior because of an enhancement in the molecular mobility at 

the damage site that in turn enables the polymeric network to rearrange and the ruptured bonds 

to be repaired (Figure 2.4). One important point that should not be overlooked for reversible 

bonds healing is that, even though its definition hints at an autonomous healing response, these 

processes often require some sort of external aid to complete the healing process. This external 

�³�K�H�D�O�L�Q�J�� �D�L�G�´�� �L�V�� �L�Q�� �P�D�Q�\�� �F�D�V�H�V�� �W�K�H��use of a mild increase in temperature or the contact with 

humidity or CO2 coming from the environment33.  

 

 

Figure 2.4: Intrinsic healing in polymers. A temporary increase in temperature leads to a temporary drop in the material 

viscosity. This enables long and short-range transport and provides the materials with the necessary energies to allow the 

polymeric network to rearrange and heal the damage34. Reprinted with permission. 

 

Regardless of the peculiar healing mechanism involved or of the external healing aid required to 

promote the self-repair response, these chemistries allow one to obtain self-healing behavior if 

and only if the local rearrangement processes, such as bond fracture-formation and chains 
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diffusion are substantially faster than large scale rearrangement processes, such as fluid flow or 

macroscopic deformation.  

Polymers are the oldest class of materials amongst those displaying self-healing behavior and 

thus they have been subjected to a prominent level of development that already brought them 

close to industrial applications. Nonetheless, we highlight that the tendency in the field of self-

healing polymers has been to focus first of all on the production of materials that can restore 

functional properties (Figure 2.5), beside structural ones, and, secondly, to the development of 

intrinsic healing mechanisms. Indeed, the realization of a truly intrinsic self-healing material 

would allow overcoming the properties deterioration that is due to the addition of a healing agent 

container to the matrix, thus further narrowing the gap between self-healing polymers and 

industrial applications. 
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Figure 2.5: Healing of polymers has been focused not only on the restoration of structural properties, but also of functional 

ones. Prominent examples span from heat conductivity to impact resistance and wettability34. Reprinted with permission. 
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2.2 Self-healing in ceramics 

In ceramic materials, a healing response is observed under very peculiar conditions, which 

are fundamental to promote damage recovery. In this section, two completely different classes 

of ceramics, which are known for two widely different healing approaches, are discussed: high-

temperature ceramics and concrete. 

 

2.2.1 High-Temperature healing 

In most ceramic materials, the crystal consists of a regular array of atoms with covalent, 

strong and strongly directional bonds. As a result, atomic movement and diffusional flows at 

ambient conditions are severely hindered by the high activation energies for atomic mobility 

typical of a strongly bound lattice. Accordingly, self-healing processes in ceramic materials are 

mostly based on the use of very high temperature treatments, commonly between 1200 and 1600 

��C, to overcome the activation barrier and initiate solid-state diffusion or some other type of bulk 

mass transport. For this class of materials, important examples are SiC/Al6Si2O13 composites 

which, when reinforced with SiC whiskers, have been shown to be able to completely heal from 

cracks as wide as 100 µm at around 1300 ��C35, or multi-phase materials where the formation of 

a melt at eutectic composition, combined with the rearrangement of secondary particles, produce 

local healing at crack site36. For most ceramics, self-healing mechanisms have been developed 

for temperatures that are substantially higher than the true working conditions of the material in 

real world applications. Nonetheless, a few research groups recently focused on very interesting 

materials that have been tailored to heal at the working temperature or below8. For example, 

ceramic SiC composites that are commonly used for burner nozzles in the aviation industry have 

been designed to undergo autonomous healing at the temperature caused by the combustion 

taking place within the nozzle itself through the addition of MoSi2 healing particles. These 

materials are based on a so-called self-healing oxidation process, which produces an oxide phase 

that by volumetric expansion fills and heals cracks, thus re-establishing the structural integrity 

of the material37 (Figure 2.6). 
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Figure 2.6: Self-healing mechanism in high-temperature ceramics. Upon contact with an oxygen rich atmosphere, the MoSi2 

particles react and form an oxide that fills the open cracks37. Reprinted with permission. 

 

 

2.2.2 Bacteria-based self-healing concrete 

A likewise if not more fascinating approach, even though utterly opposite to healing in 

ceramics, is the use of bacteria to stimulate damage repair in concrete. Concrete is one of the 

most widely used materials worldwide and its production alone adds up to about 7% of total CO2 

human emission. Besides its production, concrete long-term sustainability is limited by its 

tendency to cracking. Indeed, concrete and reinforced concrete are susceptible to tension 

cracking, which in most cases leads to the formation of damage that requires prompt human 

intervention or that might compromise the integrity of large infrastructures. Considering that 

these problems lead to repair costs amounting up to billions of dollars worldwide every year, the 

realization of a self-healing response appears as a clear and groundbreaking step in the transition 

towards making this material more sustainable for the future of urban infrastructures.  

Since a decade, scientists from different research groups were able to demonstrate the addition 

of different species of bacteria with the ability to produce minerals at the crack site and re-create 

damaged physical connections within the material (Figure 2.7). Even though the bacteria used 

are different, the mechanism remains very similar for all types of bacteria-based self-healing 

concrete: through the consumption of some nutrients, such as water, oxygen and calcium lactate, 

these organisms can produce calcium-carbonate-based minerals that effectively induce crack 

closure. One key aspect of this approach is that the bacteria have to be protected until the desired 

healing has taken place. This has been obtained through the integration of dormant bacteria 
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colonies within capsules that are designed to rupture upon cracks formation, thus exposing the 

colony to water and oxygen and enabling the activation of the bacteria action. 

 

 

Figure 2.7: Crack healing in bacteria-reinforced concrete. As visible, over a time span of 3 weeks, the bacteria produce a new 

mineral phase that bridges the open crack surfaces and re-establish structural integrity in the damaged area6. Reprinted with 

permission. 

 

In some cases, it has been shown that the introduction of a two components capsule system, e.g. 

bacteria and calcium lactate, it is possible to increase the amount of minerals produced and 

shorten the healing time7 through a two-step mineral production reaction: 

CaC6H10O6 + 6O2 �:�� CaCO3 + 5CO2 + 5H2O 

which consumes the lactate to produce carbonate and CO2, and a second carbonation-like step 

which resembles a slow process naturally occurring in concrete because of inward diffusion of 

CO2 within the material: 

5CO2 + Ca(OH)2 �:�� 5CaCO3 + 5H2O. 
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Nowadays, bacteria-based self-healing concrete is still fighting its way to the market. Indeed, in 

order for this material to really affect large-scale infrastructure or have the power to substantially 

disrupt the construction materials industry, significant improvement still have to be reached in 

terms of initial production cost, long-term bacteria storage stability and overall healing 

performances.  
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2.3 Self-healing in metals 

Similar to ceramics, metals have yet a plethora of hurdles to overcome on their path to the 

achievement of self-healing behavior. As one can easily notice by looking at the number of 

publications per materials class within the field of self-healing materials, the field is widely 

dominated by polymers.  

 

Figure 2.8: Publications numbers for different areas of self-healing materials. As clearly visible, the field of self-healing 

materials is still nowadays vastly dominated by polymers. Nonetheless, over the past 7 years there has been a substantial shift 

and interest surge towards the development of self-healing metallic systems8. Reprinted with permission. 

 

These materials are particularly suited to be engineered to display self-healing behavior as a 

result of their atomic structure: in polymers, atoms are covalently bound only within a single 

polymeric chain, but the overall material is held together by weaker or purely physical 

interactions. This peculiar atomic configuration, allows polymers to display high room 

temperature atomic mobility and energetic characteristic that enable the fracture and repair of 

bonds without the need to provide high energies through, for example, a furnace heat treatment. 

In addition, many polymeric materials can be synthesized through a room temperature 

polymerization reaction that starts from a liquid precursor interaction with either a catalyst or 

the atmosphere. This feature is specifically beneficial to the development of self-healing 

behavior, as it is the closest thing a material scientist has ever developed to wound closure in 

natural living organisms. Comparing the number of publications, especially to polymers, one 

understands that the field of self-healing metallic materials is barely in its childhood years. On 
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the path towards a fully autonomous and reliable self-healing metal, the development of novel 

metallic materials and the introduction of novel healing mechanisms will play a major role in 

the years to come. In a recent review on healing of metals, Grabowski and Tasan proposed a 

classification of healing mechanisms that is based on the characteristic healable damage size 

(Figure 2.9). This approach divides the healing mechanisms in two categories: nanoscale 

mechanisms, which can only heal nanoscale defects such as voids and dislocations, and 

macroscale mechanisms, which can effectively heal micro or macroscopic cracks. In addition to 

the typical damage size, the authors highlighted the characteristic temperature at which healing 

takes place and divided the healing processes in low and high temperature classes. In the 

following paragraphs, healing processes for metals will be discussed and a critical overview is 

proposed discussing the main approaches one might use to provide energy to a metallic material 

to stimulate a healing response. 

 

Figure 2.9: Overview of the proposed or investigated healing mechanisms for metals. The rows indicated the stage of the 

process. The columns indicate the healing mechanism responsible for damage repair. The background of the squares indicate 

whether the method is a high-temperature one or a low temperature one. A green background indicates the use of an 

electrochemical bath and the application of a voltage. More details are reported in the main text8. Reprinted with permission. 
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2.3.1 Precipitation-based approaches 

The most widespread self-healing approach for metal is based on precipitation of a second 

�S�K�D�V�H�����6�W�D�U�W�H�G���E�\���6�K�L�Q�\�D�¶�V���J�U�R�X�S���L�Q����������38�±41, this field evolved over the years and it is now of 

research interest in the Netherlands as well, where Van der Zwaag and collaborators are working 

on a more fundamental understanding of the process42�±46. Independently of the material, 

precipitation-based healing relies on the production of a metastable system, a supersaturated 

solid solution in most cases, which can be easily pushed towards phase separation or solute 

precipitation through a temperature increase.  

Shinya et al.39�±41 mostly focused on commercial stainless steel. First, using a modified 

composition containing excesses of boron, nitrogen, cerium and titanium, they were able to 

prevent the segregation of sulphur at creep voids through the formation of Ti/Ce sulfides, 

secondly, the addition of boron and nitrogen within the material lead to precipitation of boron 

nitride at creep cavities. Because of the nitrides high temperature stability, its precipitation is 

expected to hinder the growth of cavities and thus improve the creep lifetime of the modified 

steel (Figure 2.10).  

 

Figure 2.10: Schematic of the precipitation process that leads to healing of creep cavities: precipitation of S (a), precipitation 

of B (b) and precipitation and growth of BN (c) 8. Reprinted with permission. 

 

While the research performed in Japan focused on industrial materials, Van der Zwaag group in 

the Netherlands has been focusing on a much simpler system which, as a consequence of its 

controlled composition and more idealized behavior and together with the use of high resolution 

techniques such as Positron Annihilation Spectroscopy44 (PAS) and Atom Probe Tomography45 

(APT), enabled them to gain valuable insights into the healing mechanisms underlying the 

improved creep performances of these oversaturated alloys. Since 2010, the research group from 

Delft is working on a series of supersaturated iron alloys containing different elements that have 
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been shown to substantially enhance the creep life time of the material. When adding gold as a 

solute element, for example, Zhang et al.47 showed that the selective precipitation of a gold-rich 

phase in cavities formed on grain boundaries oriented perpendicular to the applied stress results 

in pore filling, thus leading to an increased creep resistance for the alloy (Figure 2.11). Similar 

results have been shown for other Fe-X alloys, containing alloying elements such as copper and 

molybdenum46.  

 

 

Figure 2.11: An example of the performance of self-healing creep alloys and the microstructural phenomena behind them. The 

creep curves at constant stress for Fe-Au solutionized and Fe-Au-B-N solutionized alloys (a, b respectively). Resulting 

microstructure from the fracture surface of the Fe-Au-B-N alloy after creep at 60 MPa (c1), filled cavities and relative 

enlargements from the regions marked in c2: c3, c447.  Reprinted with permission. 

 

From these studies, three main criteria have been highlighted for precipitation-based healing 

from a supersaturated solution: 
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- the solute element must be fully soluble within the matrix at high temperature but also 

be able to reach an adequate level of supersaturation at the creep temperature; 

- the atomic size of the solute atoms must be substantially larger than the main matrix 

element (Fe) in order to prevent precipitation within the matrix instead of within the creep 

cavities; 

- the solid-state diffusivity of the solute atoms must be larger than the matrix self-diffusion 

(Fe in Fe) to ensure that the cavity filling process is evolving at a higher pace than cavity 

growth. 

Based on these experimentally-derived criteria and with the aim of moving closer to a material 

which can be of practical interest for industrial applications, Fang et al. expanded the Fe-X alloys 

concept to Fe-W45. Tungsten is a relevant alloying element for creep resistant steels and, for 

some kind of creep-resistant high-chromium alloys, tungsten is added as a replacement to 

molybdenum to further improve the high temperature stability, together with the neutron 

activation potential in nuclear applications. In their work, they showed that tungsten acts in a 

similar way to gold and other supersaturated solute healing elements, forming tungsten-rich 

precipitates at creep cavities and, once more, improving the material creep performance.  

 

Figure 2.12: Creep tests results (a, b) and resulting microstructure from a Fe-W alloy. The precipitates form at grain 

boundaries, where creep cavities start to form (c, d). Higher magnification images of the precipitates and relative chemical 

analysis can also be seen in e-h45. Reprinted with permission. 
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Even though for all of the afore-mentioned materials high temperature is required to initiate, 

promote and complete the healing process, one should note that these materials are specifically 

designed and tailored to display self-healing behavior in high-temperature creep conditions. 

These features are encouraging and, together with the development of materials such as Fe-W 

that are getting closer and closer to alloys of industrial interest, demonstrate that precipitation-

based healing of metals could pave the way as the first type of self-healing metallic materials 

making it to the market. 

A similar approach to self-�K�H�D�O�L�Q�J���E�H�K�D�Y�L�R�U���E�D�V�H�G���R�Q���D���³�O�R�Z-�W�H�P�S�H�U�D�W�X�U�H�´���S�U�H�F�L�S�L�W�D�W�L�R�Q���S�U�R�F�H�V�V��

has also been introduced for aluminum alloys48�±50. However, as the precise mechanisms leading 

to enhanced fatigue life of these materials are currently not fully understood and considering that 

this approach has been harshly criticized as it would not be applicable to any real world 

component51, low-temperature precipitation will not be discussed in this work. 

 

2.3.2 Shape memory 

The most basilar feature of a material able to self-repair is that of being able to return as it 

was before damage developed through a seamless reversible transformation. This point of view 

drove material scientists towards the investigation of shape memory alloys as potential materials 

candidates for the introduction of self-healing behavior in metal matrix composites and metal 

alloys. 

 

Figure 2.13: Phase transformation and related processes in traditional shape memory alloys52. Reprinted with permission. 
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Shape memory alloys are a class of metallic materials that display the peculiar property of being 

able to recover their initial shape through a reversible microstructural transformation52,53. When 

cooled from high temperature, these �D�O�O�R�\�V���D�U�H���³�I�U�R�]�H�Q�´���L�Q���W�K�H�L�U���W�Z�L�Q�Q�H�G���P�D�U�W�H�Q�V�L�W�H���V�W�D�W�H�����8�S�R�Q��

mechanical deformation, they undergo a de-twinning process that leads to a reduction in defect 

density and produces the so-called de-twinned martensite phase. This phase can be retained by 

the material; however, upon heating above the austenitization temperature, the alloy undergoes 

a further phase transformation to the austenite phase, which upon cooling transforms into the 

starting twinned martensite. It is during this last transformation that the so-called shape memory 

effect can be observed. Indeed, through these phase transformations leading to the twinned 

martensite, the material recovers the initial shape, which is programmed during cooling.  

Shape memory alloys have been proposed for self-healing of metals in two kind of materials, 

which yet rely on the same mechanism that was just discussed. A first example is that of shape-

�P�H�P�R�U�\�� �Q�D�Q�R�V�F�D�O�H�� �³�G�L�V�S�H�U�V�R�L�G�V�´54,55. Grabowski et al.56�±58 are working on advanced first-

principle simulation to follow up on previous theoretical studies by Demkovic54 (Figure 2.14), 

where it has been shown that grain boundary motion promoted by a dispersion of shape-memory 

particles in a metallic matrix could stimulate crack closure as a consequence of the shape change 

induced by phase transformation in the NiTi shape-memory inclusions. The main challenge, 

currently, relates to the definition of a system where the desired microstructure can be obtained 

through conventional metallurgical alloying and heat treatments. Indeed, the ideal material for 

this application would consist of a complex alloy where NiTi nanoprecipitates can be nucleated 

directly within the matrix through an aging treatment similar to those employed for strengthening 

of aluminum alloys. 
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Figure 2.14: Model of a Ni crystal containing a grain boundary and a nanocrack. The crack opening increases if the grain 

boundary GB1 drifts away from it (b), but closes and eventually is fully healed when the grain boundary GB1 moves towards it 

(c, d)54. Reprinted with permission. 

 

While this kind of shape-memory-based healing is limited to the annihilation of nanoscale voids, 

the second example of shape-memory materials is focused on the repair of much larger defects. 

In the so-�F�D�O�O�H�G���³�F�O�D�P�S���D�Q�G���P�H�O�W�´���D�S�S�U�R�D�F�K�����P�H�W�D�O���P�D�W�U�L�[���F�R�P�S�R�V�L�W�H�V���D�U�H���S�U�R�G�X�F�H�G���Z�K�L�F�K���F�R�Q�V�L�V�W��

of a solder or low melting matrix containing embedded shape-memory wires59�±62 (Figure 2.15, 

Figure 2.16). In these materials, the self-healing process consists of three different steps, which 

in principle could restore the material to its perfect initial state and, more importantly, could be 

repeated for an unlimited amount of times. In the first step, the shape memory wires or 

reinforcements are strained during damage generation and cracking (which usually happens 

under tensile conditions) and the martensite phase undergoes de-twinning. Then, the first half of 

the healing process is activated by heating the composite above the austenitization temperature 

of the shape memory elements.  
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Figure 2.15: Schematic representation of the shape-memory healing mechanism in shape-memory reinforced composites. In 

the latter step, a liquid phase is introduced to completely promote crack closure, as discussed in the following paragraph62. 

Reprinted with permission. 

By doing so, provided the shape-memory effect exerts a strong enough action, a contraction is 

�L�Q�G�X�F�H�G���L�Q���W�K�H���U�H�L�Q�I�R�U�F�H�P�H�Q�W�V���W�K�D�W���O�H�D�G�V���W�R���D���S�K�\�V�L�F�D�O���³�F�O�D�P�S�L�Q�J�´���S�U�R�P�R�W�L�Q�J���F�U�D�F�N��closure and 

bringing the crack surfaces back in contact. In the last step, which is the final true crack-healing 

step, the composite is heated above the melting point of the solder matrix, or close to it. This 

leads to partial melting of the material, which enables it to activate intense long-range mass 

transport at the crack site where, upon cooling, the crack will be healed through a process very 

similar to a weld-repair. 

 

Figure 2.16: Fatigue-cracked samples showing the before-after effect of shape memory healing. A large crack can be seen 

before the healing step, no cracks can be observed after healing both from top view and in the cross sectional image on the 

right63. Reprinted with permission. 
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2.3.3 Low melting healing agent 

Another type of approach for healing of metals is based on the last process I discussed: the 

melting and flow of a low melting solder alloy. Two different type of solder-based healing 

mechanisms have been proposed so far. In one case, a solder is encapsulated in containers that 

can sustain the matrix casting temperature and that are then left within the matrix as a 

reinforcement/healing aid64,65. In the other case, the solder is used to coat the component of 

interest66. Regardless of the form in which the solder alloy is integrated within the system, these 

materials are healed once a heat treatment is performed that allows the solder to melt and flow 

within open cracks, voids or defects (Figure 2.17). 

 

 

Figure 2.17: Aluminum matrix with embedded Alumina pipes, before filling with the solder alloy (a). After the solder is filled, 

upon fracture of the pipes and heating to the appropriate temperature, the alloy liquefies and fills open cracks (b)8. Reprinted 

with permission. 

 

For this approach, one should note that there are three monumental problems to be overcome 

and that so far prevent this technique from showing any promise to actually perform in real world 

applications: first of all, the containers where the solder is stored have to be able to fracture to 

release the molten alloy, which is often hindered by crack deviation at the container-matrix 

interface. Second, the released melt must wet the crack surfaces to promote an intimate contact 
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with the matrix upon solidification. Lastly, the solidified material is often a low-melting material 

with very poor mechanical properties. These three factors combined, make this approach a very 

appealing one for showcasing a direct translation of capsule-reinforced self-healing polymers to 

metals, but also a very unlikely one to ever reach some interest in industrial or real-world 

applications. 

Thus far, the solder coating method is the only case where solder-based healing demonstrated 

the ability to delay and prevent damage propagation66, but more work is required to confirm the 

mechanisms and their reliability (Figure 2.18). 

 

 

Figure 2.18: Healing at the crack opening induced by the action of the solder coating. A CT scan of the healed crack is 

shown in (a). The EDX results obtained at the crack site reveal infiltration of the solder alloy in the crack and almost 

complete healing (b)66. Reprinted with permission. 
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2.3.4 Electro-healing 

Lastly, inspired by previous work on crack-closure by electro-pulsing67�±69, electro-healing 

is perhaps the healing approach for metal that is currently holding the greatest potential to reach 

real-world room temperature applications. The concept is relatively simple, as it relies on very 

traditional electrochemistry solutions and procedures, but it allows it allows the true and full 

healing of mechanically produced cracks and the formation of a strong "healed area" with 

intimate bonding with the crack surfaces and the bulk material. In electro-healing, which has so 

far been demonstrated for nickel70, a high throw solution is used in combination with a dedicated 

electrochemical bath to promote the deposition of nickel only within the open cracks, while 

leaving the rest of the material untouched and avoiding undesired deposition of metal in pristine 

areas (Figure 2.19). 

 

 

Figure 2.19: A dog bone sample produced with a through-thickness crack at its center (a, b) is subjected to electrohealing. 

After the process is terminated, the crack is completely healed and a dense deposit can be observed closing the crack mount 

and adhering to the crack surfaces (b)70. Reprinted with permission. 

 

Zheng et al.70 showed that this process is very simple and that, through an electrodeposition bath 

having close to room temperature conditions, open cracks can be fully healed. The process is 

based on the growth of nickel crystals that start to nucleate on the fresh fracture surfaces and 
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that, at a certain point, form a junction halfway through the crack thickness. The microstructural 

characteristic of such healed joint, i.e. the grain size gradient and the growth mechanism, ensure 

the formation of strong healed zone with above-average mechanical properties (Figure 2.20). 

 

 

Figure 2.20: A close-look to the central part of the healed crack shows the microstructure typical of electrodeposited materials, 

consisting of large, dense crystalline grains (a-c). The microstructure of the healed joints is directly reflected in high material 

quality and high mechanical properties of the healed materials, as demonstrated by the tensile test results (d)70. Reprinted with 

permission. 

 

This process still faces some challenges in terms of local deposition control and, while the bath 

requires temperature as low as 40-55 ��C, it is true that it is not strictly speaking a room 

temperature healing process. In a very recent study11, however, the potential of electrodeposition 

as a healing mechanism for metal has been completely unraveled through the use of metallic 

microlattices coated with a polymer layer. Inspired by healing of bones, where a structure with 

open porosity allows the transport of the required reagents to the damage site that then leads to 

healing, Hsain and Pikul11 proposed a nickel microlattice coated with a parylene D layer that can 

be healed at room temperature and with very small energy inputs (Figure 2.21).  
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Figure 2.21: Taking inspiration from the transport processes that enable healing in cellular materials, like bones (a), a porous 

�P�D�W�H�U�L�D�O���Z�D�V���G�H�V�L�J�Q�H�G���Z�K�L�F�K���F�R�Q�V�L�V�W�V���R�I���D���S�R�O�\�P�H�U���F�R�D�W�H�G���Q�L�F�N�H�O���I�R�D�P�����E�������:�K�H�Q���I�U�D�F�W�X�U�H�G�����W�K�H���Q�L�F�N�H�O���³�V�S�R�Q�J�H�´���L�V���H�[�S�R�V�H�G�����F����

and, upon immersion in the proper electrodeposition bath, healing takes place selectively at the exposed sites through a local 

electrodeposition process that forms new links between the damaged network frames (d). This process was investigated in three 

different mechanical loading regimes, elastic, plastic and failure, which are schematically represented in (e)11. Reprinted with 

permission. 

 

In the material they developed, the parylene coating undergoes fracture at a similar maximum 

fracture strain to the nickel lattice, thus leading to selective exposure of either damaged or close 

to damage areas. Then, immersion in an electrochemical bath similar to that developed by Zheng 

et al.70 promotes the selective deposition of nickel only at the exposed site and in their 

neighboring area, which induces a substantial recovery in mechanical, electrical and thermal 

properties of the lattice. In this work, the authors demonstrate and discuss that this approach not 

only produces a substantial recovery in mechanical properties of the material, but also that the 

healed joints have such high quality that, upon further testing, a significant number of samples 

are shown to undergo fracture at a secondary site. Indeed, once the healing energy provided to 

the material overcomes a certain threshold, 100% of the tested samples undergo fracture at a 

secondary site and the original damage area remains untouched by secondary failure processes 

(Figure 2.22). The authors put a strong emphasis on the importance of considering the energy 

input required for healing a material and they even go further, studying in details the healing 

efficiency of the proposed method as a function of the input energy. For nickel foams, it is clear 

that the healing efficiency is a strongly dependent function of the input energy, as there appears 



 

30 
S e l f - h e a l i n g  m a t e r i a l s 

 

to be a minimum energy threshold of about 1000 J, which is required to promote full healing 

(100% healing efficiency). For input energies that are lower than this threshold, the material is 

still healed, but the recovery in mechanical properties is substantially smaller (Figure 2.22). 

 

 

Figure 2.22: Healing of cellular nickel foams with a clear cut damage (a, b). Upon healing, the cut is repaired and a Nickel 

deposit reconnects the two sides of the cut (c). The input energy for healing is clearly demonstrated to substantially influence 

the healing efficiency and the mechanical properties of the healed joint (d-f). The healing efficiency strongly increases when 

the energy input is increased up to a threshold value above which the healing efficiency stays constant (g). For high input 

energy for healing, not only the process becomes more efficient, but the properties of the healed joints are so improved that the 

probability of having fracture at a secondary point drastically increases (h) and the material, upon further mechanical testing, 

can be shown to fail at a secondary site (i)11. Reprinted with permission. 

 

2.4 Energy aspects in self-healing metals 

A very intriguing aspect of this recently published work11 is the pronounced focus the 

authors place on the energy aspects of the healing process they utilize. An interesting overview 

of healing mechanisms for metals is proposed where each method is plotted in an Ashby-like 

plot reporting the healing temperature and the input energy required for healing per unit length 

of the healed defect. Through this approach, one can highlight which methods are efficient in 

promoting a healing response from the material and which ones are, at the same time, getting 
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closer to a room temperature application. Healing processes that require high temperature and 

can only heal small defects lie in the top-right edge of the plot, while methods that can heal large 

defects while being energy efficient lie in the bottom left part of the diagram. 

 

 

Figure 2.23: Ashby-like plot of the healing temperature versus the energy input per unit crack length for different healing 

mechanisms in metals. As one might notice, the furnace-based, high temperature approaches lie towards the top-right portion 

of the plot, which indicates they required not only high temperature to heal the material, but also high energy input per crack 

size. Electrochemistry-based approaches, or phase transition based, on the other hand, can heal large defects at low 

temperature and while being relatively energy efficient11. Reprinted with permission. 

 

In this representation, precipitation-based approaches that rely on a heat treatment are amongst 

the least energy efficient as they involve the use of very high temperature, while at the same time 

they can only heal small-scale defects. On the contrary, electrochemical and phase-change-based 

approaches are amongst the best ones, as they promote repair of macro cracks while being 

relatively free from the need of an annealing step. As one might notice from Figure 2.23, most 

healing approaches require temperatures that are well above 100 ��C and a large energy supply to 

the material. In all of these examples, from precipitation-based to electrochemical techniques, 

this energy is externally provided to the material through a furnace or a power supply. Especially 

when one compares these factors with intrinsic self-healing approaches in concrete or polymers, 
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it appears very clear that for metal there is still lack of a self-healing mechanism relying on 

energy that can come from within the system, independently of external stimuli.  

In the present work, I want not only to present a novel approach to healing of metal thin films, 

but also stimulate critical discussion and thinking on the following questions: is it at all possible 

to store enough energy within a metal to stimulate a healing response upon damage generation? 

If so, which technology and materials already available should one consider? If not, what are the 

physical phenomena that hold more potential to move in this direction? 

Considering the mechanisms that have been shown to work for healing in metals are mostly 

based on high-temperature processes such as melting or diffusion, I focused on the storage of 

�W�K�H�U�P�D�O�� �H�Q�H�U�J�\�� �Z�L�W�K�L�Q�� �D�� �P�D�W�H�U�L�D�O�� �W�K�U�R�X�J�K�� �W�K�H�� �L�Q�W�U�R�G�X�F�W�L�R�Q�� �R�I�� �W�K�H�� �F�R�Q�F�H�S�W�� �R�I�� �³�L�Q�W�U�L�Q�V�L�F�� �K�H�D�W��

�V�R�X�U�F�H�´���L�Q���D���W�K�L�Q���I�L�O�P���D�U�F�K�L�W�H�F�W�X�U�H�����:�K�L�O�H��I would argue that there are indeed other methods that 

could potentially store energy within a metal composite, in this work I focus on a healing process 

that requires melting. Because of this, I directed my attention to reactive multilayers as a 

�Q�D�Q�R�V�W�U�X�F�W�X�U�H�G���³�W�K�H�U�P�D�O���E�D�W�W�H�U�\�´�� �W�K�D�W���F�D�Q���E�H���X�V�H�G���D�V���D�Q���R�Q-demand heat release unit in a thin 

film system. More specifically, I will discuss the effectiveness of these materials in healing metal 

thin films, which is a direct consequence of their extremely high power-density. Indeed, during 

the fast heat release process that these materials undergo, it is possible to obtain locally 

temperatures higher than most common metals melting point.  

In the next chapter, I will provide a thorough background on reactive multilayers, which will be 

a valuable aid to handle the constant swing between the field of self-healing materials and that 

of reactive nanolaminates in this thesis. 
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3 Reactive multilayers 

 

Known also as reactive nanolaminates or less accurately as nanothermites, reactive multilayers 

are a relatively young class of energetic materials that has been the subject of intense research 

interest in the past two decades. They are metastable materials that consist of at least two 

components with the peculiar trait of having a very strong tendency towards intermixing. More 

precisely, the components in reactive multilayers are usually selected to have a large and 

negative enthalpy of mixing and a high adiabatic reaction temperature, which means that they 

undergo a strongly exothermic phase transformation when they start to mix with each other. 

Contrary to explosives, in these materials, there is no deflagration event and the reaction 

propagation velocity is lower than the speed of sound in the material. They are characterized by 

the formation of an exothermic reaction wave that forms upon local ignition of the system and 

propagates in a self-sustained fashion across the material.  

�7�K�U�R�X�J�K�R�X�W�� �W�K�L�V�� �W�K�H�V�L�V���� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �Q�R�W�D�W�L�R�Q�� �L�V�� �X�V�H�G���� �³�;���<�´�� �L�Q�G�L�F�D�W�H�V�� �D�� �P�X�O�W�L�O�D�\�H�U�V�� �V�\�V�W�H�P��

consisting of element X and element Y. Element Y is the one in contact with the substrate and 

element X is the capping layer, unless differently specified. A Ni/Al multilayers with B equal to 

������ �D�Q�G���/�� �H�T�X�D�O���W�R�������� �Q�P���L�V��therefore a multilayer consisting of nickel and aluminum, with 50 

bilayers repetitions (B), 50 nm bilayer thickness (�/), aluminum being the first layer on the 

substrate and nickel the topmost layer. Throughout this work Ni/Al multilayers are deposited 

with 50 B and 50 nm �/. If otherwise, the different architecture is explicitly emphasized. 

 

3.1 The path to reactive multilayers  

The history of reactive multilayers finds its origins in research on combustion synthesis in 

the 1960s. In these years, there was a strong interest in the possibility to synthesize high 

performance materials starting from a powder compact pre-form and using a self-sustained high 

�W�H�P�S�H�U�D�W�X�U�H�� �U�H�D�F�W�L�R�Q�� �D�V�� �D�� �³�P�D�W�H�U�L�D�O-�G�U�L�Y�H�Q�´�� �P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �V�W�H�S���� �+�R�Z�H�Y�H�U�� �I�D�V�F�L�Q�D�W�L�Q�J�� �D�Q�G��

reminiscing of the pop-culture idea of alchemy, this manufacturing technique was quickly 

abandoned as it was discovered to be inefficient and to produce materials with very poor 

structural integrity. Regardless of the original failure, this initial stage of research greatly 
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inspired scientists and propelled years of researched on reactive systems that spanned from the 

late 60s up to today71,72. Merzhanov et al.73, for instance, focused on the unification of so-called 

metallothermic reaction and the previously developed combustion theory to describe 

�³�D�X�W�R�Z�D�Y�H�V�´���� �W�K�H�� �V�H�O�I-sustained reaction waves that are referred to as thermal solitons, heat 

waves or reaction fronts in this work. Their work and that of other researchers73 spanned over to 

the investigation of ignition phenomena and the demonstration of a plethora of different reaction 

patterns: from pulsating, to spinning, to chaotic combustion74�±76. A field of research that came 

even before these studies and that dates back to more than 100 years ago is that of self-

propagating crystallization reactions. In 1855 and 1904, Gore77 and Cohen78 discovered that an 

electrochemically-deposited film of antimony undergoes what appears to be a strongly 

exothermic reaction when ignited at a point. This phenomenon was due to the strongly 

exothermic crystallization process of antimony, which propagates across the material and forms 

a self-sustained wave. These kind of processes became popular once again in the 70s, when 

different groups investigated this odd behavior in silicon and other films79�±85. All together, these 

studies led to the modern field of reactive nanomaterials and nanolaminates, whose expansion 

was sparked by the growth in accuracy and performance of modern vacuum phase deposition 

systems. Indeed, most modern studies on reactive materials, and more specifically on reactive 

multilayers, rely on the use of magnetron sputtering86�±91 or electron-beam deposition92�±95. The 

most common multilayers are planar ones, which are of strong scientific interest because of their 

relatively simple geometry and because magnetron sputtering techniques allow to fine-tune their 

architecture and hence their properties and behavior. Other geometries that have been explored 

are vertically aligned multilayers and core-shell nanorods and nanoparticles, which will not be 

discussed in this thesis96.  

Prior to ignition and regardless of their geometry, few features of the multilayer are of 

paramount importance and shall be discussed and accounted for. One of the most important 

parameters in a reactive multilayer is the so-called bilayer thickness, the thickness of a X/Y 

repetition. Over the years, different approaches such as shuttering in traditional sputter-up 

systems or planetary sputtering have been used to control the bilayer thickness and numerous 

studies focused on the effect of this parameter on the reactive behavior of the multilayers17,97. 

Typically, it is possible to control the bilayer thickness in a multilayer over orders of magnitude, 
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from tens of microns down to only few nanometers, obtaining architectures and compositional 

profile such as shown in Figure 3.1. In many studies, the individual layers thicknesses are 

changed to tune the atomic ratio of the two reactants off-stoichiometric composition and to study 

the effects on the final products phase that is produced during the reaction. 

 

 

Figure 3.1: Typical cross sectional appearance of a vapour-phase deposited reactive multilayer in TEM analysis (a: Pt/Al, b: 
Ti/Al. The compositional profile obtained in these systems is usually a step-function one, with small intermixed zones at each 
interface (c)96. Reprinted with permission. 

 

A second fundamental feature of multilayers is the so-�F�D�O�O�H�G���³�L�Q�W�H�U�P�L�[�H�G���]�R�Q�H�´���W�K�L�F�N�Q�H�V�V�����8�S�R�Q��

deposition, as a consequence of the deposition energies and of the strong tendency towards 

intermixing the reactants usually display, the two X/Y materials already undergo a mild mixing 

process that leads to the formation of an intermixed area at each X-Y interface (Figure 3.1, c; 

Figure 3.2). This microstructural characteristic leads to important effects during the multilayer 

reaction: first, it limits the minimum bilayer thickness one can deposit. In fact, below a certain 
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thickness which is characteristic of each system and depends on the enthalpy of mixing of the 

reactants, X-Y would be fully consumed by deposition-induced intermixing and the material 

deposited would be an X-Y compound rather than a layered film. Secondly, the presence of an 

intermixed area affects to some extent the reactive behavior of these systems, as it represents a 

physical barrier to interdiffusion and atomic mixing in early stages of reaction. This last effect 

should not be considered as a merely negative one, as it helps to prevent undesired ignition of 

reactive multilayers at room temperature and to improve their long-term storage stability. 

 

 

Figure 3.2: A cross section TEM image of a Al/Pt multilayer taken in the immediate proximity of the Al-Pt interface demonstrate 
that the interface is far from perfect or being atomically sharp. Instead, an intermixed area is present at each interface, which 
is a natural consequence of the strong affinity of the constituting elements to intermixing and of the use of vapor-phase 
deposition techniques to produce the multilayers96. Reprinted with permission. 

 

3.2 Igniting the exothermic reaction 

As just mentioned, one very important aspect, and in my opinion the most important of all 

for reactive multilayers, is: can the reaction be ignited and, if so, how? In past studies, it is 

possible to find a broad number of ignition methods spanning from thermal to laser to friction-
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based. In this section, we will briefly discuss them and their different features, while making a 

cle�D�U���G�L�V�W�L�Q�F�W�L�R�Q���E�H�W�Z�H�H�Q���³�X�Q�L�I�R�U�P�´���L�J�Q�L�W�L�R�Q���E�\���W�K�H�U�P�D�O���P�H�D�Q�V���D�Q�G���³�S�R�L�Q�W�´���L�J�Q�L�W�L�R�Q��  

In thermal ignition, a freestanding foil of reactive material is placed on top of a hot plate that has 

been previously heated to a precisely controlled temperature. If the temperature is high enough 

to trigger the self-sustained reaction, a bright flash is observed and the material reacts 

instantaneously. If the temperature of the hot plate is instead too low, the foil slowly fades to a 

different color and no bright, fast reaction takes place98�±100. Fritz et al. carefully determined the 

ignition temperature of a number of multilayers by progressively increasing the temperature of 

a hot plate and using fresh material for every experiment, until a reaction was observed upon 

immediate contact with the hot surface. What they discovered is that the ignition temperature is 

a strong function of the bilayer thickness for all the X/Y multilayers they tested (Figure 3.3). 

More in detail, the ignition temperature decreases when the bilayer thickness is smaller. This is 

due to the fact that, when the bilayer thickness is reduced, the diffusion distances that atoms 

have to travel to reach an interface where the reaction can initiate are also reduced. In other 

words, for small bilayer thicknesses, it is possible to promote even at low temperature the critical 

level of intermixing that is required to start the exothermic reaction. 

 

 

Figure 3.3: Conduction ignition temperature versus bilayer thickness for three different systems: Ni/Ti, Co/Al and Ni/Al96. 
Reprinted with permission. 
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Interestingly, Fritz et al. noticed that in most systems the ignition temperature lies well below 

the melting point of either of the two constituents. This is a very important point, as it was 

previously believed that melting is a necessary condition to start the self-sustained reaction98, 

while it is now known that the early stages of reaction and intermixing take place in their integrity 

in the solid state. Basing on these data, Fritz et al. took one step further and even developed an 

analytical model that connects the physical properties of a multilayer and its architecture to its 

ignition temperature: 
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where Tig is the ignition temperature, EA is the activation energy, R the gas constant, g a 

geometrical term, �û�+mix the enthalpy of mixing of the reactants, D0 the diffusion constant, �� the 

bilayer thickness, w the thickness of the product phase, n the atomic concentration of one of the 

reactants and f the fractional concentration across which the product phase exists. This simple 

model describes the logarithmic dependence of the ignition temperature on the bilayer thickness, 

which is observed in all the experimentally tested systems. 
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Figure 3.4: The apparatus used for current ignition consisted of two copper electrodes clamping the reactive multilayer (a). A 
cylindrical region between the electrodes is heated up by the current flow and the current is increased until ignition is observed. 
The current threshold for ignition is a strong function of the bilayer thickness (b). The ignition threshold is profoundly 
influenced not only by the bilayer thickness but also by the thickness of the intermixed zone (c) 96. Reprinted with permission. 

 

 While in thermal ignition the multilayer is so to say uniformly ignited in the whole volume 

�Z�K�H�U�H���D���K�L�J�K���H�Q�R�X�J�K���W�H�P�S�H�U�D�W�X�U�H���L�V���U�H�D�F�K�H�G�����L�Q���³�S�R�L�Q�W�´���L�J�Q�L�W�L�R�Q���P�H�W�K�R�G�V���� �W�K�H���U�H�D�F�W�L�R�Q���L�V���R�Q�O�\��

locally triggered with a generally small energy input . Then it is the heat produced ahead of the 

reaction, which is generated at a higher pace than conductive losses can dissipate, that promotes 

the self-sustained propagation of the reaction in unreacted, pristine areas of the foils. Among 

others, electrical ignition is perhaps the most widespread and commonly used method to ignite 

multilayers because of its simpli city and reliability. Ma et al.101,102 used current pulses or sparks 

with energies as low as 40 mJ to initiate the reaction and they performed a similar study as to 

Fritz et al, in order to determine the threshold currents for ignition (Figure 3.4 a, b). First of all, 

they were also able to observe a strongly reduced ignition current density for multilayers with 

small bilayer thickness and, additionally, they noticed a strong dependence of the threshold 

current density on the intermixed layer thickness, which is in good agreement with previous 
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results obtained through thermal ignition (Figure 3.3, Figure 3.4 c). For electrical ignition, it is 

important to note that the trigger is due to thermally induced intermixing. 

Another example of point ignition that will be subject of further discussion at a later stage of this 

work is mechanical ignition. Reactive multilayers have been ignited in numerous studies by 

different means such as stylus impact loading, high strain rate indentation or even frictional 

loading89,101,103,104�±107. Like for other ignition mechanisms, for mechanical ignition the same 

trend of ignition threshold with the bilayer thickness was observed, as reported in Figure 3.5. 

 

 

Figure 3.5: Drop tube setup and lever arm swing schematic for mechanical ignition (a). The threshold impact energy for 
ignition is, as well as for thermal and electrical ignition, a function of the bilayer thickness of the multilayer. The threshold 
energy decreases when the bilayer thickness is reduced96. Reprinted with permission. 

 

Lastly, a point ignition method that gained a lot of popularity in recent years is laser ignition. 

Starting the reaction by optical means is very appealing as it allows avoiding undesired heat sink 

effects induced by having a second body in physical contact with the multilayer, being it an 

electrode or a stylus/indenter tip. In fact, however small they might be, one could argue that any 

kind of ignition requiring to physically contact the multilayer with a second body will inevitably 

induce some secondary conductive losses or heat sink effects that might alter the experiment 

results. In laser ignition, instead, a laser beam with controlled size, shape and intensity is shone 

on the surface of a small reactive foil and the power, or the fluence, is progressively increased 

until a self-sustained reaction is observed to propagate across the sample (Figure 3.6 a,b). Once 

more, the threshold fluence is a function of the bilayer thickness and it decreases significantly 
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when the bilayer thickness is decreased from above 100 nm to below 50 nm. One very interesting 

result that was obtained from laser ignition experiments has been reported by Picard et al108. In 

their work108, they show that the threshold fluence for optical ignition does not only depend on 

the multilayer architecture, but rather also substantially on the mixing enthalpy of the two species 

constituting the multilayer (Figure 3.6 c). These results symbolized an important milestone to 

show that the energetic properties of the multilayers building block play an impactful role in its 

reactive behavior. Finally, research in the field of optical ignition has been intensively focused 

on technological aspects of multilayers manufacturing such as their laser cutting process. 

McDonald et al.108�±110 discussed in depth the potential of femtosecond lasers for the laser 

machining process of multilayers that allows avoiding undesired ignition. Indeed, while for 

nanosecond pulses the fluence threshold for ignition is lower than that for material ablation, for 

femtosecond pulses the situation is the opposite. Thus, one viable way for large-scale multilayer 

shaping and cutting could be one day the use of femtosecond laser with properly tuned cutting 

parameters. 

 

Figure 3.6: Schematic representation of the laser ignition setup used to locally ignite the reactive multilayers (a). The multilayer 
is mounted on an x-y stage that allows to scan the laser on its surface. Progressively increasing the laser fluence, a laser 
ignition threshold can be identified and related to the bilayer thickness of the material (b). The ignition fluence is shown to be 
strongly dependent on the intermixing tendency, which is indicated by the enthalpy of mixing of the reacting species, and it 
decreases for more exothermic reactants (c) 96. Reprinted with permission. 
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3.3 Self-sustained reaction propagation 

If the ignition energy is high enough to promote a critical amount of atomic intermixing, a 

self-sustained reaction front is initiated. At this stage, the material shows an extremely peculiar 

behavior that is due to the complex heat transfer phenomena taking place at the reaction front. 

In short, once intermixing is initiated, the exothermic reaction starts to release heat, thus locally 

further increasing the temperature. A local temperature increase, however, directly leads to a 

further increase of the atomic diffusion rate, which then generates heat at an even higher rate. 

This process proceeds until the heat released by the reaction is so large that it overwhelms 

conductive heat losses to the surrounding environment, thus producing a self-sustained heat front 

that is stable and propagates across the entire film.  

 

 

Figure 3.7: High-speed images of the reaction front in a Pt/Al multilayer, taken with optical high-speed photography (a). It is 
possible to notice the point ignition in the first frame and the front propagating and progressively becoming flat over around 
two cm. At smaller scales, the reaction front has been observed by dynamic TEM before the passage of the front (b) and during 
the passage of the front (c). This multilayer was ignited with a laser pulse outside the field of view of the TEM images96. 
Reprinted with permission. 
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This process can be observed in Figure 3.7 for a Pt/Al multilayer having 21 nm bilayer thickness, 

whose propagation was observed through high-speed optical photography. Other works focused 

on the observation of the reaction front using other techniques that cover different length scales: 

LaGrange et al.111 used in situ TEM to observe the early stages of reaction in Ti/2B multilayers, 

while in this work I focused on the use of high-speed Infrared (IR) imaging. 

In all reactive multilayers, as well as in self-propagating crystallization, the propagation process 

is driven by the formation of a product phase that has lower free energy than the reactants and 

therefore by an overall energy reduction of the system. In X/Al systems, which are at the core of 

this work, the stable phase is an X-aluminide compound that has greater stability than the starting 

elements, while at the same time generally exhibiting high-melting temperature and low fracture 

toughness. Some recent studies focused on the production of intermetallics with improved 

ductility and reduced brittle-fracture susceptibility, the reader can refer to Woll et al.112 for a 

more in depth discussion on this topic. One aspect that is of extreme importance during the 

propagation of the reaction front is the enthalpy of mixing of the reactants and its effects on the 

reactive behavior of the system. Because of its proximity with one of the core topics of this work, 

this aspect will be discussed in 5.  

In this thesis, I will focus mostly on the self-sustained propagation stage of the reaction and on 

the functional applications of this heat release process. In most experiments, the key phenomena 

taken into account, be it healing of a thin film or the analysis of a quenching effect, are analyzed 

during the self-sustained propagation phase of the reaction front. In these regards, I would like 

to stress two important points about the results of this work: first, the Ni/Al multilayers I have 

been working with are systems consisting of 50 bilayers with 50 nm bilayer thickness, unless 

otherwise specified. Secondly, while the front temperatures reported might at times appear high 

to a careful reader, I care to stress that this is not due to wrong emissivity assumptions but rather 

to higher apparent temperatures that are due to film corrugation during the propagation of the 

�U�H�D�F�W�L�R�Q���� �7�K�H�� �K�L�J�K�� �W�H�P�S�H�U�D�W�X�U�H�V�� �D�U�H�� �Q�R�W�H�G�� �I�R�U�� �I�L�O�P�V�� �W�K�D�W���V�K�R�Z�� �³�Z�D�Y�L�Q�H�V�V�´�� �E�H�K�L�Q�G���W�K�H reaction 

front, which creates enhanced local reflection and amplifies the measurement error. In chapter 8 

and 10, I will briefly discuss some aspects of the ignition of the reaction that have been 

investigated during the past few years. 
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4 Intrinsic heat source healing 
 

 

 

In this chapter, which is de-facto the first chapter discussing the novelty and developments 

�S�U�R�G�X�F�H�G���G�X�U�L�Q�J���W�K�H���G�X�U�D�W�L�R�Q���R�I���P�\���3�K�'�����,���Z�L�O�O���L�Q�W�U�R�G�X�F�H���W�K�H���F�R�Q�F�H�S�W���R�I���³�L�Q�W�U�L�Q�V�L�F���K�H�D�W���V�R�X�U�F�H��

�K�H�D�O�L�Q�J�´���� �7�K�L�V�� �W�H�U�P�L�Q�R�O�R�J�\�� �U�H�I�H�U�V�� �W�R�� �W�K�H�� �X�V�H�� �R�I�� �U�H�D�F�W�L�Y�H�� �P�X�O�W�L�O�D�\�H�U�V �D�V�� �D�Q�� �L�Q�W�H�J�U�D�W�H�G�� �³�W�K�H�U�P�D�O��

�E�D�W�W�H�U�\�´���L�Q���D���P�X�O�W�L�O�D�\�H�U���W�K�L�Q���I�L�O�P���D�U�F�K�L�W�H�F�W�X�U�H���F�R�Q�V�L�V�W�L�Q�J���R�I���D���F�R�Q�G�X�F�W�L�Y�H���W�K�L�Q���I�L�O�P���R�Q���D���V�S�H�F�L�I�L�F��

substrate. The approach we present has been designed to overcome the many limitations of 

traditional furnace-based healing of metallic materials and, most of all, their incompatibility with 

applications in microscale systems and metallic components in microelectronic devices. In the 

first part of this chapter, using the heat front generated by the reaction in a Ni/Al multilayer, we 

show that an artificial defect in a metal thin film can be healed through a process that is very 

similar to a local, small-scale weld-repair. This healing approach is very efficient and extremely 

fast. In the second part of this chapter, the limitations in terms of maximum healable defect size 

will be discussed, as well as the range of materials for which this approach could be applied. 

Overall, I would like to suggest the reader to keep a critical eye on this work and on its fitting in 

the field of self-healing materials, more specifically, I suggest to take this chapter as a starting 

point for a general re-�W�K�L�Q�N���R�I���W�K�H���Z�D�\���R�Q�H���F�D�Q���³�V�W�R�U�H�´���H�Q�H�U�J�\���Z�L�W�K�L�Q���D���P�H�W�D�O�O�L�F���V�\�V�W�H�P�����$��brief 

discussion on this topic will be presented towards the end of this thesis. 

 

 

 

 

 

 

 

 

This chapter is based in part on: �5�D�S�L�G���2�Q���&�K�L�S���+�H�D�O�L�Q�J���R�I���0�H�W�D�O���7�K�L�Q���)�L�O�P�V, S. Danzi, V. Schnabel, J. Gabl, A. 
Sologubenko, H. Galinski, R. Spolenak, Adv. Mater. Technol. 2019, 4, 1800468.  
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4.1 Introduction  

 

Often inspired by natural processes such as wound clogging in living organisms, artificial 

self-healing materials are designed to counteract structural damage with an active healing 

response. Prominent examples of materials displaying autonomous crack closure, such as 

microcapsules-reinforced and microvascular self-healing polymeric composites introduced in a 

seminal work by White et al.1, have been discussed in Chapter 2. In these materials, the healing 

process is triggered by the crack-induced release of a liquid healing agent that, upon interaction 

with a catalyst, with the atmosphere or even simply upon contact with the polymeric matrix, 

polymerizes and solidifies within open defects. Prototypes of self-healing materials have been 

since introduced for different material classes as well as from different fields, such as soft 

robotics, civil engineering, or corrosion protection. However, while self-healing in soft 

materials, for instance in polymers and hydrogels, relies on functional groups with strategic room 

temperature reactivity to create new bonds at the damage site, healing processes in metals usually 

�S�U�H�V�H�Q�W���P�X�F�K���W�R�X�J�K�H�U���H�Q�H�U�J�\���U�H�T�X�L�U�H�P�H�Q�W�V���W�R���S�U�R�P�R�W�H���D���P�D�W�H�U�L�D�O�¶�V���U�H�V�S�R�Q�V�H���W�R���G�H�J�U�D�G�D�W�L�R�Q����As 

remarked by Tasan and Grabowski113, because of the challenging energy requirements of metals, 

the design of a healing process where the energy required to promote healing is provided at room 

temperature is non-trivial. Indeed, common healing mechanisms that are exploited for self-repair 

of soft materials, such as surface diffusion, mass transport in a liquid phase or even bulk 

diffusion, are substantially inactive at room temperature in metals or their rate is too low to be 

of any practical use. Most metals and alloys demand high temperature to promote mass transport 

or a phase transformation that could eventually lead to damage repair. Accordingly, previous 

work on healing of bulk metals focused on the use of furnace treatments to promote damage 

recovery: van der Zwaag et al.43,44 successfully demonstrated that controlled heat treatments 

represent an efficient mean to initiate and promote self-healing behaviour in different alloys. 

Annealing-based healing concepts, however, are incompatible with materials in temperature-

sensitive systems as they require prolonged exposure to high temperature (500-800 �Û�&�����a�K�R�X�U�V������

Additionally, while the use of a furnace treatment has been shown to be effective in inducing 

damage recovery in a number of different alloys, such approach obviously cannot be applied to 

any component that is not working at high temperature and in the proper atmosphere in real 

world applications. In this PhD thesis, I focused on the development of a healing approach that, 
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while not being strictly speaking fully autonomous, can be activated on demand and does not 

require the use of any furnace or external heat treatment. The concept I present is designed for 

the repair of thin metallic films such as the ones commonly used for data transfer through 

conducting metal lines in microelectronics devices and it can be integrated on-chip. Similar to 

chemical reactions in liquid media, reactions in solids can be either endothermic (requiring heat) 

or exothermic (releasing heat). In Ni/Al nanostructured reactive multilayers, the constituents are 

characterized by a strongly exothermic intermetallic-forming reaction that, when ignited by 

external stimuli such as a mechanical impact or an electric pulse, generates temperatures as high 

as 1500 �Û�&����In this work, we propose the architecture presented in Figure 4.1, which consists of 

a metal thin films capping a Ni/Al multilayer with 50 nm bilayer thickness and consisting of 50 

bilayers.  

 

 

Figure 4.1: Intrinsic heat source healing thin film architecture. The to-be-healed metal film is deposited on top of a Ni/Al 
reactive multilayer. 

 

Through the design of this thin film system, I will demonstrate that the heat produced by the 

reaction ignited in the Ni/Al multilayer can be harvested to repair defects in several metal thin 

films. Healing is based on the promotion of crack welding in a confined volume at the crack site 

and the process can be initiated on-demand at room temperature by a low energy current pulse 

that is compatible with standard current-voltage operation conditions of microelectronics 

circuitry. 
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4.2 Methods 

 

4.2.1 Thin film system deposition by magnetron sputtering 
 

Thin film were deposited using a commercial magnetron sputtering system (PVD Products 

Inc.). The deposition of Ni/Al multilayers was conducted in DC mode at 3 mTorr Ar pressure 

and power control at 250 W for Ni (99.99% MaTeck GmbH) and 300 W for Al (99.99% MaTeck 

GmbH). The multilayer stack, consisting of 50 bilayers with 50 nm bilayer thickness, was 

produced by controlling alternated deposition through shuttering. Au (99.99% MaTeck GmbH), 

Cu (99.999% MaTeck GmbH), and the topmost Ti (99.99% MaTeck GmbH) were deposited in 

DC conditions at 200 W in all cases. The base pressure was kept at 10-7 Torr during all 

depositions. Ti is used as a visual aid to identify healed cracks in mechanically cracked gold and 

copper thin films. For the to-be-healed systems deposited on a Si wafer, we used a thin spin-

coated resist to ensure thermal insulation between Si and the multilayer architecture. The use 

and role of this resist will be further discussed later in this thesis.  

 

4.2.2 Microtensile cracking 
 

For mechanical cracking, thin films deposited on 50 µm thick polyimide sheets were cut to 

rectangular microtensile geometry and mounted using custom contact clamps that allow to 

monitor current-voltage curves during tensile straining. Cracking experiments were performed 

until crack formation was visually detected by a digital microscope and confirmed by electrical 

probing. 

 

4.2.3 Focused Ion Beam (FIB) machining 
 

A Zeiss NVision40 dual-beam FIB/SEM station operated at 30 kV of Ga+ source and 5 kV 

of electron source was used to pattern the through-thickness artificial cracks into the films. The 

ion-beam current was tuned to produce cracks opening ranging from 100 nm to 1.5 µm. The 

overall milling time was adjusted for each crack size to ensure through-thickness penetrating 
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cracks. The detailed FIB machining parameters for the production of through thickness cracks 

are reported in Table 4.1. 

 

Table 4.1: Milling parameters and resulting crack widhts for articially machined cracks. 

Milling current  

[nA]  

Milling time  

[s] 

Resulting crack width 

[nm]  

0.01 600 100 

0.04 600 120 

0.08 600 150 

0.15 600 200 

0.30 600 380 

0.70 600 500 

1.50 300 750 

3.00 240 1000 

6.50 180 1500 

 

 

4.2.4 Electric pulse healing trigger 
 

Intrinsic heat source films were ignited with a setup built in-house consisting of a DC power 

supply (Agilent technologies N6700B) connected to micromanipulators equipped with tungsten 

microprobes. With the use of a portable optical microscope (Dino-Lite digital microscopes: 

AM4515ZT) the probes were placed on the edge of thin film samples and the heat release process 

was activated with a current pulse (10 mA, 1-2 V). 

 

4.2.5 High Speed Infrared Imaging 
 

The heat front velocity and the maximum temperature reached during propagation were 

monitored using high-speed infrared imaging (IRCAM Millenium 327k S/M). The samples 

prepared for high-speed imaging consisted of thin strips (25x3 mm2) and front propagation was 
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recorded at the maximum frame rate of ~3 kHz. The temperature is back calculated from material 

emissivity after surfaces were coated with a high-emissivity paint to reduce reflections or from 

the high temperature emissivity of the topmost material. 

 

4.2.6 Microscopy 
 

All scanning electron microscopy (SEM) data presented in this thesis have been recorded 

with instruments from the electron microscopy facility at ETH Zürich (Scopem): a Zeiss NVision 

40 CrossBeam microscope and a JEOL JSM-7100F. Cross section images were milled with Ga+ 

at 30 kV with a beam current of 6.5 nA and subsequently polished at 40 pA (images of cross 

sections were acquired with tilt correction to display height in the cross section correctly). The 

elemental maps in Figure 4.7 were acquired employing Energy Dispersive X-ray Spectroscopy 

(EDX) using an EDX detector Octane Super (Ametek-EDAX) installed on a SEM Magellan400 

(Thermo-Fisher Scientific, formerly FEI). The pre- and post- ignition microstructure and phase 

analyses of cross-sections were performed using a Transmission Electron Microscopy (TEM), 

Thermo-Fisher Talos F200X instrument operated at 200 kV acceleration voltage and equipped 

with a SuperX EDX system consisting of four Silicon Drift Detectors (SDD) for elemental 

content analyses. Atomic number-sensitive imaging employing a High-Angle Annular Dark 

Field detector (HAADF) in STEM mode using a probe size of about 0.8�±1 nm complemented 

the morphological and electron diffraction patterns evaluations performed in TEM mode. 

Elemental distribution maps were acquired by EDX STEM in hypermap mode and the 

composition of the phase products were estimated using the ESPRIT 1.9 Software. 

 

4.2.7 In situ resistance measurements 
 

A micromanipulator system mounted in a Zeiss NVision 40 CrossBeam microscope allowed 

to probe local electrical properties of the thin film systems in the pristine, cracked and healed 

state. FIB machining was used to isolate the region of interest from the surrounding material and 

isolate cross-crack properties. Current-voltage curves were obtained by voltage sweeps from 0 

to 0.5 V performed using a tungsten microprobe (Keithley 6430 sub-femtoAmp SourceMeter).  
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4.3 Results and discussion 

 

4.3.1 �$�Q���³�R�Q-�G�H�P�D�Q�G�´�����H�O�H�F�W�U�L�F�D�O�O�\���D�F�W�L�Y�D�W�H�G���K�H�D�O�L�Q�J���S�U�R�F�H�V�V���I�R�U���P�H�W�D�O���W�K�L�Q���I�L�O�P�V 
 

The concept is first tested in a model system that is produced by magnetron sputtering and 

�F�R�Q�V�L�V�W�L�Q�J���R�I���W�Z�R���P�D�L�Q���S�D�U�W�V�����W�K�H���K�H�D�W���V�R�X�U�F�H���D�Q�G���W�K�H���³�W�R-be-�K�H�D�O�H�G�´���P�H�W�D�O���O�D�\�Hr (Figure 4.2 a).  

 

Figure 4.2: Intrinsic Heat Source Healing schematic: a) A reactive multilayer is integrated in a thin film system as an intrinsic 
heat source. b) Before activation, a Transmission Electron Microscopy (TEM) micrograph shows the heat source consists of a 
well-defined alternating Ni/Al layered structure. Ni/Al bilayer thickness is 50 nm. c) By microtensile straining, the film is 
cracked and Focused Ion Beam (FIB) polished cross sectional Scanning Electron Microscopy (SEM) micrographs show fully 
penetrating cracks. d) Upon activation by a current pulse, the intermetallic-forming reaction generates a self-sustained 
propagating heat wave. The heat front propagates at approximately 7 m/s at temperatures as high as 1500 �Û�&�����H�����$�I�W�H�U���F�R�R�O�L�Q�J����
both top view and cross section images reveal extensive crack closure. The heat source is fully reacted to form NiAl 
intermetallics (f). 
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The heat source is a Ni/Al multilayer with 50 nm bilayer thickness and consisting of 50 bilayers 

(Figure 4.2 b). The metal layer is a 100 nm thick film of either Au or Cu. Upon activation by a 

current pulse, the reactive multilayer is locally activated and atomic interdiffusion of Nickel 

atoms into Aluminum layers is initiated. After a critical level of intermixing is reached, the 

intermetallic-forming reaction becomes highly nonlinear and the heat produced at the reaction 

site overcompensates the diffusive heat transfer effects that would otherwise be able to dissipate 

heat towards the surrounding area of the multilayer. At this stage, a stable self-sustained solitary 

heat wave propagating with constant velocity is formed, a thermal soliton. When the reaction 

front propagates in the region of the metal thin film that has been damaged, the heat released 

causes a prompt temperature increase that leads to local melting and healing takes place. This 

process, which effectively welds open cracks surfaces and promote crack closure, can be seen as 

a small-scale, extremely rapid weld-repair. The temperature required for such healing process, 

which is in principle a temperature higher than the melting point of the metallic film (~1100 �Û�&������

is not externally supplied, but only locally delivered by the heat wave (~1500 �Û�&���� �Z�K�L�O�H�� �W�K�H��

remaining part of the system is maintained at room temperature. At a later stage in this chapter 

and more in depth in chapter 6, I will discuss more in details the limitations of this method as 

referred to the comparison of the melting point of the to-be-healed material and the maximum 

temperature that the Ni/Al reactive multilayer can produce.  

�³�1�D�W�X�U�D�O�´���W�R-be-healed cracks were produced to perform healing tests in thin film samples by 

uniaxial loading using a microtensile set-up. As discussed in previous work by Wyss et al.114, 

the variation in resistance during microtensile loading can be used as a feedback signal for 

straining and successive cracking events (Figure 4.3 a,b). During the first loading segment, the 

material is elastically strained and the change in lattice spacing cause the resistance to steadily 

increase with a very contained slope (1 to 2), at around 1% strain, the resistance suddenly 

increases at a much higher rate with straining and the sudden evident slope change informs about 

cracking onset (Figure 4.3 b, c, 3). The tests continued further and they were completed at final 

contact loss (6: open circuit-equivalent resistance). Observation by on optical digital microscope 

reveals the formation of a uniform pattern of parallel cracks having fairly constant spacing of 

about 500 µm (Figure 4.3 b, c, 6). After unloading, scanning electron microscopy shows that 

cracks are penetrating through the entire thickness of the film. The formed cracks have ~500 nm 
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opening (Figure 4.3 d, e) and, considering the purely mechanical nature of the cracking process, 

consistent and comparable to-be-healed model defects are reproducibly created for all material 

systems. Uniaxial straining results in the formation of uniform crack patterns (Figure 4.2 c, 

Figure 4.3).  

 

 

Figure 4.3: Microtensile crack production. The setup for cracking consists of a microtensile stage mounting electrical probes 
and a digital microscope (a). The probes are connected to a measuring unit and the resistance change (b) allows detecting 
cracking onset (b,c,3) and final failure (b,c,6). After unloading, electron microscopy reveals straight cracks (d) penetrating 
through the entire film thickness (e). 

 

After artificial defects are introduced in the system, the heat source is activated using tungsten 

microprobes to apply a current pulse and the heat release process is monitored with a high-speed 

infrared camera (Figure 4.2 d, Figure 4.4). The heat front propagates with constant velocity of 

approximately 7 m/s and the heat released causes the metallic films to reach temperatures 

comprised between 1450 �Û�&�� �D�Q�G�� �������� �Û�&�� ��Figure 4.2 , Figure 4.4). As the heat front travels 

across an open defect, the metallic �³�W�R-be-�K�H�D�O�H�G�´��layer is heated above its melting point (1090 

�Û�&���� �D�Q�G���� �D�I�W�H�U�� �F�R�R�O�L�Q�J���� �V�F�D�Q�Q�L�Q�J�� �H�O�H�F�W�U�R�Q��microscopy analysis reveals extensive crack closure 

(Figure 4.2 e: healed defect; f: reacted heat source). Although crack closure is promoted at high 
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temperatures, the healing process is activated at room temperature with a low power, portable 

energy source (Figure 4.2 d: healing can be activated even with a common watch battery).  

During propagation, the heat front velocity and temperature are monitored with a setup 

consisting of a high-speed IR camera mounted perpendicular to the film surface and a power 

supply to trigger the heat source by a current pulse (Figure 4.4 a). The reaction front is observed 

over long distances on rectangular thin film strips to study the effect of a metallic capping layer 

on the propagation behaviour of the intermetallic-forming reaction. Here, a bare heat source is 

�W�D�N�H�Q���D�V���D���U�H�I�H�U�H�Q�F�H���L�Q���W�H�U�P�V���R�I���³�X�Q�D�O�W�H�U�H�G�´���K�H�D�W���Z�D�Y�H���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���S�U�R�S�D�J�D�W�L�R�Q���Y�H�O�R�F�L�W�\���� 

Ni/Al shows very stable reaction velocity at 7.0 m/s and a maximum front temperature comprised 

between 1500 and 1800 �Û�&�� ��Figure 4.4). The self-sustained heat wave propagation is not 

quenched by the to-be-healed top metallic layer as demonstrated by the very consistent 

propagation velocity exhibited by the Au, Cu systems that show no deviation from linearity 

(Figure 4.4 b,c). For all to-be-healed systems, however, a 10 to 15 % decrease in propagation 

velocity is observed compared to the pure heat source. This decrease in velocity is complemented 

by the parallel decrease in maximum measured front temperature (Figure 4.4 d), which can be 

in turn explained by considering the top metallic layer as a thin film heat sink that effectively 

dissipates part of the heat produced by the intermetallic forming reaction.  This effect, which is 

of particular interest for integration of this technology for on-demand healing of on-chip 

components, will be discussed in much deeper details in chapter 7. 
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Figure 4.4: Metallic capping layer effect on heat front propagation. The reaction front is captured using an high-speed IR 
camera (a). Propagation in a rectangular strip is shown for the reference bare heat source (NiAl) and the to-be-healed systems 
(Au, Cu), (b). Both propagation speed (c) and the maximum front temperature (d) are reported. 
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4.3.2 Healing of mechanically produced cracks 
  

�7�K�H���K�H�D�O�L�Q�J���S�H�U�I�R�U�P�D�Q�F�H���R�Q���³�Q�D�W�X�U�D�O�´, mechanically-produced cracks was evaluated in two 

materials, namely Au and Cu. Extensive crack closure is observed for gold (Figure 4.2, Figure 

4.5a: cracked �± 2b: healed) and equally effective healing is shown for copper (Figure 4.5c: 

cracked �± 2d: healed). Using Focused Ion Beam (FIB) machining, electrodes with comb-like 

geometry are produced and then probed in situ to compare the electrical properties of the system 

in the pristine, cracked and healed states. For both systems, cracking leads to an almost complete 

loss of cross-crack conductance, which corresponds to open circuit-equivalent resistance (Figure 

4.5�I���� �L���� �a�0�
). Healing, which is observed in electron microscopy images as crack closure 

(Figure 4.5g, h, i), promotes a broad reduction in resistance spanning over several orders of 

�P�D�J�Q�L�W�X�G�H�����I�U�R�P���a�0�
���W�R���a����1 �
�������F�U�R�V�V-crack electrical connectivity is re-established and the 

resistance value is restored to only 1.8 the pristine one. The increase in resistance of healed 

cracks might be due to residual porosity, which is visible in cross-sectional micrographs (Figure 

4.5b, d) or interdiffusion between the metallic layer and the intermetallics, which leads to a 

degradation of the materials electrical properties as compared to the one of the pure sputtered 

thin films. Using the in situ electrical probing setup, I was also able to demonstrate confined, 

site-specific healing: by locally triggering the reactive multilayer, we can heal a selected defect. 

The cracked electrodes (Figure 4.5f) are probed and then healed one at a time by applying a 

current high enough to trigger the self-sustained reaction in the Ni/Al multilayer underlying the 

gold film (Figure 4.5g; 1,2 healed, 3,4 to-be-healed; healed crack detail in h). 
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Figure 4.5: Healing of mechanically produced cracks: Au and Cu. Before-after top view and cross section images for cracked-
healed films. Au: cracked (a), healed (b). Cu: cracked (c), healed (d). In situ electrical probing by means of a micromanipulator 
equipped in a Zeiss NVision 40 CrossBeam Scanning Electron Microscope (SEM) revealed a critical loss of cross-crack 
conductance from the pristine (e) to the cracked state (f,i). After healing (g,h), an extensive recovery in conductance is shown 
for both Au and Cu. A detail of the healed crack from an in situ healing experiment is shown (h). 

 

4.3.3 Healed joint electrical behavior and microstructural characteristics  
 

Cross-crack resistance measurements on mechanically-produced cracks reveal that, in the 

pristine state, all material system show Ohmic behavior with very low resistance, which is 

calculated as the inverse of the i-V curve reported in Figure 4.6. In the cracked state, all the 

measurements revealed open circuit-equivalent resistance across open cracks. After local 

healing, the gold system is the best performing of the two, as it displays very consistent recovery 

for all the measured cracks. In the copper system, instead, we observe a few cases where cracks 

were not fully sealed and the resistance measured testifies only partial healing or failed crack 

closure. Nonetheless, for about 80% healed defects a very high resistance recovery is measured. 
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For all systems, multiple pristine-cracked-healed measurements were performed and the average 

results are presented in Figure 4.5 and Figure 4.8. 

 

 

Figure 4.6: In situ resistance measurements: i-V curves. Polarization curves were obtained in pristine, cracked and healed 
state. The two systems show comparable behaviour and in the pristine and healed state, the polarization curve is purely Ohmic. 
In the cracked state, the cross crack resistance is equivalent to that of an open circuit. For copper, inhomogeneity in crack 
closure result in a slight distribution of healed cracks properties. For Au, the resistance recovery is consistent over all the 
measured cracks. From these measurements, the resistance is calculated as the inverse of the i-V curve slope and the average 
results are reported in Figure 4.5 and Figure 4.8. 

 

Transmission Electron Microscopy (TEM) examination on the healed films revealed 

homologous crack closure, with the topmost layer still consisting of Au or Cu after healing 

(Figure 4.7). Cross section Energy Dispersive X-Rays spectroscopy (EDS) shows that a 

continuous metallic film is preserved as the topmost layer for both systems (Figure 4.7, f). In 

both cases, however, the metallic layers show a substantial degree of interdiffusion with the 

intermetallic-forming reaction products, which consists of large NiAl grains with gold 

decorating the grain boundaries (Figure 4.7, h). In the bottom section of the film, the heat source 

consists of fine NiAl grains (Figure 4.7, g; NiAl 1:1, B2 phase115). 
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Figure 4.7: Transmission Electron Microscopy cross-section analysis: Cu and Au films. Cross section High-Angle Annular 
Dark Field (HAADF) and Dark Field (DF) images show the similar microstructure that is obtained after the heat release (a,b 
for Au, d,e for Cu): in the topmost section of the film, a metallic continuous metal film is preserved for both thin film systems 
(c, Au; f, Cu). In the middle part of the film, an interdiffused area is present where the metal wets grain boundaries between 
grains of reacted intermetallic (h, gold wetting at grain boundary).  In the bottom part of the film, the reacted heat source 
consists of relatively small grains of NiAl B2 phase (i). 

 

4.3.4 Maximum healable defect size: gold and copper 
 

The combination of in situ probing and Focused Ion Beam (FIB) machining that was just 

introduced (4.3.2), also enables us to assess the maximum healable defect size for this technique. 

Artific ial cracks with opening spanning from 100 nm to 1.5 µm were machined on both Au and 

Cu (Figure 4.8 a-d) and the resistance after healing was measured for each crack size (Figure 4.8 

e: Au; h, Cu). In order to measure the electrical properties across these healed artificial defects, 

more cracks have been FIB-machined on the same sample to then be able to isolated them 

through machining and measure them by in situ probing. Details on this technique are reported 

in Appendix A. In both metal thin films, we observe complete crack closure and an extensive 

conductance recovery up to the maximum healable crack opening of 500 nm (from open circuit, 

to ~101 �
�������+�H�D�O�H�G���F�U�D�F�N�V���D�U�H���V�K�R�Z�Q���E�R�W�K���L�Q���O�R�Z���D�Q�G���K�L�J�K magnification for both systems(Figure 

4.8 f, g for Au; i, j for Cu). The local weld-repair process induced by the passage of the reaction 

�I�U�R�Q�W���F�R�P�S�O�H�W�H�O�\���K�H�D�O�V���G�H�I�H�F�W�V���D�Q�G���R�Q�O�\���D���³�V�F�D�U-�O�L�N�H�´���D�S�S�H�D�U�D�Q�F�H���U�H�P�D�L�Q�V���Y�L�V�L�E�O�H���R�Q���W�K�H���V�X�U�I�D�F�H��

of the film. 
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Figure 4.8: Maximum healable defect size. An artificial crack pattern was designed and machined in metallic films by Focused 
Ion Beam (FIB) machining (a). The resulting cracks opening covers a window ranging from 100 nm to 1.5 µm (b,c,d). The 
resistance after healing was measured for different defect size and plotted against crack opening for both systems (e: Au thin 
film; i: Cu thin film). Overview images (f: Au; h: Cu) and relative detail (g: Au, j: Cu) show visual confirmation of healing: 
cracks having opening up to about 500 nm are clearly healed and only a scar-like feature can be observed on the film surface. 
For cracks larger than 500 nm, crack closure was not achieved. Intrinsic heat source healing is identified as a nano-to-micro 
scale healing mechanism for metals with current limits at around 0.5 µm crack opening. 

 

4.3.5 Towards a rapid healing approach for metallic materials 
 

As I discussed in 2.3, healing approaches for metals still are limited by the lengthy heat 

�W�U�H�D�W�P�H�Q�W���D�Q�G���S�U�R�F�H�G�X�U�H�V���U�H�T�X�L�U�H�G���W�R���V�W�L�P�X�O�D�W�H���W�K�H���P�D�W�H�U�L�D�O�V�¶���U�H�V�S�R�Q�V�H�����7�K�H�V�H���Y�D�U�\���E�H�W�Z�H�H�Q��tens 

of minutes and few hours or even days in some cases. Here, the method introduced is instead 

extremely fast at promoting damage repair. For all the afore-mentioned results, indeed, it is 

essential to note that a broad recovery in conductance is promoted in characteristic time scales 

of only few microseconds. Contrarily to furnace-based approaches where the material needs 

prolonged heat treatments to complete the repair process, in intrinsic heat source healing, damage 

repair is promoted by a self-sustained heat wave and completed as soon as the wave crosses the 

defect.  



 

60 
I n t r i n s i c  h e a t  s o u r c e  h e a l i n g 

 

 

Figure 4.9: Time scale of damage repair in metals: towards instantaneous healing. Most State-of-the-art approaches for metals 
require healing times, namely the heat treatment time needed for the healing process to successfully produce damage recovery, 
spanning from few to several hours. Intrinsic heat source healing represents a step toward damage-responsive systems, as crack 
healing is achieved within a single millisecond. 

 

Considering the propagation velocity of the heat front (Figure 4.4) and the size of the artificial 

defects (Figure 4.8), the time required to heal a defect (�•H) is given by the ratio of the defect size, 

namely the length (l), and the front propagation velocity (vFront): 

�ì�Á 
L��
�ß

�é�·�Ý�Ú�Ù�ß
              (4.1) 

which results in characteristic healing times of the order of a single millisecond (Figure 4.9). 

Such rapid healing represents a 106 speed improvement compared to previous examples of 

healing in metals where the process required between one hour and one week healing time 

(Figure 4.9). 
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4.4 Conclusion 

 

The extension of self-healing behavior to metal thin films has been severely limited by the 

need of extrinsic heating to activate the repair process, which may result in degradation of the 

film, oxidation or interdiffusion with the substrate. In this chapter, I have presented a concept 

for rapid on-demand healing of metallic thin films that is based on the use of reactive multilayers 

as integrated heat sources. The heat release process, which relies on the propagation of a self-

sustained reaction wave in a Ni/Al multilayer, promotes local crack welding and enables site-

specific crack closure in gold and copper thin films.  The technique may be applied to repair 

several other metallic materials with melting point up to 1500 ��C. Indeed, I will later in this 

manuscript (chapter 6) discuss further work that was performed on on-demand healing of 

materials having melting point, close to or higher than the maximum reaction temperature.  

Considering that an enhancement in resistance recovery upon on-demand healing may be 

beneficial for real world applications in the microelectronics industry, future work will address 

the introduction of a diffusion barrier between the metallic film and the heat source. Indeed, I 

would argue that it might be relatively straightforward to limit interdiffusion between the metal 

thin films and the heat source simply through the addition of diffusion barriers commonly used 

in the electronics industry, such as silicon nitride or oxides. This adjustment in the layers 

architecture could reduce contamination of the conducting layer and help to preserve the pure 

metals electrical properties, thus improving the healing performance even further.  

Even though the heat source energy release is non-repeatable and local healing cannot be 

performed more than once, I believe that the contained size of the heat source, together with the 

simplicity of activation with a current pulse at room temperature, might open the path to 

integration for a wide range of devices where high temperature furnace treatments are harmful, 

or where conducting lines cannot be physically accessed for maintenance. This spans from 

microelectronics, to implantable healthcare devices, to instrumentation in space probes and 

satellites. Indeed, considering the activation current is of the order of the ones operating 

electronics circuitry, we envisage the development of circuits able to detect damage and 

autonomously activate the heat source to truly self-heal. 
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However remarkable, this technique is fairly limited, at least at the stage that was discussed so 

far in this thesis, and not very versatile as it is strictly dependent of the reactive multilayer 

ensuring a strong and sudden energy release upon ignition. This implies that the materials that 

can be healed or the device where this approach could be implemented in are strictly limited to 

those being compatible with the specific energetics of a Ni/Al multilayer having 50 nm bilayer 

thickness. In order to overcome this hurdle and provide later explore the potential of intrinsic 

heat source healing of metal thin films, in the next chapter, I will discuss an approach to tune the 

reactivity of the multilayer that is based on alloying Nickel layers with a second element to alter 

the reactive multilayer energy output. 
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5  Reactivity tuning of Ni/Al by solid solution alloying 
 

 

 

In this second results chapter, I will introduce a technique to tune the energy content and output 

of a Ni/Al multilayer. For the application of reactive multilayers as intrinsic heat sources and 

especially into microelectronics or MEMS devices, there is a strong need to be able to match the 

energy output of the reactive material to the specific application without strongly influencing its 

geometrical characteristics. For instance, it might be desirable to apply the on-demand healing 

approach from chapter 4 to components in temperature sensitive devices, which would require 

the design of an energy release process that is milder and that produces either lower temperature 

or releases energy on larger time scales. On the other hand, it might be of technological interest 

to apply the healing technique to materials with a higher melting point, which would require the 

reactive multilayer to produce higher temperature. Here, I introduce an approach to reactivity 

tuning of Ni/Al multilayers that is solely based on compositional adjustments in the higher 

melting Nickel layers. Nickel layers were alloyed with two different elements that have different 

reactivity towards Aluminum, which results in a strong alteration of the self-sustained reaction 

characteristics.  

 

 

 

 

 

 

 

 

 

 

This chapter is based in part on: Architecture-independent reactivity tuning of Ni/Al multilayers by solid solution 
alloying, S. Danzi, V. Schnabel, X. Zhao, J. Käch, R. Spolenak, Appl. Phys. Lett. 114, 183102 (2019).  
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5.1 Introduction  

 

Reactive multilayers are nanostructured energetic materials that are close relatives to 

thermites (3), a group of exothermic mixtures known for being extensively used in the railway 

industry. They consist of alternating metallic layers with strongly exothermic mixing behavior, 

which can cause the initiation of a solid-state reaction through which a stable intermetallic phase 

is formed. When triggered103,116�±120, the intermetallic-forming reaction proceeds in a self-

sustained fashion propelled by the heat it generates96,121,122. In metallic reactive multilayers123�±

128, the heat front has peculiar characteristics, temperature and velocity, which are closely linked 

to the enthalpy of mixing of the layers components, the multilayer architecture and the enthalpy 

of formation of their most stable intermetallic96. Recently, reactive multilayers have been subject 

of a new wave of scientific and engineering interest after their use for synthesis of high-

temperature compounds129, micro propulsion130, pyrotechnics90,131�±133 or as miniaturized heat 

sources was demonstrated15,130,134. Fritz et al.15 suggested that multilayer particles compacts can 

be used for controlled neutralization of biological hazard, while Sullivan et al.130 were able to 

demonstrate the use of reactive multilayers as nano/micro scale propulsion systems.  

The integration of these materials in devices, nonetheless, remains hindered by the limited 

possibilities for tuning the m�X�O�W�L�O�D�\�H�U�V�¶�� �H�Q�H�U�J�\�� �U�H�O�H�D�V�H���� �P�X�O�W�L�O�D�\�H�U�V�� �Z�L�W�K�� �K�L�J�K�� �U�H�D�F�W�L�R�Q��

temperatures react too fast; multilayers with a milder energy release show either too low 

temperatures or a non-self-sustained reaction. Accordingly, past studies explored the possibility 

to control the energy release process and the reactive behavior of Ni/Al multilayers, one of the 

most studied reactive systems, by changing their architecture or shape15,130. These approaches, 

however, are not ideal for device integration, as they require significant design adjustments, and 

they are incompatible with current trends in miniaturization of microelectronics or MEMs 

devices.  

Recently, we demonstrated134 the potential of compositional adjustments to tune reactivity 

through the addition of niobium to Ni/Al multilayers, which lead to the formation an in situ 

diffusion barrier that mitigates the energy release process. This kind of approach is especially 

interesting if one keeps in mind the final goal of integration in a miniaturized device. Indeed, 

while architectural and geometric adjustment are a powerful tool to tune the energetics of Ni/Al, 
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compositional tuning enables one to achieve similar results in terms of reaction front 

characteristics alteration without the need to either make the multilayer thicker or completely 

changing its geometry. In this chapter, I discuss an approach based on the alteration of the 

reactivity of a Ni/Al multilayer via compositional tuning in the nickel layers. Solid solution 

alloying of nickel with elements that have a lower or higher reactivity with Aluminum (copper 

and platinum, respectively) is introduced as a method to tune the energetics of the heat source 

while leaving its architecture unaltered. 
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5.2 Methods 

 

5.2.1 Thin film system deposition by magnetron sputtering 
 

Multilayer films consisting of 10 bilayer having 50 nm bilayer thickness were deposited via 

a commercial magnetron sputtering system (PVD Products Inc.). Ni/Al deposition was 

conducted in Direct Current (DC) mode with 3 mTorr Ar pressure and power control at 300 W 

for aluminum (99.99% MaTeck GmbH). The composition of the nickel layers was tuned by 

controlling the relative power of the nickel (99.99% MaTeck GmbH) and the alloying element 

source: copper (99.99% MaTeck GmbH) or platinum (99.999% MaTeck GmbH). The sputtering 

parameters and resulting compositions are reported in Table 5.1. The base pressure was kept 

between 3x10-7 Torr and 5x10-7 Torr during all depositions. Multilayers were deposited on 

Silicon (100) wafers and on Kapton. The Silicon wafer films were used for X-Ray Diffraction 

(XRD) and Energy Dispersive X-Ray spectroscopy (EDS), the Kapton films were used for 

reactivity study. For the films with high copper content (>50 at.%), free standing samples were 

obtained by lift-off from a solvent treated substrate to avoid quenching of the reaction on the 

substrate during propagation. 

 

Table 5.1: Sputtering deposition parameters: DC power for nickel and alloying elements sources, platinum and copper. The 
chemical composition obtained is reported for the corresponding parameters combination. 

Sample 
ID  

Power Ni 
(W) 

Power Pt 
(W) 

Ni  
(at %) 

Pt  
(at %) 

Sample 
ID  

Power 
Ni 

(W) 

Power 
Cu 
(W) 

Ni  
(at %) 

Cu  
(at %) 

Ni 250 0 100 0 Ni 250  0 100 0 

Ni90Pt10 250 25 90.1 9.9 Ni90Cu10 250 10 90.0 10.0 

Ni80Pt20 250 50 82.3 17.7 Ni80Cu20 250 25 78.5 21.5 

Ni70Pt30 250 100 70.2 29.8 Ni70Cu30 200 50 68.2 31.8 

Ni60Pt40 250 150 60.8 39.2 Ni60Cu40 250 100 60.2 39.8 

Ni50Pt50 200 150 52.9 47.1 Ni50Cu50 250 150 50.3 49.7 

Ni40Pt60 250 300 42.1 57.9 Ni40Cu60 200 150 42.3 57.7 

Ni30Pt70 150 300 30.7 69.3 Ni30Cu70 200 250 31.0 69.0 

Ni20Pt80 100 300 20.4 79.6 Ni20Cu80 100 200 20.9 79.1 

Ni10Pt90 50 300 11.8 88.2 Ni10Cu90 50 300 9.8 90.2 

Pt 0 300 0 100 Cu 0 300 0 100 
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5.2.2 X-Ray Diffraction analysis of the deposited thin films 
 

�;�5�'���S�D�W�W�H�U�Q�V���R�I���D�V���G�H�S�R�V�L�W�H�G���I�L�O�P�V���Z�H�U�H���R�E�W�D�L�Q�H�G���E�\���D���3�$�1�D�O�\�W�L�F�D�O���;�¶�3�H�U�W3 MRD machine 

in parallel beam geometry using copper K�. radiation. Structural analysis of these patterns was 

performed on various compositions of Ni-Cu and Ni-Pt systems using the HighScore Plus 

software.  Peaks were first identified within each pattern based on reference patterns of pure 

elements and were then subject to profile fitting.  Once the profile fit produced good quality, 

interplanar spacing and lattice parameter were calculated.  

 

5.2.3 Electric pulse ignition of the multilayers 
 

Reactive multilayers were ignited with a setup built in house, consisting of a DC power 

supply (Agilent technologies N6700B) connected to micromanipulators equipped with tungsten 

tips of 100 µm radius. With the use of a portable optical microscope (Dino-Li te Digital 

Microscopes: AM4515ZT) tungsten probes were placed on the edge of thin film samples and the 

reaction was initiated with a current pulse.  

 

5.2.4 High Speed Infrared Imaging 
 

The maximum temperature of the heat front and its propagation velocity were monitored 

using high-speed infrared imaging (IRCAM Millenium 327k S/M). The samples prepared for 

high-speed imaging consisted of thin strips of reactive multilayer on Kapton or in free-standing 

conditions, and the front propagation was recorded at the maximum frame rate of ~3 kHz. The 

temperature was calculated from material emissivity as reported in previous work16 and the 

velocity of the reaction front was calculated from the slope of the front position vs. delay from 

ignition curves. 
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5.2.5 Differential Scanning Calorimetry (DSC) 
 

Differential scanning calorimetry measurements were performed on the alloyed multilayers. 

In order to obtain freestanding films we deposited a polymeric layer with a dedicated marker on 

�D�� ���´�� �V�L�O�L�F�R�Q�� �Z�D�I�H�U�� �E�H�I�R�U�H�� �W�K�H�� �V�S�X�W�W�H�U�L�Q�J�� �G�H�S�R�V�L�W�L�R�Q���� �$�I�W�H�U�� �W�K�H�� �P�X�O�W�L�O�D�\�H�U�� �G�H�S�R�V�L�W�L�R�Q�� �Z�D�V��

completed, the polymeric layer was dissolved with acetone at room temperature, thus leading to 

complete delamination of the reactive multilayer film and the production of freestanding flakes. 

The heat flow measurements have been performed with power-compensated differential 

scanning calorimeter (Mettler Toledo DSC 822e). Approximately 0.4 mg of reactive materials 

were used for every experiments in 30 ml Aluminum Oxide crucibles (Mettler-Toledo). The 

heating profile consisted of a heating ramp from 25 to 550 ��C at 10K/min and then a relatively 

fast cooling step from 550 to 25 ��C at 20K/min. This thermal cycle was performed two times in 

order to obtain a background signal for the measurements and to confirm complete reaction of 

the material during the first run. As the results of the DSC study are non-conclusive because of 

experimental issues with background subtraction and reproducibility of the calorimetry curves, 

I will not discuss them in this chapter, but I would like to direct the attention of an interested 

reader to Appendix B for the extended calorimetry results. 
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5.3 Results and discussion 

 

5.3.1 Solid-solution alloying in Nickel layers 
 

Reactive multilayers were deposited by magnetron sputtering, while tuning the composition 

within the nickel layers by adjusting the DC power applied to the sources of Nickel and the 

alloying element and keeping the architecture of the multilayers constant: all multilayers 

presented in this chapter have 50 nm bilayer thickness and a repetition of 10 bilayers. For this 

study on altering the reactivity of alloyed multilayers, I limited the number of bilayers to 10 for 

ease of experimental procedure. In fact, the sputtering deposition of 50 bilayers using the co-

sputtering alloying technique revealed difficult to keep stable for long time with our instrument.  

After sputter deposition, the formation of a solid solution within alloyed nickel layers was 

confirmed by X-�5�D�\���G�L�I�I�U�D�F�W�L�R�Q���H�[�S�H�U�L�P�H�Q�W�V������-�����������7�K�H���O�D�W�W�L�F�H���V�S�D�F�L�Q�J���Z�L�W�K�L�Q���1�LxCu1-x layers, 

which is calculated from the main reflection positions in the XRD spectra (Figure 5.1 a), shows 

a linear shift between the two extremes, copper (3.60 Å) and nickel (3.51 Å), for increasing 

amount of copper (Figure 5.1 b).  This behavior, together with the presence of XRD reflections 

characteristic of a FCC single phase, is typical of ideal solid solutions135, and it is consistent with 

literature data on Ni-Cu binary alloys136. In the platinum-alloyed multilayers, the lattice spacing 

shows a small deviation from linearity (Figure 5.1 c,d). This non-ideal behavior is typical of 

binary systems with a lattice mismatch larger than 5%135 and it is consistent with literature data 

on Ni50Pt50 FCC-based solid solutions lattice constant137. 
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Figure 5.1: Lattice spacing in Ni,X-alloyed layers: formation of a solid solution. The lattice spacing as obtained from XRD 
analysis (a) shows linear variation between nickel and copper for Cu-alloyed multilayers (b), which is typical of ideal solid 
solutions. The lattice spacing for Pt-alloyed multilayers shows a minor deviation from linearity (c,d), which is typical of binary 
systems with a large lattice mismatch135,137. 

 

5.3.2 Reaction front characteristics: front temperature and propagation velocity 
 

In Ni/Al reactive multilayers, the exothermic mixing of the two specie�V�����û�+mix,Ni/Al  �a���¤������

kJ/mol) propels an intermetallic-forming reaction that is known to propagate with a self-

sustained reaction front138,139. The Ni/Al system is taken as a reference and the results of solid 

solution alloying in nickel layers are discussed in terms of alteration in the characteristics of self-

propagating reaction (front temperature and propagation velocity) compared to the non-alloyed 

system (Figure 5.2). 



 

71 
R e a c t i v i t y  t u n i n g  o f  N i / A l  b y  s o l i d  s o l u t i o n  a l l o y i n g 

 

 

Figure 5.2: Reaction front characteristics of alloyed Ni/Al multilayers: speed and temperature. a) The reaction temperature is 
reduced by alloying the nickel layers with increasing amounts of copper and increases with growing amounts of platinum 
alloying. b) Reaction front propagation velocity follows the decrement and increment in maximum reaction temperature for 
copper and platinum, respectively. The dotted lines are the solidus and liquidus lines from the Cu/Ni and the Ni/Pt phase 
diagrams. 

 

The temperature of the reaction front, measured by high-speed infrared spectroscopy, is 

�J�U�D�G�X�D�O�O�\�� �U�H�G�X�F�H�G���I�U�R�P������������ �Û�&�����1�L���$�O������ �W�R������������ �Û�&�����1�L50Cu50/Al), to ~�������� �Û�&�����&�X���$�O���� �E�\�� �D�Q��

increasing amount of copper alloying (Figure 5.2 a). In contrast, the addition of platinum 

produces an increase in the maximum front temperature from 1550 �Û�&�� ���1�L���$�O������ �W�R�� �������� �Û�&��

(Ni50Pt50/Al), to 2300 �Û�&�� ���3�W���$�O����Figure 5.2 a). Parallel to the temperature, the propagation 

velocity of the reaction front is reduced by a factor of eleven for copper addition (~0.59 m/s for 

Cu/Al), and increased as much as by a factor of six for platinum addition (~40 m/s; Figure 5.2 

b). The alloying of copper, an element with low enthalpy of mixing with aluminum140 ���û�+mix,Cu-

Al �a���¤����-20 kJ/mol), mitigates the energy release of the system, while platinum, an element with 
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very high enthalpy of mixing141,142 ���û�+mix,Pt-�$�O�� �a�� �¤������-195 kJ/mol), strongly increases the 

system energy output. 

Here, I would like to draw the reader attention to a peculiar transition in the propagation behavior 

of the reactive multilayers when such a broad compositional range is crossed. While for Ni/Al 

multilayers such as the ones presented in this study it is well known that the reaction front 

exhibits stable propagation with a flat (circular) reaction front, this behavior should not be taken 

as given when the composition of the materials is changed. Indeed, while varying the 

composition of the nickel layers from pure nickel to the alloyed systems, a transition in the front 

propagation behavior was observed to unstable front propagation for some of the high Cu at.% 

systems and to deflagration like behavior for the high Pt at.% systems. These different types of 

reaction fronts are highlighted in Figure 5.3. When the propagation of the self-sustained reaction 

exhibits such deviation from stable propagation, it is important to pay extra care in calculating 

the propagation speed of the front, for unstable propagation, and temperature, for deflagration. 

In this work, the propagation speed of the systems showing instabilities was calculated by 

looking at the front position parallel to the propagation direction and not considering unstable 

�³�V�S�L�N�H�V�´���R�I���U�H�D�F�W�L�R�Q���P�R�Y�L�Q�J���D�K�H�D�G���R�I���D���I�O�D�W���O�L�Q�H���W�K�D�W���Z�D�V���D�V�V�X�P�H�G���D�V���W�K�H���I�U�R�Q�W���S�R�V�L�W�L�R�Q. In the 

case of multilayers displaying deflagration behavior, the temperature of the front was measured 

only in the propagation region and only for the samples that showed minor film fracturing and 

material ejection. Indeed, the deflagration behavior observed in Figure 5.3 was not consistently 

observed for all the propagation experiments, but rather only in few cases. During the duration 

of this PhD work, I did not focus on further understanding this behavior and, at the current status, 

I could only speculate on the origins of these effects. 

 

 

Figure 5.3: Front pattern for multilayers with different composition in Ni layers. The front shows propagation instabilities for 
high Cu at. % and deflagration-like behavior for high at. % of Pt.  
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Regarding the reaction front characteristics presented in Figure 5.2, the ratio between the 

front temperature and velocity in alloyed systems and those of the reference Ni/Al multilayers 

can be calculated to highlight that the front temperature is reduced only by two for high copper 

content and increased by a factor of 1.5 for high platinum content (Figure 5.4). In contrast, the 

front propagation velocity is strongly affected by the composition: on the platinum side of the 

diagram, one might observe a steadily increasing deviation between the temperature and the 

velocity increase, with a maximum 6-fold increase in velocity. On the copper side, no significant 

deviation is observed up until 70% copper concentration, but from this point on, the velocity 

reduction steadily increases up to the maximum 12-fold reduction observed for the pure Cu/Al 

system. These results demonstrate that solid-solution alloying introduces a de-coupling between 

the variation in the front temperature and its propagation velocity. Considering that propagation 

in reactive multilayers is due to a thermally-stimulated diffusion process ahead of the reaction 

front121, a decoupling between propagation speed and temperature hints at an alteration in the 

intermixing process limiting the phase transformation. 

 

Figure 5.4: Front propagation velocity and front temperature relative variation: introducing a separation between temperature 
and speed. Plotting the temperature as velocity results in terms of their ratio to the Ni/Al reference system, we highlight that 
high alloying elements concentration lead to a separation in temperature and velocity reduction. 
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5.3.3 Reaction propagation: what is the limiting atomistic process? 
 

Such deviations, either induced by structural or compositional adjustments, can be 

understood with different models. In this study, we consider a heat front propagation model 

derived by Armstrong and Koszykowski143 to discuss the effect of alloying elements on the 

dominant process regulating the propagation of the reaction front:  

�R�Ù
�6 
L��

�:�
 �. �Ë�Í�Ñ
�. �º

�� �. �¾�:�Í �Ñ�?�Í�, �;
�A

�?
�¶�Ì

�Ã�Å�Ñ             (5.1) 

 

In this model, vf �L�V���W�K�H���I�U�R�Q�W���S�U�R�S�D�J�D�W�L�R�Q���Y�H�O�R�F�L�W�\�����������W�K�H���W�K�H�U�P�D�O���G�L�I�I�X�V�L�Y�L�W�\�����5���W�K�H���J�D�V���F�R�Q�V�W�D�Q�W����

Tf the reaction front temperature, A the Arrhenius prefactor, Ea �W�K�H�� �D�F�W�L�Y�D�W�L�R�Q�� �H�Q�H�U�J�\���� �/�� �R�Q�H-

quarter of the bilayer spacing, and T0 the initial temperature. By rearranging the terms in 

Equation 5.1, one can isolate the energy term at the exponent as the slope of the linear plot in 

Figure 5.5 and obtain a relation that closely bears a resemblance to the model for combustion is 

gaseous systems derived by Zeldovich144,145:  
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I remark that, as mentioned by Grapes et al.12, the activation energies from Eq. 5.2 should be 

�F�R�Q�V�L�G�H�U�H�G�� �D�V�� �D�Q�� �³�H�I�I�H�F�W�L�Y�H�´�� �D�F�W�L�Y�D�W�L�R�Q�� �H�Q�H�U�J�\�� �F�R�X�Q�W�L�Q�J�� �I�R�U�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �W�H�P�S�H�U�D�W�X�U�H��on the 

intermixing process16,146,147. Nonetheless, bearing in mind that the reaction front temperature is 

a fundamental parameter for reactive materials, the introduction of a single Arrhenius activation 

energy is a valuable approximation to analyze the performance of the reactive multilayer 

regardless of the diffusion process it refers to. Using this simple derivation, one cas access the 

activation energy for the rate limiting mixing process during propagation (Figure 5.5). 
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Figure 5.5: Armstrong plot: accessing the activation energy for reaction propagation. The propagation behavior is plotted in 
terms of propagation velocity and temperature following a 1-dimensional treatment by Armstrong and Koszykowski, which 
allows to access the activation energies regulating the propagation of the solid-state reaction. 

 

The Cu-alloyed multilayers display a consistent linear behavior, which implies a constant 

activation energy, up to 90 at. % copper. The activation energy is equal to 0.29 eV/atom, which 

is in good agreement with literature data on the activation energy for diffusion of nickel in molten 

aluminum12,148. This result is consistent with the propagation temperature (Figure 5.2): as 

propagation takes place at a temperature higher than the melting point of aluminum it is 

reasonable to assume that the aluminum layers are not in the solid state at the reaction front. For 

pure Cu/Al multilayers, a deviation from linearity is observed and the activation energy increases 

to 2.57 eV/atom. The change in activation energy can be explained by assuming that the rate 

limiting process is radically changed once nickel, the most exothermic species, is completely 

removed from the system. However, even though Cu/Al displays discontinuous propagation and 

an extended study of pure Cu/Al multilayers reactivity would be necessary to fully understand 

the reactive behavior of such less reactive binary systems, we suggest that the propagation in 

these systems is governed by solid-state diffusion. In fact, the reaction temperature is below the 
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melting point of the alloyed layers and the activation energy measured is too high to be due to a 

dissolution or interface-based process12 (Figure 5.2).  

In the platinum-alloyed multilayers, the activation energy appears constant and equal to 1.09 

eV/atom, which hints at an interface dissolution-limited process of platinum in liquid aluminum 

similar to the one described by Xu et al. in previous work on reactive systems16.  As platinum 

shows higher enthalpy of mixing with aluminum compared to nickel, we suggest that the change 

in activation energy upon platinum addition is caused by a change in the rate limiting process, 

which shifts from nickel-dissolution to platinum-dissolution in molten aluminum. Considering 

that the enthalpy of mixing of platinum and aluminum is 1.5 to 3 times larger than that of nickel 

and aluminum, I argue that reaction propagation in highly reactive platinum-alloyed Ni/Al 

systems could be dominated by intermixing of the two species having the most exothermic 

behavior: platinum and aluminum. 

 

5.3.4  An outlook on the efficiency of the energy release process 
 

The effect of alloying elements and the resulting variation in the rate-limiting mixing 

mechanism ultimately affect the chemical energy stored within a reactive multilayer and, more 

importantly, the efficiency and the rate of the heat release process. Here, I propose a comparison 

between the theoretical energy stored within a cubic unit volume V having edge equal to the film 

thickness h and the measured conductive thermal energy released from the same volume. In this 

context, I care to underline the fact that the following treatment represents a simple analysis of 

energy release in terms of conductive heat. The energies calculated are the one the multilayer 

could conduct to a neighboring material in physical contact, e.g. a to-be-healed thin film, and 

not the overall energy released by the material during the propagation of the reaction. Indeed, 

radiative energy losses are for instance completely overlooked here as they are not relevant for 

on-demand healing applications. 

The theoretical energy stored in a volume V is given by:  

�' �Ì�ç�â�å�Ø�×
L���¿�*�à�Ü�ë�Û�J�8             (5.3) 
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where the number of moles 	È is calculated from the molar density of the pure elements and 

considering a single phase within the alloyed nickel layer (Figure 5.1). The energy released is 

measured as the thermal energy provided by a uniform heating of the unit volume by the 

exothermic reaction and can be written as: 

�' �å�Ø�ß�Ø�Ô�æ�Ø�×
L���J�4�6   

            (5.4) 

 
Figure 5.6: Energy output of alloyed multilayers: efficiency and power. The theoretical energy stored in the alloyed systems is 
compared to the measured energy released for Cu and Pt-alloyed multilayers (a,b). The efficiency of the exothermic process is 
calculated as the ration of the two (c). The power delivered is a strong function of the alloying elements concentration and can 
be broadly tuned from Cu/Al to Pt/Al (d). 
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The two quantities are compared for the two systems, Cu-alloyed and Pt-alloyed (Figure 5.6 a,b). 

As one can notice from the growing mismatch between the calculated curves and the 

experimental ones, the thermal energy released becomes a substantially reduced fraction of the 

theoretical energy stored as the front temperature increases. This can be made explicit by 

calculating the ratio of the released energy and the theoretical energy stored, which provides a 

quantity indicative of the efficiency of the energy release process (Figure 5.6 c). The energy 

release efficiency is steadily reduced from 53% for Cu/Al, to 22% for Ni/Al, to only 15% for 

Pt/Al. This effect might be due to the substantially increased front propagation speed in highly 

reactive multilayers, which competes with diffusion rates and thus reduces the phase 

transformation efficiency to the stable intermetallic products or, most likely, to increased 

radiative energy loss when the reaction temperature increases. In slow reactive multilayers, a 

unit volume is exposed to high temperature for a longer time, which results in longer diffusion 

distances for reactants and in turn to a more efficient transformation to the stable intermetallics. 

Additionally, for the multilayers with high Cu at.% the reaction temperatures are low and the 

material does not disperse large amount of energy through irradiation.  

Lastly, I demonstrate the effect of alloying on the delivered conductive power of a multilayer. 

�&�R�Q�V�L�G�H�U�L�Q�J���D���W�L�P�H���L�Q�W�H�U�Y�D�O���2���H�T�X�D�O���W�R���W�K�H���W�L�P�H���W�K�H���U�H�D�F�W�L�R�Q���I�U�R�Q�W���U�H�T�X�L�U�H�V���W�R���S�U�R�S�D�J�D�W�H���D�F�U�R�V�V���W�K�H��

unit volume considered, one can calculate the delivered power as: 

�2 
L��
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             (5.5) 

with 

�ì 
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             (5.6) 

 

Alloying enables to tune the delivered power over more than two orders of magnitude (from over 

25 mW for Pt/Al, to less than 0.25 mW for Cu/Al, Figure 5.6 d).  
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5.4 Conclusions 

 

Reactive multilayers are intriguing nanostructured materials that provide a unique platform 

for intense and strongly confined heat delivery. In order for these systems to have an impact in 

engineering applications, however, there are various challenges that should be tackled. For 

instance, the ability to tune the energy release without altering the architecture of the system 

needs to be improved and extended. In this chapter, I have demonstrated a reactivity tuning 

method that is solely based on the compositional adjustment of the nickel layers in a Ni/Al 

multilayer. The addition of alloying elements with a different enthalpy of mixing with aluminum 

introduces a substantial change in the characteristics of reaction front: velocity and temperature. 

Copper, a weakly reactive element, produces a reduction in front temperature from 1500 �Û�&���W�R��

approximately 700 �Û�&���� �3�O�D�W�L�Q�X�P���� �D�� �K�L�J�K�O�\�� �U�H�D�F�W�L�Y�H�� �H�O�H�P�H�Q�W���� �O�H�D�G�V�� �W�R�� �D�Q�� �L�Q�F�U�H�D�V�H�� �L�Q�� �I�U�R�Q�W��

temperature from 1500 �Û�&�� �W�R�� �������� �Û�&���� �7�K�H�� �D�G�G�L�W�L�R�Q�� �R�I�� �D�O�O�R�\�L�Q�J�� �H�O�H�P�H�Q�W�V�� �D�I�I�H�F�W�V�� �D�O�V�R��the 

propagation velocity, which is reduced to 0.8 m/s for high at. % copper addition, and increased 

to more than 40 m/s, for high at.% platinum addition. Solid solution alloying represents a new 

wavelength on the spectrum of reactivity-tuning mechanisms for reactive multilayers and it is an 

effective method to modify the energy release process of the system while leaving its architecture 

unaltered. Remarkably, both weakly and highly reactive multilayers could have interesting new 

applications. Indeed, on one hand, copper alloying could lead to a more moderate thermal output 

for applications such as thermal batteries, micro-reactors or actuators, where a prolonged and 

controlled heat release is desired. On the other hand, platinum alloying could provide a high 

power output for applications where a rapid and intense heat release is of interest.  

Additionally, if one considers the use of reactive multilayers as an integrated heat source for 

healing of metallic thin films, the possibility to tune the energy output of the multilayers could 

open new avenues for this technology, for instance to heal materials with a lower or higher 

melting point than copper or gold (using Cu-alloyed and Pt-alloyed systems respectively). The 

effect of the melting point of the to-be-healed material in comparison to the reaction front 

temperature will be discussed in the following chapter. 
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6 The effect of local melting on the healing efficiency 
 

 

In this chapter, I will briefly discuss how the melting point of the to-be-healed material 

influences the efficiency of the healing process stimulated by the propagating heat wave in the 

reactive multilayer. Even though thus far in this thesis it has been implicitly implied that local 

melting is required to heal a crack in the thin film, melting is in principle not a necessary 

condition for crack closure to take place at high temperature. Indeed, other processes such as 

surface mass transport or even bulk diffusion could lead to damage repair. Here, I will present a 

simple experimental approach that demonstrates that local melting is critical to obtain a 

successful healing process. 
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6.1 Introduction  

 

Compared to other healing approaches for metallic system, the on-demand healing process 

that is presented in this work (4) is characterized by a thermal profile that is extremely limited 

in its duration. Indeed, while in previous literature work39,43,44,49 on the high temperature healing 

of metallic systems the material is maintained at the healing temperature between few hours and 

few days, in the approach discussed in this work the to-be-healed material is exposed to high 

temperature for only few milliseconds. Thus far, it was implied that healing takes place through 

a small scale process that closely resemble a weld-repair: the reaction propagating in the Ni/Al 

multilayers heats the to-be-healed thin film above its melting point and, upon the formation of a 

liquid phase at the cracks site, the crack surfaces are joint and then solidify during cooling. 

However, this is in principle not the only process that can potentially lead to the complete crack 

closure that was observed in gold and copper. Indeed, surface diffusion, bulk diffusion or 

something resembling a fast sintering process could also produce such effects, even though the 

time scale of healing would be challenging for a diffusion-based process. Considering that on-

demand healing takes place at small scales and within only few milliseconds, it was not possible 

to obtain a direct observation of the process. Even though I acknowledge that in situ microscopy 

has the potential to reveal more insights in the process, here an indirect approach simply based 

on sputtering deposition and post-reaction observation was preferred to investigate the effect of 

the melting point of the to-be-healed material on the overall healing efficiency. Different 

materials having higher melting points compared to copper and gold were investigated as 

potential to-be-healed films: cobalt, tungsten and titanium. 
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6.2 Methods 

 

6.2.1 Thin film system deposition by magnetron sputtering and e-beam evaporation 
 

Multilayer films were deposited via a commercial magnetron sputtering system (PVD 

Products Inc.) as reported in the previous chapters, keeping the number of bilayers to 50 and the 

bilayer thickness to 50 nm. Ni/Al deposition was conducted in Direct Current (DC) mode. The 

sputtering parameters for two of the to-be-healed materials are reported in Table 6.1. The base 

pressure was kept at 3x10-7 Torr during all depositions.  

 

Table 6.1: Sputtering deposition parameter for the to-be-healed materials. 
 

Power DC 
(W) 

Ar pressure 
(mTorr)  

Ar flow  
(sccm) 

Co 100 3 50 

W 300 3 50 

 

Due to malfunctioning of our sputtering deposition instrument, the titanium thin films were 

deposited vie e-beam evaporation under similar deposition conditions and the chamber base 

vacuum was kept below 10-6 Torr. The substrate was maintained at room temperature during the 

entire deposition processes and the distance between the targets and the substrate was kept 

constant at 20 cm.  

The deposition time was controlled to obtain 100 nm thickness for both the e-beam and the 

sputtered to-be-healed metal films. All samples were deposited on Silicon wafers coated with 

the photoresist discussed in 4. 

 

6.2.2 Electric pulse ignition of the multilayers 
 

Reactive multilayers were ignited with a setup built in house, consisting of a DC power 

supply (Agilent technologies N6700B) connected to micromanipulators equipped with tungsten 

tips of 100 µm radius. With the use of a portable optical microscope (Dino-Li te Digital 
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Microscopes: AM4515ZT) tungsten probes were placed on the edge of thin film samples and the 

reaction was initiated with a current pulse (1-2 V 10 mA).  

 

6.2.1 Focused Ion Beam (FIB) machining 
 

A Zeiss NVision40 dual-beam FIB/SEM station operated at 30 kV of Ga+ source and 5 kV 

of electron source was used to pattern the through-thickness artificial cracks into the films. The 

ion-beam current was tuned to produce cracks opening ranging from 100 nm to 1.5 µm as 

discussed in chapter 3 and the overall milling time was adjusted for each crack size to ensure 

through-thickness penetrating cracks. The detailed FIB machining parameters used for the 

production of through thickness cracks that are reported in Table 4.1 (Chapter 4) led to the 

production of artificial cracks having slightly different sizes compared to the ones reported 

above. This effect is later discussed in this chapter. 

 

6.2.2 �³�3�R�V�W-�U�H�D�F�W�L�R�Q�´���6�(�0���D�Q�G���(�'�;���D�Qalysis 
 

After the reaction propagated through the artificial defects, the samples were investigated 

via electron microscopy: the overview figures showing the artificial cracks prior to healing were 

obtained using a Zeiss NVision40 dual-beam FIB/SEM station and the post-reaction images were 

captured with a JEOL JSM-100F SEM. Additional to microscopy inspection, the elemental 

distribution in the crack region was investigated via EDX using the EDAX detector mounted on 

the same electron microscope. 
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6.3 Results and discussion 

 

6.3.1 FIB-machined defects on different materials 
 

Like previously discussed for on-demand healing of gold and copper (4.3.4), FIB-machined 

artificial defects were produced in an array of increasing size, from about 100 nm up to 1.5 µm 

(Figure 6.1). 

 

 

Figure 6.1: FIB-machined artificial defects: a bird-eye view on a Co thin film. 

 

Due to different milling rate of Ga+ ions on different materials, the same milling parameters led 

to the production of artificial cracks having a slight scatter in terms of crack opening. Even 

though this is a relevant effect that should be taken into account for fine small scale FIB 

manufacturing, for the scope of this thesis the small variations in crack width that were obtained 

can be neglected and initial crack sizes can be considered equal to the one presented in Figure 

6.1 and chapter 4. 

  

In next part of the thesis, I will discuss the effect of the thin film melting point on the results of 

the on-demand healing process in order of increasing melting point. 
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6.3.2 Healing of materials with melting point below the reaction temperature 
 

As extensively shown in chapter 4, when the reaction front propagating in the Ni/Al 

multilayer underlying a to-be-healed metal thin film of either copper or gold, it is possible to 

fully heal artificial defects having relatively large size (crack opening up to 500 nm, Figure 6.2). 

 

 

Figure 6.2: Artificial cracks in a gold thin film, before and after the passage of the heat wave propagating with the reaction 
front in a Ni/Al multilayer showing complete crack closure. 

 

Considering that these two materials have relatively low melting point if compared to the 

reaction front maximum temperature, it was assumed thus far in this work that the reaction can 

promote locally the formation of a liquid phase through melting and that the healing process is 

mediated by the transition to the melt and subsequent solidification. In order to fortify this 

hypothesis, cobalt, which has a higher melting point than copper and gold (Tm,Co = 1495 ��C), was 

selected as a further material on which to test intrinsic heat source healing. While cobalt is higher 

melting if compared to copper and gold, it is important to note that its melting temperature is 

still lower than the maximum temperature measured at the reaction front (~1500-1600 ��C) even 

though close to it.  



 

86 
T h e  e f f e c t  o f  l o c a l  m e l t i n g  o n  t h e  h e a l i n g  e f f i c i e n c y 

 

 

Figure 6.3: Healing of artificial cracks in a cobalt thin film. The green line is a visual aid to highlight the healed area contours. 
The dimensions reported in each image refer to the original crack opening before healing. 

 

In Figure 6.3 it is possible to observe the post-healing appearance of the artificial FIB defects 

milled in the cobalt thin films. First of all, one should notice that no real crack can be observed 

for 100 and 200 nm nominal crack opening and only some cavities at the crack site are present 

for 380 nm crack opening. Secondly, it is important to note that, when the crack width reaches 

500 nm, the defect cannot be fully healed and a large portion of the crack is not closed at all. 

To further confirm these results for cobalt, EDX analysis was performed at the crack site, 

revealing constant concentration of cobalt in the region surrounding the crack and at the crack 

site (Figure 6.4). These results support the hypothesis of long range mass transport through local 

melting being one of the processes aiding crack healing. 
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Figure 6.4: Healing efficiency in terms of compositional homogeneity. An EDX line scan analysis reveals that the content of 
cobalt is constant outside and inside the crack area (a,b). An EDX map of a 120 nm wide crack is also shown where Co content 
within healed crack is the same as the surrounding region, revealing successful healing (c). 

 

6.3.3 Healing of materials with melting point above the reaction temperature 
 

When the same approach is applied to tungsten, as a to-be-healed material with a melting 

temperature higher than the maximum reaction temperature, the results completely change. First 

of all, electron microscopy inspection reveals that the surface crack closure typical of the 

materials previously described is not present anymore. Indeed, in Figure 6.5 one can notice that 

even for the smallest nominal crack size (i.e. 100 nm) crack closure is not completely achieved 

and large voids are observed at the crack site. Additionally, when the crack width is increased 

the healing process completely fails at promoting crack closure and the defects are not healed at 

all (Figure 6.5).  
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Figure 6.5: Healing of artificial cracks in a tungsten thin film. The red line is a visual aid to highlight the crack area contours. 
The dimensions reported in each image refer to the original crack opening before healing. 

 

These results are further confirmed by the EDX analysis presented in Figure 6.6. In fact, while 

for cobalt we observed a homogeneous distribution outside the crack site and at the crack site, 

elemental distribution analysis reveal that there is no or negligible amount of tungsten within the 

crack after healing. Healing of a metal film with such a high melting point appears not to be 

possible using the heat front produced by a Ni/Al multilayer as the local temperature promoted 

by the intermetallic-forming reaction is not high enough to induce local melting of the damaged 

thin film. 

 

 
Figure 6.6: Healing efficiency in terms of compositional homogeneity. An EDX line scan analysis reveals that the content of 
tungsten is substantially lower inside the crack area (a,b). The low W content within crack after heating reveals a failed healing 
process. 
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6.3.4 Healing of materials with oxidation tendency in atmosphere 
 

Of course, I would like to explicitly mention that the aim of this chapter is far from arguing 

that the melting point of the material to be healed is the only parameter influencing the healing 

efficiency of the process. 

One additional material aspect that should be considered, for instance, is its tendency to oxidize 

�L�Q���D�W�P�R�V�S�K�H�U�H���D�W���H�O�H�Y�D�W�H�G���W�H�P�S�H�U�D�W�X�U�H�����7�K�H���U�H�V�X�O�W�V���I�U�R�P���³�K�H�D�O�L�Q�J�´���H�[�S�H�U�L�P�H�Q�W�V for titanium, a 

material with strong tendency to oxidize, are reported in Figure 6.7. 

 

 
Figure 6.7: Bird-�H�\�H���Y�L�H�Z���R�I���W�K�H���U�H�V�X�O�W�V���R�I���³�K�H�D�O�L�Q�J�´���R�Q���D���W�L�W�D�Q�L�X�P���W�K�L�Q���I�L�O�P�����7�K�H���P�D�W�H�U�L�D�O���X�Q�G�H�U�J�R�H�V���V�H�Y�H�U�H���G�H�O�D�P�L�Q�D�W�L�R�Q���Z�K�L�F�K��
might be due to oxidation taking place during the high temperature exposure. On-demand healing of titanium films in 
atmosphere using Ni/Al multilayer leads to unsuccessful crack closure and to severe deterioration of the film. 

 

For titanium, the exposure to very high temperature leads to a sort of delamination process which 

�H�I�I�H�F�W�L�Y�H�O�\�� �³�G�H�W�D�F�K�H�V�´�� �W�K�H�� �W�R�S�P�R�V�W���O�D�\�H�U�� �I�U�R�P�� �W�K�H�� �P�X�O�W�L�O�D�\�H�U�V�� �X�Q�G�H�U�Q�H�D�W�K���� �W�K�X�V�� �F�R�P�S�U�R�P�L�V�L�Q�J��

healing and demonstrating the importance of materials selection for this approach towards 

healing of metal thin films. 
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6.4 Conclusions 

 

On demand-healing of metal thin films using reactive materials as an intrinsic heat source 

is an appealing path towards the development of true self-healing metal thin film systems. In the 

first part of this thesis, I guided the reader through the different aspects of metal films healing 

using a propagating heat wave, but the question on whether localized melting is required to 

achieve healing was left open. In this chapter, I briefly discussed the experimental efforts 

towards a better understanding of the limitations of the healing process in terms of which 

materials it can be applied to. Starting from the hypothesis that local melting of the to-be-healed 

material is indeed a strict requirement to achieve successful healing, on the one hand I 

demonstrate that cobalt, like copper and gold, can be healed because the maximum temperature 

generated at the reaction front is higher than the material melting point. On the other hand, 

tungsten thin films, for which the reaction temperature is only about half of the melting point, 

cannot be healed using Ni/Al multilayers as an intrinsic heat source. Additionally, I briefly 

discuss that material selection plays a key role for intrinsic heat source healing as the melting 

point issue is by far not the only one to be considered. Indeed, I demonstrate that healing of 

materials with strong tendency towards oxidation, such as titanium, is not possible. This is only 

one example of complications that one might meet when trying to extend this healing approach 

to other materials or more complicated architectures next to others such as residual stresses, 

thermal expansion compatibility of the different materials, undesired intermixing and more. On-

demand healing of metal thin films using reactive materials as intrinsic heat sources could be a 

very versatile approach to restore damaged thin films in a number of devices in the electronic 

and well as on the medical industry. However, the design of the thin film architecture should not 

be overlooked and materials compatibility issues such as the ones discussed in this chapter 

should be considered as of paramount importance. 
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7 The substrate effect: understanding and preventing reaction 
quenching 

 

 

 

This chapter will cover one of the most important, if not the most important, aspect to be 

considered when moving towards the integration of intrinsic heat source healing in a real device: 

the effect of a substrate on the reaction propagation and its quenching. In intrinsic heat source 

healing, there is a very fragile connection between the propagation of the reaction front in the 

heat source and the healing process that is: healing can only be achieved as long as the reaction 

takes place in its entirety. If the reaction in the Ni/Al multilayer cannot propagate or cannot be 

ignited at all, the whole process fails. Quenching of the reaction, which is a process due to heat 

dissipation from the reaction front into surrounding material (e.g. a substrate), is one of the 

reasons why the reaction might be stopped and healing might fail. In this chapter, I will present 

a reverse thermal management problem related to understanding and preventing heat dissipation 

during the propagation of the self-sustained reaction in Ni/Al reactive multilayers, through a new 

experimental design that enables to accurately study the quenching effects of a thin film substrate 

on the propagation of the thermal soliton generated by the intermetallic-forming reaction in the 

multilayer. Using high-speed infrared imaging and magnetron sputtering deposition, a detailed 

analysis of the reaction front behavior when propagating on heat sink thin films is presented. It 

is shown that the propagation can be controlled or even stopped by varying the heat sink 

thickness. Additionally, a novel high thermal resistance thermal barrier consisting of materials 

with mismatching phononic band structures is introduced to demonstrate that propagation on 

heat sinks that would otherwise quench the reaction, e.g. a silicon wafer, could be achieved. 

 

 

This chapter is based in part on: Thermal Management in Ni/Al Reactive Multilayers: Understanding and 
Preventing Reaction Quenching on Thin Film Heat Sinks, S. Danzi, M. Menétrey, J. Wohlwend, R. Spolenak, ACS 
Appl. Mater. Interfaces, 11, 45, 42479-42485 (2019).  
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7.1 Introduction  

 

Thermal management, the process of designing miniaturized heat sinks in electronic 

circuitry to maximize heat extraction and minimize localized heating, is a key aspect of modern 

microelectronics design. Past studies focused on the development of different approaches, such 

as the use of special composites in combination with forced air convection149, and heat sink 

materials with enhanced thermal properties150�±154 to efficiently extract and dissipate heat from 

critical parts of a device. In this chapter, I discuss an inverse thermal management problem 

related to the understanding and the prevention of heat extraction and dissipation from the self-

sustained exothermic reaction front in Ni/Al reactive multilayers. Ni/Al multilayers are 

metastable architectures consisting of alternating nano-layers of Ni and Al which, when properly 

ignited, display an exothermic intermetallic-forming reaction that leads to the formation of a 

propagating heat front96,155. Due to their nanostructured nature and because of the strongly 

exothermic mixing behaviour of the two metals, once the reaction is triggered101,110,120, the large 

amount of heat produced cannot be dissipated by conductive losses in the surrounding material, 

thus leading to the formation of a self-sustained propagating heat wave: a thermal soliton121. 

This intense and dynamic heat release process has been exploited in a number of applications 

thus far, from the synthesis of high-temperature compounds128 and the development of 

miniaturized heat sources for biological hazard neutralization15, to micro-propulsion130, 

soldering technologies156 and on-demand healing of metal thin films129. When designed as heat 

sources, one of the most important traits of reactive multilayers is that the heat release process 

is self-sustained and it can autonomously progress after a local ignition stimulus103. In some 

cases129,130, however, these architectures are designed to work in intimate thermal contact with 

other components, i.e. a to-be-healed thin film, or on a specific substrate which act as heat sink 

by extracting heat from the reaction front. These additional conductive losses can be detrimental 

to the propagation of the reaction as, once too large, they can dominate over the highly non-

linear heat release at the reaction site and lead to complete quenching of the heat wave, thus 

rendering the heat source unusable. In an effort to understand and tackle such issues, previous 

studies focused on understanding the propagation behaviour of thermites and reactive 

multilayers on different substrates and in presence of a quenching term from both the 
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analytical157,158 and experimental19,159 point of view. Namazu et al.19 recently investigated the 

quenching thresholds of Ni/Al through the deposition of reactive multilayer patches on top of 

Focused Ion Beam-machined (FIB) silicon pillars manufactured on a silicon wafer. Yet, because 

of the small volumes involved in the experiments, a clear observation of the quenching process 

and a clear differentiation between reaction ignition and reaction propagation was not possible. 

Additionally, a detailed study of Ni/Al propagation behavior on thin heat sink films has so far 

been lacking. In this part of the thesis, I introduce an experimental approach that is based on the 

use of shadow mask Physical Vapor Deposition (PVD) and high-speed infra-red (IR) imaging to 

study the propagation behaviour of the reaction front in Ni/Al multilayers on thin film heat sinks 

over relatively large distances (~3 cm). The test geometries introduced in this chapter enable a 

clear distinction between the quenching effects of a thin film quenching patch and the free 

propagation of the reaction in unquenched conditions. Using shadow mask deposition, we 

exploit the versatility of magnetron sputtering to analyze how different heat sink materials affect 

propagation: namely, we investigate the quenching effect of gold and copper, two metals 

representative of conducting lines placed in contact with the heat source, and of silicon, a 

hypothetical substrate. 
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7.2 Methods 

 

7.2.1 Wafers spin coating 
 

The base substrates, four-inch (100) silicon wafers, were prepared by room temperature 

ultrasonic cleaning first in acetone and isopropanol, followed by rinsing in ultra-pure water for 

5 minutes each. A thick positive photoresist, AZ-45332, was spin coated on the wafers with 

�Q�R�P�L�Q�D�O���W�K�L�F�N�Q�H�V�V���R�I�������������P���D�W�������������U�S�P���V�S�L�Q�Q�L�Q�J speed for 50 s. This layer was applied as a 

first layer to thermally separate the silicon from the test architectures deposited by sputtering for 

the propagation experiments. This aspect is further discussed later in this chapter. 

 

7.2.2 Thin film system deposition by magnetron sputtering 
 

All thin films and multilayers presented in this chapter were deposited with a commercial 

magnetron sputtering system (PVD Products Inc.) on the afore-mentioned silicon wafers coated 

with a thick photoresist layer to ensure thermal insulation between the testing architecture and 

the underlying wafer. Metallic quenching patches and Ni/Al multilayers (50 bilayers, 50 nm 

bilayer thickness) deposition was performed as discussed earlier in this thesis in Direct Current 

mode (DC), while the Silicon quenching patches were sputtered in Radio Frequency mode (RF). 

Aluminum Oxide was deposited in a reactive mixture of Argon and Oxygen.  

 

Table 7.1: Sputtering deposition parameters. Materials purity was 99.99% in all cases and 99.999% for Cu and Si. 

Material  
Deposition 

mode 

Power 

[W]  

Ar flow  

[sccm] 

O2 flow 

[sccm] 

Pressure 

[mTorr]  

Deposition rate 

[nm/min]  

Al 2O3 DC, Reactive 150 100 5.75 5 15 

Au DC 100 50 - 3 32 

Cu DC 200 50 - 3 31 

Si RF 200 50 - 5 5 

Zr  DC 150 50 - 5 15 
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A list including all the sputtering parameters and related sputtering rates is reported in Table 7.1. 

The geometry used for propagation experiments was obtained using stainless steel shadow masks 

placed in direct contact with the substrates. The masks were designed and manufactured in-

house. The base pressure was kept at 3x10-7 Torr during all depositions. 

The nominal thermal properties of the materials used for the quenching patches are reported in 

Table 7.2. 

Table 7.2: Thermal properties of heat sink materials: silicon, gold and copper. 

Material  
Density  

[kg/m3]  

Specific 

heat  

[J/g��C] 

Thermal 

conductivit

y 

[W/cm��C] 

Thermal 

diffusivity  

[m2/s] 

Silicon 2328 0.70 1.3 8.8x10-5 

Gold 19300 0.13 314.0 1.3x10-4 

Copper 8960 0.38 385.0 1.1x10-4 

 

7.2.3 High-speed Infrared Imaging 
 

The velocity of the heat front and the peak temperature during propagation were monitored 

using high-speed infrared imaging (IRCAM Millenium 327k S/M). The test architectures for 

high-speed imaging presented in Figure 7.1 consisted of three reactive strips (20x3.5 mm2) 

deposited on top of a quenching patch of desired thickness (21x21 mm2). Such experimental 

design allowed to obtain at least three data-points for each propagation experiments. The 

propagation of the reaction front was recorded at ~3 kHz. The temperature is back calculated 

from the topmost Nickel layer high temperature emissivity in the infrared. The propagation 

velocity of the reaction front was calculated as the slope of the front position versus delay from 

ignition plot. 
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7.2.4 Ignition setup 
 

The reaction was ignited with a setup built in-house consisting of a DC power supply 

(Agilent technologies N6700B) connected to micromanipulators equipped with tungsten 

microprobes having 100 µm tip radius. With the use of a portable optical microscope (Dino-Lite 

digital microscopes: AM4515ZT) the probes were placed on the edge of the reactive strips and 

the self-sustained reaction was ignited with a current pulse (10 mA, 1-2 V). 

 

7.2.5 X-Ray Reflectivity measurements (XRR)  
 

XRR was used to investigate the integrity of the multilayer thermal barrier after sputter 

deposition. XRR samples consisted of multilayer thermal barriers deposited in parallel to the 

sample for propagation studies but on a silicon wafer. Reflectometry measurements were 

performed with a commercial PANalytical X'Pert3 MRD using the characteristic Cu K�.�� and K�.�� 

�U�D�G�L�D�W�L�R�Q���Z�L�W�K���Z�D�Y�H�O�H�Q�J�W�K�V���R�I����� �������������������Q�P���D�Q�G������������������nm, respectively. XRR curves were 

fitted using the PANalytical X'Pert Reflectivity software. 
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7.3 Results and discussion 

 

7.3.1 Experimental design and reaction propagation on a resist 
 

The propagation tests were conducted using reactive Ni/Al strips deposited on quenching 

patches of desired material and thickness (Figure 7.1 a,b).  The test architectures were produced 

on top of a previously spin-coated 3.3 µm thick photoresist to ensure complete thermal insulation 

from the underlying silicon wafer (Figure 7.1 �D���E������ �,�Q�G�H�H�G���� �W�K�H�U�P�D�O�� �F�R�Q�W�D�F�W�� �E�H�W�Z�H�H�Q�� �³�E�X�O�N�´��

silicon (~350 µm-thick wafer) and a Ni/Al consisting of 50 bilayers with 50 nm bilayer thickness 

would lead to complete quenching of the reaction, thus making any propagation experiment 

impossible to perform. The reaction is ignited by a current pulse103,129 and the reaction front is 

monitored via a high-speed IR camera mounted perpendicular to the film surface (Figure 7.1 c).  

 

 

Figure 7.1: Experimental design for quenching effect analysis. The test architecture is deposited by magnetron sputtering on a 
silicon wafer coated with a thermally insulating photoresist (a). The multilayer architecture is kept constant throughout the 
study with 50 Ni/Al bilayers having 50 nm bilayer thickness (b). Propagation experiments configuration: a high-speed Infra-
Red (IR) camera is mounted perpendicular to the sample surface and a power supply connected to tungsten microprobes is used 
to ignite the reaction with a current pulse (1 V, 10 mA)(c). The high-speed IR data are analyzed frame-by-frame and the 
temperature is measured in a region behind the reaction front (d,e) while the propagation velocity is calculated as the slope of 
the propagation distance vs. time plot (f). Error bars are reported only when the error is larger than the data point label. 
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The use of high-speed IR imaging enables to closely monitor the temperature and the propagation 

velocity of the reaction. By performing propagation experiments on reactive strips deposited 

directly on the resist and without a quenching patch, I demonstrate that the multilayer reacts and 

�S�U�R�S�D�J�D�W�H�V�� �L�Q�� �³�I�U�H�H�´�� �F�R�Q�G�L�W�L�R�Q�V�� �D�Q�G�� �V�X�F�K�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �G�H�V�L�J�Q�� �H�Q�D�E�O�H�V�� �W�R�� �V�W�X�G�\�� �W�K�H�� �T�X�H�Q�F�K�L�Q�J��

effect of thin quenching patches without any influence from the underlying silicon substrate. 

Indeed, the average front temperature (~1700 �Û�&���� �D�Q�G�� �W�K�H�� �S�U�R�S�D�J�D�W�L�R�Q�� �Y�H�O�R�F�L�W�\�� ���a��-10 m/s) 

measured for multilayers propagation on the insulation resist are comparable to previous 

literature results for Ni/Al reactions in freestanding films17,96, where conductive heat losses are 

completely absent (Figure 7.1 d,e). This means that, by igniting the front in a region where the 

�U�H�D�F�W�L�Y�H���V�W�U�L�S���O�L�H�V���G�L�U�H�F�W�O�\���R�Q���W�K�H���S�K�R�W�R�U�H�V�L�V�W���D�Q�G���D�O�O�R�Z�L�Q�J���W�K�H���I�U�R�Q�W���W�R���H�Q�W�H�U���W�K�H���³�T�X�H�Q�F�K�L�Q�J���]�R�Q�H�´��

only after few mm propagation, it is ensured that the reaction is stable and no ignition artifacts 

are altering the front temperature and velocity observed during propagation on thin film heat 

sinks. 

 

7.3.2 Quenching on candidate to-be-healed metal thin films 
 

Upon introduction of a thin metallic quenching patch, the reaction propagation is 

considerably altered and both the front temperature and the propagation velocity are substantially 

influenced by the heat sink thickness (Figure 7.2). Indeed, as demonstrated by the IR images of 

propagating reaction fronts, when the thickness of a gold quenching patch is increased from 0 to 

300 nm a clear decrease in the maximum front temperature can be observed (Figure 7.2 a,b). In 

parallel, the propagation velocity of the front, which is calculated as the slope of the propagation 

distance vs time plot, decreases for increasing patch thickness (Figure 7.2 c). The overall 

quenching effect of gold and copper films, two metals having comparable thermal and electrical 

properties and that are commonly used as contacts in electronic circuitry, is shown in Figure 7.2 

d,e. The front temperature, which is as high as 1750 �Û�&���L�Q���I�U�H�H���S�U�R�S�D�J�D�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V, undergoes 

a fairly linear reduction to 1060 �Û�&���I�R�U���S�U�R�S�D�J�D�W�L�R�Q���R�Q�����������Q�P-thick gold and to 1076 �Û�&���R�Q����������

nm-thick copper (Figure 7.2 d). 
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Figure 7.2: Reaction quenching on conductive heat sinks: gold and copper. The heat front temperature is substantially affect 
by an increase in quenching patch thickness (a,b for gold). Accordingly, the propagation velocity is decreased for increasing 
thicknesses (c). Both the front temperature and velocity are subjected to a constant decrease with increasing quenching patch 
thickness up to 300 nm (d,e). At 350 nm patch thickness, the reaction is quenched and propagates only over few mm, forming a 
triangular heat footprint (f). For higher thicknesses, no propagation could be observed. Error bars are reported only when the 
error is larger than the data point label. 

 

Accordingly, the propagation velocity linearly decreases from ~9 m/s to only 5 m/s for both 

materials when the quenching patch thickness is equal to 300 nm (Figure 7.2 e).  

An important consequence of these results is that, even though the metallic heat sinks 

significantly affect the propagation characteristics of the reaction, a stable propagation front can 

�V�W�L�O�O�� �E�H�� �R�E�W�D�L�Q�H�G�� �D�Q�G�� �W�K�H�� �U�H�D�F�W�L�R�Q���V�W�H�D�G�L�O�\�� �S�U�R�S�D�J�D�W�H�V�� �L�Q�� �V�X�F�K�� �³�S�D�U�W�L�D�O�O�\�� �T�X�H�Q�F�K�H�G�´�� �F�R�Q�G�L�W�L�R�Q�V����

Consequently, I suggest that from an �³application-driven�  ́point of view partial quenching can 

be seen as a valuable tool to tailor the energy output of the reactive multilayer. In fact, through 

proper film stack engineering, partial quenching induced by thin film heat sinks can be exploited 

to finely tune the temperature output and propagation velocity in reactive heat sources by 

matching the thin film architecture with the reaction characteristics that are desirable for 
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integration in a target device or, eventually, to fully suppress the reaction. Indeed, increasing the 

heat sink thickness further, a quenching threshold is encountered when the copper/gold 

quenching patch thickness is increased to 350 nm and above. Propagation experiments 

performed on 350 nm-thick copper heat sinks clearly show that the reaction front is progressively 

quenched over short distances (~6.5 mm), forming a triangular heat footprint (Figure 7.2 f). For 

higher thicknesses of both gold and copper, the propagation is completely stopped and no 

reaction front has been observed to propagate. 

 

7.3.3 Quenching on candidate thin films substrates 
 

Similar results were obtained for propagation on silicon, a material of choice as it represent 

a potential substrate for the deposition of reactive multilayers as integrated heat source in 

microelectronics devices or as microscale propellants in Micro Electromechanical Systems 

(MEMs). As a result of its lower thermal diffusivity (Table 7.2) when compared to the previously 

analyzed noble metals, silicon thin films are less efficient heat sinks and the dependence of front 

temperature and propagation velocity on the thickness of the silicon quenching patch is less 

pronounced. Nonetheless, an increase in thickness leads to a progressive reduction in maximum 

front temperature, from 1700 �Û�&���W�R���������� �Û�&�����D�F�F�R�P�S�D�Q�L�H�G���E�\���D���V�L�P�L�O�D�U���U�H�G�X�F�W�L�R�Q���L�Q���S�U�R�S�D�J�D�W�L�R�Q��

speed, from ~9 m/s to 4.8 m/s, for silicon thickness equal to 1.2 µm (Figure 7.3 a,c,d). As for 

copper and gold, a critical thickness for which the reaction front propagation is entirely quenched 

arises for 1.35 µm thick silicon heat sinks (Figure 7.3 b). These results are of particular relevance 

for the potential integration of reactive heat sources in Si-based devices as the observation of 

complete reaction quenching on only 1.35 µm-thick silicon implies that reactive Ni/Al 

multilayers would face substantial limitations in terms of propagation probability when 

deposited e.g. in MEMS devices or in a silicon-based integrated circuit. To address this problem, 

I investigated one potential solution that relies on the introduction of a nanostructured layered 

thermal barrier at the interface between the silicon heat sink and the reactive multilayers. 

Inspired by previous work on high thermal resistance multilayers17,160�±162, I designed a 

multilayered thermal barrier that is based on the use of two materials having substantially 

different Debye temperatures and very dissimilar Phononic Density Of States (P-DOS)163,164. 
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Figure 7.3: Reaction quenching on a candidate silicon substrate. Like shown for gold and copper, a silicon quenching patch 
evidently affects the heat front temperature (a). Both the temperature and the speed, indeed, are progressively reduced for 
increasing silicon thickness up to 1.2 µm (c,d). For higher quenching patch thickness, we observe that the reaction in completely 
quenched and no stable propagation could be obtained (b). Error bars are reported only when the error is larger than the data 
point label. Error bars are reported only when the error is larger than the data point label. 
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7.3.4 Quenching prevention with a nanostructured thermal barrier 
 

Dechaumphai et al.163 recently demonstrated that the out-of-plane thermal conductivity of a 

gold/silicon multilayer can be tuned by adjusting the thickness of the layers and that the contrast 

of acoustic properties, which greatly enhances the interfacial thermal resistance between them, 

promotes an ultralow out-of -plane thermal conductivity at room temperature. Considering that 

in this work the thermal barrier is expected to perform at more than 1000 �Û�&�����W�K�H���V�D�P�H���F�R�Q�F�H�S�W 

was applied to a combination of higher-melting point materials with largely dissimilar phononic 

band structure, i.e. metallic zirconium164 and aluminum oxide165. Indeed, while gold and silicon 

would not represent a suitable materials couple as they would either melt or undergo substantial 

interdiffusion during the reaction, the Al2O3/Zr/Al 2O3 multilayer presented here has superior 

thermal stability and does not suffer from severe degradation at high temperature (Figure 7.4).  

In order to characterize the quality of the magnetron sputtering deposition of the thermal barrier 

multilayers, additional depositions of Al2O3/Zr/Al 2O3 films on Silicon (100) were performed. 

Two films were prepared having individual layer thickness equal to 5 and 15 nm and X-Ray 

Reflectometry (XRR) was employed to investigate the layers thicknesses and their quality. In 

XRR, one usually measures an intensity decay curve and then fits it by creating a model 

equivalent to the nominal thin film architecture. The quality of the fit then gives evidence on 

whether the nominal film structure has been actually achieved during deposition. For the samples 

in this work, a very good fit for the thinner layers and a rather good agreement between the 

experimental data and the fit for the thicker layers are observed (Figure 7.4). 
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Figure 7.4: X-Ray Reflectometry (XRR) for thin film thermal barriers characterization. XRR measurements are fitted with the  
nominal thin film architecture showing very good agreement for both 5 nm layer thickness (a) and 15 nm layer thickness (b), 
which testifies the good quality of magnetron sputtered thermal barriers. 

 

Indeed, the fitted thicknesses are 4.8, 4.7 and 4.4 nm and 14.5, 14.4, 11.8 nm for the 5 and 15 

nm nominal thickness, respectively (Table 7.3, Table 7.4).  As for the densities, fully dense or 

only negligibly under-dense films are deposited. The only exception is the deposition of 

substantially under-dense Al2O3 for 5 nm nominal thickness, which results in layers that are 

either porous or displaying highlands growth which is typical of ultrathin films. 

 

Table 7.3: X-Ray Reflectometry (XRR) fitting parameters: 5 nm nominal layer thickness thermal barrier. 

Layer Material  

Nominal 

thickness 

[nm]  

Fitted 

thickness 

[nm]  

Confidence 

interval  

[nm]  

Nominal 

density 

[g/cm3]  

Fitted 

density 

[g/cm3]  

Confidence 

interval  

[g/cm3]  

Top Al 2O3 5 4.8 4.7 - 4.8 3.99 2.53 2.44 - 2.60 

Middle  Zr 5 4.7 4.72 - 4.74 6.50 6.51 6.50 - 6.53 

Bottom Al 2O3 5 4.4 4.42- 4.46 3.99 3.42 3.39 - 3.44 
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Table 7.4: X-Ray Reflectometry (XRR) fitting parameters: 15 nm nominal layer thickness thermal barrier. 

Layer Material  

Nominal 

thickness 

[nm]  

Fitted 

thickness 

[nm]  

Confidence 

interval  

[nm]  

Nominal 

density 

[g/cm3]  

Fitted 

density 

[g/cm3]  

Confidence 

interval  

[g/cm3]  

Top Al 2O3 15 14.5 14.0 - 15.4 3.99 2.60 1.90 - 3.24 

Middle  Zr 15 14.4 14.1 - 14.7 6.50 6.43 6.22 - 6.60 

Bottom Al 2O3 15 11.8 11.6 - 11.8 3.99 3.9 3.86 - 3.94 

 

Without barrier the reaction on 500 nm silicon is subjected to partial quenching, leading to 

reduced propagation temperature and velocity equal to 1425 �Û�&���D�Q�G�����������P���V�����U�H�V�S�H�F�W�L�Y�H�O�\����Figure 

7.5 a,c,d). When a single bilayer thermal barrier is deposited between the silicon quenching patch 

and the reactive multilayer we observe that the reaction propagation is prominently stabilized. 

As one can notice from the high-speed IR experiments (Figure 7.5 a,b), the reaction front appears 

smoother and the IR color-coded temperature data testify an increased front temperature. 

Remarkably, a large recovery in both temperature and �V�S�H�H�G�����Z�K�L�F�K���D�U�H���U�H�V�W�R�U�H�G���W�R�������������Û�&���D�Q�G��

9 m/s respectively, is promoted by a single bilayer Al2O3/Zr/Al 2O3 barrier (Figure 7.5 b,c,d). 

Multilayer thermal barriers having one, two and three bilayers, where a bilayer consists of a 

single Al 2O3/Zr/Al 2O3 repetition, have been evaluated for propagation on 500 nm-thick silicon 

in order to investigate the effect of the thermal barrier architecture on its insulating efficiency.  
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Figure 7.5: Restoring propagation with a multilayer thermal barrier. Introducing a multilayer thermal barrier between the 
reactive strips and a 500 nm-thick silicon quenching patch the reaction propagation is stabilized and the front temperature is 
increased (a,b). S�S�H�F�L�I�L�F�D�O�O�\���� �W�K�H�� �U�H�D�F�W�L�R�Q�� �I�U�R�Q�W�� �W�H�P�S�H�U�D�W�X�U�H�� �L�V�� �L�Q�F�U�H�D�V�H�G�� �I�U�R�P�� ���������� �Û�&�� �W�R�� ���������� �Û�&�� ���F���� �D�Q�G�� �W�K�H�� �S�U�R�S�D�J�D�W�L�R�Q��
�Y�H�O�R�F�L�W�\���L�V���U�H�V�W�R�U�H�G���I�U�R�P�����������P���V���W�R���W�K�H���³�I�U�H�H���S�U�R�S�D�J�D�W�L�R�Q�´���Y�D�O�X�H���R�I�������P���V�����G�������$�G�G�L�W�L�R�Q�D�O�O�\�����L�Q�Y�H�V�W�L�J�D�W�L�Q�J���G�L�I�I�H�U�H�Q�W���Q�X�P�E�H�U��of 
bilayers in the barrier and layers having different thicknesses it is possible to show that the thermal barrier efficiency is highest 
for a single bilayer with individual layers thickness of 10 nm (e). Indeed, while a higher number of bilayers or thicker layers 
do promote a recovery in propagation velocity, the effect is smaller if compared to single bilayer, 10 nm layers barrier (e). 
Error bars are reported only when the error is larger than the data point label. 

 

For all the thermal barriers, the individual layer thickness, i.e. the thickness of a single Al2O3 or 

zirconium layer, was fixed at either 10 nm or 20 nm resulting in thermal barriers bilayers having 

overall thickness of either 30 nm or 60 nm. The efficiency of the barriers is evaluated by 

comparing the propagation velocity of the reaction front to the velocity of the front on samples 

with no barrier and on samples where the reaction propagates in free conditions. The recovery 

effect is maximized for a single bilayer thermal barrier consisting of 10 nm thick layers (Figure 

7.5 e), which appear to promote a more efficient insulation from the underlying quenching patch 

compared to higher number of bilayers or to thicker individual layers in the barrier (Figure 7.5 

e). Indeed, the velocity recovery is highest for a single bilayer thermal barrier and it decreases 

when the number of layers in the barrier is increased. Additionally, the velocity recovery results 

to be larger for thermal barriers consisting of thinner layers: while for 10 nm single layer 
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thickness we observe a complete recovery to the free propagation conditions, for 20 nm single 

layer thickness this effect is not as large and the propagation velocity results to be lower (Figure 

7.5 e). 

While the effects of the number of layers in the thermal barrier on the insulation efficiency are 

not fully understood and their rational understanding goes far beyond the scope of this work, I 

would recommend this as a particularly intriguing research avenue to follow up on the results of 

this work. Indeed, the only speculative hypothesis I could suggest to explain the insulation 

efficiency dependence on the number of layers is that when too many layers are introduced than 

�W�K�H���³�E�X�O�N�´���R�I���W�K�H���P�D�W�H�U�L�D�O�V���D�F�W�V���D�V���D���K�H�D�W���V�W�R�U�D�J�H���X�Q�L�W���D�Q�G���H�I�I�H�F�W�L�Y�H�O�\���V�W�D�U�W���W�R���S�D�U�W�L�D�O�O�\���T�X�H�Q�F�K���W�K�H��

reaction rather than insulating it from the underlying substrate.  

Ultra-low thermal conductivity materials are of particular scientific and technological interest 

and in recent years novel analytical tools have been developed that might help rationalize their 

behavior and improve their understanding.  
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7.4 Conclusions 

 

The integration of reactive multilayers as reactive heat sources in micro-nano devices and 

in microelectronics has long been limited by a number of issues such as the scarce level of 

freedom in tuning their energy output without dramatically altering their architecture and the 

difficulties in thermal management to obtain a stable propagating heat wave on heat sink 

substrates. In this chapter, I provided a broad and detailed overview of the quenching behaviour 

of Ni/Al reactive multilayers in intimate thermal contact with both metallic materials and silicon 

substrates. The experimental design introduced allows one to clearly discern the quenching effect 

�R�I�� �W�K�L�Q�� �K�H�D�W�� �V�L�Q�N�V�� �I�U�R�P���W�K�H�� �I�U�H�H�� �S�U�R�S�D�J�D�W�L�R�Q�� �F�R�Q�G�L�W�L�R�Q�V�� �D�Q�G�� �W�R�� �U�H�Y�H�D�O�� �³�S�D�U�W�L�D�O�� �T�X�H�Q�F�K�L�Q�J�´�� �D�V�� �D��

valuable tool to tailor the heat front temperature and velocity by careful film architectural design. 

�$���³�T�X�H�Q�F�K�L�Q�J���W�K�U�H�V�K�R�O�G�´���W�K�L�F�N�Q�H�V�V���D�E�R�Y�H���Z�K�L�F�K���W�K�H���S�U�R�S�D�J�D�W�L�R�Q���L�V���F�R�P�S�O�H�W�H�O�\���V�X�S�S�U�H�V�V�H�G���K�D�V��

been identified for all the heat sink materials analyzed and the introduction of a multilayer 

thermal barrier was proposed as an effective mean to restore stable propagation conditions on 

substrates that would otherwise quench the reaction. A single Al2O3/Zr/Al 2O3 thermal barrier 

consisting of 10 nm-thick layers was shown to efficiently prevent conductive heat losses and 

enabled to restore the reaction front propagation velocity to the free propagation one. The results 

of this study will facilitate the integration of reactive multilayers as integrated heat sources in 

applications where a thin film heat sink might harm the propagation of the reaction, from 

electronics to biomedical devices. 
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8 Crack ignition of reactive multilayers: towards true self-
healing? 

 

 

In this chapter the importance of a mechanical response for the development of true self-healing 

behavior will be discussed. While for polymers, in most cases, a self-healing response is 

triggered directly by a propagating crack that is due to intense mechanical deformation, the same 

is not true for metals. As metallic materials are only weakly responsive to mechanical loading, 

a healing response is commonly triggered by other means such as a heat treatment. In this work, 

reactive multilayers have been identified as promising candidates for a paradigm shift in healing 

of metals towards mechanical healing trigger. Indeed, while the healing process that is 

�L�Q�W�U�R�G�X�F�H�G�� �L�Q�� �W�K�L�V�� �Z�R�U�N�� �G�R�H�V�� �U�H�O�\�� �R�Q�� �D�� �O�R�F�D�O�� �³�K�H�D�W�� �W�U�H�D�W�P�H�Q�W�´���� �W�K�H�� �W�K�H�U�P�D�O�� �S�U�R�F�H�V�V��holds the 

potential to be triggered by mechanical means through the mechanical ignition of the Ni/Al heat 

source. This chapter will discuss our efforts (and failure) towards the attainment of purely crack-

induced ignition in Ni/Al multilayers. 
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8.1 Introduction  

 

Self-healing materials are popularly known for mimicking the behavior of many living 

organisms, from plants to animals. In the human body, for instance, when tissues are locally 

damaged the organism releases blood, which contains the necessary ingredients to clog the open 

wound and subsequently promote tissue regeneration. Inspired by this phenomenon, the first 

self-healing polymeric materials were developed to mimic this exact process through the release 

of a liquid polymeric precursor that can flow into open cracks and then solidify to promote crack 

closure. The key aspect of this self-healing approach for the scope of this chapter is that the 

whole process is triggered by damage propagation itself (i.e. a propagating crack) and no external 

aid such as a heat treatment or voltage is needed to start it.  

In metals, the reproduction of such behavior is far from trivial. As already discussed in this thesis 

and brilliantly phrased by Tasan and Grabowski113�����³�«���U�H�O�D�W�L�Y�H�O�\���I�D�V�W���D�Q�G���P�D�V�V�L�Y�H���G�L�I�I�X�V�L�R�Q�D�O��

processes [in polymers] are feasible, even at room temperature. These processes can be utilized 

to design self-healing agents that are autonomously activated and transported to sites of damage 

localization. On the other hand, a�W�R�P�L�F���E�R�Q�G�L�Q�J���L�V���V�W�U�R�Q�J���L�Q���>�«�@ metals. Diffusional processes 

that are needed to transport the self-healing agents to the damaged sites are therefore slow at 

ambient temperatures. The traditional concepts successfully applied in polymer-based self-

healing materials cannot be directly transferred. The concepts must be modified or novel 

concepts must be developed �>�«�@���  ́Particularly, it is difficult to induce long range relevant 

transport phenomena in metals through the energy released during the propagation of a crack. 

To bypass this problem, in this work I suggested reactive multilayers as an intrinsic heat source 

that can induce healing in metal films through an intense heat release process (4). The peculiarity 

of this healing approach is that, while it is still an entirely thermal healing mechanism, reactions 

in Ni/Al multilayers are known to be ignitable through fast mechanical energy inputs101,106,166,167, 

such as indentation or shear loading and they are therefore promising materials to move towards 

achieving a mechanically triggered healing mechanism in metals. 
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The team that first showed mechanical ignition for reactive multilayers, repeatedly hit reactive 

foils with a stylus to ignite them and allow the reaction to propagate in the whole sheet. After 

these early studies, multilayers have been successfully ignited via different mechanical stimuli 

such as ball drop101,103, swinging lever arm devices103, frictional tester101 and even shock-

compression18. It is important to keep in mind that the energy input required to ignite the self-

sustained intermetallics formation by mechanical stimuli strongly differs from that of thermal 

ignition or that of electrical ignition. This means that the atomistic processes leading to ignition 

are substantially altered for different stimuli or, at least, that some of the methods exploited have 

a higher efficiency in stimulating such processes.  

As I would argue that mechanical methods are the least efficient in producing thermal effects in 

metals, in this chapter I focused not directly on the study of mechanically activated metals 

healing, but rather on crack ignition of highly reactive multilayers (Pd/Al and Pt/Al), which can 

then in turn release the heat that is required to heal metal thin films. 
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8.2 Methods 

 

8.2.1 Substrate and substrate preparation 
 

The base substrates �I�R�U���W�K�L�V���S�D�U�W���R�I���W�K�H���W�K�H�V�L�V���Z�H�U�H�����´���V�L�O�L�F�R�Q���Q�L�W�U�L�G�H���Z�D�I�H�U�V�����P�L�F�U�R�V�F�R�S�H���J�O�D�V�V��

slides and polyimide films (Kapton). Before deposition, the substrates were prepared by room 

temperature ultrasonic cleaning first in isopropanol, followed by rinsing in ultra-pure water for 

5 minutes each.  

 

8.2.2 Thin film system deposition by magnetron sputtering 
 

All multilayers presented in this chapter were deposited with a commercial magnetron 

sputtering system (PVD Products Inc.) as discussed in chapter 5. The geometry used for the 

crack ignition tests was obtained using stainless steel shadow masks placed in direct contact with 

the substrates. The masks were designed and manufactured in-house. The base pressure was kept 

at 3x10-7 Torr during all depositions. 

 

8.2.3 Vickers indentation setup 
 

The substrate were indented with a Vickers micro indenter (Wolpert V-Testor 4901) having 

a range of applicable loads between 10 and 1000 g. The indents were performed with various 

forces in different geometries (Figure 8.1). 

 

Figure 8.1: Indentation positions schematic: Vickers indents were performed in mainly four different positions next to the 
reactive strip, at the interface of the strip and in the center of the strip. 
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8.3 Results and discussion 
 

In order to study the possibility to ignite the intermetallic forming reaction via indentation 

and cracking, different multilayers systems were deposited via vapor phase deposition. In 

agreement with literature studies that showed multilayers with a higher energy output have a 

stronger tendency to undergo mechanical ignition, Pt/Al and Pd/Al multilayers, which are more 

reactive than the more commonly used Ni/Al ones, were tested on different substrates.  

Unfortunately, mechanical ignition through cracking was not achieved for any of the samples 

that were tested in this work. Indeed, regardless of the substrate selected or of the multilayer 

architecture, it was not possible to consistently ignite the self-sustained reaction and observe a 

steady propagation. The typical appearance of one of the tested specimens after indentation is 

shown in Figure 8.2, where one can notice delamination of the film. In other experiments, 

spallation of the substrate or so-�F�D�O�O�H�G���³�S�K�R�Q�H-�F�K�R�U�G�´���G�H�O�D�P�L�Q�D�W�L�R�Q���Z�H�U�H���R�E�V�H�U�Y�H�G�����E�X�W���Q�R�Q�H���R�I��

these phenomena led to ignition of the self-sustained reaction. 

 

 

Figure 8.2: Typical indents appearance across the edge of a Pd/Al specimen. Vickers cracks are visible and they are penetrating 
through the reactive material. 

 

Amongst all of the specimen that were tested, the formation of a self-sustained reaction was 

observed in only one instance for a Pd/Al multilayer deposited on a glass substrate. The resulting 

appearance of the film is shown in Figure 8.3, but I would argue that ignition for this material 
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was possibly caused by the intense deformation induced by the indentation itself rather than the 

propagation of cracks in the underlying substrate. 

 

 

Figure 8.3: Indentation ignition in a Pd/Al multilayer. The reaction propagated throughout the thin films and a the indentation 
site solidifies melt droplets are visible to irradiate outwards from the indent. 
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8.4 Conclusions 

 

The design of a multilayer system that could truly self-healing under excessive mechanical 

loading is appealing and fascinating under many aspects. For instance, once such a material 

becomes accessible one might envision the possibility to design flexible electronics components, 

batteries and more with an extended working life span due to their intrinsic ability to counteract 

mechanical degradation. In this brief chapter, I discussed our unsuccessful efforts towards the 

�D�W�W�D�L�Q�P�H�Q�W���R�I���³�F�U�D�F�N-�L�J�Q�L�W�L�R�Q�´���L�Q���D���U�H�D�F�W�L�Y�H���P�D�Werial. Reactive multilayers consisting of highly 

reactive elements such as Pd and Pt were repeatedly struck with Vickers indenters to generate 

propagating cracks within the multilayers and their substrates. Unfortunately, crack ignition was 

observed in none of the tests and only in one instance ignition was obtained through indentation, 

but I would argue not due to cracking.  Once a reactive material that is susceptible to crack 

ignition is synthesized, as discussed by Gash et al.101, it would be then possible to design a 

system where the mechanically ignitable multilayers act as a thermal trigger to the reaction in a 

secondary Ni/Al multilayer whose reaction wave could in turn be employed to heal a metallic 

film. The application of such process could find space in innovative and to this day futuristic 

technologies: from self-healing flexible electronics to applications in spacecraft components. 
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9 Discussion: a perspective on healing of metals 
 

 

The aim of this thesis was two-fold: on one hand this work aspired at challenging the status quo 

for healing in metals and, on the other hand, its aim is to suggest a rethink in the field of reactive 

materials research. The second scope of this work will be discussed in the conclusion and outlook 

�R�I���W�K�L�V���Z�R�U�N�����Z�K�L�O�H���W�K�L�V���F�K�D�S�W�H�U���Z�L�O�O���E�H���O�L�P�L�W�H�G���W�R���D���G�L�V�F�X�V�V�L�R�Q���R�Q���W�K�H���³�V�H�O�I-�K�H�D�O�L�Q�J�´���D�V�S�H�F�W�V���R�I��

metals and metal thin films and their future potential. 
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9.1 Intrinsic heat source healing: a critical view on the technique 

 

In this work, I introduced a new approach to healing of metal thin films that is based on 

harvesting the energy released in a self-sustained exothermic reaction to repair damaged 

materials via a process that resembles a small-scale weld-repair.  

In my very own opinion, the results of this work amount to a substantial advancement in the 

�I�L�H�O�G�� �R�I�� �³�K�H�D�O�L�Q�J�´�� �R�I�� �P�H�W�D�O�O�L�F�� �P�D�W�H�U�L�D�O�V�� �D�V�� �W�K�H�\�� �G�H�P�R�Q�V�W�U�D�We for the first time a damage repair 

process in metals that, while being based on local melting, does not require the use of a furnace 

�K�H�D�W���W�U�H�D�W�P�H�Q�W�����7�K�H���L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���U�H�D�F�W�L�Y�H���1�L���$�O���P�X�O�W�L�O�D�\�H�U�V���D�V���W�K�H���³�W�K�H�U�P�D�O���E�D�W�W�H�U�\�´���L�Q���D���W�K�L�Q��

film architecture represents a new take on the possible spectrum of applications reactive 

materials can find in modern technologies. In this work, not only I introduced a new healing 

approach to metals, but I took few steps further to expand its capabilities and its understanding. 

First, in chapter 5, considering that Ni/Al multilayers are relatively limited in their energy output 

range, I introduced the concept of solid-solution alloying to tune their reactivity without altering 

their architecture. The results of this part of the study provide a starting point for the introduction 

of on-demand healing using multilayers in a plethora of applications. For instance, I envision 

the possibility to use multilayers with enhanced energy output (through platinum alloying) to 

heal high melting materials or the use of weakly reactive multilayers (through copper alloying) 

for applications where high temperature are undesired or where the energy release has to unfold 

in a milder fashion. 

Secondly, in chapter 7, I provided a detailed experimental analysis of the quenching effects 

arising when reactive multilayers are deposited on a thin film heat sink substrate. This chapter 

and this study were designed with the integration of on-demand healing in real-world devices on 

sight. Indeed, if on-demand healing will be one day integrated in an electronic circuit or a 

commercial device, quenching issues related to the substrate of choice and the potential contact 

with other on-chip components that might act as heat sinks should be carefully considered. The 

results of the quenching study presented in this thesis offer solid basis to build upon and move 

in the direction of real-world device integration for this technology. 
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All in all, the technique developed in this study represents a substantial step forward for thin 

films, but it left me asking myself the following questions: can we go bulk? 

  

9.2 Can we go bulk (with healing of metals)?  

 

At the current stage, I would say the answer to this question depends mainly on how one 

�G�H�I�L�Q�H�V���³�K�H�D�O�L�Q�J�´���I�R�U���P�H�W�D�O�V����As far as my knowledge on self-healing materials goes, I believe 

that true self-healing in metals is still a goal far in the future.  

This is because I would define a self-healing material as a one that can repair an otherwise 

permanent and potentially critical defect without any kind of active energy input. Today, and 

�W�U�D�G�L�W�L�R�Q�D�O�O�\�����P�H�W�D�O�V���K�D�Y�H���E�H�H�Q���V�H�H�Q�����X�V�H�G���D�Q�G���G�H�V�L�J�Q�H�G���D�V���³�S�D�V�V�L�Y�H�´���P�D�W�H�U�L�D�O�V�����:�H���O�L�N�H���P�H�W�D�O�V��

because they are strong, shiny and conductive and we like them because they stay that way for 

relatively long times, sometimes even under difficult environmental or working conditions. This 

obviously appealing aspect of metals is however a major problem when trying to design a self-

healing material. For self-healing to become reality there is a strong need of materials that are 

not passive, but rather active and responsive to external stimuli such as a small temperature 

change or the application of heavy mechanical loading. Additionally, there is one important 

question that I believe naturally follows the results of this thesis, which is: how can we store 

�³�H�Q�H�U�J�\�´���L�Q���P�H�W�D�O�V or metal composites? 

As discussed profusely in this work, reactive materials hold a lot of potential as integrated heat 

sources in thin film systems, but their applicability does not scale up to bulk systems because of 

the quenching issues discussed in chapter 7. Therefore, I dare to suggest that scientists interested 

in developing self-healing metals look entirely elsewhere. The main goal, in my opinion, should 

be that of achieving a status where self-healing materials are not anymore designed per-se, but 

rather in strict parallel with the environment and conditions that they will see when in working 

conditions. One elegant example of such design approach is the one discussed previously in this 

work of precipitation-based healing at high temperature42�±46, where the healing process could be 

engineered to take place exactly at the working conditions of the materials. Indeed, the alloys 

that the group in Delft is developing would find applications in typical creep conditions. 



 

118 
D i s c u s s i o n :  a  p e r s p e c t i v e  o n  h ea l i n g  o f  m e t a l s 

 

 

 I do not believe there will be a robot able to re-grow a severed steel limb in the foreseeable 

future, but perhaps there is large room for improvements in designing specific materials for 

specific applications able to undergo rejuvenation, healing or even simply a process of 

degradation delay under their very own working conditions. �7�K�H�� �³�H�Q�H�U�J�\�� �V�F�D�O�H�V�� �P�L�Q�G�V�H�W�  ́

presented in 2.3 and introduced by Hsain and Pikul11 will be fundamental for this future 

developments. Engineers and materials scientists should approach the problem of healing in 

metals keeping in mind what are the characteristic energetics required by the process enabling 

the desired healing response and then design materials that are able to either provide the required 

energy or that are working in an environment that can do so.  
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10 Conclusions and Outlook 
 

 

10.1 The potential of healing in metals 

 

The idea of a truly self-healing alloy is fascinating. As a materials engineer, the possibility 

to select off the shelf an alloy that can repair itself upon critical crack formation sounds both 

thrilling and like something one might read in a sci-fi novel. Societally speaking, the 

achievement of true self-healing behavior in metals could substantially impact our economy, our 

infrastructures and much more. Every year, millions are spent on maintenance of public 

infrastructures such as bridges and railways, electronic components are replaced and the 

damaged ones are thrown away, often impossible to recycle. If we could design and manufacture 

materials that can independently repair themselves, we would substantially reduce the amount 

of goods that are thrown away and reduce the cost of countless large-scale construction projects 

�W�K�X�V���I�D�F�L�O�L�W�D�W�L�Q�J���L�Q�I�U�D�V�W�U�X�F�W�X�U�H�V���G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���U�H�G�X�F�L�Q�J���R�X�U���L�P�S�D�F�W���R�Q���W�K�H���S�O�D�Q�H�W�¶�V���H�F�R�V�\�V�W�H�P����

While for polymer the achievement of self-healing behavior is a thing of the past, in metals I 

believe there is still a lot of room for improvements and, especially, there is still a lot of room 

for new ideas that can detach from the status quo, perhaps even daring to challenging it. 

 In this work, I validated the use of reactive multilayers as intrinsic heat sources for on-demand 

healing of metal thins films. With this approach, it is possible to repair defect in thin films of 

gold and copper up to a maximum crack opening of 500 nm and for a maximum film thickness 

of about 350 nm. The results of this study, combined with our alloying approach and the results 

on quenching, provide a broad description of this new technique, of its capabilities as well as of 

its limitations.  

Here, I will discuss a few open issue and future avenues that I believe could be of particular 

interest for researchers in the field of reactive materials. 
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10.2 Unsolved issue in intrinsic heat source healing 

 

Obviously, I am left with more than a few open questions at the end of my PhD work.  

�x As the reader might have noticed, the results of this thesis are focused on the applied side 

of things and there has been little to no effort done to gain theoretical and fundamental 

insights into the way certain processes work. A deeper insight in the fundamental 

understanding of processes such as quenching or healing itself I believe are topics of 

relevant interest for future work. Especially, I believe that there is quite a lot to be explored 

regarding the performance of the thermal barriers in chapter 7. While it was observed that 

these novel thermal barrier multilayers exhibit outstanding performance, little effort was 

done to study the multilayers themselves and I limited myself to using them for more 

practical purposes. I suggest that these multilayers should be further investigated and their 

architecture expanded to better understand its effect on the thermal insulation capabilities 

of the system. 

 

 

Figure 10.1: Severe delamination shown in a Ni/Al reactive multilayer propagating on a Kapton substrate. The passage of the 
front completely detaches the film from the substrate. 
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�x A second but major issue that has to be solved to really translate intrinsic heat source 

healing to real world applications is that of substrate delamination. In Figure 10.1, a typical 

delamination phenomenon is shown for a Ni/Al multilayer undergoing a self-sustained 

reaction on Kapton. During this thesis, some experiments were performed to improve the 

adhesion of the multilayer to the substrate but no positive results were obtained. Future 

work towards device integration should be mainly concerned with the understanding and 

solving of this problem. Possible ways to tackle delamination could be substrate treatments, 

e.g. cleaning and roughening through reactive ion etching, and/or the introduction of 

properly engineered adhesion layers. 

 

�x Lastly, current efforts in our research group are focused on studying, understanding and 

tuning the ignition threshold of reactive multilayers via optical means. Inspired by a study 

by Coppens et al.168 we are exploring the possibility to tune the laser ignition threshold of 

reactive multilayers through thermoplasmonic heating, the process of local temperature 

increase due to the plasmonic response of properly engineered nanostructures.  

 

 

Figure 10.2: Plasmonic superstructure consisting of a diabolo antenna surrounded by circular gratings and corresponding SEM 
image (a). The temperature profile below the superstructure is shown in (b). The temperature profile of the superstructure 3 nm 
below the surface is shown in (c)168. Reprinted with permission. 
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In their work, Coppens and collaborators168 could demonstrate that the temperature 

increase due to laser irradiation is substantially enhanced in the immediate proximity of 

plasmonic superstructures consisting of three circular gratings surrounding a diabolo 

nanoplasmonic antenna (Figure 10.2). Currently, research in our group is focused on 

applying this very same approach to multilayers, manufacturing the superstructure 

introduced in their work directly on top of a Ni/Al multilayer. I anticipate that the thermal 

effects induced by the plasmonic response of the antenna will lead to a decrease in the laser 

power/fluence ignition threshold. 

 

10.3 The path ahead, a take on reactive materials as a platform 

 

Last but not least, I care to close this thesis with a personal consideration on the field of 

reactive multilayers and where I see this field going in the future. I would encourage the reader 

to be critical about this last paragraph, as it is merely my opinion based on 4 years of research 

in this field, which is arguably not a large enough background to judge where any research field 

will be heading to.  

Reactive materials have been subject of intense academic, military and industrial research for 

few decades in the last century and the advent of advanced vapor phase deposition techniques in 

the late 90s propelled them further into the 21st century. Today, research on reactive materials is 

divided in two main directions: fundamental research and applied research. Here, what I mean 

by fundamental is the research that is directly oriented towards a deep understanding of the 

physical processes ruling reaction propagation, the phases that are formed along the reaction 

path and the resulting effects on the properties and structure of the final reaction products. In 

contrast, applied research on reactive materials is represented by all the groups that are asking 

�W�K�H�P�V�H�O�Y�H�V�� �³�Z�K�D�W�� �F�D�Q�� �Z�H�� �G�R�� �Z�L�W�K�� �W�K�H�V�H�� �P�D�W�H�U�L�D�O�V�"�  ́ Prominent examples of this research 

approach span from micropropulsion131,169 to biological hazard neutralization15. 

This thesis was obviously conceived with the same question in mind and I am writing its 

conclusion with the hope that in a few years someone will consider on-demand healing as a 

further interesting example of application-driven research on reactive multilayers. During my 
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work, I always considered the multilayers as a platform. A platform that has the very peculiar 

ability to provide thermal conditions that are hardly possible to reproduce with any other device 

or equipment that I am aware of. The properties of reactive materials enabled us to heal metal 

films, but this is only one the many possibilities a propagating high temperature heat wave can 

offer. Here, I propose a brief discussion on a project that, while still being in its embryo state, 

shows the potential of reactive multilayers as a platform to study secondary phenomena: 

thermoelectric energy production with reactive materials.  

Research in thermoelectrics is traditionally based on the design of materials with optimized 

thermal and electrical properties to obtain w�K�D�W���L�V���F�R�P�P�R�Q�O�\���U�H�I�H�U�U�H�G���D�V���D���³�Shonon glass electron 

�F�U�\�V�W�D�O�´���� �D�� �P�D�W�H�U�L�D�O�� �Z�K�H�U�H�� �S�K�R�Q�R�Q�V�� �F�D�Q�Q�R�W�� �W�U�D�Y�H�O�� �H�D�V�L�O�\���� �E�X�W�� �Z�K�H�U�H�� �Hlectrons are easily 

propagated. This is due to the need of having very low thermal conductivity while at the same 

time maximizing electrical conductivity. In fact, thermoelectric energy conversion is 

conventionally based on the application of a static temperature gradient across the material, 

which then must be kept hot on one side and cold on the other side. A homogenization of the 

gradient would result in a deterioration of thermoelectric voltage generation. All of this is true 

if the temperature gradient is static, but what if the temperature gradient was dynamic and 

moving across the thermoelectric material? 
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Figure 10.3: Multi-walled carbon nanotube coated with few nm of TNA (a). If the TNA combustion is ignited while the voltage 
across the nanotubes is monitored, a voltage spike is measured which is due to thermoelectric voltage generation within the 
nanotube170. Reprinted with permission. 

 

Strano et al.170 showed that a carbon nanotube coated with a reactive material (cyclotrimethylene 

trinitramine, TNA) produce relatively large voltage spikes when the combustion process in the 

TNA layer propagates across their length (Figure 10.3). The process is due to the formation of 

�Z�K�D�W���W�K�H�\���U�H�I�H�U���W�R���D�V���³�W�K�H�U�P�R�S�R�Z�H�U���Z�D�Y�H�´�����D���W�K�H�U�P�R�H�O�H�F�W�U�L�F���Y�R�O�W�D�J�H���J�H�Q�H�U�D�W�H�G���E�\���D���S�U�R�S�D�J�D�W�L�Q�J��

heat wave. Here, I suggest that reactive multilayers can play a large role in the field of 

thermoelectric materials as a platform to study the performance of thermoelectric materials far 

beyond carbon nanotubes.  For a proof of concept, samples consisting of a Ni/Al underlying a 

thermoelectric Si/Ge 50/50 at. % were deposited in a geometry similar to the one presented in 

chapter 7 but with some additions (Figure 10.4 a,b).  
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Figure 10.4: Testing geometry for soliton-induced thermoelectric effect designed during this thesis. Ni/Al reactive strips are 
deposited on a wafer coated with a resist that provides thermal insulation (a,b). The thermoelectric layer is sandwiched between 
an Al2O3 layer, which provides electrical insulation from the multilayer, and a W layer, which prevents interdiffusion between the 
copper electrodes and the thermoelectric material (c).  

 

Reactive strips of Ni/Al were coated in their central part with a 300 nm thick SiGe 50/50 at. % 

thermoelectric layers and a thin Al2O3 layer was places between SiGe and Ni/Al to ensure 

electrical insulation. �7�K�H���W�Z�R���H�Q�G�V���R�I���W�K�H���U�H�D�F�W�L�Y�H���V�W�U�L�S�V���Z�H�U�H���O�H�I�W���³�I�U�H�H�´���W�R���D�O�O�R�Z���L�J�Q�L�W�L�R�Q���R�I���W�K�H��

reaction by electrical means. At the two ends of the thermoelectric patch, probing electrodes 

were deposited consisting of a 90 nm copper layer underlined with a 10 nm tungsten interlayer 

(Figure 10.4 c). Tungsten is used as a refractory electrode material to avoid interdiffusion at high 

temperature between copper and SiGe while at the same time ensuring good electrical contact 

with the thermoelectric. Using a National Instrument portable powermeter, the voltage across 

the electrodes was monitored during the propagation of the thermal soliton and the resulting 

curves are reported in Figure 10.5. 
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Figure 10.5: Voltage spike resulting from the propagation of the reaction front propagating underneath the thermoelectric 
material. 

 

When the heat front produced by the intermetallic-forming reaction heats the thermoelectric 

material, a large voltage spike of around 40 mV is measured and then the voltage slowly decreases 

upon cooling. I would like to emphasize two aspects of these results that are of great importance: 

first of all, these results validate the hypothesis that reactive multilayers can be utilized for 

thermoelectric energy production in thermopower waves, previously demonstrated by Strano and 

collaborators for carbon nanotubes and TNA170. Secondly, it is clear that the propagation of such 

a high-speed heat wave, which carries with it a very steep and fast moving thermal gradient induces 

an interesting and non-trivial response in the thermoelectric material. The voltage peak is indeed 

�G�L�Y�L�G�H�G���L�Q���D���³�V�K�R�X�O�G�H�U�´���D�W���D�E�R�X�W���������P�9�����Z�K�L�F�K���L�V���T�X�L�F�N�O�\���I�R�O�O�R�Z�H�G���E�\���D���V�K�D�U�S���S�H�D�N���D�W���������P�9�����7�K�L�V��

behavior is not well understood and the explanation of such features reaches far beyond the 

horizons of this thesis, but I believe the study and understanding of this phenomenon could be of 

strong interest for future research. 

As compared to carbon nanotubes and TNA, I believe that the use of reactive multilayers in the 

field of thermopower generation opens the door to many more possibilities, mainly due to the 

versatility of thin film processing techniques as compared to wet-coating of nanotubes and their 

compatibility with advanced thermoelectric materials deposition.  
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Work in this field I argue could be very exciting and could lead to answering fundamental and 

important questions for thermoelectric materials such as: 

�x Do thermoelectric materials perform in the same way under static or dynamic conditions? 

�x If not, can a propagating heat front enhance the performance of traditional thermoelectrics? 

�x What is the relationship between the propagation speed of the heat front and the resulting 

thermoelectric voltage? 

�x Can thermoelectric behavior be shown for new materials, which have too high thermal 

conductivity to exhibit relevant thermoelectric behavior under static gradients? 

 

 

 

 

 

 

 

 

 

 

 

To conclude, I suggest that the readers consider the outlook of this thesis to be the following: 

reactive multilayers are materials with immense potential. Beyond being studied for their intrinsic 

behavior and properties, they should be seriously considered as a materials platform able to provide 

extreme thermal profiles that might unlock new research avenues in different fields, from 

thermoelectrics, to metastable materials synthesis. This frame of mind could enable to really 

harvest the potential of self-sustained heat waves.
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Appendix A 

 

Appendix to Chapter 4 

FIB machining procedure for in situ probing of FIB-machined cracks 

 

�,�Q���R�U�G�H�U���W�R���L�V�R�O�D�W�H���W�K�H���³�R�S�H�Q���I�L�H�O�G�´���F�U�D�F�N���K�D�Y�L�Q�J���L�Q�F�U�H�D�V�L�Q�J���V�L�]�H���I�R�U���Z�K�L�F�K���W�K�H���U�H�V�L�V�W�D�Q�F�H���L�V���V�K�R�Z�Q��

in Figure 4.8, the FIB machining protocol shown in Figure A.1 was methodically performed. 

 

 

Figure A.1: FIB milling procedure to prepare healed defects to in situ probing. 

 

An artificially FIB-machined crack is healed and then the same FIB instrument is used to isolate 

the crack from the surrounding materia�O�V���� �)�L�U�V�W���� �D�� �U�H�O�D�W�L�Y�H�O�\�� �O�D�U�J�H�� �³�F�U�D�W�H�U�´�� �L�V�� �P�L�O�O�H�G�� �D�U�R�X�Q�G�� �W�K�H��

healed crack area, then, smaller cuts are performed and the electrical properties of the healed cracks 

are measured landing a microprobe as shown in Figure A.1.  
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Appendix B 

 

Appendix to Chapter 5 

DSC analysis of alloyed Ni/Al multilayers 

I performed numerous DSC experiments on different multilayer systems with the aim of studying 

�D�Q�G�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�K�H�� �V�K�L�I�W�� �L�Q�� �W�K�H�� �S�R�V�L�W�L�R�Q�� �R�I�� �W�K�H�� �³�F�O�D�V�V�L�F�´�� �W�Z�R�� �S�H�D�N�V�� �R�E�V�H�U�Y�H�G�� �I�R�U�� �1�L���$�O�� �Z�L�W�K��

increasing concentration of alloying elements. The results of this study were not conclusive and I 

did not achieve a mature understanding of the data that were collected. They are reported here for 

�D���U�H�D�G�H�U�¶�V���L�Q�W�H�U�H�V�W�����E�X�W���W�K�H�\���D�U�H���Q�R�W���I�X�U�W�K�H�U���G�L�V�F�X�V�V�H�G���L�Q���W�K�L�V���Z�R�U�N�� 

 

 

Figure B.1: DSC results for Cu-alloyed Ni/Al multilayers. 
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Figure B.2: DSC results for Pt-alloyed Ni/Al multilayers. 
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Calculations of energy density and power for alloyed multilayers 

The number of moles contained in a unit volume of the multilayers is calculated from the molar 

density of the pure elements and considering a single phase within the alloyed nickel layer (5) as 

follows: 

�J 
L���8
�� �Å�³�á�²�×

�Ç�²

E�8�@�=�P�¨ �Ç�Ü

�� �Å�³�á�¿�Ô

�Ç�²

E���=�P�¨ �ë

�� �Å�³�á�ã

�Ç�²
���A          (B1) 

with V equal to a half of a unit volume having edge length equal to the film thickness, NA the 

�$�Y�R�J�D�G�U�R���Q�X�P�E�H�U���D�Q�G���!TB,x the theoretical bulk density of the x element. 

The enthalpy of mixing was in first �D�S�S�U�R�[�L�P�D�W�L�R�Q�� �F�D�O�F�X�O�D�W�H�G�� �D�V�V�X�P�L�Q�J�� �D�� �³�U�X�O�H�� �R�I�� �P�L�[�W�X�U�H�´��

between the enthalpies of mixing of the two pure elements, Ni/Cu and Ni/Pt, and Al. This is a very 

rough approximation and I fully acknowledge that a more in depth calorimetric study perhaps even 

including molecular dynamics simulations might be required to better understand the overall 

enthalpies of mixing of the alloyed systems. 

�¿�*�à�Ü�ë
L���¿�*�à�Ü�ë�á�Ç�Ü���º�ß���=�P�ä�¨ �Ç�Ü
E���¿�*�à�Ü�ë�á�ë���º�ß���=�P�ä�¨ �ë          (B2) 
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Your positive attitude and your (very) loud laugh have been dear companions in those long and 

frustrating afternoons spent fixing our beaten up instruments. If I learned as much as I did in my 

time at ETH, from taking apart a compressor to management, it is largely thanks to you. Beside 

science, I hope one day I will be a half-as-good gardener as you are. 

During the past years, I did many things beside science and most of all I worked within and for 

our Department through SAM.  

To all my fellows SAMies, thank you for all the fun, the late night meetings and the many (many) 

e-mails. Particularly, to Murielle and Martina, thank you for being such splendid teammates. I 

genuinely admire you, you have been vibrant role models for my growth as a person and as a 

member of SAM. 
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ETH, to thank. 

To Sab, thank you for welcoming me when I moved from Italy and being a true friend. All the 

(beer) pizzas, kebabs and days at the Migros SPA are among my best memories of Zürich so far. 

To Flavio and Paolo thank you for being my little Italy bubble for all these years. I would have 

never bet we would all be living in Zürich as grown-ups, but I am grateful things played out this 
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To Andrea, thank you for the awesome year we spent being roommates (despite the melodramatic 

grand finale). Our evening conversations sitting on the wall next to the park reminded me of my 

teenage years and were precious breaks from our grown up politics and work discussions. 

To Andreas, thank you for being my dearest brother and my friend. My PhD path would not have 

been as light without you. Our bouldering sessions have been one of the highlights of my week for 

as long as I can remember. You inspired, challenged, helped and accompanied me along the way 
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professor Reichmuth over for dinner to hear the way his group is changing the world of early 

diagnostics. 

Moving to Zürich required some of the people I love the most to get used to living apart, I owe 

them my deepest gratitude. 

To my parents, thank you for being my guiding lights. Thank you for teaching me your work ethic, 

to be humble, but most importantly to try always to be kind. I admire you beyond explanation and 

my academic achievements are the fruit of your sacrifices as well as your support. I will never 

forget what you told me the day I chose to study engineering. You said �,�¶�G���E�H���R�Q���P�\���R�Z�Q���I�U�R�P��

there onwards, as you had no idea where I was going and could not help me anymore. Nothing has 

ever been further from the truth: I was never left walking alone, you accompanied me dearly and 

I never felt you let go of my hand. Thank you for walking hand in hand with me, even when it was 

scary, even when it was hard, even from so far away. 

To my sister and to Davide, thank you for making me feel close even if we are living apart. Our 

�³�7�R�P�P�\��video-calls�  ́brightened my days and I can only be amazed at how being distant made us 

grow closer and closer. Tommy, I love you truly and I hope one day you will be a great materials 

engineer, or even just a mere chemist. Literally anything, as long as it will make you happy. 

Finally, to my best friend, Antonija, thank you.  

A, I feel like anything I might come up with will fall short of painting what you mean and meant 

to me. How could I describe the sound of the rain? How could I paint my favorite song? How 

could I portray the name of the wind?                 

No words I might find can explain how grateful I am for having met you and I decided I will not 

try here. Just�����K�Y�D�O�D���W�L���ã�W�R���S�R�V�W�R�M�L�ã�� 
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Education 

�x 2016 - March 2020: PhD student, Laboratory for Nanometallurgy, ETH Zurich.  

PhD supervisor: Prof. Dr. Ralph Spolenak 

From Reactive Multilayers to Healing of Metal Thin Films: Harvesting the Potential of 
Self-Sustained Heat Waves 

�x 2011 - 2015: Materials Engineering and Nanotechnology, Politecnico di Milano, 
Milano. 

BSc (106/110), MSc (110/110 Summa cum Laude) 
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Materials (SAM). 

�x 2018: Board Member, MaP graduate symposium organizing committee. 
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tuning of Ni/Al multilayers by solid solution alloying, Appl. Phys. Lett. 114, 183102 
(2019). 

- S. Danzi, M. Menétrey, J. Wohlwend, R. Spolenak, Thermal Management in Ni/Al 
Reactive Multilayers: Understanding and Preventing Reaction Quenching on Thin Film 
Heat Sinks, ACS Appl. Mater. Interfaces 2019, 11, 45, 42479-42485. 

- S. Danzi, I. Tsimouri, S. Montibeller, P. J. Hine, R. Spolenak, A. Gusev, Stiff-damping 
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Switzerland, October 2017. 

- Stefano Danzi, Volker Schnabel, Johannes Gabl, Alla Sologubenko, Henning Galinski, 

Ralph Spolenak. On-demand repair of metal films by Intrinsic Heat Source Healing. (Oral 

presentation) MaP Graduate Symposium 2018. Zurich, Switzerland, June 2018. 

- Stefano Danzi, Volker Schnabel, Maxence Menétrey, Johannes Gabl, Alla Sologubenko, 

Henning Galinski, Ralph Spolenak. Rapid Healing of Metal Thin Films on Flexible 
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Supervision 
During my PhD studies I supervised a total of 15 students. These supervision activities have been 

divided between 3 master thesis, 3 bachelor thesis, 2 internships and 7 master projects.  

Teaching 

- Fall semester 2016-17-18-19 Materials at Work (practical sessions) 

- Fall semester 2017-18 Forschungslabor (1st year bachelor students) 

 

Other outreach activities 

- Material Colloquium organizing committee (2017-2020); 

- Inception and launch: Insight: Academic careers in materials and processes (2019-onward); 

- World �(�F�R�Q�R�P�L�F���)�R�U�X�P���������������:�(�)�����³�0�D�W�H�U�L�D�O�V���V�H�V�V�L�R�Q�´���R�U�J�D�Q�L�]�L�Q�J���F�R�P�P�L�W�W�H�H�� 

- Summer camp Rosetta (2018) about space exploration for children organizing committee; 

- Projekttage Freies Gymnasium Zürich visit at the Department of Materials (2018-2020). 
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- Roberto Rocca foundation scholarship for outstanding students at Politecnico di Milano, 

Dalmine, Italy, 2014. 

- �³�7�K�H�V�L�V�� �D�E�U�R�D�G�� �V�F�K�R�O�D�U�V�K�L�S�´�� �I�U�R�P�� �3�R�O�L�W�H�F�Q�L�F�R�� �G�L�� �0�L�O�D�Q�R���� �$�Z�D�U�G�H�G�� ��st overall (>1000 

applicants) for a joint project between Politecnico and MIT, Milano, Italy, 2015. 

- Best poster award, ECI, Nanomechanical testing in Research and Development. 

Dubrovnik, Croatia, 2017. 

- Best Poster preview scientific presentation, ECI, Nanomechanical testing in Research and 

Development. Dubrovnik, Croatia, 2017. 

- Best Student Presentation. Symposium FF06: Advances in the Fundamental Understanding 

and Functionalization of Reactive Materials, MRS Fall 2019, Boston, USA, 2019. 


