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Kurzfassung

Die vorliegende Arbeit untersucht den Einfluss von Heizraten bis 10® Ks~! auf
die Bildung von intermetallischen Phasen in Al/Ni-Multilagen. Das Ziel ist ein
mechanismenbasiertes Verstindnis der Phasenbildungprozessen als Grundlage

fiir die Entwicklung von neuartigen Nano-Kompositmaterialien.

Fiir diesen Zweck wird eine in situ Untersuchungsmethode entwickelt, die eine
thermodynamische und strukturelle Charakterisierung wihrend der schnell ab-
laufenden Reaktionen ermoglicht. Durch die Kombination von chipbasierter
Nanokalorimetrie mit Synchrotron-Rontgenbeugung wird eine Zeitauflosung
von 15 ps erreicht.

Drei Aspekte von Al/Ni-Reaktionen werden in dieser Arbeit detailliert un-
tersucht: (i) die Festkorperreaktionen bei Heizraten unter 500 Ks~!, (ii) das
Zindverhalten des Materialsystems und (iii) die Phasenbildung bei selbstfort-
schreitenden Reakionen. In Abhéngigkeit von der Heizrate und der Temper-
atur kann gezielt die Bildung von AlgNip, AlsNi und AI3Ni; iniitiert wer-
den. Erstmalig wird der Ziindpunkt von Al/Ni-Multilagen auf thermody-
namischer Grundlage bestimmt und darauf basierend ein neues Kriterium
fiir die Ziindtemperatur abgeleitet. Es werden drei verschiedene Arten von
selbsfortschreitenden Reaktionen beobachtet: (i) Fliissigphasen-Umwandlung,
(ii) Flissigphasen-Umwandlung mit Zwischenschicht und (iii) Festkorper-
Umwandlung. Die Letztere kann zum ersten Mal in Multilagenmaterialien

nachgewiesen werden.






Abstract

The present study investigates the effect of heating rates up to 10® Ks~! on the
formation behaviour of intermetallic phases in AI/Ni multilayers. The object-
ive is a mechanism-based understanding of the phase formation processes as a

basis for the development of new types of nanocomposite materials.

For this purpose, an in situ method is developed which allows for a thermody-
namic and structural characterisation during the rapid reactions. By combining
chip-based nanocalorimetry with synchrotron X-ray diffraction a temporal res-

olution of 15 ps is achieved.

Three different aspects of Al/Ni reactions are investigated in detail: (i) solid-
state reactions at heating rates below 500 Ks™!, (ii) the ignition behaviour
and (iii) the phase formation in runaway reactions. Depending on the heating
rate and the temperature, the formation of AlgNiy, Al3Ni and Al3Ni, can be
addressed. For the first time, the ignition point of Al/Ni multilayers is deter-
mined on a thermodynamic basis which enables us to derive a new criterion for
the ignition. Three different types of self-propagating reactions are observed:
(1) liquid-state runaway reactions, (ii) liquid-state runaway reactions with com-
pound layer and (iii) solid-state runaway reactions. The latter are documented

in Al/Ni multilayers for the first time.

iii






Acknowledgement

What is the objective of writing a doctoral thesis? In the beginning, I would
have answered this question with an ’intellectual challenge’. After more than
4 years of intensive work, I can answer this question in a more differentiated
way. Writing a doctoral thesis is: finding the question, being humble with the
complexity of nature, getting to know your limits, meeting the brightest minds,
being wrong and appreciating helpful people. Especially the last point is es-
sential. For this reason, I want to take the chance to thank some people who

have contributed significantly to the success of my doctoral thesis.

First, I want to thank my reviewers apl. Prof. Dr.-Ing. Marc Kamlah and
Prof. Dr.-Ing. habil. Bronislava Gorr. I highly appreciate your advice and sup-
port regarding my work. A special thanks goes to my group lead Dr. Karsten
Woll, for the extensive support in numerous ways. Without your scientific
expertise, unconditional support in hard times and the sleepless nights at the
synchrotron, the dissertation would not have been possible. I appreciate this
very much. Furthermore, I gratefully acknowledge the financial support of
the German Research Foundation (DFG) within the Emmy-Noether-Program
(funding number: WO 2198/1-1).

Thank you to the IAM-WBM as the best institute in the world. Besides all
the great people working here, I want to highlight Prof. Dr. mont. Christoph
Kirchlechner and Jana Herzog. Thank you for being helpful all the time and
creating this great working environment. Thank you to all my colleagues at

the IAM-WBM. Good work is only possible with very good people, and you



Acknowledgement

are the best. You have the primary responsibility that I had a wonderful time
at the institute. Special thanks to Markus Short for all the profound and unbe-
lievably funny conversations with you. Thank you to all technical employees
who contributed to the work. With the fabrication of the experimental setup,
Ewald Ernst, Klaus Baumann and Peter Schock made a precious contribution
to the success of this doctoral thesis. Thank you, Joris Miiller for writing an

excellent bachelor thesis in our group.

Thank you to Prof. Timothy Weihs and Shane Quinlan Arlington. The two
months at Johns Hopkins University in Baltimore were scientifically and per-

sonally very inspiring for me. Thank you for making this possible.

Thank you to all my friends in Karlsruhe. I shared so many great moments with
you that I do not want to miss. Thank you for the backing in this sometimes

challenging time. Special thanks to Nikolai Zimber whom I can always rely on.

Greatest gratitude goes to my whole family, especially to my mother Margit
and my father Dieter. You paved the way for the success of this doctoral thesis
in so many ways. Thank you for believing in me for 31 years. Thank you to
my brother Bastian not only for the ultra-fast proofreading but also for all your
inspiring thoughts.

Finally, I want to thank my wife Anne and my son Willi. Without your love,
support and motivation, this work would never have been finished. You are the
most important in my life. This work is dedicated to you.

Karlsruhe, September 2021 Tobias Neuhauser

vi



Symbols

Symbol Description

20 X-ray diffraction angle

a Extend of conversion

A Area

A Area cross-section

Aup Absorption factor

Bpw Debye-Waller factor

Buiro-1 Sensor heat capacity constant 0 — 1 (air)
Byac,0-1 Sensor heat capacity constant 0 — 1 (vacuum)
c Composition

Ceom Composition of the compound phases
Ceff Effective concentration

Crange Fractional concentration of a phase
Ve Concentration gradient

Ce Pyrometer constant

Cp Heat capacity

Cpret Heat capacity reaction

Cpsample Heat capacity sample

Cpsensor Heat capacity sensor

Cpiotal Total heat capacity

d Thickness sensor membrane

dsample Thickness sample

AG Gibbs free energy
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Gibbs free surface energy

Gibbs free strain energy

Gibbs free volume energy

Infrared emissivity

X-ray beam energy

Extinction factor

Reaction model

X-ray acquisition rate

Structure factor

Kinetic pressure constant

Relative number of diffraction planes
Effective heat of formation

Heat of formation

Heat of reaction

Current

Diffracted X-ray intensity of the hkl plane
Incoming X-ray intensity

Current +

Current -

X-ray peak intensity

Diffusion flux

Kinetic rate constant

Conductive heat loss coefficient
Radiative heat loss coefficient
Polynomial convective heat loss coefficient
X-ray diffraction scale factor
Lorentz-factor

X-ray wavelength

Bilayer thickness

Mass attenuation coefficient of phase i

Sample mass
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Polarization factor

Applied power

Heat losses

Conductive heat losses

Convective heat losses

Radiative heat losses

Radiant power

Reaction power

Radius of the nucleus

Electrical resistance

Electrical resistance at room temperature
1%t order electrical resistance constant
2" order electrical resistance constant
Thermal resistance

Boltzmann constant

Time

Heating time

Duration frame

Cooling time

Temperature

X-ray temperature coefficient

Melting temperature

Maximum temperature

Room temperature

Heating rate

Generalized time

X-ray diffraction angle

Pressure

Voltage

Voltage (+) for the sensor resistance measurement

Voltage (+) for the current measurement
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Symbols

Voltage (-) for the sensor resistance measurement

Voltage (-) for the current measurement

Pyrometer output voltage (raw)

Pyrometer output voltage (corrected)

Volume concentration of phase i

Angle between incoming X-ray beam and detector normal
Fraction by weight
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1 Introduction

1.1 Motivation

A look in the past shows that progress in technology is often linked to progress
in materials science. The knowledge about the mass production of durable steel
enabled the industrial revolution in the 18" century. The availability of high
temperature resistant Ni-based alloys for aircraft turbines is the backbone of a
globalised world [1]. The digital revolution by information technology would
not change our everyday life without silicon semiconductors [2]. These are
only a few examples, which demonstrate the importance of materials science
for innovation. Surprisingly, it’s not the discovery of new elements, which
drives this progress. It’s the continuous expansion of knowledge about con-
trolling and tailoring the so-called microstructure of materials. According
to Herbert Gleiter [3], the microstructure is “defined by the type, structure,
number, shape and topological arrangement of phases and/or lattice defects
which are in most cases not part of the thermodynamic equilibrium structure”.
This makes the microstructure an essential factor influencing the physical and
mechanical properties of materials. Understanding how specific microstruc-
tures can be generated means understanding how the properties of a material
can be tailored. Therefore it is of fundamental interest to understand, control

and generate new types of microstructures to obtain novel materials.

From a general perspective, the microstructure of a material is influenced by
four factors: (i) the composition, (ii) the initial microstructure and (iii) the

thermal history and (iv) the deformation state [4]. Reactive metallic multilayers
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based on Al and Ni form a material system where all factors can be specifically
addressed to tailor the microstructure. The layered structure comprising two or
more metals gives the opportunity to control the sites and the density of newly
formed phases. The characteristic exothermic reaction of this type of material
allows access to a broad range of heating rates up to 10’ Ks~! [5]. Therefore,
a phenomenon called phase selection - the dependence of the type of phases
from the heating rate - can be potentially used for microstructure development.
Two different approaches are conceivable to heat the multilayers at high rates:
(i) extrinsic heating (rapid heating methods) [6, 7] and (ii) intrinsic heating
(runaway reactions) [8—10]. If the fundamental processes of nucleation and
diffusion based phase growth are understood under these heating conditions,
the formation of nanoscale hard-soft composite materials with well-defined

properties may be feasible.

Besides their potential for microstructure design, Al/Ni multilayers are an ideal
model material to address fundamental questions about phase formation under
highly non-equilibrium conditions. The influence of steep concentration gradi-
ents in the layered structure on nucleation behaviour is still under debate [11].
Furthermore, the influence of high heating rates on interdiffusion and phase

formation is not sufficiently researched [12].



1.2 State of research

1.2 State of research

While intensively studied at low heating rates (7" < 10 Ks~!) [13-17], there is
only a limited understanding of the mechanism driving the reaction of AI/Ni
multilayers at intermediate and high heating rates (10 < 7 < 10" Ks~!) [7, 12].
Especially from a methodical perspective, the thermal and structural investi-
gation at high heating rates is challenging. The low sample thickness of the
reactive thin-films in combination with the highly dynamic reaction impeded a
detailed analysis of the mechanism driving the reaction in the past [12]. This
section focuses on the currently active research fields with regard to phase
transformation in Al/Ni mulitlayers at high heating rates. A more comprehens-
ive insight into the fundamentals of phase transformations in metallic multilay-

ers is given in Chapter 2.

Only in the last decade, advanced experimental approaches emerged, enabling
us to explore phase transformations under rapid external and internal heating.
One group of experiments uses direct resistance heating approaches. Fritz et
al. [18] used this method to perform uniform heating experiments on Al/Ni
multilayer thin-films. The temperature signal of the reaction enables them
to derive four reaction stages: heating to the ignition point, low temperature
solid-state mixing, high temperature solid-state mixing, and liquid-state mix-
ing. They explained the rapid self-heating at the high temperature solid-state
stage by the formation of intermetallic phases. In a related study [6], they
compared different ignition techniques including mechanical ignition, uniform
heating and local ignition. The findings pointed to the importance of the heat
losses to the surrounding and the material volume heated during ignition. They
developed a model for the determination of the ignition temperature. Uniform
heating was also applied by Manukyan et al. [19] to determine the activation
energy of the runaway reaction. Here, the Al/Ni multilayers were heated with

rates up to 42.3 Ks~!. They suggest that the formation of intermetallic nuclei is



1 Introduction

the rate-controlling process at temperatures below 500 K, while at higher tem-
peratures the process is reaction-limited. Furthermore, high-resolution trans-
mission electron microscope (HRTEM) investigations of quenched samples
revealed that Al3Ni and Al3Ni, are the first phases.

Chip-based nanocalorimetry is an alternative approach to heat thin-film samples
with high heating rates [7, 11, 20]. This method not only allows heating
samples indirectly but also enables a simultaneous thermodynamic character-
isation of the processes during heating [21]. All studies involving nanocalori-
metry chose experimental conditions in such a way that a runaway reaction was
not initiated. Swaminathan et al. [11] were the first to introduce this method to
investigate reactive multilayers. The number of exothermic peaks was reduced
from three to two exotherms by increasing the heating rate from 2- 10* Ks~!
to 3.3-10* Ks~!. They concluded that steeper concentration gradients of the
Al/Ni interface, like they are typically observed at high heating rates, lead to a
suppression of intermediate intermetallic phases. The underlying mechanism
of interdiffusion is presented in Section 2.4. Grapes et al. [7] performed a
complete kinetic analysis of the solid-state reaction in a heating rate regime
between 103 Ks~! and 10° Ks~!. For this purpose, nanocalorimetry was com-
bined with dynamic transmission electron microscopy (TEM). They proposed
a mechanism where Al3Ni nucleates at the Al grain boundaries and grows lat-
erally until the grains impinge. Grain boundary diffusion was suggested as the

controlling mechanism of the reaction.

To explore phase transformations during rapid intrinsic heating with rates up
to 107 Ks~!, researchers have developed in situ structural characterizations
methods. Trenkle et al. [22] and Fadenberger et al. [23] investigated self-
propagating reaction fronts using synchrotron X-ray diffraction. Although the
limited temporal and spatial resolution impeded a clear distinction between
individual reaction steps, both studies reported the formation of the NiAl phase

in the liquid state of the sample.



1.2 State of research

To study the role of intermixing in the Al/Ni reaction, two different approaches
can be found in the literature. Mann et al. [24] used thermal annealing to
induce intermixing across the Al/Ni interface. They found a reduction of the
velocity of the self-propagating reaction front in the case of annealed Al/Ni
multilayers. This was explained by a reduction of the total heat of reaction and
a lowering of the diffusion gradient across the interface. Manukyan et al. [25]
used ion beam irradiation to study the effect of intermixing. They observed
that at short irradiation times, an amorphous interlayer was formed, which en-
hances the reactivity of the sample and lowers the ignition temperature. With
longer irradiation time, the reactivity decreased due to the formation Al3Ni.
They concluded that an amorphous layer with small Al3Ni nuclei speeds up

AI-Ni intermixing and phase growth.

Besides experimental approaches, molecular dynamic (MD) simulations were
performed to reveal the mechanism driving the Al/Ni reaction. A comparat-
ive study using TEM investigation and MD simulation of quenched reaction
fronts was performed by Rogachev et al. [10]. They could identify a two-
stage mechanism. In the first stage, an exothermic dissolution of Ni into liquid
Al takes place while NiAl nanograins are formed at the solid-liquid interface.
The diffusivity of Ni is significantly enhanced in the liquid gaps between the
nucleates. In the second stage, NiAl precipitates start to grow until the react-
ants are entirely consumed. Using a similar MD simulation approach, Xu et
al. [26] identified different reaction pathways depending on the reaction tem-
perature. They found that with a reduction of the temperature, there is a shift
from Fickian interdiffusion to Ni dissolution as the rate-limiting step. At low
temperatures, the formation of the AINi intermetallic compound dominates the

reaction.

This first overview of very recent studies shows that while substantial progress
in the advanced experimental methods has been made, the state of research

lacks a comprehensive understanding of solid-state and runaway reactions in
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reactive multilayers. While partial aspects of the reaction are understood, e.g.
the phase transformations that drive a propagating reaction front, experimental
limitations still impede a mechanism-based knowledge of phenomena, such as
the transformations leading to ignition. Phase formation kinetics and phase
selection at elevated heating rates are poorly investigated and still under de-
bate. However, such knowledge is crucial and would pave the way for the
development of novel microstructure design tools which harness the unique

transformations conditions under rapid heating.

1.3 Objective of the work

The objective of this study is the development of a mechanism-based under-
standing of the structural transitions in nanoscale metallic multilayers. The in-
fluence of high heating rates (10 - 10® Ks™!) on the phase formation behaviour
is the focus of the research. For this purpose, the reactive Al/Ni multilayer
system is used as model material. Based on this, several sub-objectives are

derived:

1. Development of a methodical approach for the thermodynamic and
structural characterisation of Al/Ni multilayers under various heating
rate conditions. A time resolution of less than 1 ms is targeted to
resolve the highly dynamic processes driving the runaway reactions
(T~ 10°Ks™).

2. Itis expected that solid-state reactions allow a controlled transition of Al
and Ni into the corresponding product phase. The objective is to set up a
quantitative description of the phase formation kinetics as a basis for the
adjustment of defined product phase fractions in the multilayer stack.



1.3 Objective of the work

3. When the ignition point of a reactive material is reached, the reaction
turns from a solid-state to a runaway reaction. Thermodynamic char-
acterisation should be used to quantify the ignition point. Besides the
impact of the multilayer architecture, special focus will be set on the
manipulation of the ignition temperature by external factors, like heat
treatment and heat capacity. This may enable us to exploit new kinetic
regimes for phase formation.

4. In situ investigation of the runaway reaction in Al/Ni multilayers will be
conducted. The objective is to evaluate the influence of the solid/liquid
state of the sample on the phase formation behaviour. In this context, the
relevance of phase formation on the initiation of a runaway reaction is
elucidated. Besides this, the role of interdiffusion and metastable phase
formation at elevated heating rates should be assessed. Eventually, these
findings enable us to set up a mechanism for phase formation under high

heating rate conditions.






2 Basics

Reactive metallic multilayers belong to the class of energetic materials. Once
ignited by an external source, they release their chemically stored energy within
milliseconds. This chapter gives a general introduction to reactive metallic
multilayer materials with a particular emphasis on thermodynamic and kinetic
aspects of the runaway reaction. The specific material properties, reaction char-
acteristics and potential applications of this material class are summarized in
Section 2.1. The study focuses on metallic multilayers comprised of Al and Ni.
The corresponding phase diagram and potential product phases are discussed
in Section 2.2. In Section 2.3, the concept of ignition and runaway reactions is
described. Finally, thermodynamic aspects of nucleation in heterogeneous sys-
tems are discussed in Section 2.4.1. The corresponding kinetic aspects, includ-
ing diffusion, phase growth kinetics and phase selection in metallic multilayers
are considered in Section 2.4.2 — 2.4.5.

2.1 Reactive multilayers

Reactive multilayers are thin-films that are able to release a significant amount
of stored thermal energy when externally stimulated. In the course of the re-
action, the material heats up to peak temperatures of ~1200 °C with heating
rates up to ~ 10° Ks~!. An essential aspect of reactive multilayers is the
high density of interfaces, which is achieved by stacking nanoscale layers of

at least two reactants. The driving force behind the exothermic reaction is the
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Figure 2.1: Overview of the known binary material combinations which exhibit highly exo-
thermic reactions as they are characteristic of reactive materials [5].

transition of a metastable solid into a low energy product phase. Typically, pro-
cesses like interdiffusion, compound formation and grain growth in the solid
and the liquid state drive the reaction [15]. To date, more than 50 different
types of reactive multilayers have been described in the literature [5]. Most of
them form aluminide, boride, carbide, silicide, titanide, zirconide or thermite
product phases during the reaction. An overview of different types of reactive

multilayers is given in Figure 2.1.

Generally, the reactivity of metallic multilayers is determined by the ability of
atomic transport across the interface. The atomic exchange is driven by the
difference in the chemical potential between the reactant and product phase.
To what extent the interface acts as a barrier for the diffusion flux depends on
various factors, including the atomic structure at the interface, contamination

and the reaction progression [27]. Moreover, the thin-film deposition technique

10



2.1 Reactive multilayers

plays a crucial role in defining the interfacial properties [28]. Besides the inter-
facial properties, the reactivity of a metallic multilayer system is determined by
the bilayer thickness A [27]. The overall composition of the multilayer stack
is set by adjusting the individual layer thickness of the reactants. Experimental
studies show that the formation reaction is completed more rapidly when the
thickness is lowered [9]. The reason for this is the reduction of the diffusion
distances perpendicular to the interfaces which enhances intermixing between

the reactants.

Typically, metallic multilayer materials are fabricated by thin-film deposition
techniques like physical vapour deposition (PVD) and chemical vapour de-
position (CVD). The majority of the studies in the literature use magnetron
sputtering [9, 14, 24, 29] or electron-beam deposition [13, 16, 28, 30]. Both
techniques enable the deposition of thin-films with well-defined periodical
structures. Interestingly, the fabrication affects the phase formation during
heating. For instance, in the case of electron-beam deposition, the suppression
of the metastable AlgNi, phase was observed [28]. This points to the relevance
of the microstructural and interfacial properties on the nucleation behaviour of
the product phase [28].

The exothermic reaction in reactive multilayers is driven by structural changes,
such as interdiffusion and phase formation. Depending on the reaction temper-
ature and the melting point of the elements, these processes take place either
in the solid state or the liquid state of the sample. However, in most cases, the
reaction is initiated in the solid state of the sample. Figure 2.2 illustrates the
major mechanisms, which are driving the reaction in metallic multilayers. Al-
though there is a significant driving force for phase formation, no spontaneous
nucleation is observed [31]. This points to the relevance of nucleation barriers.
The effect of steep concentration gradients at the interface are discussed in

detail in Section 2.4.1. When the sample is completely reacted, either a single-

11
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Figure 2.2: Overview of the physical processes which dominate the metallic multilayers reaction.
When externally heated, diffusion across the interface is initiated. After a sufficient
amount of intermixing, intermetallic phases are able to form. Melting of the reactants
may further accelerate the processes of diffusion and phase formation.

or multi-product phase can be formed. The latter is usually caused by an in-

complete reaction or the thermodynamic stability of multiple phases [32, 33].

For the ignition of reactive multilayers, a threshold defined by a critical energy
or power density has to be overcome. The reaction propagates only without
external energy input (= self-sustaining reaction) when the heat release is suf-
ficient to enable further reaction progression [13]. A critical heating rate must
be exceeded to ignite a reactive material. The critical rate depends on numer-
ous parameters, like sample geometry, thin-film design and composition [6]. If
the heat release falls below a critical limit, the reaction stops and the sample
cools down. The temperature profile of a reaction is defined by the kinetics
of mass diffusion, chemical reactions, thermal transport and energy-loss mech-
anisms [5]. Below the ignition threshold, the reaction can only proceed by
external heating of the reactive multilayer stack [12].

12



2.2 The Al/Ni system

In recent years, multiple applications for reactive multilayers were introduced.
From an economic point of view, the most successful application is joining.
For this purpose, AI/Ni(V) multilayer thin-films (NanoFoil ®) are used [34].
Reactive materials are especially advantageous for the joining of dissimilar
materials such as metallised ceramics or bulk metallic glasses. The reactive
material is used as a heat source in order to melt a tin-based solder layer and
form a high strength bond. With this method, the heat-affected zone is signific-
antly reduced compared to traditional methods like welding [35]. Besides join-
ing, there are several applications in the early development stage. For instance,
the exothermic reaction power is used for microscale power sources [36], the
ignition of propellants [37] or to defeat harmful microorganisms [38]. A rel-
atively new approach is the usage of reactive multilayers as self-healing ma-
terials [39]. However, not only the release of exothermic heat can be used but
also the product phase which is formed during the reaction. This method is
called combustion synthesis or reaction synthesis. This approach is used to
synthesise high-melting-point materials, like intermetallic phases or ceramic
materials. [40-45]

2.2 The Al/Ni system

The binary AI-Ni system is a well-studied system. Figure 2.3 shows the cor-
responding equilibrium phase diagram of Al-Ni assessed by Nash et al. [46].
Besides Ni and Al, the system is characterized by the presence of five stable
intermetallic compounds, namely Al;Ni, Al3Nip, AINi, Al3Nis and AlNis.
The most important physical properties of these intermetallic compounds are

summarized in Table 2.1.

Among these phases, AINi exhibits the highest melting temperature of 1638 °C
and the highest homogeneity range between 42 at.% Ni and 69.2 at.% Ni. With
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Figure 2.3: Equilibrium phase diagram of the Al-Ni system. Five different thermodynamic stable
intermetallic phases, namely Al3Ni, Al3Niy, AINi, Al3Nis and AlINi3, are reported.
The highest melting temperature of 1638 °C exhibits the AINi phase. [46]

660.4 °C in the case of Al and 1455 °C in the case of Ni, the AINi com-
pound exceeds the melting temperature of the pure elements. The lowest
melting temperature (7;, = 639.9 °C) can be found for the eutectic reaction
L < Al3Ni+ (Al) at a composition of 2.7 at.% Ni. At 36.8 at.% Ni and 854 °C
the phase diagram exhibits the first peritectic reaction L + AI3Ni2 <+ Al3Ni.
The second peritectic reaction L+ AINi <> Al3Ni, takes place at 1133 °C and
a content of 40 at.% Ni. A further peritectic and eutectic reaction involving
Al3Nis and AINi3 can be found at the Ni-rich side of the phase diagram. All
phases differ significantly in their solubility for Ni and Al. While for the Al3Ni
compound only negligible amounts of Ni and Al can be dissolved, the stoi-

chiometry range of Al3Ni, ranges from 36.8 at.% Ni up to 41.5 at.% Ni. Pure
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2.2 The Al/Ni system

Al has a very limited Ni solubility of 0.11 at.% at the eutectic temperature,
which decreases to 0.01 at.% at 500 °C. In contrast, the solubility of Al in Ni
is 7 at.% at 500 °C and extends up to 21.2 at.% at 1385 °C. Besides the equi-
librium intermetallic compounds, the formation of the metastable compound
AlgNij is reported [8, 14, 47-50]. This phase was mainly observed during the
heating of Al/Ni multilayers, which were deposited by magnetron sputtering.
To the knowledge of the author, no data about the limits of solubility are pub-

lished for this compound.

The crystal structure of the pure elements Al and Ni is cubic face centred (fcc).
The B2 phase AlINi crystallizes in a cubic primitive unit cell and the Al3Ni; in a
hexagonal primitive unit cell with 5 atoms. The most complex structure with an
orthorhombic primitive unit cell and 16 atoms is present in Al3Ni. Comparing
the enthalpy of formation AH of the individual compounds at an Al:Ni com-
position of 1:1, the highest absolute value of AHy with -59 kJ (mol at)”! can be
found for AINi. As shown in Figure 2.4, Ni-rich or Al-rich compounds exhibit

lower absolute values of AH . In the case of Al3Ni, the enthalpy of formation is

Table 2.1: Physical properties of Al-Ni intermetallic compounds

ALNi  ALNi; AINi  ALNis  AINi3

Composition (at%) 25 36.8- 42- 64-68  73-76
41.5 69.2
Form. enthalpy (kJ/mol at) -38 -57 -59 -51 -41
Max. temperature (°C) 854 1133 1638 700 1385
Space group Pnma P-3ml Pm- Cmmm Pm-
3m 3m

Strukturbericht DOy D53 B2 - L1,
Prototype Fes;C AI3Nip; CsCl  GazPts; AuCus
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Figure 2.4: Enthalpy of formation versus the composition determined by Blobaum et al. [50].
The dashed line indicates the enthalpy for a sub-regular solid solution.

-57 kJ (mol at)”!, whereas in the case of Al3Ni AH 18 -38 kJ (mol at)!. There-
fore, significantly less exothermic heat is released during compound formation.
Based on AH¢, the adiabatic reaction temperature of the system can be determ-
ined. This quantity is the characteristic temperature when AH of the product
phase is completely transferred into heating of the system in the absence of
heat losses to the surrounding. For the composition of the most exothermic
AINi product phase in the Al-Ni system, an adiabatic reaction temperature of

1639 °C was determined [51].

2.3 Ignition and runaway reaction

Ignition is defined as the point where a reaction becomes self-sustaining. To ig-
nite a reactive material, specific thermodynamic conditions have to be fulfilled.
Besides theoretical aspects, these conditions are described in this section. Gen-

erally, a distinction is made between the two ignition modes: (i) Point ignition
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Figure 2.5: Ilustration of the thermal ignition process. At a critical temperature, exothermic
reactions are initiated. Depending on the amount of heat losses, the temperature of
the system raises, causing a further increase in the reaction rate. This is called self-
sustaining reaction, which is the basis for thermal ignition.

and (ii) ignition by uniform heating. In the first case, a self-sustaining reaction
is triggered by a local discharge of energy [52]. Experimental studies showed
that this can either be a mechanical impact, laser irradiation or electrostatic
discharge [5, 6]. Point ignition causes a reaction wave propagating through the
multilayer sample (= self-propagating reaction). In the case of uniform heating,
the whole sample volume is rapidly heated. Several methodical approaches are
reported for uniform heating, such as hot plate experiments [18, 53], electrical
resistance heating [18], electrothermography [19] and nanocalorimetry [54].
Since the focus of this study is on uniform heating, point ignition is not elab-
orated in detail.

In most cases, reactives are ignited by external thermal energy. This type of
ignition is called thermal (spontaneous) ignition or thermal explosion. The
principle of thermal ignition is illustrated in Figure 2.5. Thermal ignition is

a self-enforcing process that is initiated by external heating. Once a critical
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temperature is reached, the reaction process starts. In the case of metallic mul-
tilayers, these reactions are predominantly intermixing and phase formation.
Due to the exothermic nature of these processes, heat is released. If the exo-
thermic heat release exceeds the heat losses to the surrounding, the temperature
of the system increases. In turn, the temperature rise increases the rate of the
exothermic reactions and leads to further heating until finally a runaway reac-

tion or explosion occurs. [52]

Between the point of ignition and the point where a macroscopic temperature
increase occurs, a certain amount of time, called the ignition delay, is observed.
To understand the ignition delay, it is helpful to consider the adiabatic case of
ignition. In this case, heat losses are neglected and, following ignition, there
is no temperature increase by further external heating. In the very early stages
of the reaction, only a few reaction events occur, resulting in an incremental
temperature increase. There is a mutual dependency between the self-heating
rate and the number of reaction events. The increase of one quantity leads
to the increase of the remaining one. In case of a low self-heating rate, the
time which is required to move into the explosive regime (= ignition delay) is
long. However, when there is a steep increase in the number of reaction events,
the ignition delay can be reduced to milliseconds. One of the most important
parameters defining the ignition delay is the heat capacity of the sample. To
self-heat a sample with a high heat capacity, a higher amount of reaction power
is required for an incremental temperature increase and the ignition delay is

increased. [52]

From a theoretical point of view, ignition was first described by Semenov [55]
in 1935. Although the work of Semenov refers to combustible gaseous mix-
tures, the fundamental aspects are also valid for reactive multilayers. The the-

ory is based on the concept of relating the heat of reaction Q,. to the heat
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Figure 2.6: Following the theory of Semenov [55], thermal ignition occurs when the heat of reac-
tion Q,.; exceeds the heat losses Qjpys. For Ty < T < Tig, Oloss is dominant. Without
external heating, the system cools down to T;. For T > T, Oyer exceeds Oy and the
system is self-heating and thermal ignition occurs.

losses Qjss in @ given system. If the heat of reaction exceeds the losses, the ex-
cess thermal energy heats up the sample, which results in a thermal explosion.

Based on this, the condition for ignition is defined as

Qrcl > Qloss (2 1)

This principle is exemplarily illustrated in Figure 2.6. As the temperature rises,
both Q. and Qs increase. Above the stationary temperature Ty, the system
is stable since Q,; does not exceed Q. Without external heating, the system
cools down to 7. However, if the temperature exceeds the ignition temper-
ature Tj,, the ratio between Q55 and Oy, flips and inequality 2.1 is fulfilled.

The sample exhibits self-heating and ignition occurs.
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To adapt the theoretical approach of Semenov to reactive multilayers, Fritz et
al. [6] introduced physical descriptions for Q. and Qj,y for planar multilay-
ers. In the case of Qg only conductive and convective heat losses are as-

sumed:

. 1
Oloss = ——AT" (2.2)
dsampleRt

Here, dygmple is the multilayer sample thickness, 1/R; is the inverse thermal
resistance, AT the temperature difference between sample and surrounding.
The coefficient m takes the proportion of convective and conductive heat losses
into account and ranges from 1.00 to 1.25. For the calculation of the reaction
power, a linear dependency of Q,.; with the growth rate of the product phase

dxproq/dt is assumed. This is given by

O = dxpr()d AH,,
T dr A)2

2.3)

where AH,, is the total heat of formation and A is the thickness of a single
bilayer. For a complete description of Q,;, the temperature-dependent growth
rate of the product phase is required. For this purpose, Fritz et al. used the
model developed by Highmore and Greer [56] to describe the phase growth in
multilayers based on diffusion. Applied to equation 2.3, the Q,; is given by

. 2DoAH, E
Oret = 0o ( range )exp (A ) 2.4)
Axproa \c(1=c¢) RT,

Here, c is the composition of one reactant, c¢,qnge the fractional concentration
over which the product phase exists, E4 the activation energy, R the gas con-
stant. By replacing Q,.; and Q;,,; in equation 2.1, the ignition temperature can
be calculated by
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Although some aspects such as a multi-step type of reaction, product phase and
thickness dependent diffusion constants are not included in the model of Frizz
et al., the basic dependencies of the ignition temperature are well described.
The model predicts a decrease of the ignition temperature with decreasing
bilayer thickness which is in good agreement with experimental results [57].
The ignition sensitivity is also affected by diffusion. High values of E4 in-
hibit the reaction and therefore increase the ignition temperature. Therefore
the model gives valuable insights into the fundamental links between material

properties and ignition temperature.

2.4 Solid-state phase formation in metallic
multilayers

The Gibbs free energy AG is a thermodynamic quantity, which allows meas-
uring the favorability of a reaction at constant temperature and pressure. If
AG = 0, the system is in equilibrium and there is no thermodynamic driving
force for phase transitions. By changing parameters like the composition, tem-
perature or pressure, the system is pushed away from the equilibrium condition.
Reactive metallic multilayers provide an extreme example where a thermody-
namically highly unstable system is created by manufacturing. Here, AG is
negative and there is a high driving force to rebalance the system. If not kinet-
ically suppressed, this could be attained by phase transitions upon heating. In
the case of AI/Ni multilayers, intermetallic compounds are formed. Generally,

phase formation is described by nucleation and subsequent growth. Hence, this
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section gives a short introduction to classical nucleation theory adapted to the
particular case of metallic multilayers, where steep concentration gradients act

as a thermodynamic barrier for nucleation.

2.4.1 Nucleation in a composition gradient

Phase transitions often start with a nucleation event, which is driven by the re-
duction of AG. The formation of a small region of a thermodynamically more
stable phase results in a change of the free energy by crystallisation AGy. The
driving force for this transition is the change of the chemical potential. This
process creates an interface between the newly formed phase and the parent
phase, which requires the surface free energy AG,. In the case of heterogen-
eous nucleation, AGy is reduced by nucleation on a preexisting interface or
surface. Here, for simplification, only the homogeneous case is considered.
Besides the surface energy, in the solid-state the strain energy AG; caused by
volume changes between parent and product phase have to be taken into ac-
count. By aggregating the individual contributions, the free energy change of

homogeneous nucleation is given as [58]

AGhom = (AGV + AGs) +AGy (2.6)
4P
=3 (Ag*P + Apgy) +4nr’y 2.7)
i

where r is the radius of the nucleus, v; the volume of an atom, 7 the specific sur-
face energy and Ag the individual free energy contribution per atom. For small
r, the endothermic surface energy overcompensates the chemical free energy.
As a result, the nucleus is not stable and dissolves again. For nucleation, the
agglomeration of atoms has to exceed r* to form a stable nucleus. The simpli-
fied case without strain is plotted with a solid line denoted by V¢ = 0 in Figure
2.8.
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Figure 2.7: Nucleation in a symmetrical concentration gradient. With increasing size, the nucleus
overlaps with regions with deviating composition. This results in a lowering of the
driving force for nucleation.

In the classical nucleation theory, kinetic considerations are not taken into ac-
count. The composition of the initial phase is equivalent to the product phase.
The situation is different when nucleation takes place in a region with a nonuni-
form composition, like it is the case at the interfaces of multilayer materials.
Nucleation in a symmetric concentration profile is illustrated in Figure 2.7.
Typically, concentration gradients lower the energy release by nucleation. The
reason for this is the deviation of the matrix composition from the composition
of the nucleus. The driving force for nucleation is maximized when the ori-
ginal matrix exhibits the same composition as the equilibrium composition of
the product phase. In Figure 2.7, this optimum composition is marked with a
dashed line. Depending on the size of the nucleus, there are regions where the
composition deviates from the optimum. Since the free energy is lowered with
increasing deviation from the optimum composition, nucleation is less favour-

able in these regions from a thermodynamic point of view. This is especially
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true if the size of the nucleus is in the same order as the extension of the con-
centration gradient (x-axis in Figure 2.7) [59]. Gusak et al. [60] and Desré et
al. [32] proposed a model which describes the lowering of the free energy of

formation by

AGgmd = AGjpom + C(Vc)zrs (2.8)

Here, AGj,,;, is the Gibbs free energy change by homogeneous nucleation, § a
(positive) constant, V¢ the concentration gradient and r the radius of the nuc-
leus. Equation 2.8 covers two particular nucleation modes: (i) polymorphic
nucleation, which is characterised by a structural change without a composi-
tional change [60] and (ii) the transversal nucleation mode, where the atomic
transport is perpendicular to the concentration gradient (parallel to the x-axis in
Figure 2.7) [32, 33]. Both nucleation modes differ in the possibility of atomic
transport. While there is enough time for chemical redistribution in the case
of transversal nucleation, no diffusion occurs in the case of polymorphic nuc-
leation. Complementarily, it should be noted that there is a third longitudinal
nucleation mode, which is described in detail in the work of Hodaj et al. [61].
The effect of a concentration gradient on the free formation energy is shown
in Figure 2.8. In case of homogeneous nucleation (V¢ = 0, AG; = 0), the nuc-
leus is stable beyond r*. With increasing V¢ the nucleus becomes metastable.
With increasing r, the growth of the nucleus becomes more and more thermo-
dynamically unfavourable because additional energy is required. With further

increase of V¢, AG rises continuously and nucleation is completely suppressed.

In conclusion, reactive metallic multilayers exhibit a high driving force for
the nucleation of intermetallic phases. However, steep composition gradients,
like they occur at interfaces, may suppress nucleation. Therefore, flattening of
the composition gradient is required prior to nucleation. Interdiffusion must

precede nucleation to form thermodynamic stable nuclei [62].
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Figure 2.8: Dependency of the free energy of formation AG of the composition gradient Vc. In
the case of a constant composition, the nucleus is thermodynamically stable when the
critical size r* is exceeded. With increasing V¢ a metastable state is reached where
growth is unfavourable. Finally, the formation of a nucleus is completely suppressed
in the case of high Ve. [33]

2.4.2 Diffusion in metallic multilayers

As already stated in the previous section, phase formation is only possible when
diffusion precedes. This was also theorized by Thompson [62]. Diffusion is not
only crucial for phase nucleations in metallic multilayers but also for the loca-
tion of phase formation and the growth rate. In consequence, the morphology
of the newly formed phase is predominantly determined by diffusion fluxes
in the microstructure. In crystalline solids, atomic transport can take place in
structurally different ways. While lattice diffusion is the dominating transport
mechanism in single-crystal materials, in nanoscale multilayers the lattice de-
fects are the major sites for diffusion. The high density of grain boundaries,
dislocations and free surfaces in thin-films act as high-diffusivity pathways in
the microstructure (often called diffusion short circuits). The distortion of the

lattice facilitates atomic transport. For example, the lower local density of a
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high-angle grain boundary enhances the diffusion of atoms [63, 64]. In gen-
eral, diffusion can be described by the Arrhenius equation

E
D=D" —= 2.9
() 2
Here, DV is the pre-exponential factor, E, the activation energy, r the ideal gas
constant and 7 the temperature. Depending on the type of defect, the value of
the diffusivity D varies [65]:

Ds > Dgg > Dp > Dy, (2.10)

Surface diffusion Dy exhibits the highest diffusivity, followed by grain bound-
ary diffusion Dgp and dislocation diffusion Dp. The lowest diffusivity is gen-
erally found for lattice diffusion Dy. This is mainly caused by differences
in activation energy. The pre-exponential factor is constant in a first approx-
imation [64]. According to the exponential temperature dependency in equa-
tion 2.9, the differences between the individual diffusion mechanisms are more

pronounced at low temperatures.

At the melting temperature of the material, the value of grain boundary dif-
fusivity is approximately 4 orders of magnitude higher compared to lattice
diffusion. This phenomenon explains why nucleation in metallic multilayers
starts at grain boundary triple junctions. Referring to equation 2.8, the critical
composition gradient for nucleation is first reached at triple junctions. The cor-
responding high-diffusivity pathways are illustrated in Figure 2.9. Diffusion
is dominant at the original a-f interface as well as the o-@, grain boundary.
When the nucleus is formed, the newly created -7y interface is an additional
fast diffusion path [66]. As a consequence, nucleation kinetics strongly de-

pends on the microstructure of the material. The average grain size defined
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Figure 2.9: Grain boundary triple junctions are preferred sites for nucleation in metallic multilay-
ers. The main reason for this are high-diffusivity pathways along the ot-f and the -y
interface. Lattice diffusion through the 7y phase is negligible. [66]

by manufacturing, layer thickness and temperature treatment (e.g. recrystal-
lization through annealing), defines the nucleation site density in metallic mul-
tilayers [8, 15].

In metallic multilayers, diffusion across the interface is not necessarily sym-
metric. In the case of AI/Ni multilayers, Ni acts as a fast diffusor, which
leads to an asymmetric diffusion flux [67]. Since there is only a very lim-
ited amount of solubility of Ni in Al in equilibrium condition (see Figure 2.3),
the reason for the fast diffusion of Ni is still an open question. Possible explan-
atory approaches are the isostructural crystal lattice, favouring supersaturation

of Ni [14] or excess vacancies formed during sputter deposition [30].
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2.4.3 Phase growth kinetics

In metallic multilayers, it is generally observed that the type of the first product
phase is independent of the overall composition [68]. This is an indication that
the phase sequence is determined by processes at the interface. Goesele and
Tu [69] were the first to propose a model which describes the competitive
nucleation and growth of phases by diffusion fluxes at the interface. For this
purpose, two reactants o and 3 separated by a planar compound layer y are
assumed. The schematic of the model is shown in Figure 2.10. The reactant
phases o and 3 are solid solutions. By initial interdiffusion the equilibrium
concentration of the & interface cyfy and of the f interface cgqy were reached.
Correspondingly, the equilibrium composition of the y interface is given by c%
and c%. The resulting composition gradient in ¥ is illustrated with a dashed
line. The equilibrium composition at the interfaces was derived using the tan-
gents rule of the Gibbs free energy. This procedure will not be discussed in
detail here. For more detailed information, it should be refereed to Nucleation

in Condensed Matter: Applications in Materials and Biology [59].

Two different cases are considered. In the first case, no interdiffusion fluxes (= con-
stant composition) inside the & and 3 phases are assumed. In the second case,
the impact of interdiffusion (= non-uniform composition) is considered. Two
assumptions are made for simplification in both cases: (i) volume changes
due to phase transitions are neglected and (ii) the coefficient of diffusion D

is assumed to be concentration-independent. In the first case, the difference
between ciyg and c% generates an interdiffusion flux through the y phase in
order to balance the difference in compositions. The presence of three phases

is thermodynamically not a stable condition.
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Figure 2.10: Composition profile of two solid solutions o and 8 with a y product phase at the
interface. cg}, and ¢4, denote the equilibrium composition at the o~y and the -
v interface. Interfacial dissolution processes lead to deviations of the equilibrium
composition, denoted with ¢y4. The composition gradient in ¥ is the driving force
for interdiffusion fluxes, which thickens the y product layer. [69]

According to Fick’s law, the diffusion flux in 7y can be described with

. dc
Y

where D, is the interdiffusion coefficient of the y phase and (dc/dx)y the com-
position gradient. In order to supply the diffusion flux though 7, the o and
B phase must be dissolved. The dissolution process takes place by atomic re-
arrangement at the interface. Due to this, the compositions at the interface
Cya and cyg deviate from the equilibrium values. The solid line in Figure 2.10
illustrates this difference in composition. The diffusion flux generated by dis-
solution is given by
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where kyq and kg are dissolution rate constants at the y-o¢ and y-f interface
and c¢yq, cyp are the interfacial concentrations in the ¥ phase. Based on equa-
tion 2.11 and 2.12 the velocity of the -y and y-f interfaces is given as

dt cfqu — Cya

dxyg  —ly
dt Cyp— cqu

and (2.13)

where dxqy/dt and dx,g/dt are the interface velocities. Now, on the basis of

the interface velocities the thickening rate of the ¥ phase can be defined by

dr ~ dt dt
. 1 | ,
= jy o7 | = HylJy (2.15)

Ceq*C _C —C
ay — Cya vB~ “py

(2.14)

Using the equation for diffusion 2.9 and for dissolution 2.12 the basic descrip-

tion of ¥ phase thickening rate can be written as

do, ol — )

1 1 1
with —=— 4+ — 2.17)
Ky Kya Ky

(2.16)

where x, is the product phase layer thickness and k;, is the effective rate based

on the dissolution constants at the o-y and y-f interface. A critical thick-

*

Y
xy = (Dy/%y). For a better understanding of equation 2.16, two limiting cases

ness x, can be derived where the growth kinetics change. This is given by

are considered: (i) a thin product layer x, < xy at the initial stage of the reac-

tion and (ii) a thick product layer x), > xy at later stages of the reaction. [69]
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In the case of a thin product layer, growth is limited by the reaction at the

interface so that x, < (Dy/ky). Thus, the thickening rate of y is given by

dxy

yr = H"i5 (Y — y%):>xyoct (2.18)

Thus, the thickening rate of y is proportional to ky, the reaction rate at the
interface. The difference between cyq and c¢yg from their equilibrium values
is substantial. The temporal integration shows that the thickness of 7y is dir-
ectly proportional to the reaction time. If ky remains constant, the rate of phase
formation is constant. In addition, equation 2.18 gives some evidence on which
types of phases are favoured to form first. These are phases which exhibit a
high interfacial reaction rate k, and a broad composition range, which is equi-
valent to a high value of (c),oC ;;3) These conditions are especially true for
amorphous phases or solid-solutions, which are often observed in experimental

investigations [28].

This is different in the case of a thick product phase layer. Here, xy > (Dy/xy)
can be assumed. Based on equation 2.16, the thickening rate of 7 is given by

dr, B~ CBDy

1/2
= = Xy T 2.19
dt Xy Y .19)
The thickening rate of y is proportional to Dy and inversely proportional to
the product layer thickness x,. With increasing thickness of ¥, the growth rate

1/2

slows down. Therefore, the thickness of y is proportional to ¢'/<, which is

typically observed for diffusion-controlled processes.

One major conclusion of the theoretical approach of Goesele and Tu [69] is the
formation of the product phase in two separated stages. Coffey et al. [70] were
the first to experimentally validate this phenomenon in AI/Nb and amorphous-

Si/Ni multilayers. For Al/Ni multilayers, Ma et al. [27] found a mechanism
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based on the two-stage formation of the Al3Ni phase. In both studies, two
distinctive exotherms were observed using differential scanning calorimetry
(DSC), which could be assigned to the formation of only one phase. Fig-
ure 2.11 illustrates the two growth stages. In the first stage, the product phase
nucleates at the interface, typically at triple junctions of grain boundaries [27].
Since the nuclei are isolated and the interface is not fully covered, the process is
interface controlled and can be described with equation 2.18. With further re-
action progression, the nuclei grow parallel to the interface since the diffusion
length of Ni and Al is the shortest. The first stage is finished when the nuclei
impinge and the reaction rate decreases. In a second step, the product phase
layer grows perpendicular to the interface. This process is diffusion-controlled
and can be described with equation 2.19. With the increasing thickness of the
product phase, the diffusion flux slows down and the growth rate decreases
until the reactants are consumed.
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Figure 2.11: Under slow heating rate conditions, the product phase grows in two separated stages.
In the first stage, the product phase Y nucleates and grows parallel to the interface
until the individual grains impinge. In the second stage, the growth perpendicular to
the interface dominates the phase transition. [70]
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2.4.4 Parametrization of the growth kinetics

Generally, the kinetics of a chemical reaction, like phase formation, can be
described with the reaction rate da/dr. Here, o describes the extent of con-
version and takes on values between 0 and 1. Experimentally, « is determined
by the fraction of a physical quantity, which changes during the reaction re-
lated to the overall change. Examples of such a physical quantity can be the
exothermic heat in the case of calorimetry or the phase fraction in the case of
X-ray diffraction experiments. For a thermally activated process, the reaction

rate can be parametrized by [71]

da

o = kD) f(e)h(P) (2.20)
where k(T') is the rate constant as a function of the temperature T, f(o) the
reaction model and /(P) a term which contributes to the pressure dependence.
If no gaseous reactants are involved in the reaction, the pressure dependence

h(P) is negligible. For a single-step reaction, equation 2.20 is simplified to

W ) () 221y
Therefore, the reaction rate is only dependent on the variables 7' and o. A
reaction does not necessarily comprise only one reaction step. Instead, the
reaction rate is described by the sum of the individual reaction rates in the case
of multiple reaction steps. To account for the temperature dependence, k(7T') is

described with an Arrhenius equation comparable to equation 2.9

k(T)=Aexp (1?;) (2.22)
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Table 2.2: Kinetic models for solid-state reactions [72]

Code Reaction model fla) gla)

A2 Avrami-Erofeev 2(1—a)[~In(1— )]/ [=in(1 —a)]'/?

DI 1D-diffusion 1/2a7! a?

D2 2D-diffusion [—In(1—a)] ! (1-a)n(l-a)+a

3/2(1—a)?/?

D3 3D-diffusion [1—(1—a)/3?

1-(1—-a)l/3
FO Zero-order reaction 1 o
R2 Contracting cylinder  2(1 — a)!/? 1-(1—a)'/?
R3 Contracting sphere  3(1 — a)?/? 1-(1-a)'/?

where A is the pre-exponential factor, E, the activation energy, R the general
gas constant and 7 the temperature. The reaction model f(a) describes the
reaction rate dependent on the reaction progression. It is a mathematical de-
scription based on a mechanistic assumption that describes the observation in

0-order Contracting Contracting
conversion (F0) cylinder (R2) sphere (R3)
Jt|
CETEED

1D-growth (D1) 3D-growth (D1)

Figure 2.12: Illustration of selected solid-state kinetic models of Table 2.2.
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the experiment. Depending on the geometrical shape of the product phase and
potential anisotropic diffusion behaviour, a large number of reaction models
are available [72]. All reaction models can be classified into three major types:
accelerating, decelerating and sigmodal models. A selection of reaction mod-
els relevant for this study are summarized in Table 2.2. Both the differential
notation f(¢), parametrizing the da/dt (compare equation 2.20) and its integ-
ral notation g(¢) are listed. Besides,a schematic illustration of the models is
shown in Figure 4.9 [73].

2.4.5 Phase formation sequence

To predict the phase formation sequence in solid-state reactions, Preforius et
al. [74] proposed a concept which is based on the so-called effective heat of
formation of the individual phases. A basic assumption is that the system wants
to minimize the Gibbs free enthalpy AG. In consequence, phases with the
highest heat of formation AH; are favoured. In the case of the Al-Ni system,
all values for the heat of formation are summarized in Table 2.1. However, the
maximum value of AH is only reached when the composition of the multilayer
thin-film sample equals the composition of the compound phase. If the com-
position deviates, the heat release is governed by the limited element. Then,
the effective heat of formation AH is given by

Cote
AH, = AH; x 1 (2.23)
I RO
com
where AH¢ is the heat of formation, c. sy the effective concentration of the lim-
iting element and c,,,, concentration of the limiting element in the compound.
Here, c.zy is the predominant concentration at the interface. This composition
may deviate from the total composition of the multilayer stack. The heat of
formation is reduced when the effective concentration does not match the com-

position of the compound phase. Therefore, the effective concentration of the
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limiting element determines the heat release. Figure 2.13 plots the effective
AH}- as a function of the composition for all compounds in the Al-Ni system.
However, considering the heterogeneous structure of a multilayer sample, the
determination of the effective concentrations is difficult. Processes at the in-
terface take place under highly non-equilibrium conditions and are influenced
by numerous factors. For simplification, Pretorius et al. choose to take the
composition with the highest mobility of Al and Ni atoms and, therefore, the
most effective mixing. According to Brown and Ashby [71], the activation en-
ergy for diffusion in solids is lowest at the composition with the lowest melting
temperature. Transferred to the Al-Ni system, this is the eutectic composition
at 3.5 at.% Ni (see phase diagram in Figure 2.3). Pretorius et al. conclude that
the first phase which is formed is the phase with the lowest value of AH;C at the
composition of the eutectic with the lowest temperature.
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Figure 2.13: The effective heat of formation AH} for the compound phases in the Al-Ni system.

For the calculation equation 2.23 was used. The AH} decrease proportional to the
effective concentration of the limiting element related to the concentration of the
limiting element in the compound phase. [74]
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2.4 Solid-state phase formation in metallic multilayers

In the case of Al-Ni, this is the Al3Ni phase, which is in good agreement with
experimental results [13, 16, 17]. The next phase is formed at the Al3Ni/Ni
interface. The effective concentration moves further in the direction of the
unreacted element, which is Ni. According to Figure 2.13, the next phase with
the most negative heat of formation, which is richer in Ni, is the Al3Ni, phase.
This continues until the equilibrium AINi phase is reached.
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3 Methods

From an experimental point of view, the investigation of runaway reactions
in reactive multilayer materials is challenging [5]. The combination of high
heating rates (up to ~ 10° Ks~!) and the low sample thickness of the re-
active multilayer thin-films (less than 2 um) impeded a detailed analysis in
the past [12]. Therefore, like outlined in Section 1.1, the objective of this
study is a comprehensive thermodynamic and structural characterisation of
runaway reactions in Al/Ni multilayers. Conventional methods for thermal
characterisation, like differential thermal analysis (DTA) or differential scan-
ning calorimetry, lack the maximum heating rate, which is typically limited to
< 5 Ks~! [75]. In the framework of this study, nanocalorimetry was chosen.
This is a chip-based method that allows for heating samples at rates that are
close to runaway conditions while a thermodynamic characterisation is real-
ised [76]. For structural characterisation, methods based on X-ray or electron
beam diffraction were considered. Dynamic transmission electron microscopy
(TEM) was successfully combined with nanocalorimetry to characterise Al/Ni
multilayers [20, 77]. However, limitations in the sensitivity of determining low
amounts of phases did not allow for the quantification of the phase formation
behaviour during rapid reactions [7]. Synchrotron X-ray diffraction studies of
self-propagating reaction fronts could demonstrate an improved resolvability of
product phases at heating rates up to 10° Ks~! [23, 78]. A major drawback of
this methodical approach is the uncontrolled heating during the reaction. Based
on these considerations, the combination of nanocalorimetry and synchrotron
X-ray diffraction was evaluated as the most appropriate approach for character-

ising runaway reactions in Al/Ni multilayers. This method was already applied
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to polymer materials [79—83] and metal-based materials [84-87]. Since the
measurement frequency in these studies was limited to 50 Hz [81], a signi-
ficant improvement of the temporal resolution is necessary for the application
to reactive materials. Besides the adaption to reactive material, the focus was
put on the increase of the temporal resolution to the ps-range to get more de-
tailed insights into the reaction mechanisms. Since large parts of the method
are self-developed, this section gives a detailed description of the technical im-
plementation. First, the methodical aspects of nanocalorimetry are described
in Section 3.1. The implementation of nanocalorimetry measurement at a syn-
chrotron beamline is shown in Section 3.2. Finally, the microscopical methods

used for ex situ microstructure analysis are described in Section 3.3.

3.1 Nanocalorimetry and adaption to
reactive materials

Nanocalorimetry was developed to perform thermal characterization at heat-
ing rates > 103 Ks~! [76]. The first applications were the investigation of the
melting point of nanometer-scale metallic thin-films [88—90]. This method was
further extended to polymeric materials [91, 92], carbon-based materials [93]
and reactive materials [11, 20]. Chip-based nanocalorimetry sensors are heated
resistively while the temperature is tracked. The comparison with a reference
measurement allows for the extraction of thermodynamic quantities like the
heat capacity Cp or the reaction power Q,.;. The main task in this study was
the development and implementation of a nanocalorimetry setup that meets
the requirements set by reactive materials, which are summarized in Table 3.1.
These are a ps-time resolution, a maximum temperature of 1200 °C and heating
rates up to 10° Ks~!. It should be noted that also low heating rates down to 10
Ks~! are accessible. However, in this regime, the nanocalorimetry sensor can
be only used for heat treatment of materials since the methodical-related lower
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limit of measurement range is 103 Ks~!. Besides this, the compatibility to in
situ synchrotron XRD measurements and an openly accessible data processing
were the main reasons for a decision against commercially available instru-
ments, like the Flash DSC 2+ (Mettler Toledo, Columbus, USA). Based on
these requirements, a non-differential, quasi adiabatic nanocalorimetry setup,
which uses the sensor design of Allen et al. [88], was developed in-house.

Table 3.1: Specifications of the nanocalorimetry setup

Type non-differential, quasi-adiabatic
Sensor design based on Allen et al. [88]
Source mode current controlled

Temperature accuracy <5K

Measurement range temperature: 25 - 700 °C
heating rate: 10° — 10° Ks™!
Heating rate controlled: 10 —10° Ks™!

uncontrolled: 10® Ks™!
Data acquisition rate 200 kHz
Atmosphere air, vacuum, inert gas
Other compatibility to in situ synchrotron XRD

First, the nanocalorimetry sensors and the hardware are described in Sec-
tions 3.1.1 and 3.1.2. Section 3.1.3 provides a detailed description of the
measurement principle and the post-measurement data treatment. Crucial for
later investigations is a reliable calibration of the device. The temperature
calibration and the thermodynamic calibration procedure is described in Sec-
tion 3.1.4 and Section 3.1.5, respectively. Finally, an overview of the samples

investigated and their fabrication is given in Section 3.1.6.
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3.1.1 Nanocalorimetry sensor

The centrepiece of the nanocalorimetry measurement device is the sensor. The
sensor combines two major functions: (i) controlled heating of the specimen
and (ii) measurement of the specimen temperature. In this study, a sensor geo-
metry based on the design of Allen et al. [88] was chosen. The schematic
sketch of the sensor is depicted in Figure 3.1 (a). For detailed technical in-
formations, refer to Appendix A.1.

The basis of the sensor is a 500 um-thick silicon frame. This serves as a sup-
port structure for a free-standing SiNy membrane with the Pt heating strip on
the top. The membrane acts as an electrical insulator between heater and spe-
cimen and ensures quasi-adiabatic measurement conditions. The latter one is
achieved by the low thermal conductivity of the SiNy and the low thickness
of the membrane. The sensor is heated resistively by applying a current pulse
I(¢) to the 75 nm-thick Pt heating strip. The thermal power input is given by
Qapp = AV -1, where AV is the voltage drop along the heating strip and [ the
applied current. For electrical contact, the four pads on the side of the sensor
are used. The temperature of the heating strip is determined via the temperature
dependency of the electrical resistance R(T') of the heating strip. A four-point
measurement enables an accurate determination of the sensor resistance. For
this purpose, the voltage drop AV along the Pt heater is measured with two
voltage probes [94]. Hence, the resistance is given by R(T) = AV /I. With
the aid of an initial resistance-temperature calibration (see Section 3.1.4), the
temperature can be determined. Since the temperature between the voltages

probes is measured, this area is called active area.

The design of the sensor exhibits two major advantages: (i) a large active area
of 0.5 x 3.7 mm? and (ii) well-known sensor characteristics due to the extens-
ive use in research [95]. On the one side, the size of the active area enables

the temperature calibration using optical infrared (IR) pyrometry [96]. On the
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(a) (b) Cross-section of the
active area
Ni/Al sample SiN, - membrane

(1-2 ym) (135 - 1500 nm)
N\ Y
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probes T\ A/’ Pt heater
Active area <«—— SiN,- membrane
with sample
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pads Adhesesion  pt heater

layer (75 nm)
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Figure 3.1: Schematic illustration of a nanocalorimetry sensor based on the design of Allen et
al. [88]. (a) Top view of the sensor with the main components: SiNy membrane, Pt
heater and voltage probes for the resistance measurement. (b) Cross-section through
the active area of the sensor. The Pt heater is electrically isolated from the Ni/Al
multilayer specimen.

other side, the heater design is well suited for in situ X-ray diffraction experi-
ments. An enlarged exposure area enhances the diffracted X-ray intensity and

therefore lowers the resolution limit for phase detection.

Besides the geometrical aspect of the sensor, the material selection is crucial
for the performance of the method. Sensor parameters like the sensitivity, tem-
perature stability, mechanical stability and maximum heating rate are mainly
determined by the materials [97]. Various metals like Ni, Ag, Au and Pt were
tested in the past as a material for the heating strip [94]. In respect to the re-
quirements in this study, Pt with a Ti adhesion layer was selected. The main
reason for this is the superior temperature and oxidation stability of Pt [98].

The high melting temperature prevents the heating strip from microstructural
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changes. Besides this, the value of the optical emissivity in the infrared spec-
trum €p; =~ 0.2 is higher compared to the other metals [99-102]. This enhances
the accuracy of the temperature measurement via IR pyrometry during cal-
ibration. Finally, the comparatively high specific resistance of 10.7 pQcm™!
of Pt is preferential since a lower magnitude of the current pulse is required.
Thus, transient effects at the beginning and the end of the current pulse are
reduced [94, 103]. A Ti adhesion layer was used to prevent delamination of the
heater from the SiNyx membrane. It is reported that Ti is vulnerable to interdif-
fusion and oxidation [98, 104]. This was tackled by controlling the annealing
process, which resulted in a stable microstructure. For the membrane, amorph-
ous SiNy was selected. The combination of decent mechanical strength, good
heat conductivity (= 3.2 Wm™! K [20]) and the electrical insulating properties
make SiNy the best suitable material for the membrane. For a more detailed
discussion about the influence of the sensor geometry and the material selec-
tion, refer to related literature [76, 94, 105].

Table 3.2: Nanocalorimetry sensor layer thickness of SiNy, Ti and Pt. The actual thickness values
determined after the deposition deviate slightly from the targeted values.

SiNy membrane (nm) Heating strip (nm)
Target Actual Pt Ti
150 143 75 20
300 304 75 20
600 592 75 20
1000 - 75 20
1500 1494 75 20
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To ensure consistent characteristics, the sensors were fabricated in a stand-
ardized photolithographic process in cooperation with the Department of Mi-
crosystems Engineering (IMTEK, Albert-Ludwigs-Universitit Freiburg, Ger-
many). All process steps are based on the NIST (National Institute of Standards
and Technology, Gaithersburg, USA) recommendations for nanocalorimetry
sensor production Yi et al. [95]. As the first step, a double-sided polished sil-
icon wafer (d = 500 um) was used as substrate material for the thermal growth
of SiNy on the front- and backside of the wafer. Next, the front side of the
wafer was patterned in a photolithographic process to prepare the heater and
contact pad structure. Ti and Pt were deposited on the top of SiNy via E-beam
evaporation. After a lift-off step, the backside of the wafer was patterned with
the geometry of the sensor cavities. The free-standing SiNy was fabricated by
a two-step etching procedure. First, SiNy was removed by reactive-ion etching
(RIE) using CH3. Second, Si was removed by potassium hydroxide (KOH)
etching. As a final step, the sensors were glued on a supporting wafer for
transportation and separated with a diamond saw cutting. Six different types of
nanocalorimetry sensors were fabricated. An overview of the sensor types is
given in Table 3.2. For all sensors the thickness of Pt and Ti was held constant
at 75 nm and 20 nm respectively. The SiNyx membrane thickness was varied
between 150 nm and 1500 nm to tailor the sensor characteristics. As listed
in Table 3.2, the actual thickness of the SiNy deviates slightly from the target
value. Since the difference is negligible, the target values are used in the text

to identify the type of sensor (e.g. a 300 nm—sensor).

After fabrication, all sensors passed through a cleaning and annealing process.
For an accurate temperature measurement by IR pyrometry, a high surface
quality of Pt is required. Contamination of the surface would alter the IR
emissivity €p;, which would result in a temperature error in the sensor cal-
ibration.
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In order to avoid contamination, a defined sequence of cleaning steps were

applied:

1) Removal of the sensors from the support wafer (24 h in acetone)
2) Separation of the sensors

3) Dissolution of the remaining adhesive (3 h in acetone)

4) Cleaning with isopropanol (3 h)

5) Cleaning with deionized water (3 h)

6) Drying of the sensor in an airstream

All steps were conducted in a laboratory hood to minimize dust contamination.
After cleaning, all sensors were annealed. For optimal measurement condi-
tions, a stable microstructure of the Pt heater has to be ensured. Changes in
the electrical resistance during a nanocalorimetry scan by metallurgical effects,
like grain growth, would cause unfavourable errors in the temperature meas-
urement. Yi et al. [104] could show that the best results in terms of surface
quality and electrical resistance are archived when the sensors are annealed at
700 °C for 1 h in air. The quality of the Pt surface topology was verified using
scanning electron microscopy (SEM). Figure 3.2 (a) shows a decent surface
roughness indicating Ti oxidation at the surface. Oxidation is desirable since
this process stabilizes the surface condition. The cross-section of the Pt heater
prepared by focused ion beam (FIB) is depicted in Figure 3.2 (b). Void form-
ation and irregularities in the Ti-Pt interface results from interdiffusion and

consequent oxidation of Ti.

The stability of the Pt heater membrane was validated by electrical character-
isation of the sensor. Figure 3.3 plots V as a function of I of 10 individual
sensors with a SiNy thickness of 150 nm. Only minor variations were found
between individual sensors. At a low current level below 9 mA, the voltage
increases linearly with the current, which is characteristic for ideal ohmic beha-

viour. In this regime, a room temperature resistance Ry of 15.62 4+ 0.29 Q was
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Figure 3.2: (a) Surface of the Pt heating strip after annealing at 700 °C for 1 h in air. Extrusions
indicate oxidation of Ti. (b) Cross-section of the Pt heating strip with the SiNx mem-
brane at the bottom and the Ti adhesion layer in between. Void formation can is at-
tributed to the diffusion and oxidation of Ti.

Voltage (V)

Current (mA)

Figure 3.3: Voltage vs. current of 10 individual nanocalorimetry sensors with a membrane thick-
ness of 150 nm. The ideal ohmic behaviour is represented with a dashed red line.
Deviations from the linear behaviour are attributed to the resistance increase by self-
heating of the sensor.
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determined. Above 9 mA the slope of the V — I curve (= sensor resistance) con-
stantly increases. This is caused by self-heating of the nanocalorimetry sensor
and the associated increase of the resistance. This principle is later used for
temperature measurement. All resistance values of the sensors are summarised
in Table 3.3. Depending on tshe membrane thickness, Ry varies between 15 Q
and 25 Q. It can be expected that there is no direct influence of the membrane
thickness on Ryg. However, parameters like the Pt thickness may vary between
individual fabrication batches.Within one batch, the standard deviation of the

resistance is typically less than 0.5 Q.

Table 3.3: Room temperature resistance of the nanocalorimetry sensors

Batch # 1 Batch # 2 Batch #3
Membrane Ro (Q) Ro (Q) Ry ()
150 nm 15.48 4+ 0.37 15.62 + 0.29 16.0 + 0.33
300 nm 1595 +0.34 15.85 + 0.38 16.16 + 0.35
600 nm 19.85 4+ 0.68 - -
1000 nm 16.02 £ 0.67 - -
1500 nm 2594 +1.12 - -

A necessary condition for the reproducibility of nanocalorimetry measure-
ments are stable V — I characteristics for multiple successive measurements.
By applying 20 current pulses up to 80 mA, the electrical stability was evalu-
ated. Figure 3.4 plots the relative error of the resistance for successive pulses.
Discrete current values of 5, 20, 40 and 80 mA were selected for comparison.
For all current values, the corresponding resistance remains stable independent
of the number of experiments. Only stochastic scattering of less than 1% was
found. The more pronounced scattering at 5 mA is caused by the increased
noise vulnerability of the setup at low current values. This corroborates the

stable conditions of the Pt heater after annealing.

48



3.1 Nanocalorimetry and adaption to reactive materials

2.0

—&—5mA —®—40 mA
—=— 20 mA #—80 mA

j
SR
N

Resistance error (%)

-15

2.0 I I I I
5 10 15 20

Number of Experiments

Figure 3.4: The electrical stability of nanocalorimetry sensors. The voltage error based on the
first measurement was evaluated by multiple heating of one sensor. For all current
values, the error remains independent from the number of experiments below 1%.

3.1.2 Nanocalorimetry setup

The main components of the nanocalorimetry setup are: (i) the sensor, (ii) the
sensor XYZ-stage, (iii) the infrared pyrometer, (iv) the electronics and (v) the
vacuum chamber. A schematic illustration of the setup is depicted in Fig-
ure 3.5. To perform experiments under different atmospheric conditions (e.g.
air, vacuum or inert gas), all components besides the electronics are located
inside the vacuum chamber. The sensor is attached upside-down at the sensor
stage. The Pt heater is facing the IR pyrometer optics, which are located be-
low the stage. This enables a temperature measurement directly on the heating
strip, which is important for sensor calibration. The XYZ-stage allows the
manual alignment of the sensor to the focal point of the infrared pyrometer op-
tics. The Kleiber KG 740 — LO (Kleiber Infrared GmbH, Germany) broadband
IR device is used as a pyrometer. The spectral range between 1.58 um and
1.80 um allows measurement of the temperature between 300 °C and 1400 °C.
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Figure 3.5: Schematic drawing of the nanocalorimetry setup. The main components are the
nanocalorimetry sensor, the infrared pyrometer, the electronics and the vacuum cham-
ber.

One key advantage of the pyrometer is the maximum measurement frequency
of 167 kHz (= 6 ps). Thus, rapid temperature changes like they are character-
istic for AI/Ni multilayer reaction can be resolved. Another key aspect is the
small measuring spot diameter of 260 um. The focal point can be positioned
on the Pt heater (width = 500 um) without capturing erroneous IR radiation
from the surrounding. The pyrometer design allows the placement of the IR
optics (Kleiber LVA 25 S - 3) inside the vacuum chamber. The connection to

the auxiliary pyrometer electronics is realized with an optical fibre.

50



3.1 Nanocalorimetry and adaption to reactive materials

SMU + DAQ

Ve Vi ’ vV, A

Nanocalorimetry
sensor Lono

250
rﬁ [250—-
—(100] Switch
4.7 uF

= GND

10 Circuit board

Figure 3.6: The electric circuit of the nanocalorimetry setup.

The standardized KF40 tubing was chosen for the vacuum chamber to en-
sure compatibility with other experimental setups, like X-ray diffraction. A
turbopump in combination with a membrane pump (HiCube 80 Eco, Pfeif-
fer Vacuum Technology AG, Germany) is used to generate a vacuum with a
pressure of less than 6.3 - 107> mbar. However, measurements can also be

conducted under atmospheric conditions.

The electric circuit that controls and reads out the data from the sensor is illus-
trated in Figure 3.6. To perform a nanocalorimetry scan, a current pulse is gen-
erated with a source measuring unit SMU (PXIe-4138, National Instruments,
USA). The device operates in current-controlled mode with a peak current of
3 A (at 4 V), which is equivalent to 12 W. Current pulses with arbitrary shape
are generated with a maximum output frequency of 20 kHz (= 50 ps). The
sensor resistance is recorded with a four-channel 24 bit data acquisition mod-
ule DAQ (PXIe 4464, National Instruments, USA). This is done by measuring
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the voltage drop between VR+ and Vi in a 4-point measurement. The remain-
ing two channels V;" and V;~ of the DAQ are used for the current measurement
via a shunt resistor of either 2.5 Q, 10 Q or 20 Q (R.yror = 0.1 — 0.5 %). The
voltage data are recorded with a maximum frequency of 200 kHz (= 5 ps).
SMU and DAQ are installed in a rack equipped with a measurement computer
(PXIe 8820, National Instruments, USA). Both devices are internally syn-
chronized. The electrical contacting of the nanocalorimetry sensor is realized
using spring pins (F708-11-B-085-G-80; Feinmetall GmbH, Germany). The
spring deflection was held constant to ensure a reproducible contact resistance.
Single-wire coaxial shielded cables connect the spring pins with the circuit

board to prevent interference with external electromagnetic fields.

To perform experiments, a software program based on National Instruments
LabVIEW 2014 was developed. Figure 3.7 provides an overview of the in-
dividual software functionalities, namely (i) configuration of the temperature
pulse, (ii) import of the calibration data files, (iii) data acquisition and (iv) ex-
port of the result data file. The corresponding graphical user interface (GUI) is
shown in Appendix A.2. Prior to each experiment, the user defines the shape of
the temperature pulse by selecting the peak temperature, the heating time and
the cooling time. By entering a sensor identifier, values for the temperature
calibration T'(R), heat loss data Qy0ss and the heat capacity of the sensor Cp
(compare equation 3.1) are imported from a .xIsx file. Based on this, the cur-
rent /(¢) for the predefined temperature pulse is computed. The system is de-
signed to be externally triggered. This allows synchronisation with additional
measurement devices. The experiment is started when an externally generated
digital edge signal is detected. After the experiment, the collected U, I, R and

T data are automatically exported into a .txt file.
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Figure 3.7: Organizational scheme of the nanocalorimetry software comprising: (i) configuration
of the temperature pulse, (ii) import of the calibration data files, (iii) data acquisi-
tion and (iv) export of the result data file. After defining the temperature pulse and
the sensor identifier, the calibration parameters are loaded and the current pulse is
calculated.

3.1.3 Principle of measurement

Nanocalorimetry enables us to determine the fundamental thermodynamic
quantities of interest, namely the heat capacity Cp and the reaction power
Oy and characterizing a reaction pathway. The relation between these two

quantities is given by the basic equation of the heat balance

Cp- T= Qappl + le‘s + Qrct (3.1

Here, T is the temperature rate, Qappl the applied power and Qy,,, the heat

losses to the surrounding. The right side of the equation summarizes all types
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of heat fluxes in the system. If Qa,,pl + Ojoss + Orer = 0, the heat fluxes are
balanced and the temperature of the system remains constant (7 = 0). Con-
versely, if an exothermic reaction takes place, Qppi + Qloss + Orer > 0 and the
temperature increases. The Q, ppl N equation 3.1 can be directly determined in
a nanocalorimetric scan via the current and the voltage signal V =V —Vy . It

is given by

Qappl =V-I (3.2)

The O}, in non-differential nanocalorimetry is determined by a nanocalori-
meter scan at low heating rates, less than 20 Ks~! [7]. The basic idea is that at
low heating rates, the left side of equation 3.1 approaches zero because 7' ~ 0.
In the absence of endothermic or exothermic reactions, like it is the case for

reacted samples, Q,; equals zero and the heat losses are given by

Qloss = Qappl (3.3)

It is assumed that Qj,; is not a function of the heating rate, which is valid in

the given heating rate regime.

The following analysis considers two cases. In the first case, a non-reactive
sample is considered where Q,., = 0 and Cp is the only quantity unknown. In
the second case of a reactive sample, both quantities of interest Qm and Cp are

unknown and have to be determined simultaneously.
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Non-reactive case: Q,,, =0

In the absence of endothermic and exothermic reactions, equation 3.1 is sim-
plified and Cp is directly given by

o Quppl — Qloss

C
P T

(3.4)

This case applies if there is no phase transition in the sample present or if an
empty nanocalorimetry sensor is tested. An example of the latter case is presen-
ted in Figure 3.8 and 3.9. A 300 nm sensor was heated with a constant rate of
4,830 Ks~! to a peak temperature of 673 °C. The corresponding temperature
signal (black line) and heating rate (red line) signal is shown in Figure 3.8 (a).
The Qjpss and Qgppr vs. T data are plotted in Figure 3.8 (b). The difference
between both power contributions is attributed to the thermal power which is

required to fill up the heat capacities.
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Figure 3.8: Determination of the heat capacity in the non-reactive case. (a) An empty sensor is
heated with 4,830 Ks~! to a peak temperature of 672 °C. (b) The heat losses Qs are
characterized by a subsequent second nanocalorimetry scan at 20 Ks~!.
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Figure 3.9: Heat capacity of an empty nanocalorimetry sensor with a membrane thickness of a
300 nm.

By applying equation 3.4, the heat capacity of the empty sensor can be calcu-
lated. The resulting Cp vs. T signal is plotted in Figure 3.9. The heat capacity
is nearly constant over the whole temperature range, which is reasonable since
no transition is expected. The transient regime below 150 °C is caused by de-

viations of the heating rate from the set value at low temperatures.
Reactive case: Q,., 7# 0

In the case of reactive samples, the previously described methodical approach
has to be modified. To determine Cp and Q,« simultaneously, a new method
was developed [54]. A schematic overview of the method is given in Fig-
ure 3.10. The basic idea is that the heat capacity can be split into individual

components:

Cp = Cpsensor + CP,sample + CP,rCt (3.5)
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Figure 3.10: Overview of the nanocalorimetry data analysis procedure developed in his study.
According to equation 3.1, Cp and Q,., cannot determined simultaneously. In the
first step, the quantities O}, and Cpsam ple are measured by applying an additional
nanocalorimetric scans. In a second step, Cp is determined in a temperature regime
where no reactions take place (7' < 200 °C). Finally, Q,; is calculated.
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Figure 3.11: Heat capacity and power calculations in an exemplary nanocalorimetry experiment
with a 10 at.% Ni sample heated with 10* Ks~!. (a) To calculate the Cpjners (dashed
black line) the signal is splitted into the Cpsensor and Cp sqmpre components. Based on
this, Cpnerr is calculated for the whole temperature regime. (b) By applying equation
3.6 the Oy (red line) is calculated. The remaining power contribution Qjoss, Qappi
and Cp - T are plotted for comparison

Here, Cpsensor is the heat capacity of the nanocalorimetry sensor, Cp sqmpie is the
heat capacity of the sample and Cp,, the heat capacity change associated with
exothermic or endothermic reactions. By defining the reaction-independent
heat capacity Cp ., the reaction power can be calculated based on the heating

rate signal:

Qrct = Qappl_CRinert T — Qloss (3~6)

with

CRinert = CRsample + CRsensor (37)
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To determine Cpn.r, a new approach is presented where different temperature
regimes of the reaction are used. Below a critical temperature no exothermic
reactions are expected and Cpj,err can be measured directly. In case of AI/Ni
reactive samples this temperature is below 200 °C [7, 11, 20, 77]. The heat ca-
pacity can be directly determined using the non-reactive equation 3.4. A typical
Cp curve for a 2 uym sample with a Ni content of 10 at.% on a 150 nm sensor
is shown in Figure 3.11 (a). The solid black line represents Cp, whereas the
dashed black line represents Cpjners. Above temperatures of 200 °C, Cpners 1S
not directly accessible because of the influence of exothermic reactions, which
causes an additional contribution Cp,.;. To get Cpyer; in this temperature re-
gime the curve characteristics are calculated based on the physics of the system.
Because of the non-linear temperature dependency of Cp, e/, a sSimple numer-
ical extrapolation may cause a significant error. Therefore, the equation 3.7is
used to determine Cpjners ON the base of Cpsensor and Cpsampie. First, Cpensor
is measured by a separate nanocalorimetric scan of a similar sensor without
sample. The resulting Cp geps0r curve is illustrated with a dashed brown line in
Figure 3.11 (a). To exclude an erroneous influence of the heating rate on the
heat capacity, the equal temperature curve as in the nanocalorimetric scan with
a sample is applied. Second, the temperature-dependent curve characteristics
(slope) of Cpampie (dashed purple line) is calculated using thermodynamic lit-
erature data of Ni and Al [106]. For a complete description of Cpgumpie the
y-axis interception (= weight-dependant heat capacity) is required. Therefore,
the y-axis interception is determined by adjusting the calculated Cp g4,pie Curve
to the experimental data in the non-reactive temperature regime (T < 200 °C).
Based on Cpgumpie and Cpsensor, Cpiners can be calculated for the whole tem-
perature regime. Finally, equation 3.6 can be applied to calculate Q,. in de-
pendence of the temperature. The resulting Q,.; signal is shown as a red line
in Figure 3.11(b). The reaction starts at 350 °C, indicated by a decrease of the
reaction power. Beside Q,., the remaining power contributions Qappl (black
line), Qjys (blue line) and Cp(T) - T (black line) are complementary plotted in
Figure 3.11.
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It has to be noted that an alternative method is reported in the literature which
exploits the non-reversibility of the Al/Ni reaction. By performing a nanocalor-
imetric scan after the reaction (baseline scan), O, can be determined [11, 91].
Since the irreversible reaction is completed after the first heating scan, 01t =0
in a subsequent temperature scan. The difference AT between both scans al-
lows to cancel out O, and Cp and calculate Q,.;. However, the high heat-
ing rates of runaway reactions in the present study induce the rupture of the
sensor membrane during the reaction. This impedes the measurement of a post-
reaction baseline scan. Most likely, this can be attributed to residual stresses
arising in the comparatively thick samples of 1-2 pm.

Postprocessing of the raw data is crucial for the determination of Cp and Qm in
a nanocalorimetry measurement. In particular, the determination of 7" is highly
sensitive to measurement noise. Smoothing routines are therefore crucial to
maintain sufficient data quality. Since the smoothing of data always entails the
loss of information, a certain effort has been made to optimize the process in
this study. A standard Moving Average (MA) smoothing algorithm is com-
pared to an optimized Dynamic Smoothing (DS) procedure. The main focus
was the reduction of the measurement noise, while fast variations of the signal
like they are characteristic during runaway reactions are reproduced accurately.
Figure 3.12 shows a representative data set with a gradual increase of the tem-
perature at the beginning, followed by a steep increase. It is evident that the
MA algorithm fails at rapid temperature changes. Even for a reduced window
size of 25 points, MA cannot reproduce the temperature data. The smoothed
temperature curve is shifted to higher values and errors up to 20 °C occur. This
makes an alternative approach inevitable. DS is based on a moving average

algorithm, with a dynamically adjustable window size:

1 n—1
Tps(t) = - Y T(t—i) with AT < Trig UA <oy (3.8)
i=0
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Figure 3.12: Smoothing of a nanocalorimetry temperature data set. A dynamic smoothing al-
gorithm with adjustable window size (DS) is compared to a standard moving aver-
age (MA) procedure. Whereas DS shows a good performance for low heating rate
regimes as well as rapid temperature changes, MA fails in the case of the latter one.

Here T is the temperature, n the dynamically adjustable window size, T;,;; the
maximum temperature change and 7., the maximum duration per smoothing
window. T, is defined so that it is well above the typical measurement noise.
Below this limit, data points in a fixed time interval of typically 30 us are
averaged. If the limit is exceeded, the window is reduced to maintain the tem-
perature criteria. In the case of very fast changes in the signal, all data points
are taken to prevent the loss of information. Figure 3.12 proves the superiority
of DS (red curve) at low heating rate regime as well as at fast temperature

changes compared to ordinary smoothing procedures like MA.
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3.1.4 Temperature calibration

The accuracy of the nanocalorimetry device is mainly dependant on the accur-
acy of the temperature measurement. Since the temperature is measured via
the sensor resistance, the 7 (R) calibration curve has to be determined. For this
purpose, IR pyrometry was used to measure the heating strip temperature of
the sensor [96]. Pyrometry was chosen since alternative methods like Raman
spectroscopy [107] or calibration in a furnace [108] have the disadvantage of a
low temperature accuracy or high time effort for calibration. This section first
describes the calibration of the IR pyrometer, followed by the determination
of the T'(R)-sensor calibration curve. All calibration steps are summarized in
Figure 3.13.

In the first step, the IR pyrometer device was calibrated. This is required since
pyrometry is based on the measurement of the IR radiant power emitted from
the material surface. The relation between radiant power Q,,4 and T is given

by the Stefan-Boltzmann law of radiation

Orad = €(T)-0-A-T* (3.9)

where £(T') is the emissivity as a function of the temperature, ¢ the Stefan-
Boltzmann constant and A the emitting surface area. Based on findings from
the literature, the Pt emissivity is about 0.2 [99, 101, 102]. However, numer-
ous parameters like surface roughness, surface contamination or oxidation may
influence €(T'). This impedes the usage of a general value for € and makes cal-
ibration inevitable. In the following, instead of the physical quantity Q,4q, the

output voltage Vjz o of the pyrometer is used.
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Figure 3.13: Overview of the calibration procedure for nanocalorimetry sensors. The T (R) cal-
ibration is done by infrared pyrometry. Since pyrometry is vulnerable to surface
conditions, an initial calibration of the pyrometer is performed.

The relation between Vig o and temperature is given by

‘/IR,ONCS'T Wlth Cg:S(T)GA (310)

where the coefficient C; summarizes all material and measurement parameters.
The calibration setup shown in Figure 3.14 (a) was used to determine C¢. The
pyrometer optics is located above a custom-made heating stage. The sensor is
placed on the top of the stage, covered by a metal plate to minimize temperature
inhomogeneities. As shown in Figure 3.14 (c), a metal shielding with a centred

hole is placed between the heating stage and optics. The temperature of the
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Figure 3.14: Experimental setup for the IR pyrometer calibration. (a) The pyrometer optics is
placed above a nanocalorimetry sensor on the heating stage. The focal distance is
equivalent to the application in the nanocalorimetry setup. (b) Two thermocouples
at the top and the bottom of the sensor are used to record the sensor temperature. (c)
To avoid heating of the pyrometer optics metal sheets are placed above the heating
stage.

sensor is measured with two Ni-Cr (Type K) thermocouples. As depicted in
Figure 3.14 (b), the thermocouples are placed below and above the sensor.
Care was taken that the thermocouples were in direct contact with the sensor
surface to minimize temperature errors. Since the thermocouples are placed in
a hot surrounding, dissipation of heat through the sensor wiring and thereby a
wrong temperature measurement can be excluded. Prior to the calibration run,
the Pt heating strip of the sensor was carefully aligned with the focal point of
the pyrometer.

For each calibration run the temperature of the heating stage was increased with
arate of 2-3 Ks~! to a peak temperature of 700 °C. The resulting T (Virp) sig-
nal (black line) of the Pt heating strip is plotted in Figure 3.15. Above 400 °C,
there is a almost linear dependency between T and Vig . A slight oscillation
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Figure 3.15: The temperature vs. the output voltage of the Pt heating strip obtained by IR pyro-
metry. The raw data (black line) is approximated by a 9"-order polynomial function
(dashed red line). To compensate for the deviation from the reference measurement
(= melting point of Al nanoparticles with 7, = 660 °C) the polynomial function was
linearly corrected (blue line).

of less than 2 °C was observed. Most likely, this was caused by the non-linear
characteristics of the pyrometer electronics. For further data processing, the
dataset was approximated with a 9"-order polynomial function (R? = 0.99987).
Tests have shown that a high-order polynomial function is most suitable to re-
produce the device-specific waviness of the calibration curve. All sensors were
calibrated in a temperature range between 290 °C and 700 °C. It was found that
the majority of the sensor types have equivalent T (Viz o) characteristics. Only
sensors with a membrane thickness of 1000 nm showed a 1.7% higher output
voltage. To take this into account, this type of sensor was calibrated with a
separated set of fitting parameters. Next, the obtained T (Vg o) was validated
by melting experiments of Al nanoparticles (purity: 99.99%; d = 100~150 nm).
In Figure 3.15 the resulting output voltage at 660 °C is marked with a black

circle. It is evident that the melting temperature of Al is underestimated by
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55 °C. To compensate for this error, the linear term of the polynomial function
was corrected to match the melting temperature of Al. With a linear correc-
tion, the temperature error at the melting point of tin was found to be the
lowest (see Figure 3.13). The resulting calibration curve is shown as a blue
line in Figure 3.15. This systematic error is most likely caused by the size of
the pyrometer focal point, which is considerably larger than the manufacturer’s

specifications. The corresponding measurements are shown in Appendix A.7.

Followed by the pyrometer calibration, the sensor T(R) calibration is determ-
ined. For this purpose, the nanocalorimetry setup as shown in Figure 3.5 is
utilized. The sensor is heated by a current pulse with a duration of 0.4 s,
while the temperature is tracked in the measurement range of the pyrometer
between 285 °C and 700 °C. For better statistics, three consequent heating
scans were applied. The resulting 7-R curve of an 300-nm-sensor is plotted in
Figure 3.16(a). Prior to each scan, the sensor was aligned with the focal point
of the pyrometer optics using the XYZ-stage. As shown in Appendix A.6, A.7
and A.8, misalignment in the x-,y- or z-direction may cause a significant tem-
perature error. The dataset is fitted with a 2"4-order polynomial function with a
complementary boundary condition of Ry at Tgy (green line). Compared to the
linear fitting (R = 0.966) represented by a red line, the 2nd-order poly fitting
shows a a better match with the dataset (R> = 0.994). Non-linear T'(R) beha-
viour was also observed in other studies where an equivalent sensor design was
used [95, 96]. This T (R) calibration is performed on each sensor. Variations in
the MEMS fabrication process (e.g. the Pt film thickness) result in deviations
in the electrical response of the sensors.

The accuracy of the final Trr was validated by melting experiments of Sn
nanoparticles. Particles with a purity of 99.5% Sn and a particle diameter
of <100 nm were chosen. For this purpose, 6 randomly selected nanocalori-
metry sensors with a SiNy membrane thickness between 135 nm and 1000 nm

were taken. The nanoparticles were manually positioned in the active area
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Figure 3.16: (a) The resistance-temperature calibration of a nanocalorimetry sensor
(SiNgx = 300 nm). The black rectangle represent the IR pyrometry temperat-
ure data. (b) The temperature accuracy of 6 randomly selected sensors with a
membrane thickness of 150 - 1000 nm were evaluated. For this purpose reference
melting temperatures of Sn (7, = 231.9 °C) and Al (7,, = 660.3 °C) nanoparticles
were taken. A maximum stochastic error of 5.8 °C for Al was determined. The
systematic error is less than 0.6 °C.

of the sensor. Care was taken that the particles were evenly distributed for a
uniform melting behaviour. Prior to the calorimetric scan, the sensor was care-
fully heated in vacuum to melt the nanoparticles. Fast heating in air would
provoke exothermic oxidation leading to a failure of the sensor membrane.
The resulting melting temperature determined by nanocalorimetry is shown
in Figure 3.16 (b). The Al melting experiments are also included. For Sn
(T, =231.9 °C), an average melting temperature of 231.3 + 2.4 °C was meas-
ured. For melting of Al (7}, = 660.3 °C) the temperature was 660.3 + 5.8
°C. This is an excellent match with the literature values (AT < 0.6°C). In both
cases, the stochastic error depicted with the grey shaded area is less than 5.8 °C.
This might be explained by the temperature resolution of the IR pyrometer and
minor variations of the surface conditions of the Pt heater.
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3.1.5 Thermodynamic characterization of the
nanocalorimetry sensors

For an accurate thermodynamic investigation of the transformation behaviour
of a sample, the sensors have to be thoroughly characterized. The demands
on accuracy in the case of non-differential nanocalorimetry are mainly related
to an accurate assessment of the heat losses. A ’heat leak’, which describes
an undetected heat flow in the system, must be excluded [109]. Additionally,
the thermodynamic quantities of the sensor are required to calculate the tem-
perature pulse used for the experiment. To ensure a nanocalorimetric scan at
a constant heating rate, Qs and Cp of sensor and sample have to be pre-
cisely determined. Aside from these methodical aspects, the latter can be
used to understand how alterations of the sensor, e.g. membrane thickness,
will potentially affect the transformation kinetics of reactive materials [110].
The adjustment of the thermodynamic boundary conditions by the membrane
thickness is one pathway to study this phenomenon and potentially tailor the
reaction kinetics. The first part of the section deals with the heat losses of
nanocalorimetry sensors. The second part focuses on the characterization of
the heat capacity.

First, the influence of the sensor membrane thickness on the total Qloss was
characterized. This was done by heating and cooling the sensor at a low heat-
ing rate of 20 K's ™! so that Q1 = Qjoss (compare Section 3.1.3). In this study,
three subsequent temperature ramps were performed to guarantee a sufficient
database for Q},,. To avoid errors, only sensors of the same fabrication batch
were taken to determine Q.. For further processing, the raw Q,, data were

parametrized using a 4M-order polynomial function.

Figure 3.17 (a) plots the heat losses as a function of temperature in vacuum
< 103 mbar). The sensor membrane thickness varies between 150 nm and

1500 nm. Each curve is based on the O, data of three different sensors.
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Figure 3.17: (a) The heat losses Qs of nanocalorimetry sensors in vacuum. The membrane thick-
ness was varied between 150 nm and 1500 nm. Qy,,, increase with membrane thick-
ness. Above a temperature of 300 °C the Qy,,, deviates from linear behaviour. (b) The
heat losses of a 300 nm-thick sensor in air compared to vacuum. For each curve, three
measurements were taken. The heat losses in air are about 10 times higher compared
to vacuum.

It was found that for all membrane thicknesses under consideration, Q;,,, in-
creases with temperature. At low temperatures, there is a linear increase of
Qjoss- If the sensors exceed a temperature of ~300 °C, Oy, deviates from
the linear behaviour, indicating the activation of an additional heat loss mech-
anism. With increasing sensor membrane thickness, higher values for Q)
were found. This points to a correlation between membrane thickness and heat
losses.

Figure 3.17 (b) plots Q;,ss of a 300 nm-thick sensor in vacuum and in ambient
air (T, = 25 °C). It was found that Qy,y, in air is about 10 times higher than
under vacuum conditions. Especially at temperatures < 200 °C the differences
between both atmospheres are pronounced. This corroborates that the heat
losses of nanocalorimetry sensors are dominated by the atmospheric condi-
tions.

69



3 Methods

For a more detailed understanding, the heat losses were split into their indi-
vidual components. In general, there are three different heat loss mechan-
isms in nanocalorimetry sensors: (1) heat conduction through the membrane,
(2) emission of infrared radiation and (3) convection by the surrounding atmo-

sphere [92, 111-114]. The overall heat losses are given by

Qloss = Qcond + Qrad + Qconv (3.1 D

where Q,ng are the conductive heat losses, Q,,; are the radiative heat losses
and Qcony the convective heat losses. The individual components themselves
can be described physically or numerically. The conductive heat losses are

given by

Qcond = Keona - AT = (kcond ’Ac) ‘AT (312)

where k..,q 1s the thermal conductivity of the material, A, the cross-sectional
membrane area surrounding the active area of the sensor and K,,,,; the thermal
conductivity coefficient. The radiative heat losses are given by the Stefan-

Boltzmann law

de:Kmd'T4: (GB'AS-8)~T4 (3.13)

where op is the Stefan-Boltzmann constant, A the area of the emitting surface,
€ the surface emissivity and K,,; the average emissivity coefficient of the sur-
face. In the case of the convective heat losses, a numerical description with
a 4™ order polynomial equation was chosen. The reason for this is the com-
plex nature of convection in air, which can only be described inadequately by

analytical equations [109]. The convective heat losses are given by
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Qcanv = Kconv.,l + Kconv,Z AT + Kcanv,S . ATZ"’
Kcanv,4 : AT3 + Kconv,S . AT47 (3 14)

where K ony,1—Kcony,s are numerical convection coefficients and AT the relative
temperature difference between sensor and surrounding. To split Qy,y, into
their components, Qcong + Qraq (equation 3.12 and equation 3.13) was fitted
to the vacuum heat loss dataset. This is based on the assumption that Opss 1N
vacuum is only composed of conductive and radiative components, which is
reasonable at a pressure below 107> mbar. In a second step, the experiments
were repeated in air. To determine the convective heat losses, the previously

determined conductive and radiative heat losses were subtracted:

Qconv = Qloss - Qcond - Qrud~ (3' 15)

The individual components of Qs for nanocalorimetry sensors with a mem-
brane thickness between 150 nm and 1500 nm are shown in Figure 3.18 (a)-(c).
Each curve is based on three randomly selected sensors. The corresponding
values for K, ,,4, Kyaq and K., are summarized in Table 3.4. The radiative
heat losses in Figure 3.18 (a) show no systematic dependence on the sensor
membrane thickness. This finding is in good agreement with equation 3.13,
which states that O, is independent of the membrane thickness. Instead, Orad
scales only with the size of the heated surface area and the temperature. Up to
a temperature of 300 °C there is almost no contribution of radiation to Q;ys.
At elevated temperatures, the radiation contribution increases rapidly with a
T*-dependency. Between different membrane thicknesses, only minor differ-
ences of Q.4 were found. In contrast, Q.,ng plotted in Figure 3.18 (b) shows a
systematic influence of the membrane thickness of the sensor. Since the lateral

dimensions are equal for all types of sensors, only the increase in thickness
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Figure 3.18: The individual heat loss components of nanocalorimetry sensors with a membrane
thickness between 150 nm and 1500 nm. (a) The radiative heat losses show a T*-
dependency of the temperature. (b) In contrast, the conductive heat losses increase
with membrane thickness. (c) The convective heat losses are not dependent on the
membrane thickness. (d) The slope of the conductive heat loses scale linearly with
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Table 3.4: Conductive, convective and radiative heat loss coefficients of nanocalorimetry sensors
with different SiNy membrane thicknesses d.

Heat loss mechanism Coefficient Value

Radiative Kyud 9.8840.0000143) x 10~ !

Conductive Keond 1 7.61+1.67)x 1073
Keond2 5.9840.35) x 1075 xd

Convective Keom 7.1242.81) x 1077

4.20+0.000000158) x 10~*
3.65 +0.000000237) x 1077
1.7540.000000117) x 10710

Kconv,S

(
(
(
(=
Kconv,Z (2 18+0. 389) x 1078
(
Kconv74 (
(

Kconv,ﬁ

contributes to the heat losses (compare equation 3.12). By plotting the slope as
a function of the membrane thickness, as shown in Figure 3.18 (d), the linear
dependency of the thickness is obvious. Because the membrane thickness can
be accurately controlled in the manufacturing process, this parameter is most
suitable to tailor the heat losses of nanocalorimetry sensors. Finally, the con-
vective heat losses depicted in Figure 3.18 (c) begin to rise from Tgy on. The
linear coefficient K,y in equation 3.14 dominates the functional dependence
of Qcony. Within the standard deviation, no differences between the various
membrane thicknesses could be identified. For all types of heat losses, the
standard deviation within one membrane thickness batch lies within the meas-
urement uncertainty of the method. This confirms the reproducibility of the

experimental conditions under air.

For a better visualization, the fractions of Q,ug, Qcong and Opony Of the total
Q)oss are shown in Figure 3.19. Here, exemplarily a 150 nm sensor was chosen.
As shown in Figure 3.19 (a), the heat losses under vacuum conditions are dom-

inated by conduction through the sensor membrane. Below 300 °C, Orad hardly

73



3 Methods

100 100
(@ Conduction (b) Convection
. 80 F __ 80
%] [}
o 60 o 60 [
%] [%2]
o o
- )
% 40| % 40
(] [}
T T
20 20 - Conduction Radiation
Radiation
1 1 1 1 1 1 1 L 1 1

100 200 300 400 500 600 700

Temperature (°C)

100 200 300 400 500 600 700
Temperature (°C)

Figure 3.19: The proportion of the conductive, convective and radiative heat loss components ex-
emplary for a 150 nm-thick nanocalorimetry sensor. (a) Conductive heat losses are
dominating in vacuum. (b) In air, conduction and convections have a minor impact
and hardly exceed 20% of the total heat losses.

exceeds 10%. The proportion is rising up to ~50% at a temperature of 700 °C.
The same measurement in air is depicted in Figure 3.19 (b). The comparison
reveals the minor role of conduction as well as radiation when convection is
present. Over the whole temperature regime, both components hardly exceed
20% of the total losses. The air circulation by convection is an efficient way

for the heat transport from the sensor to the surrounding.

Besides the heat losses, the second thermodynamic quantity which character-
izes nanocalorimetry sensors is the heat capacity. Nanocalorimeric scans at a
constant heating rate of 5- 103 Ks~! were performed to determine Cp. For this
purpose, the non-reactive analysis (empty sensor or non-reactive sample with
Q. = 0) procedure described in Section 3.1.3 was applied. Since the Cp signal
in Figure 3.9 shows only a negligible temperature dependency, a representative
value of Cp was determined by averaging between 200 °C and 700 °C. The
resulting heat capacity as a function of the membrane thickness is plotted in
Figure 3.20. The blue rectangles represent the heat capacity of the sensor in
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Figure 3.20: Heat capacity Cpsensor Of nanocalorimetry sensors as a function of the mem-
brane thickness. A linear increase of the Cpensor is detected with increasing
thickness of the sensor membranes. In case of air, Cpensor is increased of about
2.2 4 0.2 pJK~!. This can be attributed to the heat capacity of the surrounding air.

air Cpensorair and the black rectangles represent the heat capacity in vacuum
Cpsensor,vac- Bach data point is calculated using individual Cp values of three
different sensors. Each data set was approximated by linear curve fitting. The
y-axis intercept By and the slope B; of the fitting curves are summarized in
Table 3.5. Independent of the atmospheric conditions, Cp scales linearly with
the membrane thickness. Hence, the heat capacity increases proportionally to
the volume of the active area of the sensor. In the case of air, Cpsensorair 1S
shifted to higher values.

The difference between Cpensorair and Cpsensor.vac Plotted in brown rectangles
shows a behaviour independent from the membrane thickness. A heat capacity
of Cp of 2.2 4 0.2 WK~ ! was determined. The most likely explanation is that
the surrounding air, which is in direct contact with the sensor, is also heated

causing an additional contribution of Cp. Since Cp defines the thermal inertia
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of the sensor (see equation 3.1), thinner membranes enable higher heating rates.
Practically, even for membrane thickness of 1,500 nm and a sample thickness
of 2 um (see Section 3.1.6), heating rates well above 10* Ks~! were archived.
It should be noted, that no temperature dependency of Cp was observed. As it
can be seen from the Cp signal shown in Figure 3.9, the heat capacity is almost

constant over the entire temperature range.

Table 3.5: Heat capacity coefficients

Atmosphere Coefficient Value
Air BO,air 2.68+0.17

B\ ir (8.5040.28)-1073
Vacuum Bo,vac 0.64+0.12

Bl vac (8.2140.12)-1073

Besides empty sensors, sensors with samples were calibrated. The results
are not shown here since the sample has only a negligible influence on the
heat losses. The relationships, as shown in Figure 3.18, are also valid for
sensors with a sample. However, the temperature ramps to determine Q;;
were slightly modified. First, the sample was heated to 700 °C to ensure that the
reaction of Al/Ni is completed and no 0, affects the measurement. Second,
a lower limit of the temperature ramps of 150 °C was set to prevent the sensor
membrane from failure. The failure of the sensor membrane during cooling
was typically observed during the calibration of sensors with samples. Most

likely, this is caused by intrinsic stresses inside the reacted Al/Ni sample.
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3.1 Nanocalorimetry and adaption to reactive materials

3.1.6 Sample deposition

The Al/Ni multilayer samples were deposited using magnetron sputtering. This
physical vapour deposition technique allows the fabrication of thin-films with
a defined layer thickness directly on the nanocalorimetry sensors. A detailed
description of the method can be found in Kiyotaka et al. [115]. Most of the
samples in this study were fabricated in cooperation with the Institute for Ap-
plied Materials-Applied Materials Physics IAM-AWP, Karlsruhe Institute of
Technology KIT, Karlsruhe). For this purpose, a Leybold Z 550 magnetron
sputter coater (Leybold GmbH, Germany) was applied. The corresponding
deposition parameters are summarized in Table 3.6. In the deposition process,
Al and Ni targets with a purity of 99.999% were used. High purity Ar with a
base pressure of 2-10* Pa served as sputter gas. The Al and Ni layers were
deposited with a growth rate of 0.35 nms~! for Al and 0.65 nms~! for Ni.
Figure 3.21 shows a optical microscopy image of an Al/Ni sample deposited
on a 150 nm-thick nanocalorimetry sensor. The sample is deposited on the
backside of the sensor to avoid electrical contact with the Pt heating strip. Care
was taken that the sample size was restricted to the *active area’ of the sensor.
For this purpose, a shadow mask was developed. Prior to all deposition runs,
the deposition rate was calibrated with a Si wafer as a substrate material to
ensure the accuracy of the thin-film thickness. Besides the deposition at the
TAM-AWP, selected multilayers were fabricated in cooperation with the Weihs
group at the Johns Hopkins University (JHU, Baltimore, USA). These samples
differ in chemical composition. For fabrication reasons, instead of pure Ni,
Ni with 7 wt.% V was used as target material. Since 7 wt.% V may have an
impact on the reaction mechanism, this type of multilayer was only used for
investigations of the heat losses on the reaction kinetics. The deposition para-

meters used are summarized in Table 3.21.
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Pt heating strip

Figure 3.21: Optical microscopy image of an Al/Ni multilayer sample deposited on a nanocalori-
metry sensor. For positioning of the sample a shadow mask was used.

Table 3.6: Parameters for the magnetron sputter deposition of the Al/Ni multilayer samples

Parameter IAM-AWP @ JHUP
Device Leybold Z 550 Custom-build
Target size 8in 10 x 5in
Materials Ni, Al Ni(V), Al
Power Al: 250 W Al: 570 W
Ni: 300 W Ni(V): 250 W
Base pressure 21074 Pa 3.3-10~* mbar
Ar pressure 4.107! 2.3-107% Pa

2 KIT, Institut fir Angewandte Materialien - Angewandte Werkstoffphysik (IAM-AWP)
b Johns Hopkins University, Mechanical Engineering, Weihs Lab
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3.1 Nanocalorimetry and adaption to reactive materials

The overall composition of the Al/Ni multilayers was varied between 5 at.%
and 25 at.% Ni. At 25 at.% Ni, the concentration is equivalent to the stoi-
chiometric composition of the L1, Al3Ni compound with a formation enthalpy
of -38 kJ (mol at)™! [74]. With this composition, a critical energy density of
about 1-10% kJem ™3 [6] for ignition of the sample was targeted. The Ni con-
tent was gradually reduced to 5 at.% Ni, to control the reaction kinetics and to
reduce the peak temperature of the reaction. In this way, the phase formation

kinetics can be potentially changed.

To study the influence of the multilayer geometry, the total film thickness and
bilayer thickness were systematically varied. An overview of the sample para-
meters is given in Table 3.7. The first row shows the composition of the sample.
The corresponding thickness of the individual Al and Ni layer is given in the
second row. In the first column, the nanocalorimetry membrane thickness is
enlisted. In the other rows, the total sample thickness in nm is given. Samples
indicated with an * symbol were deposited using a Ni(7 wt.% V) sputter target.
Samples with either pure Ni and Ni(7 wt.% V) are indicated with an © sym-
bol. All samples were deposited with a total thickness of either 1 um or 2 um.
This is equivalent to a sample mass of 7-14 ug. This brings two advantages
compared to other nanocalorimetric studies [7, 11, 20, 77] where the sample
thickness is 7-20 times lower. First, the exothermic heat of the reaction is
sufficient to initiate a runaway reaction of the Ni/Al sample. Second, since in
situ synchrotron experiments are performed (see Section 3.2), thicker samples
enhance the diffracted X-ray intensity and allow measurements with increased
temporal resolution in X-ray experiments. The thickness of the Ni layer was
either 15 nm or 30 nm. Thinner layers would cause peak broadening in X-ray
diffraction studies [48]. With regard to the overall sample composition, this
results in a bilayer thickness A =448 nm (=5 at.% Ni), 220 nm (= 10 at.% Ni),
144 mm (= 15 at.% Ni), and 166 nm (= 25 at.% Ni). In addition, samples
were prepared with A = 83 nm (= 25 at.% Ni) to study the effect of the bilayer

thickness. Figure 3.22 shows a representative image in cross section of a AI/Ni
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Figure 3.22: Cross-section (scanning transmission electron microscopy) of a 25 at.% Al/Ni
multilayer sample with a Ni layer thickness of 30 nm and an Al layer thickness of
136 nm. The sample was deposited by magnetron sputtering.

multilayer sample on a nanocalorimetry sensor (here 30 nm Ni, 136 nm Al,
15 at.% Ni). The bright layers represent Ni and the dark layers Al.

In order to restrict the lateral sample size to the active area of the sensor, a
shadow mask was developed. A non-magnetic stainless steel disc with a dia-
meter of 150 mm serves as a baseplate. As shown in Figure 3.23 (a) 24 cavities
for the positioning of the sensors are radially arranged on the backside of the
plate. On the front side of the plate, openings for the incoming ion flux are
provided. The geometry of the opening is illustrated in Figure 3.23 (b). It was
found that the incidence angle of the incoming ion flux is 43 & 4°. In order
to restrict the lateral dimension of the sample to the size of the active area of
the sensor (3.7 x 0.5 um), the distance between the opening of the mask and
sensor membrane had to be minimized. However, the contact between mask
and membrane has to be excluded to avoid failure of the membrane. This prob-
lem was solved by spot welding 100 pm-thick metal sheets onto the baseplate.

The sheet openings with a width of 500 um were fabricated by sink erosion. As
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Figure 3.23: Shadow mask for nanocalorimetry sample deposition. (a) The shadow mask plate
has 24 radially arranged cavities for sensor positioning. (b) Cross-section of the
mask opening. The lateral dimension of the sample is restricted to the heating strip
of the sensor. The technical drawing of the shadow mask is shown in Appendix A.3.

a result, a constant distance of 121 & 30 pm between membrane and mask was
achieved. Prior to deposition, each sensor was optically aligned to the mask
opening and mounted with Kapton tape.

In summary, for the first time, nanocalorimetry has been adapted to the spe-
cial requirements posed by runaway reactions in reactive multilayers (see Sec-
tion 3.1.1). This includes a modular setup, which enables the adaption to in
situ synchrotron measurements (see Section 3.1.2) and the extension of the
method to um-thick samples (see Section 3.1.6). A new analysis method, espe-
cially for non-reversible runaway reactions, was developed (see Section 3.1.3).
Additionally, an extensive temperature (see Section3.1.4 and thermodynamic
characterisation (see Section 3.1.5) was carried out to ensure the reliability of
the method.
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3.2 In situ synchrotron X-ray diffraction

3.2 In situ synchrotron X-ray diffraction

Nanocalorimetry is used for a full thermodynamic characterisation of the trans-
formations in the AI/Ni multilayers. One major goal of the present study is the
in situ correlation of the thermodynamic analysis with the underlying structural
mechanism. Due to the ms time scale where the transformations are expected
to occur, this correlation represents a major challenge of the present study.
For this purpose, nanocalorimetry was combined with synchrotron X-ray dif-
fraction. Calorimetric quantities like exothermic heat can be directly correlated
with the underlying structural transition. Comparable experimental setups were
successfully used for polymeric materials [79-82, 82, 83, 116] and metallic
glasses [84, 85, 87, 117-120]. However, for the very rapid reactions in react-
ive metallic multilayers (7 > 107 Ks~!) a time resolution in the ps-range is
required. Up to now, the minimum attainable acquisition time was limited to
20 ms [81]. Therefore the major task in this study was the reduction of the ac-
quisition time to resolve the transformations underlying the runaway reactions
in Al/Ni multilayers. The section is structured as follows: first, the nanocalori-
metry setup for synchrotron XRD is presented in Section 3.2.1. Section 3.2.2 is
dedicated to the characteristics of the beamline and the X-ray detector. Finally,
the post-experimental XRD data analysis is described in Section 3.2.3.

3.2.1 Experimental setup

The in situ XRD setup is based on the nanocalorimetry device described in
Section 3.1. The nanocalorimetry sensor is positioned so that a transmission
geometry of the X-ray beam is realized. The active area of the sensor is centred
on the X-ray beam. The schematic drawing in Figure 3.24 illustrates the dif-
fraction geometry. The focussed X-ray beam enters the vacuum chamber and
is diffracted at the sensor and the sample. The sensor and the auxiliary elec-
tronics are identical to the ex situ setup. However, the vacuum chamber and

sensor attachment was modified to perform simultaneous X-ray diffraction.
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Figure 3.24: Schematical drawing of the nanocalorimetry setup for the in sifu synchrotron X-ray
diffraction experiments. The X-ray beam enters the vacuum chamber from the left
side and is diffracted at the nanocalorimetry sensor placed in the sample holder. The
diffracted X-ray intensities are recorded in an angular range between 13° and 31.5°
by an 2D area detector.

The vacuum tubing is directly attached to the beamline optics. The sensor
itself is placed in a sample holder, which is attached to the front end of the
chamber. For experiments under vacuum conditions, a 150 um thick Poly-
etherimide (Ultem®) foil, which is transparent for X-ray radiation seals the
opening. Since most of the experiments were conducted in air, the window
was skipped in order to decrease the XRD amorphous background signal for

an improved signal-to-noise ratio.

The synchrotron beamline X04SA of the Swiss Light Source (SLS) at the Paul
Scherrer Institute (PSI) in Villigen, Switzerland [121], was selected to perform
the experiments. As an X-ray detector, the PSI developed 2D single-photon
counting detector (Eiger 500k) was deployed. The detector was placed with
an angular offset behind the setup to capture an angular range of 13° to 31.5°.

The whole setup in operation is shown in Figure 3.25. A beam stop is placed
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Beamstop | -

X-ray detector
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Figure 3.25: The in situ nanocalorimetry setup in operation at the X04SA powder diffraction
beamline (SLS, PSI, Schwitzerland),

between sensor and detector to avoid damage to the detector by the incoming
beam. Prior to all nanocalorimetric scans, the sensors are carefully aligned to
the X-ray beam using a motorized XYZ stage.

3.2.2 Beamline and detector

The specification of the X04SA beamline of the Swiss Light Source (PSI,
Switzerland) are summarized in Table 3.8 [121]. For all experiments, hard
X-ray radiation with a beam energy of 12.6 keV (A = 0.984 A) was used in
transmission geometry. This wavelength was chosen with respect to the X-
ray absorption edge of Ni, Al and Pt since the X-ray beam passes through the
Pt-heating layer of the nanocalorimetry sensor and Ni and Al of the multilayer

sample. Typically, the beamline provides a constant flux of > 10'3 photons s~!
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at an energy resolution of AE/E = 1.4-107% [121]. The beam size was re-
stricted to the width of the sensor heating strip (D = 500 pm) to optimize the
diffracted X-ray intensity.

Besides the photon flux of the X-ray source, the maximum temporal resolu-
tion of the setup is primarily defined by the detector. The specifications of the
2D area detector Eiger 500k (PSI, Villigen, Switzerland) are summarized in
Table 3.9 [122, 123]. The detector was operated at an acquisition rate up to
23 KHz (tframe = 45.5 ps). Depending on the experimental conditions, the ac-
quisition was reduced to optimize the signal-to-noise ratio. The dead time was
less than 5 ps, which allows quasi-continuous data acquisition. Measurements
were recorded in a range of 13°< 26 <31. 5° with an angular resolution of
0.036° per pixel. Driven by the required high temporal resolution of Al/Ni run-
away reactions, the detector performance was further improved by Tinti et al.
[124]. This was done by reading out only selected areas of the detector. In this
way, an acquisition rate of 73 kHz could be achieved. This is an improvement
by the factor of 103 compared to other in situ nanocalorimetry experiments
[81]. Beyond reactive materials, this development enables new methodical op-

portunities in various fields of research.

Table 3.8: Specifications of the X04SA beamline

Parameter Value

Photon energy 12.6 keV

Flux at 12 keV > 103 photons s ! [121]
Energy resolution AE/E  1.4-107*[121]

Focused spot size 500 um x 500 pm
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Table 3.9: Specifications of the Eiger 500k X-ray detector [122, 125]

Parameter Value

Type single photon counting, hybrid pixel detector
Pixel size 75 x 75 um?

Pixel array 256 x 256 = 65536

Chip size 19.3 x 20 um?

Frame rate 23 kHz (73 kHz with detector area restriction)
Dead time 5 us

Pixel counter configurable (4, 8, 12 bit mode), binary,

double buffered for continuous readout

The signal-to-noise ratio was evaluated for an empty nanocalorimetry sensor
to evaluate the performance of the XRD setup. As reference, the Pt (200) dif-
fraction peak at 20 = 28.95° was taken. The diffracted signal in dependence
of the acquisition rate fygp is shown in Figure 3.26 (a). The level of back-
ground noise is significantly increased at high fygp. At rates above 2 kHz, the
Pt diffraction peak cannot be distinguished from the background noise. This
points to the relation between the acquisition rate and the lowest amount of
phase which can be detected. The resulting signal-to-noise ratio is plotted in
Figure 3.26 (b). A continuous decrease with an increasing acquisition rate is
observed. At a critical signal-to-noise ratio, a peak can no longer be distin-
guished from the background. Experience indicates that a signal-to-noise ratio
of 3 is the lower limit for robust peak detection. In the case of the Pt(200) peak,

this results in a maximum measurement frequency of 10 kHz.

In the next step, the phase resolution of Al3Ni is considered. The Al;Ni

compound phase is of great importance for Al/Ni multilayer reactions [126]
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Figure 3.26: Signal-to-noise ratio as a funvtion of the detector frequency. (a) The Pt
(2®p;(200) = 28.95°) peak of an empty nanocalorimetry sensor in dependency of of
the detector acquisition rate fxygp. Above 2 kHz the peak is hardly detectable. (b)
The signal-to-noise ratio of the Pt peak decrease within increasing fxzp. Below a ra-
tio of 3, the peak is no longer detectable which is equivalent to a maximum frequency
of fXRD =10 kHz.

and plays a central role in the kinetic analysis of phase formation (see Sec-
tion 4.1.2). For the calculation, the Al3Ni(111) peak, which is one of the
most intensive peaks in the investigated spectra, was taken. To correlate the
XRD peak intensity with the actual compound phase thickness, partly reacted
samples were investigated. For this purpose, scanning transmission elec-
tron microscopy (STEM) was used to analyse cross-sections of post-reacted
samples. As shown in Figure 3.27, based on the phase contrast in the high-
angle annular dark-field image (HAADF), the amount of intermetallic phase
was determined by graphical analysis.

Since the conditions for phase formation are consistent in the whole sample,
the area of the intermetallic phase correlates directly with the volume fraction.
Now, the integrated X-ray peak intensity can be correlated with the volume
fraction of Al3Ni. As outlined in detail in Section A.5, in this case it is a

valid assumption that the peak intensity is equivalent to the amount of phase
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Figure 3.27: (a) Scanning transimission electron microscopy image of Al/Ni mulitlayer cross-
sections. The sample was annealed at 317°C for 300 s. (b) Based on the phase con-
trast the amount of intermetallic phase (Al3Ni) is determined.

in the sample. At a signal-to-noise ratio of 3, the minimum detectable peak
height was computed. Broadening of the diffraction peak was taken into ac-
count using the Scherrer equation [127]. For this purpose a grain size equal to
the compound phase thickness (10 nm < dA[3 Ni <75 nm) was assumed. The
resulting lowest thickness of detectable Al3Ni phase is plotted in Figure 3.28.
At an acquisition time of 20 s (fxgp = 0.05 Hz) a compound phase thickness
below 2 nm can be resolved. This increases up to 9 nm for f,4me = 2 kHz. For
the highest acquisition rate of 20 kHz, the lower limit increases significantly to
a value above 23.4 nm. Therefore, for frame rates > 5 - 10> Hz a reduced phase

resolution has to be taken into account.

3.2.3 Synchrotron data analysis

The raw XRD data was analysed using a self-developed Python script. The
procedure includes: (i) radial count integration, (ii) data binning, (iii) X-ray
intensity correction, (iv) background subtraction and (v) diffraction peak iden-

tification and fitting. Since a single experiment comprises between 600 and
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Figure 3.28: Calculated results of the lowest amount of Al3Ni phase detectable with synchrotron
XRD. For measurements with an acquisition time of 20 s ( = 0.05 Hz) a Al3Ni phase
thickness less than 2 nm can be detected. At 20 kHz the deteacable Al3Ni phase
thickness is lowered to 23.4 nm.

4000 individual diffractograms, an automated routine was required. In the fol-
lowing, the individual steps of the analysis are described in detail.

Radial count integration

The conversion of 2D to 1D diffraction data was done by radial count integra-
tion. For this purpose, the PyFAI [128] based Bubble [129] software was used.
A geometrical calibration using the diffracted signal of LaBg was performed
prior to each beam time to take the detector position into account. Exemplarily,
the azimuthal angle vs. the 26 angle for an Al/Ni sample during a reaction is
shown in Figure 3.29 (a). The white arrows indicate Al3Ni peaks, whereas the
red arrows indicate Al. Except for Pt which is excluded in the experimental
analysis, the diffraction peak intensity is evenly distributed along the azimuthal
angle. This is important since only the azimuthal angle range of 33° and 148°
is recorded and not the complete Debye-Scherrer ring. A detailed description

of the X-ray intensity correction step can be found in Appendix A.5.
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Figure 3.29: Diffracted X-ray intensity as a function of the azimuthal and the 26 angle. The peak
intensity of Al3Ni (white arrows) and Al (red arrows) is evenly distributed over the

diffraction ring.

Binning

Especially at high frame rates > 5 kHz, binning was performed to reduce the
measurement noise. Although this results in a decrease in the temporal res-
olution, the gain in phase resolution and the reduction of computation time
outweigh the disadvantages. The number of frames for binning was adjusted
for each experiment in dependence on the required phase or temporal resolu-

tion.

Background removal

The diffraction peaks are superimposed by background signal caused by dif-
fusive scattering at the nanocalorimetry sensor membrane and air. Prior to
peak fitting, the background was removed. Exemplarily, this is shown in Fig-
ure 3.30 (a). The background is approximated by a 5"-order polynomial func-
tion. Only diffractograms of the early stages of the reaction were taken. The

background was fitted only in 20 regions where no peaks are present.
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Figure 3.30: (a) The amorphous background of the diffracted signal is determined by fitting and
subtraction of a 5-order polynomial function. (b) To quantify the XRD results, peaks
(in this case Al3Ni) are fitted by using a Voigt function.

Peak fitting In a final step, peaks were fitted using a Voigt function. This al-
lows the determination of quantities like peak position, peak broadness, peak
area and peak height. These parameters are fundamental for the structural char-
acterisation of the samples. An example of the fitting procedure is shown in

Figure 3.30 (b). To avoid errors, only well-separated Al3Ni peaks were taken.

3.3 Electron microscopy

For the microstructure characterisation of the Al/Ni multilayers, electron mi-
croscopy was used. In particular, the Al/Ni interfaces and the morphology of
the precipitating intermetallic phases were the focus of the investigations. For
this purpose, scanning electron microscopy (SEM) and scanning transmission
electron microscopy (STEM) was used. Electron-transparent lamellas of the
multilayer cross-section were prepared by SEM and focussed ion beam (FIB)

technique. In detail, the standard "lift-out" technique was applied with the
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FEI NanoLab (Thermo Fisher Scientific, USA). In a first step, the nanocalori-
metry sensor with the Al/Ni sample on the top of the membrane was attached
with conductive varnish to a FIB sample holder. The sensor was positioned
so that the Pt heater was upturned. After deposition of Pt on the heating strip,
a ~3 um thin lamella was cut using the Ga ion beam and the electron beam.
The ion current was reduced gradually from 20 nA to 7 nA and 1 nA. The
lamella was transferred to a TEM sample grid and thinned to a final thickness
of 50-100 nm. A detailed description of the process can be found in Overwijk
et al. [130] and Giannuzzi et al.[131]. The preparation and the microscopy
were mostly performed at Laboratorium fiir Elekotronenmikroskopie (LEM)
at the Karlsruhe Institut of Technology (KIT).
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4 Results and Discussion

The first objective of this study was the development of an experimental ap-
proach to characterize rapid reactions in Al/Ni multilayers. As outlined in
Chapter 3, a heating rate regime of > 10 Ks~! and a temporal resolution of
the structural characterisation of 45.5 ps was reached by combing nanocalor-
imetry and synchrotron XRD. This enables us in the second part of the study
to explore Al/Ni multilayer reactions under runaway conditions. Besides the
identification of the phase selection mechanism, the kinetics of phase forma-
tion and the thermodynamic quantification of the ignition point are the main
objectives of the study (compare Section 1.3). The findings are discussed in
the context of the heating rate and the solid or liquid state of the constituents.
In Section 4.1, phase formation under slow and intermediate heating rates of
10 < T <10° Ks™! are investigated. In Section 4.3, the runaway reaction
triggered by fast heating at 10> < 7 < 10° Ks™! is evaluated. The transition
between the solid-state and the runaway reaction is defined by ignition, which

is the main focus of Section 4.2.

4.1 Slow and intermediate heating rates:
Solid-state reactions

First, the phase transformations of Al/Ni multilayers were characterized at a

heating rate regime between 10 Ks~! and 10° Ks~!. For the phase formation

in AI/Ni multilayers, it is generally accepted that phase formation occurs via

phase nucleation and subsequent growth [31]. In the course of this section,
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Figure 4.1: In situ heating of AI/Ni multilayers with 100 Ks~!. Synchrotron X-ray diffraction
(red) reveals that the two exothermic temperature peaks (black curve) are correlated
with the formation of Al3Ni.

both processes are considered separately. The influence of the heating rate and
the bilayer thickness on the nucleation behaviour are studied in Section 4.1.1.
Here, two questions are specifically addressed: (i) At which temperature does
the new phase start to form? (ii) What type of phase is formed first? In Sec-
tion 4.1.2, the subsequent growth behaviour is characterized. In situ X-ray
diffraction is utilized to quantify the growth kinetics of the individual phases.
Based on these results, a mechanism for phase formation in Al/Ni multilayers
is proposed in Section 4.1.3. For a broader understanding in all investigations,

the multilayer composition was varied between 5 at.% Ni and 25 at.% Ni.
In order to get a general understanding of the structural processes that take

place during heating, a Al/Ni multilayer sample with 25 at.% Ni was heated

at 100 Ks~!. Nanocalorimetry was used to heat the sample linearly to a peak
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Figure 4.2: Integrated peak intensity of the Al3Ni (111) peak shown in Figure 4.1.

temperature of 674 °C. The resulting temperature profile in combination with
the time-resolved X-ray diffractograms (plotted in red) are shown in Figure 4.1.
There is a linear increase of temperature with the exception of two temperat-
ure peaks at 325 °C and 430 °C. At the beginning of the experiment, four
distinctive diffraction peaks are identified. The peaks can be assigned to Al
(204;(111) = 24.15°), Pt (20p;(111) = 24.96° and 26p;(300) = 28.97°) and an
overlapping peak comprised of Ni and Al ( 284;(111)4ni(200) = 28.02°). The
Pt peak is caused by the sensor heating strip and is not involved in the reac-
tion. For temperatures up to 325 °C, the diffractograms show no indications
of new phases. Only a shift of the peak position is observable, which is attrib-
uted to thermally induced lattice expansion. Once the first temperature peak
at 325 °C is measured with nanocalorimetry, multiple diffraction peaks are
observed between 13.79° < 20 < 30.92°. These peaks are characteristic for
the Al3Ni intermetallic phase. With further heating, the Al3Ni peaks grow in
intensity. The increase in intensity becomes even more apparent when plot-
ting the integrated peak intensity of the AI3Ni (111)-peak. In Figure 4.2 a
second temperature peak is observed at 430 °C. This is correlated with a steep
increase of the integrated intensity in Figure 4.2 at about 4 s. This phase form-
ation behaviour indicates two separated formation stages. The characteristics
of this so-called ’two-stage phase formation’ process are shown in detail in

97



4 Results and Discussion

Section 2.4. Simultaneously, the intensity of the Al and Ni peak decrease sig-
nificantly. Since the transition is well below the melting temperature of all
constituents (75, 4; = 660°C and T, y; = 1455 °C), we conclude that Al and Ni
is consumed to form Al3;Ni. Only well above 430 °C (second nanocalorimetry
peak), new diffraction peaks at 15.81° and 19.60° are observed, which can
be attributed to the Al3Ni, intermetallic phase. Here, no temperature peak is
detected via nanocalorimetry. The transition does not provide enough reaction
power to increase the sample temperature. This could either be explained by a
low exothermic heat release or low conversation rate of the reaction. At higher
temperatures as well as during cooling, all peaks remain unchanged, which
indicates that the reaction is completed. The example of the Al3Ni, forma-
tion demonstrates the advantages of the in sifu approach. Although the phase
transition is not detectable by nanocalorimetry at this rate, synchrotron XRD
allows to resolve it. Therefore, measurements below the operation heating rate

of nanocalorimetry are accessible.

4.1.1 Formation of intermetallic phases

In the next step, the influence of the bilayer thickness and heating rate condi-
tions on the phase sequence is systematically investigated. For this purpose,
Al/Ni multilayers with a compositional range of 5-25 at.% Ni were tested. In
case of 5-15 at.% Ni, the individual Ni layer thickness is 15 nm (A =448, 220,
144 nm). In the case of 25 at.% Ni, the layer thickness is 30 nm (A = 166 nm).
Depending on the sample composition, the heating rate was gradually in-
creased from 10 Ks~! up to 1000 Ks~! to evaluate the phase transitions in the
Al/Ni multilayers. In Figure 4.3, the temperature profiles of the reactions are
plotted as functions of heating rate and composition. Only experiments with a
solid-state reaction are shown. In case of 15 at.% Ni and 25 at.% Ni, there is

a change in the reaction mode at heating rates above 500 Ks~!. Instead of a
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Figure 4.3: Overview of the heating experiments in the solid-state reaction regime. A heating rate
regime of 10 Ks™! < 7" < 103 Ks~! and 5 at.% Ni < ¢ < 25 at.% Ni was invest-
igated. Temperature profiles plotted in black represent reactions where AlgNi, and
Al3Ni are formed. In the case of red temperature profiles only Al3Ni was formed.

solid-state reaction, a runaway reaction with a significant temperature increase
occurs. These types of reactions are covered in Section 4.3.1. Low heating
rates down to 10 Ks~! were only investigated for the 15 at.% Ni multilayer
samples. All multilayers tested show only minor temperature peaks. Hence,
the ignition of the sample did not take place under these experimental condi-
tions. At low heating rates and low Ni content, the temperature follows linear
heating predefined by the nanocalorimetry sensor. Specimens with 10 at.%
Ni heated with 500 Ks~! and 25 at.% Ni heated with 100 Ks~! show two
subsequent peaks with alternating peak heights. The colour of the temperat-
ure profiles marks the type of the first phase. Independent of the composition
up to 100 Ks~! the AlgNi, in combination with Al3Ni phase (black line) is
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Figure 4.4: In situ X-ray diffractograms during heating of AI/Ni multilayers with 7.4 Ks~!. Be-
sides Al3Ni, AlgNij, is formed in this heating rate regime.

formed. As discussed in detail later in the chapter, there is an almost simul-
taneous formation of AlgNi; and AlsNi. At higher heating rates, this changes
to Al3Ni (red line). In all cases, AlgNij, is not stable at elevated temperatures
and decomposes while the amount of Al3Ni increases. The heating rate re-
gime above 100 Ks~! was found to be the upper limit where AlgNi, is formed.
At elevated heating rates of 500 Ks~! and 1,000 Ks~!, solely Al3Ni is formed.

For a more detailed investigation of the AlgNi, phase formation process, the
heating rate was reduced to targeted 10 Ks~!. The actual heating rate was
7.4 Ks~! and therefore deviates slightly from the target value. Figure 4.4 plots
the temporal sequence of diffractograms captured during the initial stages of
the phase transition. At the given heating rate of 7.4 Ks~!, the temperat-
ure increases about 7-8 °C per diffractogram. First evidence of phase form-
ation is observed at 287 °C. Peaks start to form at 20 = 13.72°, 14.83°,
15.65°, 18.05° and 19.04°. The first two peaks correlate with the Al3Ni phase
(PDF: 01-071-5885 [132]) indicated by red lines. The remaining three peaks
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are in good agreement with the AlgNi, phase (PDF: 01-071-5664 [132]) in-
dicated by black lines. With further heating to 294 °C, further peaks of Al3Ni
start to form. Initially, the intensity of both phases continuously increases
with temperature. At 315 °C, this behaviour change and the peak intensity of
AlgNij starts to decrease while Al3Ni further increases. From this temperature
on, the formation of Al3;Ni starts to accelerate. Already at 340 °C, the AlgNi;
peaks are no longer detectable. This reveals that at 7.4 Ks~! the formation of
Al3Ni is accompanied by the AlgNi, phase. For the most part, both phases are
formed in parallel. This contradicts observations in the literature where a phase
sequence of AlgNi,, followed by Al3Ni is reported [14, 30, 50]. With further
reaction progression, the amount of Al3Ni continuously increases, whereas
the AlgNi, is only stable in a narrow temperature regime between 287 °C and
340 °C.
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Figure 4.5: The onset temperature of the AlgNi, and Al3Ni phase formation vs. the heating rate.
The onset was determined by in situ XRD. For both phases, the nucleation temper-
ature is shifted to higher values with increasing heating rate. AlgNi, formation was
only observed for heating rates less than ~100 Ks™'.
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The systematic analysis of the onset of phase formation reveals that the phase
formation temperature increases with heating rate. The onset of phase form-
ation is defined as the temperature at which an X-ray diffraction peak can be
clearly distinguished from the background signal. Figure 4.5 plots the tem-
perature at which the formation of AlgNi; and Al3Ni was first observed. For
both phases, the phase formation temperature increases with the heating rate,
whereas the slope of the curve decrease continuously. In case of Al3Ni the
phase formation temperature is shifted from 283 °C to 443 °C by increasing
the heating rate from 10 Ks~! to 1,000 Ks~!. At 100 Ks~!, there is scatter-
ing in the temperature data. This is attributed to different bilayer thicknesses,
which result in a varying number of Al/Ni interfaces. Because interfaces are
preferred locations for phase formation, a higher number of interfaces en-
hance the phase sensitivity of XRD. The formation temperatures for AlgNi;
and Al3Ni are almost equal. Partially, as with the heating rate of 100 Ks~!,
the values are overlapping. Nevertheless, the systematic analysis of all heating
rates (dashed lines) suggests that AlgNi, tends to form first. However, due to
the slight difference between both curves of less than 20 °C, it is questionable
whether the proposed phase sequence AlgNi, — Al3Ni is valid for all experi-
mental conditions [14, 30, 50].

The Kissinger analysis enables the quantification of the activation energy E,
for thermally activated processes [133]. The basis for this is the shift of the
reaction rate maximum (= exothermic peak) with increasing heating rate. The

underlying equation is given by [133]

T AR E
In{-5—|=In <—f’(a)> S “.1)
Tpeak EA RTpeak

where T)eq is the temperature at the maximum reaction rate and fla) =

df(a))/da. A detailed description of the Kissinger approach is given in
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Figure 4.6: Kissinger analysis of the formation of AlgNi, and Al3Ni. For the formation of AlgNi,
a activation energy of 1.06 = 0.12 eV is determined. In the case of Al3Ni the activa-
tion energy is 1.44 + 0.13 eV.

Vyazovkin et al. [73]. By plotting in(T/T}, ) as a function of 1/Tyea, the
activation energy can be determined by the slope of the curve. Figure 4.6 plots
the Kissinger analysis of AlgNip and Al3Ni. As already noted, the Kissinger
equation is derived under the condition of maximum reaction rate. As shown
later in Figure 4.9 (b) and (d), in the cases of AlgNi; and Al3Ni, the maximum
reaction rate occurs at ¢ = 0.2. Therefore, based on the XRD and nanocalor-
imetry signal, the temperature at o = 0.2 was derived. Since the beginning
of the reaction is excluded, the different phase sensitivity at different XRD
frame rates is compensated. The XRD signal is advantageous for the Kissinger
analysis since overlapping processes like diffusion and phase formation can be
well separated. Only multilayers with a constant number of interfaces were
used for the Kissinger analysis to avoid an erroneous influence of the interface
density.
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Table 4.1: Activation energies in the Al/Ni system

Type Reference Activation energy [eV]
Interdiffusion  Schnabel [134] 1.1
Liu [135] 0.83-0.95
Grieseler [136] 1.24
Grapes [110] 1.08
Grapes [7] 1.17
Joress [137] 0.35
AlgNi, Blobaum [50] 1.58
Da Silva Bassani [68] 1.33-1.51
This study 1.06 £ 0.12
Al3Ni Michaelsen [31] 1471 & 1.632
Michaelsen [29] 1.64-1.76
Grapes [7] 1.42
Barmak [48] 1.26-1.54 '& 1.64-1.75 2
Blobaum [50] 1.9
Ma [67] 1.49' & 1.44%
This study 1.44 +0.13!

! First stage, 2 Second stage

For the nucleation of Al3Ni, an activation energy of 1.44 + 0.13 eV was de-
termined. A lower value of 1.06 £ 0.12 eV was calculated for the formation
of AlgNi;. This suggests that the formation AlgNi is the thermodynamically
favoured process since the energy barrier for formation is lower. In Table 4.1,
the activation energies determined in this study are compared to literature val-
ues. Generally, it is found that the activation energy for Al3Ni formation agrees
well with the literature values. Deviations of E, may be explained by the dif-
ference in the sample deposition technique. In case of AlgNi, formation, there
is only a limited database available [50, 68]. However, the value determined in
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this study tends to be lower than in the literature. In fact, E, for AlgNip form-
ation is much closer to reported values for interdiffusion between Al and Ni.
This may suggest that atomic movement defines the thermodynamic barrier for

AlgNi, formation. This is discussed in detail in Section 4.1.3.

4.1.2 Phase growth in later transformation stages

After nucleation, the growth kinetics of the intermetallic phases were charac-
terized. For this purpose Al/Ni multilayer samples with a Ni content of 10 at.%
were isothermally heated at temperatures of 220 °C, 250 °C, 276 °C and 298 °C
for either 300 s or 600 s. Figure 4.7 plots the extent of conversion & of the
AlgNi, and Al3Ni phase versus the normalized time ¢/fos. To quantify the
phase content, XRD was used. Under certain conditions, the integrated dif-
fracted peak intensity is proportional to the amount of phase in the sample. To
ensure a linear correlation between the integrated peak intensity and the amount
of phase, several factors like the temperature dependency, X-ray absorption, in-
coming beam intensity are considered in Appendix A.5. A sufficient number
of peaks were taken to reduce the potential influence of variations in the grain
orientation. A detailed description of the implementation of the peak integ-
ration process can be found in Section 3.2.3. Finally, the resulting integrated

peak intensity was used to quantify the extent of conversion:

Ixrp
o=
IXRD max

4.2)

Here, Ixgp is the integrated and Ixgp mqx the maximum XRD peak intensity at

a given time of the experiment.
For better comparability, the data were normalized to 79 5. This is the point

of time, where o equals 0.5 (see Appendix A.6). This facilitates the compar-

ison of experiments with different temperatures and durations. As outlined in
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Figure 4.7: Phase growth under isothermal heating rate conditions. The relative amount of phase
o is plotted versus the normalized time #/fys. (a) The amount of NigNi, shows a
temporary maximum, followed by a decrease of the amount of phase. (b) The amount
of Al3Ni continuously increase and approaches asymptotically a value of 1.

Section 2.4.4, the benefit of isothermal heating is that the kinetic curve is only
given by the reaction model f(a) [73]. Hence in Figure 4.7, the growth kin-
etics of a phase can be directly determined from the ¢ curve. Independent of
the annealing temperature, all curves coincide, which proves the reproducibil-
ity of the method. Higher scattering in the AlgNi, signal can be attributed to
the significantly lower peak intensities. The growth behaviour of AlgNi, and
Al3Ni differ significantly. In case of AlgNi, there is a rapid linear increase of
o to the maximum at ¢/t 5 = 3. With further annealing, the amount of AlgNi,
decreases again until a value of a = 0.6 at ¢/1ps = 12 is reached at the end
of the experiment. In contrast, AI3Ni has the highest growth rate at the be-
ginning of the reaction. The amount of phase increases continuously, whereas
the growth rate decreases. At @ = 0.5, a transitional regime with a significant
drop in the slope of the curve is observed. The sample was not completely
converted into AI3Ni within this experiment. To determine the phase amount

of completely converted sample and the corresponding Iygp, max, the same type
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Figure 4.8: The maximum integrated AlgNi, peak intensity per interface under isothermal and
continuous heating conditions. Independent of the heating rate conditions, an almost
constant amount of maximum phase was observed. The standard deviation takes the
scattering of the XRD signal at the maximum value into account.

of sample (bilayer thickness, total film thickness) was investigated after a run-
away reaction. In the course of a runaway reaction, the temperature exceeds
the melting temperature of Al. In the liquid phase, ideal intermixing between
the reactants can occur. Therefore the complete sample is converted into its
product phase. The validity of Ixgp max at & = 1 is proven by the congruence

between the individual curves recorded at different temperatures.

In order to draw conclusions about the underlying AlgNi, growth mechanism,
the maximum amount of phase is evaluated. The maximum of the integrated
peak intensity of the AlgNi, phase under isothermal and continuous heating
rate conditions is plotted in Figure 4.8. As previously stated, the integrated
peak intensity is proportional to the maximum amount of phase. In the case
of isothermal heating, the Ni content of the samples is 10 at.%, whereas for

continuous heating samples with 15 at.% Ni was used. To compensate for this,
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the plot is normalized to the number of Al/Ni interfaces. It is found that in
the isothermal case, the maximum amount of AlgNi, tends to decrease slightly
with temperature. However, the decrease hardly exceeds the standard devi-
ations of the measurement. To prove whether the maximum amount of AlgNi,
is dependent on the heating conditions, samples were heated continuously at
a rate of 10, 20, 50 and 100 Ks~!. It was found that the heating conditions
have no significant impact on the amount of AlgNi, phase formed. Only for
100 Ks~ !, the amount of AlgNi, is reduced, which may be interpreted as an

incomplete conversion.

To get a more detailed understanding of the phase growth behaviour, growth
kinetics were analysed. The objective is a description of the AlgNi, and Al3Ni
growth with a suitable kinetic model. As outlined in Section 2.4.4, the conver-

sion rate of thermally activated processes is given by

W — k(e @3
The first temperature-dependent term k(7') is characterized by the activation
energy determined by the Kissinger analysis in Figure 4.6. The second term
f(a) represents the conversion-dependent kinetic model. The underlying
physical mechanism can be inferred by assigning a valid reaction model to
the phase formation data. Complementary to the isothermal data, continuous
heating data with a heating rate of 10 - 100Ks~! is used for this analysis. Ac-
cording to the International Confederation for Thermal Analysis and Calori-
metry (ICTAC) [73], the reliability of a kinetic model is significantly enhanced
if the model is able to describe the phase formation kinetics under arbitrary

heating conditions (isothermal and continuous heating).

The results of the kinetics analysis are summarized in master plots. Master

plots allow for the comparison of kinetic data from isothermal and continuous
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heating rate conditions [138]. In the first master plot in Figure 4.9 (a) and (c),
the normalized conversion g(a)/g(0.5) is plotted versus a. The normalized
conversion is the integral form of f(o) and defined as

g(o)= [ 42

=, 7o) (4.4)

In the differential form, the normalized growth rate f(ct)/f(0.5) is plotted
versus o in Figure 4.9 (b) and (d). In both cases, AlgNi, and Al3Ni is con-
sidered separately. In Appendix A.6 the mathematical principle of master plots
is described. In addition, calculated traces (solid black lines) of selected kinetic
models from Table 4.1 are plotted for reference. Besides this, the schematic of
the growth behaviour of the models is shown in Figure 4.9. To reduce noise in
the data, the number of data points was reduced to 10-15 points by a moving
average procedure. It should be noted that scattering in the continuous heating
data did not allow for a sufficient analysis of f(ct)/f(0.5). Therefore only
isothermal heating data was used in this case.

AlgNi, growth

The growth kinetics of AlgNi, is evaluated first. The integral kinetic data
g(a)/g(0.5) of AlgNi, is shown in Figure 4.9 (a). In general, the continuous
heating data (black rectangles) and the isothermal heating data (black triangles)
are in good agreement. Therefore, the heating rate regime investigated can be
described with an uniform kinetic model [73]. The underlying mechanisms of
phase formation do not change when the heating conditions are changed. Up
to o = 0.6, there is a linear increase of g(a)/g(0.5). At later stages, the curve
deviates from the linear behaviour and the slope of g(a)/g(0.5) increases.
Complementarily, the differential form of the AlgNi, kinetic data is shown
in Figure 4.9 (b). The f(o)/f(0.5) signal remains constant up to o < 0.6,

which is equivalent to a constant growth rate. In this regime, AlgNi; is formed
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Figure 4.9: Master plots of the phase growth kinetics of AlgNi, and Al3Ni. (a) The integral kinetic
data of AlgNi, growth and (b) the corresponding differential kinetic data suggest a
combination of a zero-order reaction model (FO) with a reaction model of a contracting
volume (R2 and R3). In the case of Al3Ni, the integral data (c) and differential data (d)
show a good agreement with diffusion-based kinetic models (R1, R2 and R3).
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at a constant rate. In the following the growth rate decrease continuously at

0.6 < a < 1 and approaches 0 when the conversion is completed.

For the identification of the phase formation mechanism, selected reaction
models are plotted in black curves. Not a single reaction model was able to fit
the whole a regime. For o < 0.6, a zero-order reaction model (FO) is the best
fit to the data, especially for the f(ct)/f(0.5) signal. The FO reaction model
implies that the reaction rate is independent of the product phase concentra-
tion ( = constant rate). In contrast, in geometry- and diffusion-based models,
the diffusion length would change during the reaction and the reaction rate
would be lowered. This is not the case for the first part of the AlgNi, trans-
ition. We conclude that a premixed solid solution is the starting point for a
polymorphic transition into AlgNi, since, in this case, the constant diffusion
length would lead to a constant reaction rate. For o > 0.6, multiple models
achieved good agreement with the measured data. Especially, reaction models
of either a contracting sphere (R3), contracting cylinder (R2) or the nucleation
and growth-based Avrami-Erofeev model (A2) could reproduce the data best.
However, the available data do not allow the assignment of an explicit reac-
tion model. The good agreement with R3 and R2 suggests that the remaining
interspaces of premixed solid solution are transformed into the AlgNi, phase.
Since the amount of premixed solid solution decrease, the reaction rate slows
down. Generally, diffusion-based kinetic models showed poor correlation with

the experimental data.
Al3Ni growth

The integral kinetic data of Al3Ni is shown in Figure 4.9 (c). Again, iso-
thermal and continuous heating data show good agreement, which implies
a single reaction model independent of the heating conditions. There is a
continuous increase of g(c)/g(0.5) with . The corresponding f(a)/f(0.5)
signal shown in Figure 4.9 (d) reveals two regimes: Between 0.1 < o < 0.25,
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Figure 4.10: Two-stage formation of Al3Ni in the case of an Al/Ni multilayer (10 at.% Ni)
sample heated with 500 Ks~!. Upper part: Nanocalorimetry reveals two separated
temperature peaks at 381°C and 431 °C. Lower part: The time-resolved XRD data

corroborates the growth of Al3Ni into two-stages. [126]

the f(a)/f(0.5) signal is at a high level. The initial increase at & < 0.1 is not
considered in the analysis since the usage of kinetic data at & < 0.1 is gener-
ally not recommended by the ICTAC [73]. Moreover, peak fitting at the very
beginning of the reaction is susceptible to errors. The second regime, starting
at o0 > 0.25, is characterised by a significant drop of the normalized growth
rate. There is a continuous decrease of the growth rate until the reaction is

completed.
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The phase formation of Al3Ni can be subdivided into two regimes. In order
to reach the high growth rates in the first regime a < 0.25, short diffusion
pathways are required. The only region in the interface where the diffusion
pathways are short, is the interface between Al and Ni. This suggests that
the first regime is interface controlled. Characteristic for the second regime at
a > 0.25 is the decelerating growth behaviour. Various kinetic models were
tested. Diffusion-based reaction models show the best fit to the given data set.
The expected traces for 1D, 2D and 3D diffusion-limited kinetic models were
calculated and plotted in Figure 4.9 (c) and (d). There is a decent congruence
of the selected kinetic models with the given kinetic data. However, the 3D
diffusion model seems to be the best fit for the integral data. In case of the
differential data, the 2D diffusion represents the f(ct)/f(0.5) signal more ac-
curate. Independent of the direction, it is a valid assumption that diffusion is
the controlling mechanism in the second regime. With the increasing amount
of AI3Ni, diffusion is getting more difficult, which result in a decrease in the

reaction rate.

The two growth regimes of Al3Ni become even more evident when the heat-
ing rate is increased to 500 Ks~!. Figure 4.10 plots the temperature (black)
and heating rate signal (red) of a 10 at.% Ni multilayer sample. The corres-
ponding time-resolved X-ray diffractograms are shown in the lower part of
Figure 4.10. These experimental data are published in [126]. The temper-
ature and the heating rate signal reveal the presence of two distinctive peaks
with an onset at 381°C and 431 °C. During the first peak, Al3Ni is formed
while simultaneously, the Al + Ni peak (204;(111)ni(200) = 27.95°) and the
Al peak (20,4;(111) = 24.11 °) intensity decrease. Associated with the second
exothermic temperature peak, the XRD intensity of Al3Ni significantly grows.
Hence, the two exothermic peaks measured by nanocalorimetry are related to
the growth of only one intermetallic compound, namely AI3Ni.
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Figure 4.11: The temperature signal of Al/Ni multilayer samples heated with 100 Ks~!. (a) De-
pending on the bilayer thickness, the intensity of the first peak and second peak
change. (b) An increase of the first peak with increasing Al/Ni interface density was
observed. (c) The second peak scales with the thickness of the Ni layer.

Literature data suggest that the exothermic heat release of the two formation
stages depends on the bilayer thickness [27, 70]. To prove, if this applies to
given Al/Ni samples in this study, the number of interfaces and the bilayer
thickness was systematically varied. Figure 4.11 (a) plots the temperature vs.
the normalized time ¢/t for different multilayer geometries. The temperat-
ure increase of the first peak scales with the number of interfaces. Like shown
in Figure 4.11 (b) AT increase from 7 °C to 17 °C when the number of AIl/Ni
interfaces is increased from 9 to 27. The investigation of the second temper-
ature peak reveals a dependency on the Ni layer thickness. Figure 4.11 (c)
plots the corresponding temperature increase for multilayers with 15 nm and
30 nm Ni. In the case of 15 nm Ni, only shallow second peaks are observ-
able. This indicates that the Ni layers with a thickness of 15 nm are fully
consumed during the first reaction stage. In contrast, the 30 nm Ni layer in
case of 25 at.% Ni leading to a temperature increase of 69 °C. Therefore Ni

is still remaining for the second reaction stage after the first interfacial reaction.
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4.1 Slow and intermediate heating rates: Solid-state reactions

4.1.3 Phase formation and growth mechanisms

Based on the results of Section 4.1.1 and Section 4.1.2, a mechanism for the
solid-state phase transition in Al/Ni multilayers is derived. The results suggest
a heating rate dependency of the solid-state phase formation mechanism. For
heating rates below 100 Ks™!, the AlgNi, phase is formed prior to the Al3Ni
phase:

Al+ Ni — AlgNiy — AIzNi+ AlgNiy — Al3Ni — AlsNi+ AlzNij “.5)

When the heating rate is increased above 100 Ks™!, the formation of AlgNi,
is suppressed and the Al3;Ni is directly formed:

Al+Ni— ALNi — ALNi+Al3Nij (4.6)

A schematic illustration of both mechanisms is shown in Figure 4.12. The
proposed mechanisms are valid for the full range of bilayer thickness and com-
positions investigated in this study. However, it should be noted that for a very
thin bilayer thickness [31] or electron-beam deposited samples [28, 30], the
mechanism may deviate. The main steps of the mechanisms can be summar-

ized as follows:
As-deposited

In both cases, the starting point is a multilayer stack comprised of Al and Ni.
A typical microstructure of the as-deposited state is depicted in Figure 3.22.
Although the microscopical resolution impedes a detailed investigation of the
Al/Ni interface, multiple studies suggest the presence of intermixing layer with
a thickness of 1-3 nm [8, 9, 19, 139]. The X-ray diffraction results in Figure 4.1
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Figure 4.12: Schematic illustration of the phase formation mechanism in the solid-state. In de-
pendence of the heating rate (7,;; = 100 Ks~1) two mechanisms were identified.
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4.1 Slow and intermediate heating rates: Solid-state reactions

give no indications for crystalline phases besides Al and Ni in the as-deposited
state. Therefore, we conclude that the intermixed layer is either amorphous or
a solid solution, which is also proposed by [48].

AlgNi, formation and growth

When the multilayers are heated at rates below 100 Ks !, AlgNi, is the first
phase which is formed (compare Figure 4.5). The observed phase sequence is
in good agreement calorimetric studies in the literature [8, 14, 30, 48, 75, 140].
However, only a slight temperature difference of 10-20 °C was observed
between the nucleation of AlgNi; and Al3Ni (see Figure 4.5). In some ex-
periments we even observed a simultaneous nucleation of both phases. Both
phases grow in parallel (see Figure 4.4). This observation is contradictory to
that of Blobaum et al. [50], where a clear phase formation sequence is re-
ported. From a purely thermodynamic point of view, they concluded that the
AlgNi, phase is not necessarily favoured. Comparing the heat of formation of
Al3Ni + 3 Al formation (AH ay,, = -27.2 KJ mol~!atom) to AlgNi, formation
(AHy =-28 k] mol~'atom), it becomes evident that there are only minor differ-
ences between both phases [50]. Considering the effective heat of formation at
the lowest eutectic at 3.5 at.% Ni (compare Section 2.4.5) a comparable result
emerges. Using equation 2.23, in case of AlgNi,AH} is - 5.3 kJmol~'atom. In
case of AlgNiy, a value for AH;r of - 5.4 kImol'atom is calculated. In both
considerations, AlgNij is slightly favoured but the difference is negligible. The
situation is the same when the composition gradient theory outlined in Sec-
tion 2.4.1 is applied to AlgNi, and Al3Ni. Steep concentration gradients may
suppress one type of phase or favour another type. The critical thickness of the
intermixed layer (= width of the concentration gradient) calculated by Blob-
aum et al. [50] is 13.8 nm in case of AlgNi, and 14.8 nm in case of AlzNi.
Again, nucleation of AlgNi, is favoured, but there are only minor differences.
Another factor which may facilitate AlgNi, nucleation, is a orientation rela-
tionship between AlgNi, and the adjacent Al phase [30, 47]. If the crystal
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lattice of AlgNi, and Al are related to each other, the interfacial energy would
be lowered. According to equation 2.6, the energy barrier for nucleation of
AlgNi, would be lower. In summary, the results of these theoretical considera-
tions perfectly reflect the observations in this study: the formation of AlgNi, is
preferred, but there are only minor differences to Al3Ni. Especially when real
sample conditions are considered, this difference explains the parallel growth
of both phases. Therefore, we conclude that the formation of AlgNi, is gener-
ally favoured, but in real samples conditions, local differences at the interface
may affect the nucleation behaviour. The conditions for nucleation of both
phases, AlgNi, and Al3Ni, may be fulfilled simultaneously, which leads to a
parallel growth of both phases.

The nanocalorimetry experiments shown in Figure 4.3 reveals a upper heating
rate limit of 100 Ks~! for AlgNi, formation. This finding extends the stability
range of AlgNi, significantly, since until now the existence of AlgNi, was only
proven up to 0.8 Ks~! [30]. This sheds new light on the role of AlgNi, form-
ation for intermediate or even high heating rate reactions. Although there are
indications that the maximum amount of AlgNi, decreases with heating rate
(see Figure 4.8), AlgNi; may be formed at even higher rates. Here, the lower
phase resolution (compare Figure 3.26) at high XRD frame rates makes the
identification at heating rates above 100 Ks~! difficult.

There is no conclusive explanation available for an upper heating rate limit of
the AlgNi, formation. Most likely, a combined effect of nucleation in a com-
position gradient and the complex crystal structure results in an upper heating
rate limit. For the heating rate induced change of the first phase from Al3Ni to
Al3Niy, a change from transversal to polymorphic nucleation in the compos-
ition gradient was proposed [11]. The time for chemical redistribution in the
case of fast heating may not be sufficient for transversal nucleation. Therefore,
polymorphic nucleation may suppress the more Al-rich AlgNi, phase. Addi-

tionally, we take the crystal structure into account. In Table 4.2, the crystal
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4.1 Slow and intermediate heating rates: Solid-state reactions

structure of AlgNi; is compared to Al3Ni. The AlgNi; phase crystallizes in a
monoclinic unit cell consisting of 22 atoms. In contrast, Al3Ni crystallizes in
an orthorhombic unit cell consisting of 16 atoms. It is reasonable to assume
that for the more complex crystal structure of AlgNij, the redistribution pro-
cess is more difficult. In consequence, the formation of AlgNi, is suppressed
at high heating rates.

Table 4.2: Crystal structure parameters of AlgNi, [30, 141, 142] and Al3Ni [143]

AlgNi, Al3Ni
Crystal system monoclinic orthorhombic
Structure type Al9Co2 In31Ir
Space group P12l/a1l Pnma
a 6.23 A 6.60 A
b 6.18 A 7.35 A
c 8.68 A 4.80 A
o angle 96.5° 90°
Atoms per unit cell 22 16

As shown in Figure 4.8, the maximum amount of AlgNi, per interface is almost
constant, independent of the heating rate conditions. Moreover, a constant
amount of AlgNi, is also reported for different multilayer geometries [30].
We interpret this finding as follows: a constant volume fraction of the micro-
structure is transformed into AlgNi; nearly independent of heating rate and
annealing temperature. Perhaps intermixing between Al and Ni during sputter
deposition creates the precondition for AlgNi, formation [28]. If AlgNi; would
be formed by nucleation and growth at a sharp Al/Ni interface, the temperature
dependency of diffusion (compare Section 2.4.2) would affect the amount of
AlgNi, formed, especially in the case of isothermal heating. At higher tem-

peratures, the increased atomic mobility would result in higher amounts of
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AlgNij, which is not observed in this study. Based on this argumentation, we
deduce that the premixed layer, which is formed during sputter deposition, is
transformed into AlgNiy. Less chemical redistribution is necessary to reach
the composition of the nucleus. Short-range displacements of Ni and Al atoms
would be sufficient to reach the local composition of AlgNip [30]. This is
supported by the low activation energy we found for AlgNi, formation (see
Figure 4.6). Like summarized in Table 4.1, E,, is close to the literature values
for interdiffusion between Ni and Al. Therefore, interdiffusion is the thermo-

dynamic barrier that has to be overcome for AlgNi, formation.

It was found that the majority of the AlyNi, phase is formed at a constant rate
(see Figure 4.9 (a) and (b)). Therefore, the reaction rate is independent of
the volume fraction of the product phase. According to equation 2.21, there
is only a dependency on the temperature. This is unexpected for a solid-state
reaction since the characteristic diffusion length generally changes with reac-
tion progression and leads to a decelerating reaction profile. Consequently,
we conclude that long-range diffusion is less important for AlgNi, formation.
Based on the zero-order reaction model, short-range displacements of Ni and
Al atoms in the intermixed region is more likely. With further reaction progres-
sion, the reaction rate of AlgNi, decreases (see Figure 4.9). One explanation
is the consumption of the premixed layer. Furthermore, it should be noted
that at this stage, AI3Ni already starts to form and AlgNi, layer gets gradually
transformed into Al3Ni. Consequently, the reaction rate is a result of two su-
perimposed processes: (i) Transition of the intermixed layer into AlgNi, phase
and (ii) the transition of Al3Ni into AlgNi,. Since the absolute amount of the
phases cannot be determined in this study, the contribution of both effects is

not clear and deserve further investigations.

120



4.1 Slow and intermediate heating rates: Solid-state reactions

Al3Ni formation and growth

With further heating, interdiffusion between Al and Ni proceeds and the Al3Ni
phase starts to nucleate. In case of 7 > 100 Ks~!, the AI3Ni is the first phase
which is formed. This finding is in good agreement with nanocalorimetry stud-
ies at heating rates above 1,000 Ks~! [7]. The physics of nucleation outlined
in Section 2.4.1 suggests that triple junctions are preferred places for Al3Ni
formation. Here, the required interfacial energy for nucleation is reduced.
The preference for triple junctions still can be seen in the late stages of phase
formation. Figure 4.13 shows the microstructure (STEM) of Al/Ni multilayers
annealed at 317 °C for 600 s. The tetrahedral shape of the AI3Ni grains at the
Al-Al grain boundaries prove that nucleation in triple junctions is preferred.
Since grain boundaries are fast pathways for Ni diffusion, the composition
gradient is lowered. According to Section 2.4.1 this favours the nucleation of
intermetallic compounds like Al3Ni. The activation energy for Al3Ni forma-
tion was found to be higher compared to AlgNi, (see Figure 4.6). This points
to long diffusion pathways of Ni atoms or the presence of a diffusion barrier,
like AlgNi, grains.

As shown in Figure 4.11 (a), phase formation leads to two exothermic temper-
ature peaks, which are correlated with the Al3Ni. The formation of the product
phase in metallic multilayer in two separated stages was firstly discovered by
Coffey et al. [70]. For Al/Ni multilayers, this phenomenon was first docu-
mented by Ma et al. [27, 67]. The first growth step of AI3Ni is attributed to
interfacial growth along the Al/Ni interfaces. Regarding the phase formation
kinetics shown in Figure 4.9 (d) the reaction rate remains constant up to o =
0.3. At this early stage of the reaction, Al3Ni is nucleating at preferred sites at
the interface. However, it can be expected that the interface is not fully covered
by the reactant. Therefore, with regard to Section 2.4.3, the growth of Al3Ni
can be described with the thin-product-layer case of equation 2.18. Here, the

growth rate is governed by the interfacial reaction rate Ky;,n; and therefore
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Figure 4.13: Cross-section (STEM) of an Al/Ni multilayer sample which was isothermally an-
nealed at 317 °C for 600 s. The bright layers represent Ni and the dark layers Al
The formation of a continuous layer of Al3Ni can be observed at the Al/Ni interface.

controlled by the processes at the interface. The result is a growth rate that
is initially proportional to the time, or reference to the extent of conversion,
proportional to «. For 7 < 100 Ks™ !, the remaining AlgNi, is consumed in
course of the AI3Ni growth (see Figure 4.4). The first reaction stage is finished
when the nuclei impinge and a 2-dimensional Al3Ni layer is formed at the in-
terface [70]. Since nucleation within the first reaction stage takes place at the
interfaces, the exothermic heat release is governed by the interfacial density in
the sample. As shown in Figure 4.11 (b), the temperature increase of the first
peak can be tailored by the multilayer geometry.

It was found that the amount of Al3Ni increases significantly with the second

exothermic temperature peak (see Figure 4.10). According to the two-stage
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phase formation mechanism, this can be interpreted as phase growth perpen-
dicular to the interface [70]. For this growth step, the thickening of the con-
tinuous product phase layer at the interface is characteristic. This has a direct
impact on the reaction kinetics shown in Figure 4.9 (d). At ¢ > 0.3, the reaction
rate decreases with the further extent of the conversion. The continuous Al;Ni
layer at the interface acts as a diffusion barrier for Al and Ni atoms. Regarding
equation 2.19, the thickening rate of the product phase is now governed by the
diffusion constant of Al3Ni. As a result, the thickness of the product is propor-
tional to '/2 or, equivalently, a!/2. Therefore, this second growth stage is a
diffusion-controlled process [67]. Depending on the sample composition and
the Ni layer thickness, the thickening of the Al3Ni leads to a second temper-
ature peak [27]. As shown in Figure 4.11 (c), the temperature increase might

be low when the available Ni is completely consumed in the first reaction stage.
Al;3Ni, formation and growth

With further heating, Ni-rich intermetallic compounds like Al3Ni; are formed
(see Figure 4.1). The formation of Ni-rich compounds with further reaction
progression was observed multiple times in literature [14, 16, 17, 75]. This is
in good agreement with the phase sequence proposed by Pretorius [74]. Like
outlined in Section 2.4.5, diffusion of Ni into Al3Ni proceeds. The next stable
phase leading to the most negative value of the effective heat of formation is
the Al3Ni, phase, which is formed at the Ni/Al;Ni interface.
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4.2 Ignition

When reactive materials are heated at a sufficiently high rate, ignition takes
place and the solid-state reaction discussed in the previous section turns into
a runaway reaction. Ignition of reactive materials is predominantly defined
by the energy release rate. Therefore in Section 4.2.1 the energy release rate
denoted as reaction power is quantified depending on various parameters like
the material geometry, heating rate and heat capacity. Based on these results,
in Section 4.2.2 a new criterion for ignition is derived and sample effects and
effects from the reaction conditions (heat losses to the surrounding) on the

ignition temperature are discussed.

4.2.1 Exothermic heat release

The reaction power of Al/Ni multilayers is characterized at heating rates above
1,000 Ks~! by using nanocalorimetry. A detailed description of the method
can be found in Section 3.1.3. The exothermic heat release is quantified by the
reaction power Q,, and the reaction enthalpy change per temperature dH /dT .
The latter one allows a direct comparison of the energy release of experiments
with different heating rates. dH /dT is defined by

d7H — Qrct
dT T

4.7)

By normalizing dH /dT by the number of interfaces, a quantity is available,
which allows for the comparison of the heating-rate-independent energy re-

lease per interface.

First, the influence of the interface density on the heat release is investigated.

Figure 4.14 (a) shows Q,, as a function of temperature. Al/Ni multilayers with
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Figure 4.14: Influence of the interface density on the reaction power Orer. (2) Starting at 270 °C,
O, increases with temperature. Q, is shifted to lower temperatures when the num-
ber of interfaces is increased. (b) The enthalpy change per temperature and interface
proves that in the initial stage of the reaction, the same amount of energy is released
for each interface.

a composition of 25 at.% Ni and overall thickness of 1 um were tested. By re-
ducing the bilayer thickness from 166 nm to 83 nm, the number of interfaces
was increased from 11 (black line) to 23 (red line). For better visualization,
the data points were smoothed by a moving average method (solid line). It was
found that for both samples, Q,.; increases rapidly with temperature. However,
in case of 23 interfaces, the rise of O, is shifted to lower temperatures and
the curve is steeper compared to 11 interfaces. The comparison of dH /dT
per interface shown in Figure 4.17 (b) reveals, that the energy release for both
samples starts at 270 °C. Up to 400 °C, both specimen show a almost identical
increase of dH /dT per interface. This proves that at the initial stage of the
reaction, the energy release is solely dependent on the interface density in the
multilayer stack. At each interface, the same amount of energy is released.
Therefore, in the beginning, the overall Q,; of the specimen scales linearly
with the number of interfaces. At temperatures above 400 °C, the dH /dT
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signal is flattened for both specimens. Nevertheless, dH /dT proceeds at a sig-
nificantly higher level in the case of 11 interfaces. In other words, the amount
of energy that is released per interface is higher for a lower interface density.
This is not intuitive since the overall composition of the sample is the same.
Since all samples were deposited under the same conditions, differences in
the interfacial structure are not expected. However, it is well known that the

interface density has a direct impact on the reaction rate [9].

In order to prove if the reaction rate directly impacts dH /dT per interface, an
experiment was designed where the same Al/Ni multilayer reaction takes place
at different rates. This was realized by keeping the multilayer dimensions
(total thickness and bilayer thickness) constant while varying the membrane
thickness of the nanocalorimetry sensor between 150 nm and 1500 nm. By
increasing the membrane thickness of the sensor, the heat capacity Cp of the
non-reacting components is increased. Figure 3.20 proves the linear correla-
tion between membrane thickness and Cp. The additional Cp decelerates the
AI/Ni reaction. The resulting heating rate of the reaction for sensor differ-
ent membrane thicknesses is shown in Figure 4.15 (a). When the membrane
thickness is increased, the heating rate during reaction decreases from about
5.1-10° Ks~! for 150 nm to 5.4 - 10* Ks~! in case of 1500 nm. In this way,
the influence of the heating rate on the heat release can be investigated without
changing the sample dimension or composition. It should be noted that Ni with
7 at% V instead of pure Ni was used for this experiment. Since only the cor-
relation between heating rate and dH /dT is of interest, the material selection
does not impact the experiment.

The resulting dH /dT curve as a function of the temperature is shown in Figure
4.15 (b). Up to 400 °C, the heat release per interface is equivalent for all exper-
iments. Within this initial regime, there is no significant increase of the heating
rate observed (see Figure 4.15 (a)). At higher temperatures, dH /dT per inter-

face proceeds at an almost constant level. We find higher values for dH /dT
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Figure 4.15: (a) Heating rate signal of an Al/Ni(7at.% V) reaction as a function of the nanocalor-
imetry membrane thickness. (b) The enthalpy change per temperature and interface
increase with decreasing heating rate.

per interface when the reaction proceeds at a lower rate. In contrast, for high
rate reactions, like they took place at a membrane thickness of 150 nm, a low
value of dH /dT per interface was found. Therefore, more energy is released
per interface in case of a slow reaction (7" = 5.4 - 10* Ks~!) compared to a fast
reaction. In order to explain this correlation, interdiffusion as the basic mech-
anism driving the reaction has to be taken into account [14]. Diffusion of atoms
is quantified by the diffusion coefficient (see equation 2.9), which is defined
by the square of the average diffusion length per time (unit: m?s~') [64].
Therefore, diffusion is a time-dependent process. The correlation between
heating rate, interdiffusion and energy release is schematically shown in Fig-
ure 4.16. At high heating rates (left illustration), less time for intermixing is
available. Consequently, the exothermic diffusion process releases less energy,
and dH /dT per interface is reduced. In contrast, in the case of a low heating
rate experiment (right illustration), the interdiffusion zone is thicker because
the duration of a reaction is elongated. More time is available for the move-

ment of atoms. As a result, the release of dH /dT per interface is significantly
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Figure 4.16: Schematical illustration of intermixing in the case of different heating rates 7. With
a higher rate (left part), the time for intermixing is reduced, which results in a nar-
row interdiffusion zone and enhanced exothermic heat release Q.

higher. It should be noted that this correlation is not necessarily a contradic-
tion to the heating-rate-independent definition of dH /dT in equation 4.7. The
quantity dH /dT is only mathematically corrected for the heating rate but does

not contribute to heating rate induced changes in the reaction process.

Besides the interface density and the membrane thickness, the influence of the
multilayer composition was investigated. Figure 4.17 (a) plots Q,.; vs. T for of
AI/Ni multilayers with a composition of 5, 10, 15, and 25 at.% Ni. Like annot-
ated in Figure 4.17 (a), the number of interfaces changes with the composition

from 9 to 27. All specimens were heated with 5-10° Ks~!.

Two different
heat release characteristics were identified. Whereas 10, 15 and 25 at.% Ni
show a continuous increase of Qrc,, in case of 5 at.% Ni, the rise is interrupted
by a plateau starting at about 450 °C. The occurrence of a plateau indicates a
phase formation mechanism that proceeds in two stages. This mechanism is
discussed in detail in Section 4.3.3. In general, by increasing the Ni content,
the Q,. the onset of exothermic heat release is shifted to lower temperatures.
Only the sample with 15 at.% Ni and 25 at.% Ni show an equivalent Q,., be-

haviour. dH /dT per interfaces is shown in Figure 4.17 (b). Up to 430 °C, all
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Figure 4.17: The reaction power Q,, and the enthalpy change per temperature and interface
dH /dT is plotted vs. the temperature. The shift of O, to lower temperatures is
mainly caused by the change of interfaces from 9 at 5 at.% Ni to 23 at 25 at.% Ni,
rather by the change of composition.

specimens show a similar increase of dH /dT per interface independent of the
composition. As already outlined, the energy released in the initial stage of the
reaction is solely dependent on the interface density in the multilayer stack.
Exothermic processes like intermixing of Al and Ni are localized at the inter-
face. Thus, the shift of the onset of Q, is primarily explained by the change
of the number of Al/Ni interfaces from 9 to 23, rather than the change of the
composition. Multilayers where the number of interfaces differs only by 4 (15
at.% Ni and 25 at.% Ni) show similar O, signals. At temperatures > 430 °C,
the dH /dT release is flattened for all compositions whereas for 5 at.% Ni the
release of dH /dT is significantly higher. It was found that the heating rate
during the reaction is about times lower in the case of 5 at.% Ni compared to
the reaction of the 25 at.% Ni sample (compare Figure 4.29 b). The increased
heating rate causes a lower amount of intermixing and therefore lowers the

dH /dT values per interface.

129



4 Results and Discussion

500

- |@ 2 sl ©
% 400 | 3
~ (]
€ 300 g
3 5
o E
& 200 4 5
I3} 3 2
g $10,000K/s| k5
o 100 - F~5000K/s| T

©

1,000 K/s
(O i 1 1 I I I
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 4.18: (a)The reaction power is shifted to lower temperatures by increasing the heating rate.
(b) The enthalpy change per temperature is almost similar for all experiments since
there are only minor differences in the heating rate during the reaction.

The influence of the heating rate on the energy release is shown in Figure
4.18. For this purpose, the heating rate was varied between 1- 103, 5-10% and
1-10* Ks~!. Here, multilayers with a composition of 15 at.% Ni were used.
It was found that the onset of the O, release is shifted to lower temperatures
with the increase of the heating rate. This is expected, since at higher heating
rates the reaction power is increased. This amplification of the Q,; signal can
be seen in Figure 4.18 (a). At 300 °C the exothermic heat release is not resolv-
able at 1-103 Ks~! (black curve), whereas there is a clear increase of O, at
1-10* Ks~! (blue curve). All three tested rates showed qualitatively identical
dH /dT curves. The differences in dH /dT during reaction are mainly caused
by unsystematic variations of the heating rate.

So far, the influence of the interfaces, composition and the heating rate was
investigated. As a final step, the impact of the surrounding atmosphere on
the heat release is examined. Figure 4.19 (a) plots the reaction power vs. the
temperature for a 1-um-thick Al/Ni(7 at.% V) specimen. A bilayer thickness
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Figure 4.19: (a) The reaction power O, versus the temperature for an Al/Ni(7 at% V) sample
(1 um, A = 166 nm) tested in air and under vacuum conditions (p < 10~*Pa). The
rapid increase of Q,; under vacuum is caused by the faster self-heating of the sample.
(b) The enthalpy change per temperature and interface shows that initially the reac-
tions are equivalent and deviate at elevated temperatures due to heating rate effects.

of 166 nm and a sensor membrane thickness of 600 nm was chosen. It is
evident that under vacuum conditions (p < 1-10~#Pa) the reaction power rises
more rapidly than under atmospheric conditions. In vacuum, the heat losses
are significantly reduced due to the elimination of air convection. This res-
ults in increased heating rates and enhanced heat release under vacuum. An
additional effect of oxidation in air is unlikely. STEM investigations showed
that the Ni-oxide layer formed on the top of the layer stack has a thickness in
the range of 1-5 nm. Compared to the exothermic energy release of 11 Al/Ni
interfaces, the oxide formation is negligible. Figure 4.19 (b) plots dH /dT per
interface. Initially, both curves run in parallel. This is expected since the re-
action itself is independent of the surrounding atmosphere. At later stages, the
curves deviate, which can be attributed to the influence of the heating rate on
dH /dT (compare Figure 4.15).
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In summary, the reaction power scales only with the number of interfaces and
the heating rate during the reaction. It was found that especially for the ini-
tial stages, the composition does not influence Q,.;. However, for later stages
of the reaction, Ni is consumed and influence on Q,; is expected. For all ex-
periments, the initial part of dH /dT per interface showed similar behaviour.
At about 250 °C, the initial energy release is observed. With further reaction
progression, flattening of dH /dT is observed. The dH /dT curve proceeds at
different levels depending on the heating rate during the reaction. An explanat-
ory approach was presented which explains the change in dH /dT per interface
by the different amounts of intermixing at different heating rates. Less inter-
mixing at high heating rates leads to a lower energy release per interface. The
heating rate during the reaction can be influenced by intrinsic factors like the
interface density or external factors like the sensor membrane thickness, atmo-
sphere or base heating rate.

4.2.2 Ignition criterion

Ignition marks the threshold between a solid-state reaction and a runaway re-
action. In the framework of this study, the ignition temperature is important
because it defines the limiting conditions between an externally controllable
reaction and an uncontrolled runaway reaction. For the determination of the
ignition temperature, the reaction power from Section 4.2.1 is used. Excerpts
of the section were published by Neuhauser et al. [54] !

Figure 4.20 shows the individual power contributions during heating of an
Al/Ni multilayer sample with 5-10° Ks~!. In this example, a 1-um-thick spe-
cimen with 25 at.% Ni and A = 166 nm was selected. The red line represents

O, the blue line Oy, and the black line the difference between Oy, and

1 Excerpts from this section are published in: T. Neuhauser, G. Tinti, H. Leiste, N. Casati, M.
Stiiber, and K. Woll, “Analysis of the reaction runaway in Al/Ni multilayers with combined
nanocalorimetry and time-resolved X-ray diffraction,” Acta Materialia, vol. 195, pp. 579-587,
2020.

132



4.2 Ignition

¥ No runaway s 1 |
* Runaway I ‘tﬁf* ‘
200 1 : ‘: Qrct >‘Qloss
Startof  dQu dQuss
100 L reaction dT dT :
s | | :
g o A
g Qloss' Qrcl : ! :
8 100} : ' Qe
o0 | Qo |
-200 | | 1
| \ [ L1 L
100 200 300 400 500

Temperature (°C)

Figure 4.20: Thermodynamic characterisation of a 1 um (25 at.% Ni, A = 166 nm) Al/Ni mulit-
layer sample. The O, (red line) overcompensates O,y (blue line) at 490 °C which
marks the ignition point according to Q,; > Qj,ss. Quenching experiments (star
symbols) suggest a second ignition criterion Orer /dT > Oloss /dT which is defined
by the vertex of the Qj,5s — Oyr Signal (black line). [54]

Q.. Starting at room temperature the heat losses increase continuously with
temperature. The first evidence of an exothermic reaction starting at 271 °C,
apparent by the deviation of Q,.; from zero. Up to about 400 °C, the amount of
O is almost negligible compared to Oloss- The difference Qjpss — Orer hardly
deviates from the heat losses. With increasing temperature, the amount of Q,
grows rapidly and starts at 490 °C to overcompensate Q.. At the intersection
of the black line with the x-axis, the ignition criterion Q,; > Qjoss proposed by
Semenov [55] is fulfilled (see Section 2.3).

Quenching experiments were performed to check the applicability of the as-

defined ignition criterion. By operating the nanocalorimetry sensor under at-

mospheric conditions, the heat losses are high enough to realize quenching
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Figure 4.21: Quenching of A = 166 nm (upper part) and A = 83 nm (lower part) Al/Ni multilayer
sample. Filled stars indicate ignition and empty stars quenchable specimens. For
both multilayer geometries criterion II (see equation 4.8) is the best description for
ignition point.

rates of ~ 2-10* Ks~!. Samples were heated close to the ignition temper-
ature of 490 °C and subsequently quenched by switching off the power sup-
ply. The resulting quenching temperatures are plotted in the upper part of Fig-
ure 4.20. Filled stars represent quenching temperatures where a runaway reac-
tion was observed. Open symbols represent temperatures where quenching of
the sample was possible. It was found that ignition occurs already at 410 °C.
This is 80 °C lower than predicted by the ignition criterion Q,c; > Qj,ss- Based

on these findings, we suggest the following criterion:

erct > dQloss

aT aT “48)

In the following, this criterion for ignition is denoted criterion II, whereas the
criterion from Semenov [55] is denoted criterion 1. Beside Al/Ni with A =
166 nm, specimen with A = 83 nm were tested. Figure 4.21 shows the results.
Again a runaway reaction is observed at temperatures lower than predicted by
criterion I. This confirms the validity of ignition criterion II. However, in one
case quenching was feasible above the ignition criterion II. Since the deviation
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is less than 20 °C, variations in the sample conditions are the most likely ex-
planation. Besides this, Figure 4.21 demonstrates that the temperature distance
between criteria I and II is lowered from A = 166 nm to A = 83 nm. The reason
for this is the higher reactivity of the 83-nm-sample. Due to a higher interface
density, the reaction power increases faster (compare Figure 4.14), which leads
to a rapid succession of both ignition criteria. In the limit case of a very react-
ive specimen or high heating rates, it can be expected that both criteria almost

coincide.

In contrast to criterion I, not only the absolute power contributions but the dy-
namic of the reaction is taken into account. Ignition is easier for a reaction
that is accelerating compared to a decelerating one. In this context an accel-
erating reaction is a reaction where d(Qjos — Qrer)/dT > 0. The amount of
O, increases continuously. Here, we propose an explanatory model for the
validity of ignition criterion II, which is based on the overshooting of the reac-
tion power. In the theoretical framework of ignition, the ignition delay is the
period of time between external stimulus and thermal runaway. This concept
is illustrated in Figure 4.22. Although the external power input is stopped,
the reaction continues. Nanocalorimetry sensors provide an ultrafast temper-
ature response due to the low thermal mass. However, a short period of time
is needed to decelerate heating and initiate the cooling of the system. This
amount of time is caused by the heat capacity of the system and is typically in
the ~ ms range. Within this period of time, further reactions can take place,
which potentially leads to further heating and an ’overshoot’ of the reaction
power (see Figure 4.22 (a)). For instance, in case of 12 to 25 um thick Al/Ni
films, Fritz et al. [18] observed a runaway reaction up to 146 ms after switch-
ing off external heating. Within this time frame, atomic movement takes place
and exothermic heat is released. Since ignition criterion I does not take the
ignition delay into account, the actual ignition temperature is lower than pre-
dicted. According to the experimentally determined temperatures for ignition

shown in Figure 4.21 criterion II seems to reflect the ignition delay better than
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Figure 4.22: Schematic illustration of the ignition delay. (a) After switching off the external
heating, further heat is released due to exothermic reactions (overshoot). (b) The
ignition can be avoided by earlier quenching of the sample. The reaction power
remains below the critical ignition limit.

criterion I. Using ignition criterion II is equivalent to early quenching of the
sample (see Figure 4.22 (b)). In this way, the reaction power stays below the

critical limit of ignition.

In literature, experimentally verified criteria for ignition are rare. In order to
determine the ignition temperature of reactive multilayers, there are two major
approaches: hot-plate experiments, where multilayer specimen are dropped
onto a heating plate with a defined temperature [6, 53] and resistance heat-
ing experiments where the specimen are heated directly by a current [18, 19].
These methods allow the determination of ignition by the temperature signal
but lack the thermodynamic characterization. This brings two major draw-
backs: (i) since the ignition criteria are defined by thermodynamic quantities,
a direct verification is not possible and (ii) ignition temperatures are not com-
parable. The latter one results from the dependency of the ignition temperature
from the sample and the thermodynamic system. As outlined in Section 4.2.1,
the heat capacity and the heat losses are additional contributions that influence

the ignition point. Using nanocalorimetry, the characterization of the ignition
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Figure 4.23: The ignition temperatures are plotted versus the time on a logarithmic scale. Al/Ni
multilayers with a composition between 5 at.% Ni and 25 at.% Ni were tested
between 100 Ks~! and 10* Ks~!. For illustration, the linear heating curves are
plotted in black lines. It was found that the ignition temperature decrease with in-
creasing heating rate and interface density. At 500 Ks~! the lower limit for ignition
of the Ni-rich multilayers is reached.

temperature based on thermodynamic quantities is accessible. Therefore, direct
and universal characterization of the ignition behaviour of reactive materials
is possible independent of the sample geometry and thermodynamic boundary

conditions.

Based on the reaction power determined in Section 4.2.1, the ignition temper-
ature is characterized by dependence of composition, interface density, sensor
membrane thickness and surrounding atmosphere. In all cases, ignition cri-
terion II was used. Figure 4.23 plots the ignition temperature on the y-axis
and time in the logarithmic scale on the x-axis. AI/Ni multilayers with a
compositional range of 5-25 at.% and heating rates between 5 - 10> Ks~! and
1-10* Ks~! are compared. All specimens were 2 um thick. Exemplarily,

linear heating curves are plotted in black lines. As a guide to the eye, the

137



4 Results and Discussion

ignition temperature characteristics are indicated with dashed lines. The ig-
nition time is derived based on the heating rate during reaction determined in
a temperature regime between 300 °C and the ignition temperature. The ig-
nition temperature is plotted in Figure 4.23. Two observations can be made:
(i) the ignition temperature is lowered with increasing heating rate and (ii) the
ignition temperature increases with decreasing Ni content, respectively, with
decreasing number of Al/Ni interfaces. The lowest ignition temperature was
found at 313 °C in case of 15 at.% and 25 at.% Ni, heated with 1-10* Ks~!.
The highest ignition temperature was 535 °C in the case of 10 at.% Ni heated
with 1-10% Ks~!. The ignition temperatures of 15 at.% Ni and 25 at.% Ni
are almost identical. This is explained by the number of Al/Ni interfaces in
the sample that differs only by 4. This points to the relevance of the interface
density for ignition. It was found that for the type of sample used in this study,
the lower heating rate limit for ignition is 5- 10> Ks~!. Below ignition, the
solid-state reaction is dominating. Typically, this is the case for slow heating
conditions and low temperatures. In contrast to the runaway reaction, the solid-
state reaction can be quenched. However, beyond the ignition line, the reaction

propagates by its own.

The influence of the number of interfaces on the ignition temperature is shown
in Figure 4.24 (a). Heating of a 1-um-thick sample with 5-10° Ks~! shows
that the reduction of the number of Al/Ni interfaces from 23 to 11 increases
the ignition temperature from 346 °C to 383 °C. Typically, ignition occurs in
the early stages of the reaction. The reaction power during these early stages
of the reaction is dominated by the number of Al/Ni interfaces (compare Fig-
ure 4.14 (a)). If the number of interfaces is unchanged, the composition of the
sample has a minor impact on ignition. Instead, the reaction power at later
stages of the reaction is determined by the composition. In Figure 4.24 (b),
the ignition temperature of Al/Ni(7 at.% V) as a function of the thickness of
the nanocalorimetry membrane is plotted. Again, all specimens were heated

with 5-10% Ks~!. It was found that the ignition temperature increases with
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Figure 4.24: Ignition temperature as a function of (a) the number of interfaces in a 1-pum-thick
Al/Ni multilayer sample and (b) the membrane thickness of the nanocalorimetry
sensor. With increasing membrane thickness, the heat capacity of the system increase.

sensor membrane thickness. From 150 nm to 1500 nm, a temperature in-
crease of 36 °C is observed. Since there is no chemical interaction between
Al/Ni and the sensor membrane, the shift of the ignition point is caused by
the different thermodynamic surrounding. As outlined in Section 3.1.5, the
heat capacity and the heat losses increase with the membrane thickness. As a
consequence, the heating rate during reaction is reduced (see Figure 4.15 (a))
and consequently, ignition temperature increase. This clearly proves that the
ignition temperature is not exclusively a function of the multilayer geometry

but also of the thermodynamic conditions of the surrounding.

Besides the sensor membrane thickness, the atmospheric conditions influence
the ignition temperature. Figure 4.25 plots the ignition temperatures of a 1-um-
thick Al/Ni (7at.% V) specimen in vacuum and air. In both experiments, the
bilayer thickness was 166 nm. It was found that there is a decrease of the igni-
tion temperature of 90 °C when the atmosphere is changed from air to vacuum
(p < 1-107* Pa). This is caused by the significantly lower heat losses in va-
cuum. The sample heats up faster, which results in higher values of the reaction
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Figure 4.25: The influence of the atmospheric conditions on the ignition temperature of
Al/Ni(7at.% V) multilayer samples (1 pm, A = 166 nm).

power. Due to the low heat losses and increased reaction power, the condition

for ignition according to equation 4.8 is reached at lower temperatures.
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4.3 Fast heating rates: Runaway reactions

When heated above the ignition temperature, the reaction turns into a self-
sustaining runaway reaction. In contrast to slow heating discussed in Sec-
tion 4.1, the reaction is not externally controlled. The characteristics of the
exothermic heat release, which was quantified in Section 4.1, determines the
reaction temperature. The high heating rates and the peak temperature affect
the underlying mechanism of the reaction. Besides solid-solid interdiffusion,
now diffusion in liquid-solid conditions gains in importance. First, the runaway
reaction is characterized using in situ X-ray diffraction in Section 4.3.1. In Sec-
tion 4.3.2, parameters are identified which influence the runaway reaction. The
special case of solid-state runaway reactions is considered in Section 4.3.3.
The early stages of the reaction, with a special focus on the mechanism prior
to ignition, are investigated in Section 4.3.4. The underlying mechanism for

arbitrary runaway reactions is discussed in Section 4.3.5.

4.3.1 Liquid-state runaway reactions 2

The runaway reaction was investigated by using nanocalorimetry in combina-
tion with synchrotron X-ray diffraction. The results of this investigation were
published by Neuhauser et al. in [54] 2. AI/Ni multilayers with A = 166 nm
and a total thickness of 2 um were deposited on a nanocalorimetry sensor with
a membrane thickness of 150 nm. A composition of 25 at.% Ni was chosen.
The sample was ignited by linear heating at 5.7 +0.1-103 Ks~!. Figure 4.26
plots the temperature profile of the reaction. This reaction is representative of

numerous liquid-state runaway reactions in the course of this study.

2 Excerpts from this chapter are published in: T. Neuhauser, G. Tinti, H. Leiste, N. Casati, M.
Stiiber, and K. Woll, “Analysis of the reaction runaway in Al/Ni multilayers with combined
nanocalorimetry and time-resolved X-ray diffraction,” Acta Materialia, vol. 195, pp. 579-587,
2020.
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Figure 4.26: Runaway reaction of Al/Ni multilayers with 25 at.% Ni and A = 166 nm. The
sample was heated using nanocalorimetry combined with time-resolved X-ray dif-
fraction. The temperature curve is plotted in black, while the corresponding dif-
fractograms are shown in red. It was found that during the reaction, the sample pass
through the stages of interdiffusion, Al3Ni; and Al3Ni phase formation. [54]

Up to 350 °C, the sample temperature increases linearly with time, which is
a result of the external heating via the nanocalorimetry sensor. The external
power input is maintained up to 148.5 ms. The theoretical temperature pro-
file without the reaction power contribution of the sample is illustrated by the
dashed black line. Above 350 °C, the temperature deviates from linear heating,
followed by a major temperature increase at 425 °C (¢ = 59.2 ms). This sudden
temperature increase of 709 °C within 0.385 ms is called the thermal runaway
reaction. Here, the highest temperature of 1134 °C and the largest heating rate
of 2.8-10° Ks~! was observed. After the runaway reaction the sample cools
down to 708 °C (r = 117.6 ms) driven by the heat losses to the surrounding.
The cooling curve exhibits two temperature plateaus at 1073 °C and 788 °C. It
follows a second temperature increase. This is not attributed to an exothermic
reaction but to the ongoing external heating up to 148.5 ms.
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In the background of Figure 4.26, the time-resolved X-ray diffractograms are
plotted in red colour. At the beginning of the experiment, four diffraction
peaks can be identified: Al (284;(111) = 24.14°, Pt (20p(111) = 24.96°), Pt
(26p;(200) = 28.97°) and an overlapping Al + Ni (284;(111) ni(200) = 28.02°)
peak. It should be noted that the origin of the Pt peaks is the heating strip
of the sensor and is therefore not involved in the reaction. For all peaks, a
shift of the peak position with temperature is observed, which is equivalent to
an extension of the lattice parameters. This can be attributed to a combined
effect of thermal expansion on the one side and internal stresses on the other
side. Stresses arise due to the mismatch of the coefficient of thermal expan-
sion between Al, Ni and Pt. Two phase transformations can be observed by
X-ray diffraction. The first one takes place during the thermal runaway reac-
tion. The Al peaks disappear while new diffraction peaks are formed in a 26
range between 15.72° and 30.10°. These peaks can be clearly assigned to the
Al3Ni, phase. Since the temperature quickly exceeds the melting point of Al
(T;, = 660 °C), it can be expected that Al turns into the liquid state and is con-
sumed during the formation of Al3Ni,. The peak intensity increases up to ¢ =
82 ms, which indicates phase growth. The second phase transformation occurs
during the cooling of the sample. Below 788 °C, the Al3Ni phase precipitates.
Simultaneously, the Al3Ni, peak intensity decreases. Hence, Al3Ni, is trans-
formed into Al3Ni. At room temperature, the sample consists of two phases,
namely Al3Ni and Al3Ni;. The reactants Al and Ni were fully consumed dur-

ing the reaction.

A detailed investigation of the major temperature increase was performed to
reveal the mechanism driving the runaway reaction. Figure 4.27 (a) plots the
time-resolved temperature evolution.. The corresponding X-ray diffractograms

are shown in 4.27 (b). Four individual reaction stages were identified:
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Figure 4.27: (a) Nanocalorimetry signal of the runaway reaction depicted in Figure 4.26. Based on
the heating rate signal (red), four reaction stages were identified. (b) X-ray diffracto-
grams of the individual reaction stages. Formation of the product phase Al3Ni, was
not observed until Stage III. [54]

Stage 1

At the beginning of the runaway reaction, the temperature signal is predomin-
antly defined by the sensor heating. The X-ray diffractograms show only the
elemental peaks of Ni, Al and Pt. Formation of any type of product phase is not
present. However, the calorimetric analysis plotted in Figure 4.17 (a) reveals
that the exothermic heat release starts already at 271 °C. In fact, the ignition
point represented by the golden star (= reaction becomes self-sustaining) is
already reached long before Stage I at 338 °C. Within Stage I, no phase forma-
tion was observed. This points to intermixing as the dominant mechanism. The
calculated energy of 1.80- 103Jcm™3 for the initiation of a runaway reaction is
in good agreement with values reported for AI/Ni(V) multilayers. [18].

144



4.3 Fast heating rates: Runaway reactions

Stage I1

Within Stage II, the major temperature increase occurs. The heating rate data
shows a peak at 693 °C. Here, the highest values for the heating rate with
3-10° Ks~! were found. Most likely, the heating rate peak is related to the
onset of Al melting. There is no difference in the diffracted signal compared to
Stage 1. Still, only diffraction peaks of Al, Ni and Pt are present and there is no
change in the peak intensity. It is found that there is a time delay between the
ignition point (yellow star) and the latter temperature increase of 7.75 ms. This
phenomenon, called ignition delay, is generally observed in reactive materials.

A theoretical description of this phenomenon can be found in Section 2.3.
Stage I11

In Stage III, changes in the diffracted X-ray signal can be detected. Compared
to Stage II, the intensity of the Al peak at 20 = 24° decreases, which indicates
the melting of major amounts of the Al phase. Simultaneously, the heating
rate drops to values between 2-10% and 2.5-10° Ks~!. A melting temperature
of Al of at least 693 °C was determined. This is above the literature value
of 660 °C. A possible explanation for this deviation is the superheating of
solid Al at high heating rates [144]. Perturbations of the nanocalorimetry tem-
perature measurement are not expected. Temperature calibration experiments
with 2-um-thick Al thin film as shown in Appendix A.4 prove the temperature
accuracy of the measurement. However, since the heating rate deviates from
the conditions in runaway reactions, temperature inhomogeneities cannot be
completely ruled out. The diffracted X-ray signal gives some indications for
the formation of Al3Ni, peaks. This can be attributed to the formation of a
minor amount of phase, most likely at the end of Stage III. At the end of the

stage a peak temperature of 1134 °C is reached.
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Figure 4.28: Temporal evolution of the normalized integrated peak intensity of Al, Al3Ni and
Al3Ni,. The formation of Al3Niy proceeds up to 20 ms after the maximum reaction
temperature was exceeded. With further cooling, Al3Ni, decomposes into Al3Ni.
[54]

Stage IV

By exceeding the peak temperature of 1134 °C (t = 59.6 ms), a sudden drop of
the heating rate is observable. The part of the reaction where the exothermic
heat release is dominating the reaction is completed. Now, the heat losses cool
down the sample gradually. At the same time, the Al peak disappears and
pronounced peaks of Al3Ni, are formed. The Al phase is now completely in

the molten state and is getting consumed in the course of the Al3Ni, phase

146



4.3 Fast heating rates: Runaway reactions

formation.With further cooling of the sample, the growth of AI3Ni; phase is
facilitated. Figure 4.28 plots the normalized integrated peak intensity of Al,
Al3Ni and Al3Nij based on the in situ XRD data. To a good approximation,
the integrated peak intensity is equal to the amount of phase in the sample
(see Appendix A.5). A moving average smoothing was applied to reduce the
scattering of the data (solid line). It has to be noted that Ni was not evaluated.
Overlapping of the Ni peaks with other phases makes integration difficult and
therefore prone to errors. The maximum amount of Al3Ni, was found 20 ms
after the runaway reaction. Hence, 50 % of Al3Ni, is formed after the peak
temperature is exceeded and does not contribute to the temperature evolution
of the reaction. Below 882 °C, Al3Ni; decomposes and Al3Ni is formed. With
further reaction progression, the amount of Al3Ni continuously increases. At
the end of the reaction, about 70 % of the initial formed Al;Ni; are transformed
into AlzNi.

4.3.2 Runaway reaction kinetics

In the next step, the impact of the experimental parameters like the heating
rate, composition, nanocalorimetry sensor geometry and annealing condi-
tions on the runaway reaction kinetics were characterized. So far, the influ-
ence of these parameters was only studied for self-propagating reaction fronts
[9, 27, 31, 48, 145]. Although this gives valuable information about the peak
temperatures and reaction waves velocities, the actual temperature profile and
the phase sequence is unknown. Therefore, nanocalorimetry was used to in-
vestigate the impact of the composition and the heating rate on temperature

profile of the reaction.
Figure 4.29 plots the temperature profiles of various Al/Ni runaway reactions

with a Ni content between 5 at.% and 25 at.% Ni and a heating rate between
5-10> Ks~! and 1-10* Ks~!. All reactions fulfil the criterion of ignition
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Figure 4.29: Overview of the temperature profiles of Al/Ni runaway reactions in a composi-
tional range between 5 at.% and 25 at.% Ni and a heating rate of 500 Ks~! up
to 10* Ks~!. The reaction temperatures are lower in Al-rich samples. In case of
25 at.% Ni, the temperatures exceeds 1000 °C and Al3Nij, is formed first. The tem-
perature profiles for heating rates < 500 Ks~! are depicted in Figure 4.3.

derived in Section 4.2.2, which confirms the presence of a runaway reaction.
Generally, it was found that the maximum temperature of the reaction increases
with Ni content and heating rate. The latter shows significantly less influence
on the temperature profile. In this study, the lowest runaway temperature ob-
served was 646 °C in case of 5 at.% at 5- 10° Ks~! and the highest temperature
1134 °C in case of 25 at.% at 5- 103 Ks~!. Since the peak temperatures are
above and below the melting temperature of Al, it is expected that the runaway
reaction proceeds in the solid and the liquid state of the sample. A detailed
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Figure 4.30: (a) Temperature increase and (b) reaction heating rate of a runaway reaction in Al/Ni
multilayers as a function of composition and base heating rate. The highest temperat-
ure increase and fastest reaction were observed in samples with 25 at.% Ni.

discussion about the difference in the reaction mechanism can be found in Sec-
tion 4.3.5.

The difference between ignition point and maximum temperature is plotted in
Figure 4.30 (a). It becomes evident that the exothermic temperature increase is
more pronounced at higher Ni concentrations. Whereas for 5 at.% Ni the tem-
perature increase is only about 250 °C, at 25 at.% there is an increase of 776 °C.
This is expected since in the compositional range investigated, the enthalpy of
the formation increases with Ni content (compare Figure 2.4). In contrast, it
was found that the influence of the heating rate is less pronounced. Exem-
plarily, at 25 at.% Ni the runaway reaction temperature increases by 140 °C
when the heating rate rises from 5-10? Ks~! to 1-10* Ks~!. However, the
result indicates that the peak temperature cannot be increased any further with
an increase of the heating rate. The average heating rate of the reaction, here
denoted as reaction heating rate (RHR), is plotted in Figure 4.30 (b). Since
the RHR is primarily determined by the rate of heat release and, therefore, by
the conversion rate from reactants to products, the RHR is a measure for the
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reaction rate. Generally, all compositions show an increase of the RHR with
the base heating rate. The highest values of RHR were found for multilayers
with 25 at.% Ni. These findings suggest a dependence of the heating rate on
the composition and the number of Al/Ni interfaces. Note that the number of
interfaces changes with composition. The interfaces are the locations where
atomic intermixing takes place. More interfaces lead to a faster release of
exothermic heat and, therefore, more rapid conversion to the product phase
(compare Figure 4.14). Especially above the melting temperature of Al, a high
Ni content leads to fast heating and high peak temperatures.

Two different types of primary formed intermetallic phases were observed. For
all experiments with ¢ < 15 at.% Ni, Al3Ni is the first phase, indicated by a
red line in Figure 4.29. In all experiments with ¢ = 25 at.% Ni, Al3Ni, is
formed first (blue line). This suggests that in the heating rate regime between
5-102 Ks~ ! and 1-10* Ks~! the type of the first phase is primarily dependent
on the composition. However, this simplification does not take the temperature
stability of AlsNi and the physical state of the sample into account. Consid-
ering the Al-Ni phase diagram (Figure 2.3), above 854 °C Al3Nij is the only
thermodynamic stable phase in a compositional range between 15 at.% and
36.8 at.% Ni. Therefore, the composition is not the primary factor defining
the first phase. In fact, the composition in combination with the number of
interfaces defines the reaction temperature, which is decisive for the thermo-
dynamic stability of a compound phase. In case of 15 at.% Ni the reaction
temperature does not exceed 827 °C, which is too low for the formation of
Al3Nij.

Besides the composition and heating rate, the influence of annealing prior to
ignition was studied. For this purpose, Al/Ni multilayers with 25 at.% Ni
were annealed at a constant temperature of 250 &4 °C. This is well below

the ignition temperature of 338 °C for this system. The annealing time was

150



4.3 Fast heating rates: Runaway reactions

1200

@) (b)

1000
<«—60s
800 «—240s

600 | as-deposited

Intensity (a.u.)

400

Temperature (°C)

200

u

1 I 1
0.0 0.1 0.2 0.3 04 05 0.6 0.7 15 20 25 30

Time (s) 20(%)

Figure 4.31: The temperature profile of runaway reactions after annealing. Al/Ni multilayer stacks
with 25 at.% Ni serve as starting material for a pre-reaction annealing procedure at
~ 250 °C for 3 s to 60 s and 240 s. A reduction of the peak temperature and an
increase of the runaway onset was observed with increasing annealing time.

incrementally increased from 3 s to 60 s and 240 s. This experimental ap-
proach mimics the isothermal heating shown in Section 4.1.1. The structural
changes caused by annealing were characterized by XRD. The diffractograms
in Figure 4.31 (b) reveal phase formation in the case of 60 s and 240 s anneal-
ing time. The peaks indicate that predominantly AlgNi, and Al;Ni is formed.
However, at an annealing time of 3 s, the diffractogram does not show any
difference to the as-deposited state. After annealing, the samples were ignited
at a heating rate of 1-103 Ks~!. Figure 4.31 (a) show the resulting temperat-
ure profiles in comparison to the as-deposited state. Two observations can be
made: (i) in case of 60 s and 240 s annealing time, the onset of the reaction is
shifted to higher times and temperatures, while the peak temperatures decrease
and (ii) there is a slight increase of the peak temperature after 3 s annealing.
The first observation can be explained by the reduction of the heat of forma-
tion due to phase growth during annealing. Since the multilayers are partially
reacted after annealing, the amount of Al and Ni reactants is reduced. Con-

sequently, the peak temperatures of the as-deposited sample are not reached
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Figure 4.32: (a) Temperature profile of a AI/Ni runaway reaction after annealing 60 s @ 250 °C.
(b) X-ray diffraction reveals that the runaway reaction is initiated by Al3Ni phase
growth. After the peak temperature is exceeded, Al3Ni and Al3Ni, are formed.

in case of long annealing times. The situation is different in case of 3 s an-
nealing. Here, the peak temperature is increased by about +32°C, while the
onset of the reaction remains constant. Based on the experimental results, it
is difficult to draw a conclusion about the influence of short annealing times
on the runaway reaction. Above 1000 °C deviation of temperature measure-
ment can not be excluded with certainty and more measurements are required
for a reliable database. However, the temperature increase can indicate the
increase of the reactivity for short annealing times. Studies showed that the
formation of amorphous layers and Al3Ni crystals by ion irradiation enhance
the reactivity of multilayer materials [25]. Interdiffusion and the formation of
nanoscale nuclei by annealing may also reduce the thermodynamic barrier for
phase formation (see Section 2.4.1) and therefore enhance the reactivity of the

sample.
To get a better understanding of the structural changes during reaction, Fig-

ure 4.32 plots the temperature profile (a) and selected in situ recorded dif-

fractograms (b) of a runaway reaction after 60 s annealing. The selected

152



4.3 Fast heating rates: Runaway reactions

diffractograms are numbered with (1)—(5) and marked as red circles in Fig-
ure 4.32 (a). (1) Prior to ignition, Figure 4.31 proves the formation of minor
amounts of AlgNi, and Al3Ni. (2) By heating the sample, the runaway reaction
is initiated. The diffractogram shows an increase of the Al3Ni amount associ-
ated with the exothermic temperature release. Up to 544 °C, the phase growth
proceeds below the melting point of all constituents and therefore in the solid
state of the sample. (3) Shortly after the peak temperature of the reaction is
exceeded, AI3Nij is formed while the Al3Ni is predominantly decomposed.
(4) During cooling of the sample, the phase ratio is reversed. The amount of
Al3Ni increases and Al3Nip gets decomposed. (5) In the final diffractogram,
the amount of Al3Ni and Al3Ni, remains constant, whereas the unreacted Al
solidifies. Since the product phase is partly formed prior to the runaway re-
action, the reaction mechanism differs from the liquid-state runaway reaction
shown in Figure 4.27. A detailed description of this liquid-state runaway re-
action with compound layer and the distinction to the liquid-state runway is

made in Section 4.3.5.

So far, the sample chemistry and annealing conditions were identified as para-
meters influencing the runaway reaction. Now the question is addressed in
which way the runaway reaction is affected by the external thermodynamic
conditions. For this purpose, the thickness of the sensor membrane was var-
ied between 150 nm, 300 nm, 600 nm and 1,500 nm. As outlined in Sec-
tion 3.1.5, this has an impact on the heat losses and especially on the heat
capacity. The sample was held constant at a thickness of 1 um and a composi-
tion of 25 at.% Ni(V). Figure 4.33 plots the temperature profile of the runaway
reaction for different types of sensors. With increasing membrane thickness,
the peak temperature not only decreases from 1032 °C to 869 °C but also the
reaction slows down. In case of 150 nm the conversion takes 1.8 ms whereas
the time is increased to 29.6 ms in the case of 1,500 nm. An increase of the
membrane thickness adds Cp to the system. Thus, more thermal power is re-

quired to heat the system. Investigations of self-propagating reaction fronts in
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Figure 4.33: Influence of the sensor membrane thickness on the temperature profile of runaway
reactions. With increasing thickness, the additional inert heat capacity increase.
Consequently heating rate and the peak temperature of the runaway reaction de-
crease.

inert-mediated reactive multilayers give some evidence that the reaction mech-
anism is influenced by the reaction kinetics [110]. Here, an inert material like
copper is introduced into the multilayer stack. Based on the activation energy
analysis, a change of the reaction mechanism from Ni diffusion into liquid Al
to atomic transport through a product phase layer is proposed. Although in the
present study, no XRD data is available, it can be assumed that at a longer re-
action time, phase formation is also facilitated (see Section 2.4.1). Therefore it
is possible that the mechanism, which is driving the runaway reaction change

with reaction time.
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4.3.3 Solid-state runaway reactions 3

Most of the reactions presented in Section 4.3.2 proceed in the liquid-state of
at least one constituent. The liquid state of Al increases significantly the rate
of intermixing and leads to high heating rates, which are observed in runaway
reactions. The question arises, if the liquid-state of one constituent is a man-
datory condition for the presence of a runaway reaction. Can the diffusivity of
a solid Ni/ solid Al system be high enough to enable a runaway reaction? Gen-
erally, a mandatory criterion for a solid-state runaway is a melting temperature
of all constituents above the adiabatic reaction temperature [146]. Neuhauser
et al. [126] addressed the question if the low melting temperature of Al (7, =

660 °C) enables a solid-state runaway reaction. >

An intermediate heating rate regime between 100 Ks~!' and 1-10° Ks~! was
chosen to study the solid-state runaway. Al/Ni multilayers with a Ni content
of 10 at.% and a bilayer thickness of 220 nm were used. The temperature
profiles of the nanocalorimetry experiments are shown in Figure 4.34. In case
of 100 Ks~! and 500 Ks™!, two separate peaks are observed. At 100 Ks™!,
the onset of the first peak is at 343 °C and of the second peak at ~ 407 °C. By
increasing the heating rate to 500 Ks™!, the onset of the first peak is shifted
by 424 °C and of the second peak by +38 °C. These two temperature peaks
can be attributed to the two-stage phase formation discussed in Section 4.1.2
and 4.1.3. The two-stage phase formation comprises a nucleation and a growth
step of one phase. The temperature increase within one peak is substantially
more pronounced in the case of 500 Ks~!. This is explained by the increase
of O, when the time interval of the reaction is shortened. At a heating rate

of 1-10° Ks™!, a shift from two exothermic peaks to the one temperature

3 Excerpts from this chapter are published in: T. Neuhauser, G. Tinti, H. Leiste, N. Casati, S. Ul-
rich, M. Stiiber, and K. Woll, “The role of two-stage phase formation for the solid-state runaway
reaction in Al/Ni reactive multilayers,” Applied Physics Letters, vol. 117, no. 1, p. 011902, 2020
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Figure 4.34: Shift from a two-stage reaction to a solid-state runaway reaction by increasing the
heating rate from 100 Ks™! (red) to 10° Ks~! (black). The two peaks merge to one
solid-state runaway peak. [126]

peak is observed. As it can be seen in the inset of Figure 4.34, there is a low-
temperature shoulder between 400 °C and 500 °C, which indicates that the
two-stage phase formation mechanism is still present. Within the exothermic

peak, the temperature increases about 255 °C within 40 ms.

To prove the presence of a runaway reaction, a thermodynamic analysis of the
1- 103—Ks’1—experiment was performed. For this purpose, Oy and Qjpgs Was
determined using the nanocalorimetry method described in Section 3.1.3. Fig-
ure 4.35 shows an increase of Q, in two stages starting at 375 °C. Applying
the ignition criterion dQ,¢, /dT > dQ},ss/dT deduced in Section 4.2.2, ignition
occurs at a temperature of 495 °C, right after the first stage. It should be noted,
that even the more conservative ignition criterion Q,; > Qjoss is fulfilled at
temperatures > 550 °C. This confirms the presence of a runaway reaction. The
comparison of the critical power input density of 5.8 - 10* Wem ™ required for

ignition show a good agreement to literature data [6, 18]. Since the maximum
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Figure 4.35: Thermodynamic characterisation of the solid state-state runaway reaction using
nanocalorimetry. The heat losses Q. and the reaction power Q,; are plotted versus
the temperature. The ignition is reached at a temperature of 495 °C. [126]

temperature does not exceed 650 °C, all reactants and products are in the solid
state (Al = 660°C, Al3Ni = 845 °C and Ni = 1455°C). Although a solid flame
was already observed in ball-milled powders [147-149], this is the first time
this phenomenon is observed in metallic multilayers. This proves that the pres-
ence of a liquid phase, which is generally defined as necessary condition for a
runaway reaction [150], is not required.

In the next step, the underlying mechanism which drives the solid-state run-
away reaction should be identified. For this purpose, X-ray diffraction data is
used. In Figure 4.36 (a), diffractograms after the first and the second phase
formation stage are plotted. The exact time of recording of the diffractograms
is marked in Figure 4.34. Independent from the heating rate, only one product
phase, namely Al3Ni, was identified. The presence of Al;Ni is already verified
after the first formation stage. However, the peak intensity increases signific-
antly during the second stage. Besides the product phase, in all diffractograms,

peaks of the reactants Al and Ni are present. The intensity of the reactants
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Figure 4.36: (a) X-ray diffractograms after the first and the second formation stage. The time of
the recording is marked in Figure 4.34. After the first peak, Al3Ni was identified. The
peak intensity grows after the second stage. (b) The time-resolved extent of conver-
sion is based on the integrated X-ray peak intensity of Al3Ni. The phase formation
kinetics changes with heating rate. The rapid succession of two formation stages of
Al3Ni leads to a solid-state runaway reaction. [126]

decreases with the increasing amount of AI3Ni, which states that Al and Ni are
consumed during the reaction. In the case of the 1-10°-Ks™!-experiment, the
diffractogram was recorded at the maximum temperature of the reaction. The
Al peak at 20 = 23.86 ° is permanently present. Since Al is the reactant with
the lowest melting point, this corroborates that the reaction proceeds in a solid-
state condition. It should be noted that the peak shift of Al and Ni between
the as-deposited and the heated state is mainly caused by temperature-induced

lattice expansion.

The time-resolved evolution of the integrated peak intensity of Al3Ni plotted
as extent of conversion « is shown in Figure 4.36 (b). The Al3Ni peaks in the
20 range of 13.78°-18.51°, 21.93°, 22.81°, 25.73°, 26.05° and 30.19° were se-
lected for integration. For comparability, the normalized values of the intensity
and the normalized values of time t,,,;,, were taken. In case of the 100 Ks~!

and 1-10° Ks~! experiments the intensity increases continuously with time.
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At thorm = 0.5 (a0 = 0.32) a change in the slope indicates a change in the phase
growth rate. For the intermediate heating rate of 500 Ks~!, a plateau is present
at tyorm = 0.6. This points towards a change of the phase growth kinetics with
the heating rate. At 100 Ks~!, the heating rate is almost constant with no
additional temperature peak. Hence, Al3Ni grows continuously and the trans-
ition between the two growth stages is only indicated by a change in the slope.
When the heating rate is increased, the separation between stage I and stage
II is more pronounced. We contribute this to the temperature increase during
stage I, which leads to a quick saturation of the interfacial phase growth. Fur-
ther heating is required until the critical activation energy for phase growth
perpendicular to the interface is reached. It can be estimated that for 100 Ks™!
and 500 Ks~!, stage I is completed at 0.5 < a < 0.6. This changes when the
sample is heated with 1,000 Ks™ ! The transition is lowered to & = 0.32, which
is an evidence for an incomplete stage 1. Already at the beginning of stage I,
enough reaction power is released to increase the temperature above 550 °C.
This is well above the stage II initiation temperature of ~ 450 °C, determined
in the 100-Ks~!- and 500-Ks~'-experiment. Therefore, stage I is not com-
pleted before stage II is initiated. The rapid succession of both Al3Ni reaction

stages leads to a solid-state runaway reaction.

4.3.4 Early stages of the runaway reaction *

Next, the relevant mechanism for the initiation of the runaway reaction is in-
vestigated. The early stages of the reaction are of particular relevance since
they define the characteristics of the consequent runaway reaction. Besides
this, the initial stages of the runaway reaction are controlled by the external
temperature profile. This is the fraction of the reaction which is externally

controllable. Hence, a mechanism-based understanding of the initial stages is
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fundamental for tailoring the runaway characteristics. Neuhauser et al. * [54]
showed two experimental approaches: (i) Quenching using nanocalorimetry
sensors in combination with XRD and electron microscopical investigations
and (ii) subsequent pulsing in combination with XRD to investigate the initi-

ation.

For the quenching experiments, AI/Ni multilayers with A = 166 nm were
heated close to the ignition temperature and quenched using nanocalorimetry.
Originally developed for the investigation of metallic glasses [84, 85, 87, 117-
120], here nanocalorimetry is used for the first time to quench reactive ma-
terials. Because of the low thermal mass of the sensor, quenching rates of
~ 2 x 10* Ks~! can be archived. This approach for quenching mimics hot
plate experiments [6, 53]. However, nanocalorimetry has two major bene-
fits compared to hot plate experiments: (i) accurate control of heating rate
and temperature and (ii) uniform heating of the sample. This is mandatory
for the characterisation of the mechanisms right before ignition. As shown
in Section 4.2.2 the ignition temperature varies with heating rate and heating
conditions. Hence, nanocalorimetry enables reproducible heating of the mul-
tilayer stack close to the physical ignition point. This enables the application
of structural characterisation methods only a couple of degrees below the ac-
tual ignition temperature of the sample. After heating the multilayer stack to
412 °C, which is close to its ignition temperature, X-ray diffraction was per-
formed. Figure 4.37 plots the ex situ synchrotron diffractograms before and
after quenching. An acquisition time of 20 s was selected to increase the phase
resolution. According to calculations, this reduces the minimum thickness of

the detectable phase to ~ 2.6 nm. The only peaks which are detectable are

4 Excerpts from this chapter are published in: T. Neuhauser, G. Tinti, H. Leiste, N. Casati, M.
Stiiber, and K. Woll, “Analysis of the reaction runaway in Al/Ni multilayers with combined
nanocalorimetry and time-resolved X-ray diffraction,” Acta Materialia, vol. 195, pp. 579-587,
2020.
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the elemental peaks of Al, Ni and Pt. No indication for the formation of in-
termetallic peaks of AlgNiy, Al3Ni or Al3Ni; were found after heating. This
is supported by analysing the integrated peak area of the Al peak at ~ 24.3 °.
There is no change in the peak area (as-deposited 1851 a.u. / quenched 1846
a.u.)® between the as-deposited state and after quenching. Hence, no Al was
consumed for the formation of product phases. In case of the overlapping Ni (
28.01 °) and Al (28.15 °) peak at ~ 28.1 °, an increase of the intensity is ob-
served. This is not expected since Al and Ni are elements, which are consumed
during the reaction. The most likely explanation for the intensity increase are
microstructural changes like a crystallisation of amorphous regimes. Interest-
ingly it is reported that this phenomenon was also observed after annealing of
AI/Ni multilayers [19]. It was concluded that the annihilation of lattice defects
and an increase of the overall crystallinity are responsible for the intensity in-

crease.

The previously described experiments reveal that interdiffusion dominates the
reaction up to the ignition point. In order to investigate the stability range of the
interdiffused state, multiple heating runs and subsequent XRD was performed.
For this purpose, thermal pulses below the ignition temperature were conduc-
ted on Al/Ni samples with A = 83 nm. The pulse length was held constant at
100 ms and the temperature was gradually increased by 9 °C steps. The indi-
vidual temperature pulses are shown in 4.38. With increasing peak temperature
the heating rate increase from 3-10° Ks~! up to 5-10° Ks~!. All in all, 12
subsequent thermal pulses, numbered with the labels P1 to P12, were conduc-
ted. The experiments that are highlighted in colour were investigated in detail.
It should be noted that the temperature increase per pulse is not evenly dis-
tributed. This can be traced back to the release of exothermic heat for certain

pulses, which pushes the temperature above the predefined 9 °C.

3 The detector used: Eiger 500k (self-developed 2D single-photon counting detector at the Paul
Scherrer Institute)
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Figure 4.37: X-ray diffractograms of the as-deposited (black) and the quenched state (blue) of a
A =166 Al/Ni multilayer sample. By using nanocalorimetry, the sample was heated
to 412 °C and quenched afterwards. The comparison shows no indications for in-

Figure 4.38: Multiple pulsing experiment on Al/Ni samples with A = 83 nm. The peak temperat-
ure is gradually increased by 9 °C steps, while the pulse length is held constant.
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Figure 4.39: (a) Enthalpy release per temperature dH /dT for AI/Ni multilayers. The exothermic
energy release is increased after P7. (b) Ex situ X-ray diffractograms of selected
thermal pulses are depicted in colour. Up to pulse P35, there is no indication for product
phase formation. Starting with P7 Al3Ni is observed. [54]

To quantify the energy release during each thermal pulse the enthalpy change
per temperature increment dH /dT calculated from equation 4.7 used. Here,
dH /dT is preferential over Q,., because the independence of the heating
rate ensures the comparability of different experiments. Figure 4.39 (a) plots
dH /dT vs. the temperature. Except for P1, up to 285 °C the dH /dT evolves
similar for all pulses. Above 234 °C dH/dT continuously increases. When
the temperature exceed 285 °C the slope of the dH /dT curve increases signi-
ficantly. With each thermal pulse the onset the exothermic reaction is shifted
incrementally to higher temperatures. The maximum values of dH /dT for
P6 - P12 are about 4 times higher compared to P2- P5. The first pulses devi-
ates from the successive P2 - P5 in the way, that a dH /dT increase is already
observable at 234 °C. After P1 there is a significant shift dH /dT to higher

temperatures.
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Figure 4.40: Plotting the maximum values of dH /dT from Figure 4.39 reveals two distinctive
regimes. Up to P5, low values of dH /dT indicating interdiffusion, whereas the
higher values starting at P7 can be correlated with Al3;Ni formation. [54]

The phase composition after selected thermal pulse was analysed via a long-
acquisition (¢ = 20 s) XRD scan. The diffractograms of selected pulses are
shown in Figure 4.39 (b). Up to PS5, no intermetallic phases are detectable.
Only the elemental peaks of Al, Ni and Pt are present. Starting with P7, there
are first indications for the formation of AI3Ni. With an increasing number
of pulses, the intensity of the AI3Ni peak increases. Simultaneously, the de-
creasing peak intensity of the Al peak indicates the consumption of reactants.
By correlating the enthalpy change and the X-ray diffractograms, it becomes
evident that the increase of reaction rate coincidence with the formation of
intermetallic phases. This becomes even clearer when (dH /dT )y is plotted
versus the number of pulses. Figure 4.40 shows two distinctive regimes, where
up to P5 low reaction rates are observed and starting with P7 (dH /dT)max
significantly increase. In combination with the XRD results, this allows us
to conclude that up to 342 °C interdiffusion dominating the reaction mechan-
ism. Grain boundaries perpendicular to the Al/Ni interfaces are most likely the

preferred pathways for diffusing Ni atoms. The formation of a solid solution
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proceeds up to P5. Since the enthalpy of mixing is usually much lower than
the enthalpy of phase formation, the values for colo(dH /dT)mgy are lower.
Taking the composition gradient theory outlined in Section 2.4.1 into account,
it can be assumed that the composition gradient is above a critical limit, which
suppresses nucleation of AI3Ni. Since exothermic heat is released, but XRD
gives no evidence for phase formation, we conclude that interdiffusion is the
dominant mechanism up to the ignition temperature (compare Figure 4.37).
Simultaneously with the beginning of the second plateau, the formation of the
Al;3Ni phase is observed. Further intermixing leads to the flattening of the com-
position gradient and enables the nucleation of the product phase. Therefore,
phase formation dominates the reaction at temperatures above 389 °C. Since
the enthalpy of formation is high for phase formation (see Table 2.1), also high
values for (dH /dT )pay are observed. With every thermal pulse, the thickness
of Al3Ni increases and, therefore, the thermodynamic barrier for Ni diffusion
through the product layer. Higher temperatures (= higher thermal energy) are
required for the Ni atoms to overcome this barrier, which shifts the onset of the

energy release to higher values.

Interestingly the microstructural changes occurring during pulsing have a dir-
ect impact on the ignition temperature. Note, that in Figure 4.38 the peak
temperature of 499 °C of P12 is well above the ignition temperature of the
as-deposited sample with 367 °C. This implies that the ignition temperature
depends on the thermal history of the sample. The source for exothermic en-
ergy release, namely interdiffusion and phase formation, is shifted to higher
temperatures. Consequently, the ignition point which relies on the energy re-
lease is shifted to higher temperatures. This is comparable to the annealing
experiments shown in Figure 4.31. These observations point to the relevance

of the local microstructure at the interface for the reaction characteristics.

165



4 Results and Discussion

4.3.5 Mechanisms of the runaway reactions

Within this study, runaway reactions were initiated under various experimental
conditions. All runaway reactions observed can be classified into three types:
(1) liquid-state runaway reactions, (ii) liquid-state runaway reactions with prior
phase formation, (iii) solid-state runaway reaction. Based on the experimental

findings for every type the underlying mechanism is derived in the following:
Liquid-state runaway reaction (LRR)

The majority of the runaway reaction can be assigned to the liquid-state run-
away reactions. Typically, this type is observed in metallic multilayers with a
high enthalpy of formation in combination with high diffusivity. This includes
multilayer samples with a composition close to the corresponding compound
phase (see Figure 4.17), high Al/Ni interface density (see Figure 4.14) and high
ratio of reactive material to inert material (see Figure 4.33). The characteristic
feature of this reaction is the melting of one constituent before the product
phase is formed. According to the experimental findings shown in Figure 4.27
Neuhauser et al. [54] derived a mechanism for the solid-state runaway re-
action. The reaction can be subdivided into five individual stages, which are

illustrated in Figure 4.41. The phase sequence can be summarized as follows:

Al+Ni— Al(l) 4+ Ni(s) — AbNip, +Al(l) + Ni(s)
— AI3Niy — AlsNir + Al3Ni 4.9)

For stages I and II, the experimental findings presented in Section 4.3.4 suggest
that the liquid-state runaway reaction is initiated by interdiffusion between Ni
and Al. The formation of an intermixed layer releases exothermic heat and
leads to an increase in the sample temperature. This is indicated by stage I

and stage II in Figure 4.27. Complementary studies at slow heating rates [50]
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Stage | + 11 Stage Il
liquid Al
Al l . ALNi,
Ni premixed intermixing z:ssolution of

Stage IV Cooling > 854 °C Cooling < 854 °C
liquid Al liquid Al
- e

Figure 4.41: Tllustration of the mechanism in a liquid-state runaway reaction. The main steps
are the formation of an intermixed layer, melting of Al, formation of Al3Ni, and
precipitation Al3Ni during cooling.

and fast heating rates [7, 20] confirm that intermixing is the dominating mech-
anism. Stage I and II differ in reaction rates. Whereas in stage I, there is no
significant influence on the temperature, in stage II, the major temperature in-
crease is observable. This is related to the activation of diffusion processes.
Since diffusion is temperature dependent, the rise in temperature leads to an
increasing degree of intermixing and, therefore, to an enhanced exothermic
heat release. This may be accelerated by the onset of Al melting at the very

end of stage II, leading to a heating rate peak.

Stage III is dominated by the solid-to-liquid transition of Al. This material
transition leads to a decrease in the heating rate (see Figure 4.27). This can be
attributed to two mechanisms running in parallel: (i) endothermic melting of
Al and (ii) exothermic intermixing of liquid Al and solid Ni. The diffusivity of
Ni in the liquid Al (D = 1078 — 107° m?s~! [151]) is significantly enhanced
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compared to the solid-state (D°=10""12—-10"' m2s~! [151]). Both contribu-
tions are not fully balanced. With the onset of melting, an endothermic process
is added to heat balance, which lowers the heating rate. It is unlikely that heat
losses have a major contribution to the heating rate signal at this point. With
the ignition of the sample the reaction power overcompensated the heat losses
already at a very early stage of the reaction. The observations of stage III agree
well with the so-called exothermic dissolution process proposed by Rogachev
et al. [150, 152]. The dissolution of Ni into liquid Al is the driving mechanism
for the Al/Ni runaway reaction. This process leads to a significant release of
exothermic heat and is responsible for the major part of the temperature in-
crease. The exothermic dissolution theory assumes phase formation during the
late stages of the reactions. This is confirmed by findings in this study. Al3Ni
or Al3Nij; is formed to a minor extent at the end of stage III.

In stage IV, the major part of the Al3Ni, compound phase is formed. As shown
in Figure 4.28, this takes place well after the peak temperature has been ex-
ceeded. Hence, significant parts of the phase formation do not contribute to the
temperature increase in liquid-state runaway reactions. Such a post-reaction
phase formation process was also observed for self-propagating reactions in
AI/Ni multilayers [150, 152, 153]. However, due to the lack of in situ investig-
ations, the influence of quenching on phase formation could not be answered
unambiguously. This study proves that the intermetallic phase is formed in the
presence of liquid Al and solid Ni after the high-temperature reaction. Inter-
estingly, phase formation during cooling was also observed for macroscopic
reaction couples between liquid Al and solid Ni [154, 155]. The formation of
intermetallic phases at the Al/Ni interface was only observed when the system
was cooled down. Holding the reaction couple at a constant temperature did
not result in the formation of compound phases. This points to the thermody-
namic driving force during cooling, which is required for the nucleation of the

product phase.
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The fact that phase formation does not significantly contribute to the runaway
is unexpected since, from a purely thermodynamic point of view, the formation
of AI3Ni; is a highly exothermic and thermodynamically favourable process.
We propose two explanatory approaches for this phenomenon. Assuming that
Al3Ni; is formed as a continuous layer at the liquid Al/solid Ni interface,
the dissolution process would be slowed down due to the additional diffusion
barrier. Hence, less exothermic reaction power is released. An alternative ex-
planation is the reduction of the total enthalpy of formation of Al3Ni; due to
prior intermixing. In the course of the dissolution process in stage III, liquid
Al is enriched with Ni. This leads to the release of the enthalpy of intermixing.
The enthalpy of intermixing versus the enthalpy of phase formation is plotted
in Figure 2.4. At an atomic fraction of 0.75 Al, approximately 80 % of the total
enthalpy is already released by intermixing. Only 20 % are available for the
Al3Ni, formation. We assume that both explanatory approaches are valid. The
interaction between both contributions result in the decrease of the heating rate

signal depicted in Figure 4.28.

In case of liquid-state runaway reaction shown in Figure 4.26, it was found that
Al3Ni, is the first phase which is formed. This seems to contradict nanocalor-
imetry studies which identified Al3Ni as the first phase [7, 20] and self-
propagating reactions fronts which identified NiAl as the first phase [23, 78].
Considering only thermodynamic aspects Ni-rich intermetallic compounds are
preferred. Comparing the enthalpy of formation, the sequence of formation is
NiAl (AH; = —59 klg~'at) , A3Ni (AH; = —57 kJg~'at) and finally Al3Ni
(AHy = —38 kI g’lat) [74]. However, this requires a fast mixing of the con-
stituents, which is only possible in the liquid-state. In this case, the type of the
first phase is defined by the composition and temperature given by the phase
diagram. Since the reaction temperature in this study is just in the stability
region of Al3Nij, this type of phase is formed first. In contrast to solid-state
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reactions, intermixing is limited [7, 20]. In the solid-state, the material trans-

port across the Al/Ni interface favours Al-rich compounds (see Section 2.4).

With the ending of Stage IV, the phase transition during the runaway reaction
is not completed. The amount Al3Ni, further increases, but with a decreasing
growth rate (see Figure 4.28). This is attributed to the rising proportion of the
product phase formed at the AI/Ni interface. This additional layer impedes
diffusion and therefore, the growth rate of Al3Ni, decreases. Below the per-
itectic temperature, AI3Ni starts to form whereas Al3Ni, is consumed. The
sample tends towards the equilibrium condition. Finally, the sample is in a
two-phase state comprising Al3Nip and Al3Ni. It cannot be ruled out that a de-
viation of the target composition of 25 at.% Ni is the reason for Al3Ni; in the
post-reacted state of the sample. However, the kinetics of the phase transition
must be considered as well. Fast cooling of the sample may impede a complete

transformation of Al3;Ni, into AlzNi.

Liquid-state runaway reaction with compound layer (LRRCL)

The LRRCL is closely related to the purely liquid-state runaway reaction. The
major difference is the initial state of the multilayer stack before ignition. In
the case of a LRRCL, the multilayer stack was exposed to a pre-reaction tem-
perature treatment prior to ignition. This temperature treatment could either
be an isothermal annealing procedure as shown in Figure 4.31 or sequential
thermal pulsing as depicted in Figure 4.38. However, besides these two exem-
plary cases, there are also more complex thermal treatments conceivable. The
temperature treatment of the multilayer stack leads to the formation of a com-
pound layer, which plays an essential role in the subsequent runaway reaction.

The individual steps of a LRRCL are schematically shown in Figure 4.42.
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T treatment .
Runaway reaction

Al
—> A -» A

Ni  premixed AlLNi AlLNi

T>845°C Cooling
AlLNi liquid Al liquid Al
- -
Ni
| T<845°C A

Figure 4.42: Tllustration of the mechanism in a liquid-state runaway reaction with reactant layer.
In the course of the pre-reaction thermal treatment Alz, Ni is formed. The con-
sequent runaway reaction is driven by phase growth and the nucleation of Al3Ni,.
Depending on the peak temperature, the sample turns directly into the Al3Niy/Al3Ni
state or into an intermediate step where only Al3Ni, is present.

The phase sequence can be summarized as follows:

Al+Ni+Al3Ni — Al(l) + Ni(s) + AlzNip
— AlZNiy — AlzNir + Al3Ni (4.10)

In the first step, the multilayer stack is exposed to temperature, which leads
to the formation of the Al-rich compound Al3Ni at the interface. This process
is equivalent to the phase formation mechanism observed in the slow-heating-
rate- or constant-temperature-experiment discussed in Section 4.1. Since the
AlgNi, and Al3Ni formation is already observed during annealing, the initial
state of the sample is not a binary system but a ternary system consisting of
Al/AI3Ni/Ni. This affects the initiation of the runaway reaction. As shown
in Figure 4.32 the reaction is initiated by Al3Ni growth. This is different to
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LRR, where ignition and the runaway reaction is driven by the formation of an
intermixed layer. The reactant layer hinders Ni from diffusing into Al. This
impacts the reaction kinetic: first, the heating rate during initiation is lower
and second, the onset of the runaway reaction is shifted to a higher temperat-
ure when the annealing time is increased. With the thickening of the compound
layer, higher temperatures are required for Ni and Al to overcome this thermo-
dynamic barrier. Depending on the peak temperature, the sample can either be
directly transformed into Al3Ni and Al3Nij (T4 < 845 °C) or an additional
intermediate step with liquid Al and solid Al3Niy (T}, > 845 °C) is prior to
the formation of the final product state. Generally, the peak temperatures of
the reaction are lower compared to LRR (see Figure 4.32). The intermetal-
lic phases formed during annealing reduce the total amount of the enthalpy
of formation. Less exothermic energy is released during the reaction, which
results in a reduction of the peak temperature. This is in good agreement with
the investigations of self-propagating reaction fronts after annealing [8]. It was
found that the heat of formation and the reaction velocity is reduced with in-
creasing annealing time. This is attributed to the thickness of the intermixed

region.
Solid-state runaway reaction (SRR)

For the solid-state runaway reaction, the temperature must not exceed the melt-
ing temperature of one constituent. However, the reaction rate and the exo-
thermic energy release have to be high enough to ignite the multilayers stack.
For this reason, there is only a small parameter window for this type of re-
action. Under the conditions in this study, the solid-state runaway reaction
was observed only for 10 at.% Ni and a heating rate of 1-103 Ks™! (see Sec-
tion 4.3.3). Based on the findings, Neuhauser et al. [126] derived a mechanism
for the solid-state reaction. The most important steps are depicted in Figure
4.43.
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Al /L
= —> ~ —> ALNi

Ni  premixed intermixing

; ALNi
ALNi — | N

Figure 4.43: Mechanism of the solid-state runaway reaction. After intermixing, Al3Ni is formed
in a two-stage process. The rapid succession of growth parallel and perpendicular to
the AI/Ni interface leading to ignition. During the reaction, the temperature remains
below the melting point of all constituents.

The phase sequence can be summarized as follows:

Al+Ni— Al+Ni+ABNi — ABNi+Ni (4.11)

Parallel to the liquid-state reactions, solid-state reactions are initiated by Ni
atoms diffusing into the Al layer. However, the lower reaction rate in the first
step does not lead to the ignition of the sample. A major temperature increase
takes place in connection with the formation of Al3Ni. The formation proceeds
in two growth stages: (i) interfacial growth of Al3Ni (ii) growth perpendicular
to the Al/Ni interface. This process is comparable to the two-step formation
proposed by Coffey et al. [70]. This mechanism was also observed in the
case of the low heating rate experiments shown in Section 4.1.2. In the first

stage, a compound layer is formed at the Al/Ni interface. In the second stage,
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the reactant layer grows perpendicular to the interface. In contrast to the two-
stage formation mechanism at low heating rates, the second stage is initiated
before the first stage is completed at high heating rates. Figure 4.34 demon-
strates that the exothermic heat of the first stage is high enough to activate the
second stage. The rapid succession of both reaction stages leads to a solid-state
runaway reaction. In the SRR shown in Section 4.3.3, Al3Ni is formed. Ac-
cording to theoretical considerations by Pretorius et al. [156], it is a reasonable
assumption that the phase sequence in SRR follows the sequence predicted for

slow heating solid-state reactions, which favours Al-rich compounds.
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Summary

The phase formation behaviour of AI/Ni multilayers was investigated in a heat-

ing rate regime between 10 and 10° K/s. For this purpose, an in situ method

was developed, which combines chip-based nanocalorimetry with synchrotron

X-ray diffraction. For the first time, this methodical approach was applied to

reactive multilayers. It could be demonstrated that this setup enables structural

characterization with a temporal resolution up to 15 ps. The main findings of

this study can be summarized as follows:

ey

@

3

For heating rates below 500 Ks, a solid-state reaction was observed.
A critical heating rate of 100 Ks~! was identified where the metastable

AlgNi, phase is replace by Al3Ni as the first phase formed.

Based on time-resolved X-ray diffraction data, a kinetic analysis of the
phase growth was performed. Both AlgNi, and Al3Ni showed a linear
growth behaviour at the beginning. The activation energy of AlgNi, of
1.06 £ 0.12 eV suggests interdiffusion and redistribution as the rate-
limiting processes. With further reaction progression, the growth beha-
viour of Al3Ni becomes diffusion dominated.

Nanocalorimetry was used to determine the ignition temperatures of
Al/Ni multilayers. Numerous parameters which influence the ignition
temperature, including heating rate, multilayer geometry, heat capacity
and thermal history, were identified. Based on the results, a new criterion
for the ignition of reactive multilayers is proposed. The quantification
of the ignition point enabled the differentiation between solid-state and

runaway reactions depending on the sample geometry.
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(4) The runaway reaction is initiated when ignition temperature is ex-

ceeded. In this study, three types of runaway reactions could be identi-

fied: liquid-state runaway reactions, liquid-state runaway reactions with

compound layer and solid-state runaway reactions.

— In the case of liquid-state runaway reactions it was found that

the diffusion of Ni into Al is the dominating mechanism for the
initiation of the runaway reaction. Phase formation was observed
not until the melting of Al. Instead, the dissolution of Ni into liquid
Al is suggested as the dominant mechanism. The majority of the

Al3Ni; phase formation was observed during cooling.

By annealing, a compound phase was introduced at the AI/Ni inter-
face prior to ignition. The investigations of liquid-state runaway
reactions with compound layers showed that the growth of the
AI3Ni phase initiates the runaway reaction. Thickening of Al3Ni
and formation of Al3Ni; dominate the further course of the reac-
tion.

For the first time, a solid-state runaway reaction was observed
in reactive multilayers. The rapid succession of two Al3Ni form-
ation stages comprising phase growth along and perpendicular to

the interface could be identified as the underlying mechanism.

In summary, the influence of the heating rate on the phase selection could be

verified. Generally, it can be stated that the formation of Ni-rich compound

phases is preferred at high heating rates due to the transition to liquid-state

reactions.
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A Appendix

A.1 Technical drawings

The technical drawings of the nanocalorimetry setup introduced in Chapter 3
are shown here. The dimensions of the nanocalorimetry sensors are shown
in Figure A.1. The ex sifu nanocalorimetry setup is depicted in Figure A.2.
Figure A.3 shows the technical drawing of the shadow mask used for sputter
deposition of the thin-film samples on the nanocalorimetry sensors. The in situ

nanocalorimetry setup for synchrotron measurements is depicted in Figure A.4.

[

TOP 540 SIDE _gs2.

N

13.98
730

3.00

175
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0.40

Figure A.1: Technical drawing of the nanocalorimetry sensor. The geometry and dimensions of
the sensor are adopted from Lai and Allen [88] and Swaminathan et al. [157].

209



A Appendix

‘paSrey

-ud umoys st pauonisod st 1osues AnowrLioesoueu ) a1oym o3e)s oy, "dmjes Anowiioresouru 718 X2 ) JO SUIMBIP [EOTUYD], 17"y 2InST]

B !

96 0€

(E

07582

] 001 I

ITOTITT

0055

05787

09°€0L

007k NI

00051

(
L

062U

-4

=
00°901 /

NOILJ3S-SS043 aais

210



A.1 Technical drawings
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A.2 Graphical user interface

A.2 Graphical user interface
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A.3 Calibration of the nanocalorimetry
sensor position

For the temperature calibration of the nanocalorimetry sensors, infrared pyro-
metry was used. A detailed description of the calibration procedure can be
found in Section 3.1.4. For a highly accurate temperature measurement, po-
sitioning of the nanocalorimetry sensor relative to the infrared measurement
spot is crucial. Therefore, the effect of misalignment of the sensor in the x-, y-
and z-direction was evaluated. Figure A.6 plots the the temperature distribu-
tion along the heating strip (= x-axis) of the sensor. An empty sensor (black
line) is compared to a sensor with 150 nm (red line) and 930 nm (blue line) Al
sample. For all investigations, a membrane thickness 100 nm was chosen. The
reference temperature is 500 °C. It was found that within the active area of the
sensor, the temperature is almost constant. The presence of a sample leads to
homogenization of the temperature distribution in the active area. Beside the
active area, deviations of the reference temperature of +14 °C and +68 °C were
found in the case of a 150 nm and a 930 nm Al sample. In contrast, in the case
of an empty sensor, the temperature deviation is -23°C. Since the temperature
measurement is restricted to the active area, this does not affect the temperature

accuracy.

Figure A.7 plots the temperature distribution perpendicular to the Pt heating
strip (y-axis). Again a reference temperature of 500 °C was chosen. It was
found that a misalignment in the y-direction is causing a temperature error.
Exemplarily, a misalignment of 250 pm causes a temperature error of -90 °C.
The reason for this is the lower infrared emissivity of the SiNy membrane
compared to Pt. Due to the lower emissivity, the temperature measured by the
pyrometer is incorrect. The peak shape of the temperature distribution indic-
ates that the lateral dimension of the infrared measurement spot exceeds the

width of the heating strip. Otherwise, a plateau would be observed. Figure A.8
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Figure A.6: Temperature distribution along the Pt heating strip of a 100 nm nanocalorimetry
sensor with and without Al sample. By adding a sample, the temperature distribution
is homogenized in the active area (= measurement area).
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Figure A.7: Temperature distribution perpendicular to the Pt heating strip. Deviations of the

central position of the measurement spot cause a temperature error due to the lower
emissivity of the SiNx membrane.
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Temperature error (°C)

z-Position (mm)

Figure A.8: Temperature errors due to the deviations of the infrared measurement spot focal
plane from the sensor heating strip.

plots the measured temperature along the sensor plane normal (= z-direction).
The reference temperature was 500 °C. Deviations from the focal plane of
the infrared measurement spot causing only marginal temperature errors. Ex-
emplarily, if the focal plane is = Imm above or below the heating strip, a
temperature error of -1 °C is measured. This is caused by an increase in the
infrared spot size above and below the focal plane.

A.4 Nanocalorimetry temperature
calibration with thick Al samples

To prove the accuracy of the resistance temperature measurement in the case
of thick samples (dsgnpre > 1 pm), melting experiments of Al were performed.
For this purpose, a 2-um-thick Al sample was deposited on a nanocalorimetry
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A.5 Evaluation of the X-ray intensity

sensor with a membrane thickness of 1 um. Figure A.9 shows the temperature
profile when the sample is heated with a rate of 10* Ks~!. Starting at 657 °C,
the temperature signal deviates from a linear behaviour. This indicates the on-
set of Al melting. At a temperature of 667 °C, there is a significant decrease
in the heating rate. The melting temperature of a thick Al sample is in good
agreement with the previously determined temperature for thin Al samples
(T, = 660.3 £ 5.8 °C). This corroborates the accuracy of the temperature

measurement.

A.5 Evaluation of the X-ray intensity

The intensity of a diffracted X-ray beam is dependent on various parameters,
e.g. the crystal structure of the material or the diffraction geometry [4]. To

; Measurment
700 |- 680 accuracy
660 % ~1 interval
600 - /
il ) ) Start of
500 0.065  0.070 Al melting

Temperature (°C)
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o
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0.02 0.03 0.04 0.05 0.06 0.07
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Figure A.9: Temperature signal of a nanocalorimetry sensor with a membrane thickness of 1 um
and a 2-um-thick Al sample. The onset of melting, indicated by the deviation of the
linear heating curve, is in good agreement with the reference value for Al melting
(T,n = 660 °C).
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use the peak intensity for the evaluation of the phase fraction, all parameters
influencing the intensity have to be considered. In the case of Debye-Scherrer
powder diffraction, the intensity of an X-ray beam which is diffracted at the

(hkl)-plane is given by

I =1Io-Kxrp-L(0)-P(0)-Ex -H Ty Ay | F(RKD) |2 -0; (A

where I, is the diffracted intensity, Iy the incoming intensity, Kxgp the scale
factor, L(0) the Lorentz factor, P(0) the polarization factor, Ex extinction
factor, H relative number of diffraction planes, TC%)E £f temperature coefficient,
| F(hkl) |* the structure factor, A, the absorption coefficient and v; the volume
concentration of phase i. If all coefficients are known, based on I; the volume
concentration of a phase can be determined [4]. Practically, the determina-
tion of all factors in an experimental setup is challenging. Therefore, in this
study not the quantitative values of v; were determined, but the relative values
v;/ U max Of selected phases. If the coefficients in equation A.1 remain con-
stant during experiment a direct correlation between v; and I is given. In
the following, all coefficients which potentially change during experiment are
evaluated. Coefficient which are constant due to physical reasons (Kxrp, H,
Ex and | F (hkl) |?) are not considered.

Incoming X-ray intensity 7

For technical reasons, the X-ray photon flux of the SLS synchrotron is not
constant during the experiment. Figure A.10 shows that the intensity fluctuates
up to 8% during experiment. A correction factor is introduced to compensate
for this. The factor is determined based on the diffusive background scatter-
ing. For this purpose, a regime of 16.8° < 20 <17.6° was selected where no
diffraction peaks are present. The factor is calculated by integrating the 26

regime and normalize the value to the peak value.
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Figure A.10: The intensity of the incoming X-ray beam. Fluctuations up to 8% are compensated
by determining a correction factor in a selected 20 regime of the diffractogram.

Geometrical dependent factors L(6),P(6)

All diffraction-angle-dependent factors are summarized in the LP(6) factor.
This comprises the Lorentz factor and the polarization factor. These factors
summarize all geometrical aspects. In the synchrotron setup used in this work,
the incoming beam is horizontally polarized and the 2D area detector is correct
for the polarization. Therefore, it can be assumed that P(0) = 1. For a more
detailed description, it should be referred to Spief et al. [4]. In the case of
transmission powder diffraction, the LP(8) factor is given by [158, 159]

LP(®) = w (A2)
sin“ (@) cos(0O)
where 0 is the diffraction angle and ¥ the angle between the incoming beam
and the normal of the X-ray detector. For ) a value of 26.3° was determined.
Figure A.11 plots the LP(®) coefficient in dependence of 26 angle.
The LP(0) coefficient decreases with increasing 20 angle. Diffraction peaks

at low 20 angles are more pronounced. In the context of the analysis, only
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LP(8) factor
= N w N (o] (2] ~
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Figure A.11: Calculation of the Lorentz factor in Debye-Scherrer powder diffraction [158, 159].

the change of the peak intensity with a peak shift during the experiment is of
interest. Peak shifts are caused by thermal expansion or a change of the stress
state in the sample. For a conservative estimation the Al3Ni [110]-peak at 20 =
14.06° was selected. Typically, during cooling from 661 °C to 209 °C a shift of
the peak of 0.08 ° is observed. This results in a change of the LP(0) coefficient
of 1.1 %, which is negligible.

The temperature coefficient 72, £F
The diffracted intensity is dependent on the sample temperature. The reason

for this are atomic vibrations (= phonons), which cause attenuation of X-ray

scattering with increasing temperature [4].
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Normalized integrated intensity (a.u.)
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Figure A.12: Summed diffracted intensity of Al3Ni peaks versus temperature. It was found that
up to the melting temperature of excess Al, the intensity is independent of the tem-
perature.

Physically, this phenomenon can be described with

2
sin“(®
T2,f7 = exp (ZBDWA(Z)> (A3)

where Bpy is the Debye-Waller factor, 8 the diffraction angle and A the X-ray
wavelength. In the case of the intermetallic compounds investigated in this
study, namely Al3Ni and AlgNij,, to the knowledge of the author, no literature
values of Bpy are available. To overcome this, the diffracted intensity of Al3Ni
versus the temperature was evaluated. For this purpose, the in sifu nanocalor-
imetry setup was used to heat a sample after the reaction. Since the amount
of AlgNi; and Al3Ni remains constant, the influence of the temperature on Iz
can be estimated. Figure A.12 plots the summed normalized intensity of se-
lected AlsNi diffraction peaks. Four samples were heated at different rates of
5-10°Ks™', 1-103 Ks™!, 5-10° Ks~! and 1-10* Ks~!. Up to the melting
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temperature of the excess Al, the intensity of Al3Ni remains constant. Since
the I-signal is not only influenced by the temperature coefficient but also by
all other factors of equation A.1, it can be concluded that a proportional cor-
relation between integrated intensity and amount of phase is given below the
melting temperature of Al. At temperatures above 660 °C, most likely stress
relaxation and the change in the absorption coefficient may lower the diffracted
intensity. Because of this, the analysis of the diffracted intensity was limited to

a temperature below 660 °C.

The absorption coefficient A,
An X-ray beam penetrating a sample is getting absorbed by interactions between
the photons and the material. This phenomenon can be described with the

Beer-Lambert law

1
A== exp(—(1/pdsampie) A4

where [ is the incident beam intensity, / the attenuated beam intensity by ab-
sorption, (1/p the mass attenuation coefficient consisting of the attenuation
coefficient 4 and the density p and the sample thickness dyumpie. Aap can
be either influenced by the material or by the path length of the X-ray beam
through the sample. In the case of compounds, the mass attenuation coefficient
can be calculated by summation of their weighted fraction [160]

S =Yow/p) (A5)

Here, (1/p); is the mass attenuation coefficient of element i and @ is the frac-
tion by weight. In the case of nanocalorimetry experiments, the overall sample
composition during the experiment remains constant. The formation of inter-

metallic compounds does not alter the total amount of atoms contributing to
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Figure A.13: The normalized X-ray absorption coefficient of an Al/Ni sample in dependence of (a)

the sample composition, (b) the total sample thickness and (c) the 26 angle.

the attenuation of the X-ray beam during heating. Therefore, a negative effect

of variations in i /p can be excluded. However, the variation of the Ni content,

total sample thickness and 26 angle have to be evaluated.

Figure A.13 (a) plots the adsorption coefficient versus the Ni content. The

variation of the Ni content between 5 at.% and 25 at.% Ni results in a change

of A, of about 0.05 %. The reason for this is the low sample thickness which

does hardly influence A,,. Figure A.13 (b) and (c) show the influence of the
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sample thickness and 20 angle on A,;,. In both cases the X-ray beam is atten-
uated by a extended path length through the sample. If the sample thickness is
increased from 1 to 5 um, Ay, is reduced by 0.13 %. A change of the 20 angle
from 0° to 35° results in a reduction of A,;, of about 0.01 %. Therefore, both

contributions are negligible.

Crystal orientation

For a quantitative phase analysis using powder diffraction, a random distri-
bution of the crystal within the sample is required [4]. Although the X-ray
diffraction setup in this study does not allow a definite determination of the
crystal orientation (multiple incidence angles of the X-ray beam are required),
the given data give a strong indication for a random distribution of the Al3Ni
and AlgNi, phase. Figure A.14 (a) shows the diffractogram of a Al/Ni sample
with 10 at.% Ni after isothermally heated at 276 °C. The expected peak po-
sitions of the Al3Ni phase are indicated with black lines. It becomes evident
that diffraction peaks of all lattice planes are present. Therefore, crystals with
various orientations contribute to the diffractogram. In the case of a strongly
textured compound, particular diffraction would not be present. This was also
found for AlgNi,. The diffracted intensity as a function of the 26 and azimuthal
angle is shown in Figure A.14 (b). There is an almost constant intensity of the
Al3Ni diffraction rings along the azimuthal angle. Variations are attributed to
variable background intensity. This proves that the crystals are randomly ro-
tated relative to the incoming X-ray beam direction. Both observations provide
strong indications that the orientations of the Al3Ni crystals are randomly dis-
tributed. The detailed evaluation of the components of equation A.1 leads to
the conclusion that under the conditions outlined in Section 3.2.1 the variation
of the intensity is negligible. The variation of the individual factors is in the
range of 0.1 — 1.1%, which is well below the experimental error. In this con-
text, a linear correlation between diffracted intensity and the amount of phase

is a valid assumption.
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Figure A.14: X-ray diffraction of a 10 at.% Ni Al/Ni sample after isothermal heating at 276 °C.
(a) The diffractogram reveals the presence of all Al3Ni diffraction peaks. (b) With
respect to the background noise, the X-ray intensity is evenly distributed over the
azimuthal angle.

A.6 Master plots in kinetic analysis

Master plots are used to compare kinetic data generated under various experi-
mental conditions. For example, master plots allow a direct comparison of iso-
thermal and continuous heating experiments. This approach is helpful to select
an appropriate kinetic model for a given solid-state transformation. Generally,
extracting the kinetic parameters based on a single experimental data set is
prone to errors. If multiple isothermal and non-isothermal heating experiments
are used, the reliability of the extracted kinetic data is considerably improved.
A common approach for master plots was introduced by Gotor et al. [138].
Kinetic data based on arbitrary temperature profiles can be compared. There
are two ways of representing kinetic equations: (i) in the integral form g(a) or
(i) in the differential form (o) where o is the extent of conversion. The latter
one is the derivative of the integral form and can be interpreted as the rate of
reaction. [73, 138]
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Master plots in the differential form f(a)
In the case of the differential form, the experimental data and the kinetic equa-
tions are generalized by using a reference point at @ = 0.5 and the concept of

the generalized time . The generalized time is defined by

19:/0[6)61) (5;) dt (A.6)

where E|, is the activation energy, R the universal gas constant and 7 the abso-
lute temperature. The combination between the general equation for the reac-
tion rate of equation 2.21 and the equation A.6 allows to deduce the reduced-
generalized reaction rate (da/d®)/(do/d®)g—05. To calculate the reduced-

generalized reaction rate directly from the experimental data the equation

da/dvo ~ dajdt exp(E,/RT) (A7)
(dOt/d‘l?)a:()j o (da/dl)a:()j exp(Ea/RTo_5) ’

is used. Here, Tj 5 is the temperature at & = 0.5. Equation A.7 is valid for an
arbitrary temperature profile. In case of isothermal heating 7' = T 5 and the
reduced-generalized reaction rate can be directly derived from da/dr versus
a. Accordingly, the kinetic equations listed in Table 2.2 can be transformed
into (da/d¥)/(da/dV¥)g—o.5 by applying

da/d®  f(«a)
(doe/d®)g—os  [f(0.5) (A8

Master plots in the integral form g(a)
In case of the intergral form the generalized time ¥ /95 or g(c)/g(0.5) is
plotted versus the extent of conversion. Both can be used equivalent from each

other according to equation
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v g(a) (A.9)

In the integral case, two different equations are used for isothermal heating and

linear heating. In the isothermal case, the equation

- (A.10)

can be applied, where £ 5 is the time at a = 0.5. For linear heating ¥ /9 5 can
be calculated by

LA C)) (A.11)

whereas p(x) cannot be expressed in a closed form. However, p(x) can be
approximated by applying
px) = —m(x) (A.12)

and

X3+ 18x% +86x +96

= A.13
x4 420x3 + 120x2 4 240x + 120 ( )

7(x)

With this set of equations the kinetic experimental data and the kinetic equa-

tions can be converted into a generalized form.
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A.7 STEM investigations of Al/Ni
multilayers heated close to the
runaway temperature

Complementary to the XRD experiments presented in Figure 4.37, electron mi-
croscopic investigations were performed. For this purpose, FIB cross-sections
of the AI/Ni samples were produced. In Figure A.15 the STEM images of as-
deposited (a) and a quenched sample (b) were compared. In both cases a Al/Ni
multilayer sample with A = 166 nm was used. In the case of the quenched
sample, the multilayer stack was heated to 412 °C which is close to the ig-
nition temperature. The bright layers represent Ni, whereas the dark layers
represent Al. Nucleation would be apparent by a change in the phase contrast,
especially at the Al/Ni interfaces, which are known as preferred sites for phase
formation.

Reference — - (a) l

| a20°c, T = 5000 K/s

Figure A.15: STEM images of FIB cross-section of a A = 166 nm Al/Ni mulitlayer sample in
the (a) as-deposited state and (b) after quenching close to the igntion temperature
(Tguench = 412 °C). There are no indications for intermetallic product phase forma-
tion detectable.
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However, there are no indications for the formation of intermetallic phases
neither in the as-deposited state nor in the quenched state. This is in good
agreement with the findings from the XRD investigations shown in Figure 4.37.
The origin of the small spots within the Al layer could not be clearly identified.
Whereas electron microscopy gives some evidence that the spots are copper-
containing phases, XRD cannot confirm this observation. No peaks of copper
phases were found in the diffractograms. However, the analysis shows that
the density, as well as the shape, are not influenced by heating. Therefore, we

conclude that they do not contribute to the reaction.
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