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Abstract

Most modern bonding techniques in microsystems technologies make use of high

temperatures. While this is necessary to establish strong bonding forces, it can

cause significant problems. Especially when dealing with delicate microelectrome-

chanical systems (MEMS) devices, high temperatures can destroy the functional

structures. Furthermore, it is often required to bond different materials, which

can lead to intrinsic tensions caused by differences in the material’s coefficients of

thermal expansion.

Reactive bonding using integrated reactive material systems (iRMS) has gained

attention throughout the last years. As an internal heat source for bonding, these

systems promise a feasible way to join heterogeneous materials without applying

too much thermal stress to the whole device [1]. These concepts usually comprise

multiple alternating layers of reactive materials such as Al, Ti, Ni, Co, Zr, Pd or Pt

which undergo a self-propagating high temperature synthesis (SHS)-reaction [2,

3].

While the bonding results with iRMS are compelling, there are two major draw-

backs hindering the usage in high volume industrial scales. First, the fabrication

of hundreds of alternating layers via magnetron sputtering is very time consuming

and costly. Second, the deposited iRMS layers are highly reactive but still sub-

ject to patterning process steps like lithography, etching and lift-off, which can be

dangerous in regard of unintended ignition.

The scope of this thesis is to develop a novel concept for reactive bonding based on

a single printed layer of a reactive nanocomposite (RNC), containing intermixed

metal nanoparticles.
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Abstract

The joining concept proposed is based on four process steps: The nanoparticles are

dispersed in a volatile organic solvent to enhance handling properties and prevent

unintended ignition. After deposition of the dispersion by printing technologies

onto the first substrate, the solvent evaporates, leaving a dry layer of intermixed

reactive nanoparticles. A second substrate is aligned on top of the reactive layer

and while applying pressure, the reactive nanocomposite layer is ignited by a laser

pulse. The resulting self-sustaining exothermic reaction creates a sufficient amount

of heat to establish a bond between the substrates, without significantly heating the

surrounding areas at the same time.

The concept was developed and evaluated for feasibility in regard of deposition

techniques, reaction parameters and materials. A series of experiments was con-

ducted comprising dispersion, mechanical activation and ignition. Ultimately, a

brief set of tests for bonding of two fused silica substrates was conducted neg-

ative outcome. All intermediate experiments were followed by extensive char-

acterization and analysis measures using scanning electron microscopy (SEM),

energy-dispersive x-ray spectroscopy (EDX), scanning white light interferome-

try, x-ray powder diffractometry (XRD), high resolution transmission electron

microscopy (HR-TEM), differential thermal analysis (DTA), differential scanning

calorimetry (DSC) and high-speed imaging. Finally, the experimental results were

evaluated and an outlook is given on the steps necessary to realizing printed-RNC

enabled bonding.

Results confirmed the practicability of the concept based on high reactivity of

nanoparticles and suitable deposition methods. In regard of the current state of

the art in bonding techniques and the outlined demand for new low temperature

bonding processes this thesis makes a good case for further developing the pro-

posed concept into an operational, market-ready technology.
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Zusammenfassung

In nahezu allen modernen Fügetechnologien, die in der Mikrosystemtechnik An-

wendung finden, kommen hohe Temperaturen zum Einsatz. Zwar sind diese not-

wendig, um die erwünschten Verbindungen herzustellen, können aber zu erhebli-

chen Problemen führen. Insbesondere im Zusammenhang mit sensiblen mikroelek-

tromechanischen Systemen (MEMS) können hohe Temperaturen die funktionellen

Strukturen beschädigen. Hinzu kommt, dass häufig das Fügen von unterschiedli-

chen Materialien gefordert wird. Aufgrund von Differenzen in den Wärmeausdeh-

nungskoeffizienten der Werkstoffe können hohe Temperaturen während des Füge-

prozesses zu intrinsischen Spannungen im Bauteil führen. Dies führt zu erhöhter

Ausfallquote und reduzierter Lebensdauer der Produkte.

Reaktives fügen mittels integrierter Reaktivsysteme (integrated reactive material

systems – iRMS) wurde in jüngerer Vergangenheit vermehrt untersucht, da es ei-

ne vielversprechende Methode liefert um heterogene Materialkombinationen ohne

großen thermischen Eintrag in das System zu Verbinden [1]. Diese Konzepte setzen

auf eine große Zahl abwechselnd aufgetragener Schichten von reaktiven Materia-

lien wie zum Beispiel Al, Ti, Ni, Co, Zr, Pd oder Pt. Im Schichtstapel kann eine

selbsterhaltende exotherme Reaktion ablaufen, welche äußerst lokal für einen sehr

kurzen Zeitraum hohe Temperaturen erzeugt [2, 3].

Die mit iRMS-Fügen erzielten Ergebnisse sind überzeugend, es gibt allerdings zwei

große Nachteile. Erstens ist die Herstellung von hunderten abwechselnden Schich-

ten mittels Magnetron Sputtering sehr zeitaufwändig und kostspielig. Der zweite

Nachteil ist die Notwendigkeit der Strukturierung der reaktiven Stapel. Dies wird

mittels Lithographie- und Ätzprozessen durchgeführt, und birgt ob der hohen Re-
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Zusammenfassung

aktivität der Schichtstapel ein nicht zu vernachlässigendes Risiko zur ungewollten

Zündung.

Ziel dieser Arbeit ist es, ein neues reaktives Fügekonzept zu entwickeln, das auf

einer einzelnen gedruckten Schicht eines reaktiven Nanokomposits bestehend aus

metallischen Nanopartikeln basiert.

Das Fügekonzept basiert auf vier Prozessschritten: Durch dispergieren der Nano-

partikel in einem organischen Lösungsmittel wird ungewollter Zündung vorge-

beugt und die Handhabung wird vereinfacht. Nach dem Dispensen der Dispersion

mittels Drucktechnologien auf den ersten Fügepartner wird das Lösungsmittel ent-

fernt und die Schicht reaktiver Nanokomposite getrocknet. Der zweite Fügepartner

wird anschließend ausgerichtet und unter Anpressdruck wird die reaktive Schicht

mittels Laserpuls gezündet. Die daraus folgende selbsterhaltende exotherme Reak-

tion gibt genügendWärme frei um die Bauteile zu fügen, während die umliegenden

Bereiche nicht signifikant erhitzt werden.

Experimentelle Untersuchungen des Dispergierens, zur mechanischen Aktivierung

der Nanokomposite und zur Zündung wurden durchgeführt. Schlussendlich wur-

de eine kurze Serie von Fügeversuchen mit Silica-Gläsern durchgeführt, jedoch

mit negativem Ergebnis. Allen Vorversuchen wurden umfangreiche Charakteri-

sierungen und Analysen der Materialien, Reaktionsprodukte und Reaktionspara-

meter mittels Elektronenmikroskopie, energiedispersiver Röntgenspektroskopie,

Weißlichtinterferometrie, Röntgenstrukturanalyse, Transmissionselektronenmikro-

skopie, Differenz-Thermoanalyse, dynamischer Differenzkalorimetrie und Hochge-

schwindigkeitsbildgebung hintenangestellt. Abschließend wurden die Ergebnisse

der Experimente ausgewertet und es wird ein Ausblick gegeben, der die notwendi-

gen Schritte zur Realisierung vom Fügen mit gedruckten, reaktiven Nanokomposi-

ten darstellt.

Die Ergebnisse haben die Praktikabilität des Konzepts auf Grund der hohen Re-

aktivität der Nanopartikel und Eignung zum Drucken bestätigt. In Anbetracht des

aktuellen Standes der Technik in Mikrofügetechnologien und dem dargestellten

Bedarf an neuen Niedrigtemperaturprozessen stellt diese Arbeit ein überzeugen-

des Argument für die Weiterentwicklung des Konzepts zur vollen Einsatzfähigkeit

und Marktreife dar.
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1 Introduction

Contents

1.1 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

The Eniac Joint Undertaking funding consortium defined in their 2012 call among

others two key enabling technologies (KET) for Europe’s microelectronic industry to

maintain and strengthen its position in the global industrial market, namely Semi-

conductor Process and Integration (Enabling) and Equipment, Materials & Manufac-

turing (Enabling). Within these KETs, a number of grand challenges were pointed

out, which to tackle would be of utmost importance. Heterogeneous integration

technologies fall into two grand challenges, one for each mentioned KET: Oppor-

tunities in System in Package and Manufacturing [4], respectively.

The opportunities in system in package are the overall footprint reduction of the

micro systems by integration of a number of functionalities in one device. Novel

manufacturing methods are required to realize these integrated systems. The inte-

gration of sensors, actuators and computational capabilities into a common pack-

age is called smart systems integration and one of the key requirements for future

industry 4.0 applications [5]. These new components and devices are expected

to have a broader field of application due to higher input/output density, higher

power density, smaller feature size, better performance, better thermo-mechanical

characteristics and better cost effectiveness. The trend towards higher integration

density of functionalities in one device beyond increasing the number of transistors

within one chip is often referred to as More than Moore, extending Moore’s Law for

semiconductors [6]. These trends lead to new challenges in the development of

bonding and joining techniques as the boundary conditions for the joints change.

One of the tasks in work package 3, Semiconductor Assembly and 3-D Integration,

1



1 Introduction

Figure 1.1: Overview of the workpackages of the Enhanced Power Pilot Line (EPPL)
project [7]. This work was executed within workpackage 3, Semiconductor

Assembly and 3-D Integration.

of the EU funded project Enhanced Power Pilot Line (EPPL) is to cope with these

challenges. Figure 1.1 shows an overview of work packages of the EPPL project,

in which this work was conducted. Within work package three, the emphasis for

this work was on 3-D integration. New material combinations and miniaturiza-

tion of components create new challenges for the employed bonding techniques,

rendering the requirement for novel joining approaches.

One aspect that has to be addressed when integrating different kinds of micro de-

vices such as sensors and actuators into heterogeneous systems is the joining of

various materials, i.e. glasses, silicon, metals. To enable such joints of different

materials, it is crucial to develop new low temperature bonding methods. Low pro-

cess temperatures are important for joining of materials with different coefficients

of thermal expansion, as these differences lead to intrinsic stress, reducing the life

time of the system, when the joining process involves the heating of both parts. A

second aspect is, the fact that delicate micro structures which are to be integrated

into the system often cannot withstand high temperatures.

When dealing with Micro-Electro-Mechanical Systems (MEMS), hermeticity is of-

ten an additional requirement for the package. Especially in the case of Micro-Opto-

Electro-Mechanical Systems (MOEMS), hermeticity can quickly become crucial, as

it increases the overall system performance by several orders of magnitude [8]. Fig-

2



Figure 1.2: Photograph of a MOEMS micro mirror device with system-integrated optical
position feedback [9].

ure 1.2 shows a representative MOEMS device, which is an oscillating micromirror

with system-integrated optical position feedback. The performance of such mi-

cromirrors is strongly influenced by any atmosphere inside the package because of

damping effects, which would constrain the oscillation. As the mirror device needs

an optical interface towards the outer environment a transparent material like glass

is needed as one of the package materials [10]. Additionally to the mechanical as-

pects, in microelectronics packaging, the joints are often expected to be electrically

conductive.

Using reactive materials as an integrated energy source for soldering with ex-

tremely localized heating is a very promising approach to solve this task. Derived

from thermite reactive welding which has been used for well over a century by

now [12], this technique has been introduced to the field of micro assembly in

2001 [13]. This approach uses a reactive foil comprising multiple alternating layers

of reactive components such as Ni-Al, which is applied to the joint. The alternating

layers have thicknesses in the regime of tens of nanometers to increase the reac-

tive surface and, thus enhance the reactivity of the system. The bond is realized

by initiating a Self-Propagating High Temperature Synthesis (SHS) reaction in this

front. The initiation – also called ignition because of the similarity of SHS reactions

3
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OpticsElectronics

Electro-
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Opto-

Opto-
electronics
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electro-
mechanics

Mechanics

mechanics

Figure 1.3: Venn diagram showing the concept of MOEMS definition description as in-
troduced by Motamedi [11].

to combustions – can be executed by applying a short heat pulse, using e.g. laser

radiation, electric current, mechanical impact or mechanical contact to a hot wire.

The intermetallic NiAl phase is formed during the solid-state reaction. The reac-

tion front propagates through the bonding layer with speeds in the range of meters

per second and dissipates a high amount of energy in very short time frame. The

adiabatic reaction temperature reaches more than 1600 ◦C. The adjacent solder is

melted by the heat and immediately cools down again, as the reaction front passes

quickly and no further energy is put into the system. After recrystallization of the

solder the joint is established, while the surrounding areas and parts are not heated

significantly.

The reactive foils described above are available on the market but have not been

used extensively in the industry so far. Possible reasons for this are: First, the free-

standing foil has to be cut into the required shapes, producing work time and waste.

Second, high brittleness of the foil makes handling and application of cut pieces dif-

ficult. Third, undesired ignition can occur during the cutting and application steps

leading to low overall yield of the system.

4



Improving the reactive foil concept, more recently Integrated Reactive Material Sys-

tems (iRMS) were introduced [14]. The iRMS approach makes use of the same

reaction mechanism but constitutes directly deposited multiple layers of the reac-

tants onto one of the components. Deposition of the reactive layers is done using

magnetron sputtering. Bonding with iRMS was successfully demonstrated for more

than twenty differentmaterial systems [15]. Despite these results, reactive bonding

with directly deposited multilayers has not been used widely in industrial applica-

tions.

A major drawback of the concept is the need for patterning methods. As by sputter

deposition the whole wafer or device is covered with the reactants, the reactive

layers have to be patterned afterwards. This is usually done by lithographic means.

Although lithographic processes are well established in the microelectronics indus-

try, the structuring and etching of highly reactive layers is quite a challenging task

and is considered a safety issue, as the unintended ignition of reactive material

represents a fire hazard.

Addressing this issue, in the last three years a novel bonding concept called Reac-

tive Nanocomposite (RNC) bonding was developed and is investigated in this thesis.

The goal was to develop a bonding technology feasible for MOEMS packaging tasks

with heterogeneous materials combinations. Thus, the novel concept had to rely

on a low temperature process like reactive bonding. Additionally, a technique was

sought after, which does not require patterning processes like lithography. To en-

able the deposition of a bonding layer in arbitrary patterns printing technologies

were evaluated. Complying with these boundary conditions, the RNC concept was

developed:

Using a dispersion of nanoparticles of the reactants, a bonding layer can be de-

posited in a single dispensing step and in any arbitrary pattern. Combining the

advantages of reactive multilayer systems by applying homogeneously intermixed

nanometer sized particles of the reactants with the versatility of free-form dispens-

ing of fluids by printing, the novel concept promises suitability for a large number

of applications.

Figure 1.4 shows a schematic drawing of the application of the RNC bonding con-

cept with a MOEMS mirror device. The picture depicts the micro-mirror, the reac-

tive bonding layer, the capping substrate and the ignition via laser pulse.

5



1 Introduction

A

C

B

D

Figure 1.4: Schematic drawing of the RNC bonding concept, showing A) the MOEMS
mirror, B) the reactive nanocomposite, C) the glass cap and D) laser ignition.

1.1 Thesis Outline

Following this introduction, in chapter 2, MOEMS Packaging, the main require-

ments for bonding technologies in MEMS packaging are described. Based on a

Finite Element Modelling (FEM) simulation approach the occurrence of intrinsic

stress in a MOEMS package due to Coefficient of Thermal Expansion (CTE) mis-

match will be elucidated. Subsequently, an overview of the current state of the art

in conventional bonding technologies for MEMS packaging is given. Twelve differ-

ent bonding processes are introduced and compared regarding important process

parameters such as temperature and compatible materials. Benefits and drawbacks

of the different technologies are pointed out and it will be shown that currently no

technique excels in all criteria, proving the need for novel bonding techniques for

MOEMS packaging.

In chapter 3, Self-propagating High Temperature Synthesis and Reactive Bonding, re-

active material systems for SHS reactions are introduced, accompanied by a brief

overview of the historical developments of the research in this field. Modeling ap-

6



1.1 Thesis Outline

proaches found in established and more recent literature for SHS reactions are dis-

cussed. Finally, two bonding processes based on NanoFoils and iRMS are described

in detail.

An introduction to various printing and dispensing technologies for fluid deposition

shall be given in chapter 4, Printing and Fluid Deposition Methods. The techniques

are compared regarding their process parameters, such as resolution, process com-

plexity and speed.

Based on the findings of the preceding chapters, the development of a novel bond-

ing concept based on printed RNC layers is described in chapter 5, Printed Reactive

Nanocomposite Layers – Concept Development. Starting from the chosen materials

systems, the concept is detailed including a description of the thermodynamic prop-

erties and phase formation during the reaction. Based on the models introduced in

section 3.1, critical parameters for the proposed bonding concept are estimated.

Following the development of the concept, experiments are documented in chap-

ter 6, Experimental Work. Characterization of initial materials and reaction prod-

ucts is presented in detail using a number of analysis tools. Experimental set-up,

process steps and reaction observations are illustrated.

The findings of the experiments are summed up and discussed in chapter 7, Dis-

cussion. Particularly, the influence of various process steps on the reactivity of the

samples and the number of unsuccessful bonding attempts using the reactive ma-

terials are explained.

Finally, a perspective for the concept is given in section 8.2, Outlook, defining future

steps that should be investigated to eventually realize bonding with printed RNC

layers.

Detailed data about the materials analysis, sample composition and data sheets can

be found in the appendices Appendix A, Reactants Size Distributions, Appendix B,

Material Data, Appendix C, Sample Database and Appendix D, Datasheets, respec-

tively.
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With MEMS being a successor of the Integrated Circuits (IC) development, MEMS

packages were initially built using electronics packaging technologies [16]. Since

more than twenty years, MEMS packaging has been addressed explicitly as dif-

ferent from IC packaging but is still of great interest to current research [10, 17–

20]. Packaging of micro-opto electromechanical systems is a challenging task, as

there are several crucial yet competing requirements, namely an optical interface,

hermeticity, wafer based production compatibility and produciton costs [5]:

Optical interface As optical devices, MOEMS require an interface to the outside

world which is transparent to visible light. Such interfaces or windows can be made

of several materials, out of which fused silica is the most common one. Generally,

the windowmaterial is different from standard MEMS substrates like Si. This leads

to a very important property of bonding technologies for MOEMS packaging: The

process needs to be compatible with different materials which have a high mis-

match in their CTE.

Hermeticity To enable proper function of the device, vacuum conditions (i.e.

pressure inside the package not exceeding 0.1 Pa) may be required inside the

9



2 MOEMS Packaging

MOEMS package [10]. Especially oscillating micro mirrors like shown in Figure 1.2

show increased performance by several orders of magnitude when packaged under

vacuum instead of standard atmosphere.

Wafer to Wafer Bonding (W2W) and Chip to Wafer Bonding (C2W) compatibility

W2W packaging is usually preferable over C2W in regard of cost reduction, but

sometimes several components have to be integrated into one package leading to

the requirement of chip scale packaging. An ideal bonding technology would be

compatible with both scenarios, reducing process adaption expenses.

Costs As packaging tasks can be responsible for up to 75 % of MOEMS manu-

facturing costs, employing a low cost bonding process could significantly reduce

overall system prices [5].

2.1 Temperature Induced Stress in MOEMS Packages

As described in the introduction of this chapter, one of the most important proper-

ties is the compatibility with materials of high CTE mismatch. In the case of inho-

mogeneous material combinations, which are commonly found in MOEMS packag-

ing tasks, as introduced in chapter 1, one has to expect differences in the material’s

CTE. Heating of the package during a bonding process can therefore be problem-

atic: Due to the differences, the components don’t expand uniformly during the

heating process, thus leading to unequal expansion in the moment of establish-

ment of the bond. Cooling after the process results in intrinsic stress in the bonded

parts at operating temperature. This stress reduces the performance and lifetime of

the devices significantly [21]. Figure 2.1 shows a schematic drawing of the temper-

ature induced stress and resulting deformation in a package comprising a bottom

substrate, the bonding layer and a top substrate with different CTEs.

A FEM simulation approach was employed to verify the effect for a representative

10
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Top substrate

Bottom substrate

Bonding layer

Initial state:
Room temperature

Bonding process:
High temperature

Final state:
Room temperature

Figure 2.1: Drawing depicting the warpage of a packge due to CTE mismatch and ther-
mal loading during the bonding process. From left to right: initial state –
top substrate (red), adhesive layer (green) and bottom (blue) substrate well
aligned at room temperature. During the bonding process – the CTE mis-
match leads to differences in thermal expansion; in this state the bond is
established. After the bonding process – tensile and compressive stress lead
to warpage of the package.

materials combination, Si and fused silica. Figure 2.3 shows the warpage induced

by high temperature bonding of materials with CTE mismatch by the example of

silicon for the bottom substrate and fused silica for the capping material, as deter-

mined in the simulation. The bottom substrate expands to a greater extend than

the top substrate. The boundary conditions for this simulation were defined as

follows:

• Bottom substrate: Si, CSi = 2.6× 10−6 K−1

• Top substrate: Fused silica, CGlass = 0.55× 10−6 K−1

• Bonding layer: Gold thin film, CAu = 0.9 K−1

• Zero strain temperature T0 = 350 ◦C

• Simulation temperature T = 25 ◦C

The simulation was conducted using Solidworks 2016 SP5.0 (Dassault Systems) and

the Thermal Structural Analysis Package (FFEPlus solver). A test structure with a

square footprint with a side length of 10 mm and a square cavity in the top sub-

strate of 7 mm side length was designed. The bottom substrate has a thickness of

2.5 mm and the glass cap of 0.75 mm, respectively. The cavity in the silica substrate

is 1.5 mm deep. A bond frame with a thickness of 100µm was chosen. Using a sym-

metric design the simulation was executed on one half of the system. Figure 2.2

shows a technical drawing of the model employed for the simulation in a cross

section view. The initial conditions were set to zero strain at 350 ◦C, represent-
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Figure 2.2: Technical drawing of the model employed in the simulation in cross section
view.

ing the bonding temperature. Simulation results for stress and displacement were

obtained for a subsequent temperature drop to 25 ◦C, equaling room temperature

after the bonding process. It was found that maximum deformation of the sample

at the edges would reach values as high as 3.2µm. VanMises tensions reached max-

imum values of around 8× 108 N/m2 at the respective locations, exceeding tensile

strength of glass (3.3× 107 N/m2) by more than an order of magnitude.

Figures 2.3 (top) and (bottom) show the simulation results for tension and displace-

ment, respectively. Magnitude of effects is depicted by color graph and exaggerated

deformation.

2.2 Bonding Techniques for MOEMS Packaging

For comparison of bonding technologies for MOEMS packaging, key process param-

eters to take into account are temperature, materials compatibility (in respect to

common MOEMS materials like fused silica, silicon, gold, etc.), hermeticity, manu-

facturing complexity (as a result of required cleanroom class, surface flatness and

roughness), status of industrialization, necessity of patterning, W2W or C2W com-

12
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8.827× 108

5.610× 106

van Mises (N/m2)

3.295

0

Displacement (µm)

Figure 2.3: Warpage due to heating while bonding of two materials with different CTE.
Final state after bonding at 350 ◦C and subsequent cooling to room tempera-
ture is depicted: FEM model shows tension (top) and displacement (bottom)
by color graph and exaggerated deformation. Static displacement of more
than 3µm and van Mises tension of up to 8× 108 N/m2 were found.
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2 MOEMS Packaging

patibility and costs [22]. Twelve established bonding technologies are introduced

in the following paragraphs and compared regarding their suitability for MOEMS

packaging. Figure 2.4 shows an overview of the presented bonding technologies,

divided into processes using an intermediate layer and those without.

No Interme-
diate Layer

Bonding
Technologies

Direct
Bonding

Anodic
Bonding

Plasma
Activated

Ultrasonic

Selective
Laser

Intermediate
Layer

Thermo-
Compression

Eutecitc

Adhesive

Reactive
NanoFoil

iRMS

Transient
Liquid Phase Glass Frit

Figure 2.4: Systemization of bonding technologies, inspired by [23].

Anodic Bonding

This technology was specifically developed for the bonding of borosilicate glass to

silicon and can be employed for few othermaterials such as low temperature cofired

ceramics (LTCC) and some metals in combination with glass, too [24–26].The sub-

strates are aligned and exposed to elevated temperatures of 300 ◦C to 600 ◦C while

applying a high voltage electrostatic field (300 V to 1500 V) [27]. The electrical

field is applied in such way that the glass component is the cathode of the sys-

tem and the second component the anode, respectively [28]. The high potential

causes an electrostatic force that closes the gap between the two parts [17]. Na+-

ion movement within the glass layer towards the negative potential leads to an
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high concentration of O−-ions at the bonding surface and results in the formation

of a thin layer of SiO2 at the interface [29]. Bonding strength and yield both in-

crease with increasing voltage and temperature [30]. This method was employed

in combination with glass-frit bonding as an intermediate process step by Langa

et al. for an experimental packaging of micromirror devices [31]. Advantages and

disadvantages are summarized in table 2.1.

Table 2.1: Anodic bonding: Advantages and disadvantages

Advantages Disadvantages

Glass compatible High temperatures

High hermeticity achievable High surface quality require-

ments

High bond strength

Vacuum compatible

Direct Bonding

Direct bonding is one of the classic wafer-bond techniques used in microelectronics

manufacturing. It does not make use of an intermediate bonding layer between the

bonding partners [32]. Cohesion of the substrates is based on Van-der-Waals forces

which become dominant when two surfaces of very high cleanliness, flatness and

low roughness are brought in close contact with each other [33]. The wafers have

to be mirror polished and chemically cleaned before alignment and pressure appli-

cation. Bonds established at room temperature have comparatively low strength,

which is why heat treatment is applied to mono-material systems to increase the

strength. Temperatures as high as 1100 ◦C are used for the thermal bond strength-

ening of Si/Si bonds [34]. Such high temperature annealing can hardly be applied

to two material systems, due to CTE mismatch and chemical reactions which might

occur at the interface and is therefore a major disadvantage (see table 2.2). Many

different applications have been realized with this technique, emerging far from the

semiconductor field, as it enables the joint of a large range of materials including

heterogeneous materials combinations [35].
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Table 2.2: Direct bonding: Advantages and disadvantages

Advantages Disadvantages

Hermeticity Very high surface quality require-

ments

Bond strength Very high surface cleanliness re-

quirements

Broad variety of materials High temperature

Only W2W

Plasma-Activated Bonding

Plasma-activated bonding is derived from direct bonding with the aim to reduce

process temperatures. By plasma cleaning the wafers are prepared for bonding,

enabling temperatures of about 400 ◦C [36]. While this is well below the 1000 ◦C

of direct bonding it is still considered a high temperature process in the scope of

this work. Due to the change in surface chemistry caused by the plasma processing

a reduced quality of surface roughness is required in comparison to direct bond-

ing [37]. The plasma treatment increases the affinity of the surfaces to each other

by producing reactive ions which will catalyze the bonding process. Gases em-

ployed for plasma pretreatment are mainly Ar, O2, N2 and H2, depending strongly

on the materials to bond [38]. Some approaches have shown the feasibility of

the technology for MOEMS packaging in respect to the wide range of compatible

materials but still face the need of thermal annealing [39, 40], see table 2.3 for

respective advantages and disadvantages.
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Table 2.3: Plasma-activated bonding: Advantages and disadvantages

Advantages Disadvantages

Glass as material High surface quality require-

ments

Hermiticity Very high cleanliness require-

ments

Bond strength Thermal annealing

Ultrasonic Bonding

This process is derived from ultrasonic wire bonding and ultrasonic welding

which are mature and commonly used processes in Microsystem Technologies

(MST) [41]. However, ultrasonic bonding as a packaging technique is a not fully

established technology which shows some promising aspects for MEMS package

sealing. The cap is pressed onto the bottom substrate and while applying a normal

force an ultrasonic shear movement is induced. Thus, the bonding frame gets cold

welded due to high friction [42]. The process takes place at room temperature

and does not involve many complicated process steps. However, the limited her-

meticity achievable using ultrasonic bonding is a drawback with regard to MOEMS

packaging [43], resulting in a surplus of disadvantages, see Table 2.4.

Table 2.4: Ultrasonic bonding: Advantages and disadvantages

Advantages Disadvantages

Low process temperature Limited hermeticity

Glass compatible Narrow material range

High surface quality require-

ments
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Glass Frit Bonding

A high viscosity paste containing micron-sized glass particles (glass frit) is de-

posited via screen printing onto the substrates [44]. During a preaheating process

the binder material is removed by evaporation [45]. While applying pressure and

heat, the particles are sintered, forming a uniform intermediate layer which cohe-

sively bonds to the substrates [32].

Glass frit bonding is compatible with silicon, glass and some kinds of ceramics [46].

The bond is very high-temperature stable, but requires high temperatures during

bonding itself [47]. High bond strength and good vacuum compatibility have lead

to wide usage of this process in many different kinds of applications [48]. Utiliza-

tion for MOEMS packaging has been shown feasible for some specific applications

like scanningmicromirrors [49]. Accordingly, more advantages than disadvantages

for MOEMS packaging can be named in table 2.5.

Table 2.5: Glass frit bonding: Advantages and disadvantages

Advantages Disadvantages

Glass compatible High temperature

Broad material range Mask process (screen printing)

Hermeticity

Low surface quality require-

ments

Thermocompression Bonding

Thermocompression bonding is diffusion bonding at the interface of two metallic

layer at high pressure and elevated temperature [50]. Both substrates are coated

by a metallic layer of the same material, which can be Al, Au or Cu [51]. While

applying heating (260 ◦C to 500 ◦C) the substrates are pressed to each other at high

pressure (4 MPa to 9 MPa), enabling diffusion of the surface atoms into the adjacent

layers [52]. Since the aforementioned metals can be deposited on a variety of

substrates, joining these using thermocompression bonding is generally possible.
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High bond strength and good hermeticity especially for thick bonding layers have

been reported [52]. An equal amount of pros and cons is listed in table 2.6.

Table 2.6: Thermocompression bonding: Advantages and disadvantages

Advantages Disadvantages

Hermeticity High temperature

Wide material band Mask process

Eutectic Bonding

Eutectic bonding makes use of the effect that some alloys have a eutectic point

which is well below the melting point of the raw metal components. These can be

Au-Sn, Al-Ge or Au-Si, for example [53]. A thin film of each material is deposited

onto the bonding partners. Once they are brought into contact and temperature

is increased atomic diffusion takes place and an alloy is formed on the interface.

When the heating process reaches the eutectic temperature which is the melting

point of the alloy, the material on the interface melts. This leads to the following

effects. First, the diffusion on the new interfaces between raw material and liquid

alloy is accelerated, leading to an increase in fraction of the alloy. Second, the

liquid phase connects well with the adjacent solid interfaces. After the heat cycle

and the solidification of the alloy a solid state bond is established [54]. The eutectic

points of some alloys are as low as 280 ◦C (AuSn, [53]), making the technology an

attractive option for MEMS packaging [55], as stated in table 2.7.

Table 2.7: Eutectic bonding: Advantages and disadvantages

Advantages Disadvantages

Glass as material High temperatures

Low surface quality require-

ments

Mask process

Hermeticity
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Adhesive Bonding

Adhesive bonding is more a general term than a name for a specific bonding pro-

cess, as many different kinds of adhesives are available. Thus, the materials range is

very broad [56]. Some adhesives are thermally cured, therefore needing elevated

process temperatures, while others harden at room temperature under UV light

activation [57]. Deposition of the adhesive layer can be performed by spin coating

or spray coating with subsequent patterning, but also by mask-less deposition tech-

niques such as direct writing. In comparison to other bonding processes, adhesive

bonding performs inferior in terms of hermeticity and bond strength, while being

very tolerant to rough and uneven substrate surfaces [58], see table2.8.

Table 2.8: Adhesive bonding: Advantages and disadvantages

Advantages Disadvantages

Wide range of materials Low hermeticity

Low temperatures Low bond strength

Mask-less process Low temperature resistivity

Low surface quality require-

ments

Reactive NanoFoil Bonding

Bonding with reactive foils is a relatively new process based on the usage of energy

dissipated by an exothermic reaction to locally melt a solder layer and thus bond

two parts without significant heat impact on the system [59]. Currently there is one

commercially available product enabling this process called NanoFoils®by Indium

Corp., USA [60]. Free-standing reactive foils with thicknesses in the range of 40µm,

60µm and 80µm are used as energy source for this bonding process [61]. The foils

are produced by magnetron sputtering of the reactive materials alternatively in a

layer-by-layer fashion. The reactants are NiV (with 95 wt% Ni and 5 wt% V) and Al.

Each layer of reactive material is around 25 nm thick, thus enabling a high active

surface area in the foil [59, 62].
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Ignitor flame
Reaction front

5 ms 50 ms

Propagation direction

Figure 2.5: Frames grabbed from a high-speed video taken of a NanoFoil combustion.
Video was taken at a framerate of 2000 fps, time between showed images is
5 ms.

The foils can be cut to shape by ultrashort laser pulsed cutting, water-jet cutting or

manual cutting with a blade. By any means, ignition hast to be prevented during

cutting and preparation of the samples. The foils are placed in between the bonding

partner and while applying a normal pressure, the reaction is ignited. A gasless self-

sustaining high-temperature reaction propagates throughout the foil, dissipating

enough energy to melt the adjacent solder in a short time frame of only a few ms.

Due to the very localized nature of the process, materials with high discrepancies in

their CTE can be bonded. Amajor drawback is the need for placing the freestanding

foil onto the substrates either manually or with pick-and-place machines, which

makes the process only suitable for Chip to Chip Bonding (C2C) bonding. Table 2.9

lists the respective up- and downsides.

Figure 2.5 shows a series of images taken from a video of a NanoFoil combustion.

The video was shot with a framerate of 2000 fps, the time between showed images

is 5 ms.

Table 2.9: Reactive NanoFoil bonding: Advantages and disadvantages

Advantages Disadvantages

Low temperature High surface flatness required

Fast Narrow materials range

Good hermeticity Complex to handle and pattern
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Integrated Reactive Materials Systems (iRMS)

Bonding with iRMS was introduced as a further development of the NanoFoil bond-

ing process [1]. It makes use of the same kind of reactions based on self-sustaining

high temperature synthesis via gasless combustion. Instead of using freestanding

foils, this technology employs reactive layers which where directly sputtered onto

one of the bonding partners [63]. This technology is superior to NanoFoil bonding

in some regards, such as the enhanced adhesion to the bonding partners and the

capability of using the process at wafer level [64]. However, the use of highly re-

active layers at wafer level comes with some disadvantages as well. The deposition

of a large number of alternating layers takes a considerable amount of time, which

unlike with NanoFoils cannot be executed in parallel to other work steps [65]. After

the deposition, the reactive material has to be structured to form the required bond-

ing frames for the package. Patterning is performed by lithography and subsequent

etching, which comes with enhanced risk of unintended ignition of the reactive lay-

ers [66]. Bonding with iRMS was proven to be very feasible for MEMS packaging,

however, due to the time consuming manufacturing process and the risks of un-

intended ignition it has not yet found been employed in commercial high volume

production [67], refer to table 2.10.

Table 2.10: iRMS bonding: Advantages and disadvantages

Advantages Disadvantages

Very broad materials range in-

cluding MOEMS relevant materi-

als

High risk of ignition during pro-

cess preparation

High hermeticity Patterning complexity

CTE mismatch compatible Very time consuming

Transient Liquid Phase Diffusion Bonding

This bonding process appeals because of the bond’s capability to withstand much

higher temperatures than the process temperature. The bonding partners are
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coated with a thin metal layer of either Cu, Ag, Au or Ni on the first substrate

and In or Sn on the second, respectively [68]. Deposition of the initial materials

can be done by a variety of methods, e.g. magnetron sputtering or electroplating.

During the process, the parts are brought into close contact and moderate heating

in the range of 175 ◦C to 300 ◦C is applied. When the melting points of both bond-

ing materials are reached, the separate phases mix due to atomic diffusion [69].

The resulting alloy has a much higher melting point than the initial components,

leading to an immediate recrystallization [70]. The high melting point of the final

bonding layer’s material leads to high temperature stability of the bond. Due the

molten state of the intermediatematerials surface roughnesses can be compensated

well and high hermeticity can be obtained [71]. Differences between bonding and

remelt temperature can be as high as 700 ◦C for the Ag-In system [68]. Table 2.11

gives an overview of the respective advantages and disadvantages.

Table 2.11: Transient liquid phase diffusion bonding: Advantages and disadvantages

Advantages Disadvantages

Hermeticity High temperature

Withstands high temperatures Narrow material band

Mask process

Selective Laser Bonding

Using a focused laser to locally heat and melt a solder layer is called selective laser

bonding. A scanning laser is used to trace a focal spot with high optical power

density along the bond frame of a package. The laser radiation has to pass through

one of the substrates to reach the desired location, thus requiring a material which

is transparent to the laser wavelength. Silicon features high transparency in the far

infrared, making CO2 lasers with a wavelength of λ = 10.6µm suitable for bonding

Si-Si [72]. For systems comprisingmaterials with transparency in the visible regime

like Si-Pyrex, solid state lasers can be employed with wavelengths in the near in-

frared below 1000 nm [73]. The overall thermal impact on the MOEMS system is

low due to selectively heating the solder layer. The respective bonding surfaces of
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the substrates have to be coated with a contact layer, which usually is a sputter

deposited metalization using Al or Au. However, the bond quality is dependent on

the laser scribe velocity and best results were only achieved at low process speeds

of only 0.5 mm/s. Since the actual bonding is a soldering process good hermeticity

is achievable at such low scribe rates [74]. Pros and cons are listed in table 2.12.

Table 2.12: Selective laser bonding: Advantages and disadvantages

Advantages Disadvantages

Very localized heating Narrow materials range

Good hermeticity One material has to be optically

transparent

Mask-less process Slow process

2.2.1 Review

To estimate the demand of novel bonding technologies, the currently available ones

have to be compared and evaluated regarding their suitability for MOEMS pack-

aging. A concise comparison of all introduced bonding processes by their main

properties and parameters is given in Table 2.13. Additionally to the comparison

in regard of the technological feasibility, economical aspects have to be taken into

account to fully review the described methods.

Deposition and patterning complexity were used as an indicator of process cost and

therefore as the economical criterion. Process temperature, the main property in-

fluencing the capability of bonding different materials of high CTE mismatch, was

chosen as the main criterion for assessing the technological suitability.

Achievable hermeticity was taken into account as the runner up criterion. The re-

view of bonding techniques is visualized by plotting the various processes according

to their performance in the aforementioned criteria. Figure 2.6 shows the result-

ing plot with the deposition and patterning complexity on the x-axis and MOEMS

packaging suitability on the y-axis, respectively.

While iRMS bonding features the highest feasibility for MOEMS packaging, the pro-

cess’s economical properties are almost the worst in this overview due to the need
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Figure 2.6: Comparative plot of different bonding techniques. MOEMS packaging feasi-
bility is regarded in respect to low process temperatures and hermeticity.

of depositing hundreds of alternating layers of reactants. Adhesive bonding excels

in the cost aspect, whereas it is hardly suitable for MOEMS packaging due the poor

hermeticity achievable and the comparatively low bonding forces. The plot clearly

shows that none of the established bonding technologies reach the sweet spot of low

cost and high feasibility. Selective laser bonding is the currently available technique

which comes closest towards the aspired region, but a narrow band of compatible

materials and a very slow process speed impede its broad application. To satisfy the

rising need for MOEMS devices and higher heterogeneous integration density, as

described in chapter 1, Introduction, the development of new bonding technologies

which come closer to this sweet spot is of great importance.
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Broad Material Range    # H#        

1000 ◦C #   # # #  # # # H# #

400 ◦C  #  # #    # # H# #

200 ◦C # #  #  H#   # # # #

Typical

Temperature

25 ◦C # # H#  # # #    #  

Vacuum

compatibility
<1 mbar    H#    H#     

<0.01 mbar   H# # #   # H# H#   

<1µm # # #  # #      #

<20 nm # # #   #       

<2 nm  #           

Maximum Surface

roughness

<0.1 nm             

Surface Flatness
low # # # #     # #  #

high     # # # #   #  

Cleanroom Class 100 10 10 none 1000 10 100 100 none none 1000 1000

High Sensitivity to

particles
H#   # # H# H# H# # #   

High Volume

Industrialization
  # #     # # # #

Direct patterning # # # H#  # #  # # #  

High Costs H#   # #  H# # # H#  H#
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Exothermic reactions have been used as a source of energy for welding and sol-

dering applications for well over one hundred years, invented by Goldschmidt

and Vautin in 1898 [12]. This method, firstly described as thermite welding, was

mainly used in railroad building in the early 19th century [76]. The concept uses

a self-sustaining exothermic chemical redox reaction at the joint. The reaction

product is elemental iron and due to the high reaction temperatures the iron

melts and fills in the joining gap in molten form. Iron(III)-Oxide and elemental

aluminium powders are used as reactants. The powders are mixed in a crucible

and ignited using a magnesium torch. During the redox-reaction (Fe2O3 + 2Al→
2 Fe + Al2O3) temperatures may reach up to 2270 K, resulting in molten reaction

products [77]. Due to lower density of aluminium oxide, the molten products are

separated by gravitation and the desired iron flows through the drainage into the

joining gap. Figure 3.1 shows a schematic drawing of the welding process using the

thermite reaction: the crucible is filled with the reactive powder mixture, compris-

ing Fe2O3 and Al, and placed above the joint gap. After ignition with a Mg torch,

the self-propagating exothermic reaction produces elemental Fe and Al2O3, which

are present in molten phase due to high reaction temperature. Gravitational phase

separation takes place and the molten Fe is extracted from the crucible through a
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Fe2O3

Al Al2O3

Fe

Figure 3.1: Schematic drawing of the concept of thermite railroad welding. The crucible
is placed above the weld gap filled with mixed powders of Fe2O3 and Al. The
mixture is ignited with a magnesium torch, resulting in an self-propagating
exothermic reaction. During the reaction, the reactants as well as the reaction
products (Fe, Al2O3) melt. Gravity induced phase separation of the products
enables easy removal of the elemental iron through the drainage and filling
of the weld gap.

drainage, filling the joint gap.

In 1967, Merzhanov and colleagues described the phenomenon of Solid Flame

(SF) in metal powders for the first time [78]. Most SF reactions are combustion

reactions just like the thermite reaction, but with the significant difference, that

the reactants and the reaction products remain in the solid phase throughout the

reaction. It was noticed, that with some material combinations, although the reac-

tion mechanism was comparable, the reaction temperatures were higher than the

materials’ melting temperatures, hence leading to molten products. Investigating

the reaction products, it was found that novel alloys and intermetallic phases could

be obtained using these reactions, leading to the new term Self-Propagating High

Temperature Synthesis (SHS). The formation of an intermetallic phase does not

necessarily comprise establishment of chemical bonds [79]. Thus, the term reac-

tion might not be considered accurate from a chemist’s point of view. To facilitate

reading of the manuscript and in agreement with the cited literature, the term

reaction shall be used in this work.

28



A lot of attention was drawn towards the synthesis of exotic alloys by these re-

actions, as the method does not rely on high energy input [80–82]. Soon SHS

reactions became the topic of interest in many research projects, resulting in a

number of investigations on different materials, i.e. various carbides, aluminides,

silicides and borides [77, 82–84], thermodynamic modeling [3, 85–95], ignition

techniques [96, 97], particle size effects [98] and applications [82, 99–108].

Table 3.1 shows an overview of selected material combinations which can undergo

SHS reactions and respective thermodynamic properties: stoichiometry, enthalpy

of formation ∆H f , adiabatic reaction temperature TAd and the state of the reaction

products at the reaction temperature.

A more comprehensive list of materials combinations which can undergo said re-

actions is presented in the Appendix in Table B.1.

Table 3.1: Thermodynamic properties of selected Aluminide-SHS reactions [109]. A
comprehensive list of Boride-, Carbide-, Silicide- and Aluminide-SHS reactions
is shown in Appendix B. The two highlighted reactions were subject to further
investigation in this work.

Reaction mechanism ∆H f (kJ/mol) TAd (K) State of reaction
products at tempera-
ture

Pt+Al → PtA1 -100 3072 Liquid
Pd+Al → PdAl -92 2652 Liquid
Co+Al → CoAl -60 1911 Solid and liquid
Ni+Al → NiAl -59 1911 Solid and liquid
Zr+Al → ZrAI -45 1752 Solid and liquid
Ti+Al → TiAl -36 1499 Solid
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3 Self-propagating High Temperature Synthesis and Reactive Bonding

3.1 Modeling of Reactions

As mentioned above, a large number of mathematical models of SHS reactions has

been developed. Following the calculations by Rybanin and Sobolev [110, 111]1,

one can estimate the heat transfer within the reactive layer as well as into the

adjacent inert layers. To maintain a self-propagating reaction, the reactive mate-

rial has to be continuously re-ignited at the interface of the reaction zone and the

unreacted material. Therefore, the heat on said interface of must not fall below

a certain threshold to keep the reaction alive. The requirements to maintain this

threshold can be expressed as a combination of several boundary conditions. These

depend to a great extend on material properties such as thermal conductivity, heat

capacity and density. For a given combination of reactive media and substrates

these physical properties are assumed constant. Directly derived from the chosen

material system are furthermore key parameters of the reaction, namely activation

energy, adiabatic reaction temperature and combustion rate. These parameters are

also considered invariant for our examination, leaving only geometric properties as

variables.

For simplification the model is regarded as a two dimensional system, equaling a

cross-section through the stack of substrates and reactive layer. The reaction prop-

agates along one dimension in this model, while heat transfer occurs in both di-

mensions. Rybanin and Sobolev further simplify by distinguishing thermally thick

and thermally thin layers. The differences are defined as follows:

• Thermally thin: Temperature is constant along the Y -axis at the propagation

front, hence
�

∂ T

∂ Y

�

�

�

�

�

0≤Y≤2H

= 0 (3.1)

• Thermally thick: Temperature not constant along the Y -axis at the propaga-

tion front, hence
�

∂ T

∂ Y

�

�

�

�

�

0≤Y≤2H

6= 0 (3.2)

1Unfortunately, the translated papers by Rybanin and Sobolev as cited above ([110, 111]) contain
some typographic errors in the formulas, which presumably occurred during the translation.
The calculations in this work are based on the formulas from the original papers [112, 113].
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Figure 3.2: Axis description for modeling of the reaction front: thermally thin model
with constant reaction front along Y -axis (left) and thermally thick model
with inhomogeneous temperature along the reaction front (right). The reac-
tion front propagates in V direction along the X axis. The numbered parts
are valid for both systems: 1) unreacted reactive material, 2) reaction front,
3) reacted material and 4) inert surrounding material. Adapted from [112,
113].

In both cases the thermophysical properties of the reaction products and educts

are assumed to be constant and homogeneous throughout their respective phases.

Finally, in the former case, only two non-constant parameters are left: the amount

of reactive material and the ambient temperature. In the two dimensional the

model quantity of educts is equivalent to the thickness of the reactive layer.

Figure 3.2 shows the definition of the coordinate systems for the model. It is

postulated, that the main requirement which has to be fulfilled to sustain a self-

propagating reaction is:

Cx − Cy − Cz > Ci g (3.3)

With Cx the heat of reaction, Cy the amount of energy dissipated by thermal con-

duction into the surrounding inert material, Cz the amount of energy dissipated

into the reaction products and Ci g the ignition energy threshold. Additionally the

following boundary conditions are presumed:

λx , ρx , cx = const. (3.4)

Tc, E, a f , U , γcr = const. (3.5)

With material constants (Equation 3.4) thermal conductivity λ, density ρ and heat

capacity c with index x being either f for the reactive material or i of inert material,

respectively. From the material constants derived invariable reaction parameters
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3 Self-propagating High Temperature Synthesis and Reactive Bonding

(Equation 3.5): combustion temperature without heat loss Tc, initial temperature

T0, activation energy E, effective temperature conductivity a f =
λ
ρc
, combustion rate

without heat losses U and γcr , a dimensionless parameter characterizing the quan-

tity of heat losses from the reaction zone in the inert material. For the thermally

thick model, an additional parameter δ(x) is introduced, describing the thickness

of the unreacted material adjacent to already reacted material. Its maximum value

δ0 is reached at X = 0, where the temperature is constant within δ0 < Y < 2H−δ0.

All parameters and constants are depending on the actual material system em-

ployed.

Based on this assumption and a given heat threshold that has to be reached at the

reaction front one can calculate a critical layer thickness∆cr for a homogeneous re-

active material at a given ambient temperature, below which that threshold would

not be reached. A self-propagating reaction will therefore not be sustainable with

a thinner layer and will extinguish. With the universal gas constant R, the critical

layer thickness ∆cr calculates as [110]:

∆cr =
(Tc − T0)Ea f

RT 2
c

Uγcr

√

√

√
λiρici

λ fρ f c f

(3.6)

More recent modeling approaches have used numerical molecular dynamics sim-

ulations describing the materials interactions on an atomic level, employing an

embedded atom method [89]. Henz et al. describe the process of formation of

intermetallic NiAl based on nanoparticles with diameters below 10 nm.

The main reaction driving force is diffusion dominated. Figure 3.3 shows a graph-

ical representation of their simulation result of the fusion of Ni and Al particles.

In this study the reaction of two single particles forming one intermetallic particle

was investigated for three different sizes (3000 Atoms to 36 000 Atoms). The largest

number is equivalent to an Al particle with 10 nm diameter. Simulating the fusion

process of to such particles for a few ns took more than 48 h using 64 CPUs. Con-

sequently, the simulation was not expanded to the reaction through a mixture of a

large number of particles.
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Figure 3.3: Molecular dynamics simulation of Ni and Al nanoparticle fusion. Color graph
shows Ni fraction, while Al fraction equals 1-Ni. Process propagation is de-
picted in four phases as described by Henz et al. [89]

3.2 Reactive Bonding

Being a successor of the initial thermite process, reactive welding drew a lot of

attention [102, 108, 114–121]. Despite the long history, only in the past fifteen

years, research groups started to adapt comparable processes for joining challenges

in MEMS packaging, using the term of reactive bonding, in compliance with estab-

lished boning technologies (see section 2.2) [1, 13, 14, 59, 63, 64, 122]. While the

new processes completely differ from Goldschmidt’s thermite welding in means of

employed materials, the concept of using the energy emitted by a self-sustaining

reaction for bonding is comparable.

The concepts mostly rely on the following process structure: A reactive material is

applied to the gap in between the two surfaces which are to be joined. The bonding

surfaces are coated with a solder layer, while applying pressure, the intermediate

layer is ignited by a short pulse of energy and the following exothermic reaction
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Top substrate

Bottom substrate

Reactive layer

IgnitionAlignment Reaction Finished Bond

Figure 3.4: Schematic drawing of the iRMS bonding concept. The reactive multilayer
system is directly depostited onto the bottom substrate. After patterning by
lithographic means, the top substrate is aligned and while applying pressure,
the reaction is initiated. Adapted from [59].

leads to melting of the solder. Ignition can be done by various means, i.e. electric

current, heat contact, laser pulse or mechanical impact. A comparison of ignition

mechanisms is given in subsection 6.3.1. The solder solidifies immediately after the

reaction front has passed and forms a bond at the adjacent surfaces of the bonding

partner and the reaction products. As process takes place in only a few millisec-

onds and the emitted energy is mostly used for melting the solder, the surrounding

material’s temperature does not significantly rise.

Micron-sized powders which have been mainly used for SHS reactions in previously

mentioned works suffer in this context from the problem of relatively large distance

between the particles interfaces. The path of diffusion for the reactant’s atoms is

several orders of magnitude smaller. Nano sized particles or multilayers overcome

this problem, since the distances between particle interfaces are in the same range

as the diffusion path’ lengths.

Common among the new processes is the usage of reactive multilayer systems.

These comprise layers with a thickness in the nanometer regime and are alter-

nately stacked up to a total thickness of some tens of micrometers [109].

Bonding with reactive multilayers was realized with free standing reactive foils and

with directly deposited mulitlayers as well (iRMS). Reactive foils for bonding are

commercially available with the brand name NanoFoil® by Indium Corp. The reac-

tive layers are manufactured by alternating magnetron sputtering of the reactants.

Figure 3.4 shows a schematic drawing of the multilayer enabled reactive bonding

process. The reactive layers are directly sputtered onto the bottom substrate. After
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lithographic patterning, comprising resist coating, exposure, lift-off, the top sub-

strate is aligned and pressed on to the bonding layer. While applying pressure the

reaction is initiated. After the reaction front has propagated throughout the bond-

ing layer, the desired bond is established. Bonding with iRMS was developed as a

wafer-level process, while bonding with NanoFoil is mainly feasible for chip-scale

integration. The reactive foils are patterned by laser cutting and applied to the joint

with pick-and-place machines.

Main advantages of multilayer systems are the large reactive surface area leading

to very high reaction front propagation velocities in the regime of tens of meters per

second, low ignition energy thresholds and low porosity of the reaciton products.

The inherent disadvantage of multilayer systems is the time consuming, complex

and expensive manufacturing of hundreds of alternating layers and the need for

patterning technologies like lithography or laser cutting [14, 65].
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Many different fundamentally varying fluid deposition methods are available,

which can generally be divided into two categories: one – depositing in a patterned

manner, i.e. applying the fluid only to certain areas of the substrate, and second –

to fully cover the substrate with the fluid. In the scope of this work we will focus on

the first category, as methods belonging to the latter one like spray-, dip- or spin-

coating intrinsically require patterning techniques to be applied afterwards. As for

the patterned category, a further differentiation can be made between contact- and

non-contact printing technologies. Common contact printing technologies are roll

to roll-printing, screen printing and direct writing. Inkjet- and aerosoljet printing

are the predominant non-contact printing technologies. Figure 4.1 shows a sys-

tematic differentiation between the different fluid deposition methods introduced

in this chapter. Each method was evaluated for the feasibility of application for the

proposed bonding technique in aspects of material compatibility, resolution and

production scale properties.
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Figure 4.1: Systemization of some relevant fluid deposition technologies. Emphasized
printing technologies are discussed in more detail in this work.

4.1 Inkjet Printing

Inkjet Printing (IJP) belongs to the contact-less printing methods, in which droplets

of the ink are jetted towards the substrate. Since it’s invention in 1980 the tech-

nique has been mainly used for text and graphical printing. However, during the

past ten years, IJP has become more and more of a manufacturing method, being

able to precisely deposit a broad range of materials in arbitrary patterns onto al-

most any substrate [123]. The volumes of the droplets usually range from 5 pL to

200 pL resulting in printing resolutions of up to 1200 DPI, which is equivalent to

feature sizes as small as 20µm. Resolutions of up to 10µm were reached in exper-

imental setups [124]. The droplets are fired with high frequencies, enabling fast

production [123].

Printheads containing up to several hundred nozzles are classified as either Con-

tinuous Inkjet (CIJ) or Drop on Demand Inkjet (DOD) printheads. CIJ heads

continuously jet droplets towards the substrate. The droplets are electrostatically

loaded and can be directed in to a waste reservoir when necessary. DOD printheads

are passive in the idle state and only jet droplets when requested. The printhead

contains a small ink reservoir behind each nozzle which can be exposed to a sharp
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Figure 4.2: Working principles of a thermal and b piezo DOD and c CIJ printheads.
Adapted from [125].

pressure increase, leading to the ejection of a droplet. Two subcategories of DOD

printheads are distinguished: thermal and piezoelectric printheads.The pressure

pulse is generated by ohmic heating of a sidewall of the ink cavity in thermal

printheads. The heating leads to rapid evaporation of a small amount of ink, thus

generates a bubble. The volume expansion of the ink during bubble generation

forces the ejection of a droplet from the nozzle. Piezoelectric printheads make as

the name indicates usage of a piezoelectric actuator. By running a pulsed current,

expansion and contraction of the actuator are driven, enabling controlled ejection

of droplets from the nozzle. Figure 4.2 shows a schematic comparison of DOD and

CIJ printheads.

As thermal printheads are cheaper than piezoelectric, they are most commonly

found in consumer inkjet devices. In industrial and research environments, where

jetting of functional inks is required, piezoelectric printheads are preferred, as

the heating of functional inks above the boiling point cannot always be tolerated.

Though piezoelectric printheads are not as restrictive regarding the ink’s properties

as thermal printheads, the rheological characteristics have to meet very specific cri-

teria. These requirements are a result of high shear stress which is imposed on the

ink during droplet ejection and the desired jetting behavior, meaning production

of uniform droplets without spraying or the development of satellites. Important

39



4 Printing and Fluid Deposition Methods

empirical numbers which are used for characterizing the rheological properties

are Reynolds number Re, Weber number We and Ohnesorge number Oh which are

defined as follows:

Re =
ρvd

µ
(4.1)

We =
ρv2d

σ
(4.2)

Oh=

p
We

Re
=

µ
p

ρσd
(4.3)

With the ink’s properties ρ, µ, σ and v, namely density, dynamic viscosity, surface

tension and velocity respectively and the nozzle diameter d [126–128]. Using Re

and We one can describe the dynamic jetting properties of an ink according to the

listed process parameters. Empirical studies have led a process window as shown

in Figure 4.3 framed by ranges of Re and We [125].

Oh, however, is an indicator for the relationship of rheological properties of the ink

and the nozzle geometry and is independent from the ink’s velocity. It is therefore

widely applicable to determine the jettability of an ink for a certain nozzle. For

good jetting behavior Oh should be in the range 0.1 to 1 – at higher values the ink

does not break free from the nozzle due to high damping forces inside the liquid,

while at lower values severe satellite formation and spraying occurs easily [129].

For good printability, viscosity should range from 1 mPas to 25 mPas and surface

tension from 25 mN/m to 50 mN/m [130]. Additionally, the valid regions for these

parameters are strongly influenced by the hardware used. Respecitve values of

isopropyl alcohol, a solvent which is commonly used in experimental inks, are ρ =

0.786 g/cm3, µ = 1.96 mPas and σ = 21.7 mN/m at room temperature [131, 132].

The materials of the printhead have direct impact on the wetting behavior at the

nozzle. Finally, the driving parameters for the printhead like temperature, piezo

pulse shape and jetting frequency are crucial to printing performance.

Taking dimensions and materials parameters of the printhead into account as well

as rheological properties of the ink enables Continuous Fluid Dynamics (CFD) mod-

eling of the jetting behavior. The printhead nozzle geometry was measured from
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Figure 4.3: Weber number plotted over Re, depicting the printable regime [125].

a cross sectional micrograph of a clogged nozzle. The obtained information was

used as boundary conditions for a CFD simulation with the standard ink’s rheolog-

ical properties. Figure 4.4 shows the polished cross sectional view of the printhead

nozzle. The nozzle diameter was found to be around 56µm. Diameter and funnel

angle were used as geometric boundaries and open ambient pressure at the nozzle

orifice and negative backpressure against gravitation as fluid dynamic boundaries.

To simulate droplet formation due to a piezo pulse a short pressure increase on the

backside of the reservoir was implied.

Figure 4.5 shows the result of a representative CFD simulation as a timed sequence

of frames after the jetting pulse. The droplet ejected from the nozzle is formed

within 50µs. Additional to the main droplet two satellite drops are formed which

quickly fuse to one droplet. However, the resulting satellite does not merge with

the main droplet as it travels at a lower velocity. The main droplet has an approxi-

mate volume of 360 pL, whereas the satellite droplet has about 120 pL. Such jetting

behavior is considered not optimal, since two drops moving at different speed to-

wards the substrate ejected from a moving printhead will not hit the substrate at

the same spot, thus reducing the print resolution. Furthermore the droplets in this

specific scenario were about one order of magnitude larger in volume than desir-

able. The jetting behavior can be optimized tuning the Pulse Peak Duration (PPD)
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100µm

Figure 4.4: Polished cross-sectional view of a spectra S-Class 128-AA printhead nozzle.
The nozzle can be seen at the lower end of the structure, above a filter element
is visible. Nozzle diameter was measured to be around 56µm. The nozzle
shape was used as boundary condition for the CFD simulation.

as depicted in Figure 4.6. According to the pulse profile the jetting behavior varies.

Here the photograph of a single droplet is taken 100µs after the jetting pulse. The

different droplet formations correspond to the respective PPD as given on the axis

in the figure.

20 40 60 1201008030 50 70 13011090
Time delay after piezo pulse (µs)

Figure 4.5: CFD simulation of jetting behaviour for a specific ink with the employed print-
head. The images show the jet for the same settings after time increments of
10µs per image after the piezo pulse.
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Pulse Peak Duration (µs)
2 4 6 8 10

Figure 4.6: Jetting analysis according to time between rising and falling edge of the piezo
pulse, called pulse peak duration (PPD). Single images for different PPDs are
taken from the same nozzle 100µs after jetting.

4.2 Aerosol-Jet Printing

Aerosol Jet® is a registered product name by Optomec (USA), since it’s the only

machine using this technique the product name shall be used. Aerosol Jet printing

is a comparatively new printing method in which no single droplets are ejected,

but an aerosol of the ink is produced using a so called "ultrasonic atomizer", which

is subsequently sprayed onto the substrate [133]. Spraying is conducted using very

thin nozzles and coaxial gas flows of the aerosol and a guiding gas. Figure 4.7

shows a schematic drawing of the Aerosol Jet printing process. An aerosol of the

ink is generated by either ultrasonic or pneumatic atomizers and carried by a flow

of N2-gas towards the nozzle. Coaxially with the aerosol a second stream of N2-gas

is thrusted from a ring shaped nozzle, guiding the ink in a very thin stream towards

the substrate.
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Aerosol stream
Sheath gas streamCarrier gas stream

Ultrasonic atomizer

Figure 4.7: Working principle of Aerosoljet printing: an aerosol of the ink is produced
with an ultrasonic atomizer. The aerosol stream is coaxially fed through a
nozzle with a guiding gas. Adapted from [135].

This enables printing of high resolution patterns with feature sizes down to ten

micrometers [134]. In contrast to IJP printheads usually contain only one nozzle,

making the process significantly slower. On the other side, the technology features

some advantages over IJP, as the ink is not in contact with the nozzle the risk of

clogging is greatly reduced, provided the particles aren’t too large. The high ve-

locity of the gas stream leads to a trajectory of the jetted spray which is far more

stable than that of an inkjet printed droplet. Therefore the distance between sub-

strate and printhead may be much larger (up to 5 mm in comparison to less than

1 mm), thus enabling printing on non-flat substrates [135].

4.3 Screen Printing

Screen printing in opposition to the other introduced printing methods is a mask

process, hence not able to dynamically deposit material in any arbitrary pattern.

The rheological properties of the printing paste vary strongly from those of inkjet

printing inks: Viscosity is generally much higher and in a very broad range of

(1000 mPas to 10 000 mPa s) [47, 136]. A mask ("screen") made from a fine mesh
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is covered with a Cu layer and structured via optical lithography. The screen is

brought to close proximity of the substrate, which has to be flat. The paste is

poured onto the screen and using a scraper transfered through the mesh in the

desired regions. The mask on the mesh acts as stencil in this setup. Resolutions

achievable with screen printing were reported to lines as narrow as 40µm [136].

Screen

Scraper

Figure 4.8: Schematic drawing of the screen printing process. The stencil pushes the ink
through the flexible screen onto the substrate, adapted from [136]

4.4 Direct writing

Direct writing is the simplest of the introduced deposition methods. The fluid is

held in a syringe and pushed through a single nozzle by a piston driven with a

pneumatic pressure pulse. The nozzle capillary is often made from glass, steel or

plastic and ranges in diameter from 45µm to 2 mm. The ejected fluid does not form

single droplets but is in contact with substrate and nozzle at the same time, thus

forming a meniscus between nozzle and the substrate As the fluid wets the outside

surface of the nozzle tip, the outer diameter of the tip is crucial regarding reso-

lution and achievable line width. Additionally, the offset between nozzle tip and

substrate is of large importance, as a breakaway of the meniscus must be prevented

while laterally moving the syringe. Direct write systems are most often designed

as Three Dimensional (3D) gantry machines, allowing the fluid deposition along

lateral trajectories within a three dimensional working volume [137]. Figure 4.9

shows a schematic drawing of the working principle of direct write dispensing.
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Pneumatic pressure

Figure 4.9: Working principle of printing by direct writing. The highly viscous fluid is
stored in a syringe with a pneumatically driven piston. The fluid gets ejected
through a capillary tip onto the substrate, being in contact with the substrate
and the tip at the same time. The meniscus being formed due to surface
tension is depending upon the outer diamter of the tip, wetability of substrate
and tip and distance between tip and substrate.

4.5 Review

The previously described printing technologies were compared by six key aspects:

Initial investment, running costs, printing resolution, flexibility of pattern design,

particle size constraints and high volume production capability.

Aerosol jet printers need the highest initial investment, followed closely by IJP.

Screen printing tools can be acquired for comparably low amount and direct write

machines feature by far the lowest price of these four. Since direct writing can also

be done manually it may be started off with almost zero costs, while often used

gantry or robot-based systems can be quite expensive.

Running costs of the techniques vary also strongly. Screen printing comes with the

need of producing masks for each print job, which naturally produces expenses.

Aerosol Jet and Inkjet don’t produce high operational costs unless a printhead needs

to be replaced due to nozzle clogging. Especially Inkjet printheads are at higher

risk for clogging, since their nozzles are typically much smaller. Direct writing is
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the most affordable to operate. Consumables needed for this technique are usually

disposable items with very low price.

Achievable printing resolution is strongly influenced by employed ink and sub-

strate, but also one characteristic factor for printing technologies. Aerosol Jet print-

ing enables very small feature sizes, which cannot be matched by the other tech-

niques. Inkjet printing follows shortly behind, whereas screen printing and direct

writing are more suitable for low resolution applications.

This constrain, on the other hand, enables the use of much larger particle sizes with

direct writing and screen printing. IJP with its small nozzles requires the smallest

particle size while Aerosol Jet printing lies in the middle of the spectrum.

Running
Costs−1

Investment−1Resolution

Flexibility

Particle
Size Con-
straints

High
Volume
Capa-
bilities

Inkjet Printing
Screen Printing
Aerosol Jet
Direct writing

Figure 4.10: Radar plot comparing the introduced printing technologies. All axis from
center to outside: poor to good in their categories respective performance
or suitability. Scales are normalized to highest value on the outermost ring
and lowest value on the inner ring, respectively. Direct writing was chosen
for the experimental stage of this project, IJP was selected as the prospective
production process.

Capability for high volume production is the greatest for screen printing, since it en-

ables printing of a large number of devices e. g. on a wafer simultaneously. Inkjet

printing can also be employed for large number fabrication. Multi-nozzle print-
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heads and multiple heads per printer enable throughput slightly lower than screen

printing. Aerosol Jet and direct writing are single nozzle techniques, thus feature

a limited capability for high volume production.

One aspect which is crucial for this work is the flexibility to adapt to new print

patterns. Direct writing, IJP and Aerosol Jet are digital fabrication methods and

produce the desired design directly from a CAD file. Hence maximum flexibility is

given. In contrast, screen printing needs masks for each application, which makes

it highly inflexible.

Figure 4.10 shows a graphical juxtaposition of the introduced printing technolo-

gies. Direct writing and IJP feature the best overall performance. The former was

employed for the experimental stage of this project, while the latter was chosen as

prospective production process.
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Summing up the advantages and disadvantages of the various established bonding

methods (refer to section 2.2) and of reactive bonding with multilayer systems (as

described in chapter 3) one quickly comes to the conclusion that there is no bonding

technique available falling into the sweet spot as described in figure 2.6 and thus

fulfilling the following requirements:

• Low bonding temperature

• Capability to bond heterogeneous materials combinations

• Enable gas-tight packaging under inert atmospheres

• Deposition of bonding material in arbitrary patterns

To develop a bonding technique capable of addressing all these requirements is

certainly of high interest. The bonding concept developed in this thesis is an ap-

proach to tackle this challenge. The novel concept is named Reactive Nanocom-

posite (RNC)-Bonding. Figure 5.1 shows a drawing of the bonding concept using

a RNC with only four process stages using the example of bonding a capping sub-

strate to a micromirror device with a square shaped bond fram. The RNC is an ink
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or paste comprising nanoparticles of at least two materials which can undergo an

exothermic reaction after initiation by supplying an energy pulse, as described in

section 3.2.

Stage one is to deposit the reactive nanocomposite dispersed in a carrier fluid onto

the bottom substrate by inkjet printing, direct dispensing or comparable techniques.

After the carrier fluid is removed by low pressure assisted evaporation, in stage

two, the top substrate is aligned. Stage three is to ignite the RNC layer while

applying pressure to the substrates perpendicular to the bonding surface. Following

the ignition a self-propagating high temperature reaction will propagate laterally

through the bonding layer. At the reaction front, the emitted heat will transfer into

the adjacent materials, causing the solder layer to melt. After the reaction front

has propagated through the bonding layer, the solder solidifies and the bond is

finished (stage four). The amount of reactive material is well chosen to deliver just

a sufficient amount of energy enabling the melting of the solder but not damaging

the device’s active components.

5.1 Materials and Processing

As aforementioned, in chapter 3 various material combinations where introduced

which can undergo SHS reactions. A recent review upon various materials systems

employed in microscale multilayer applications is given by Adams [138]. As clearly

stated the formation of intermetallic nickel and titanium aluminides are two of the

most commonly investigated reaction systems. This is due to high reactivity of the

systems, availability and low price of the educts and favorable physical properties

of the products like very high melting temperature, high ductility and good ther-

mal and electrical conductivity. Ni, Al and Ti were chosen to serve as educts in this

work, giving three possible reactive systems: Ni + Al→ NiAl, Ni + Ti→ NiTi and

Ti + Al→ TiAl. Table 5.1 shows the material combinations that were evaluated in

this study for the RNC development. Key properties of the material combinations

which are compared are the specific reaction enthalpy and the adiabatic reaction

temperature. The reaction enthalpy can be used as an indicator for the ignition
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1

2

3
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p

Figure 5.1: Schematic drawing of the concept of reactive nanocomposites based bonding
in four stages, using the example of bonding a glass cover onto a micromirror
device with a square bond frame:
1. Deposition of the reactive bonding layer in arbitrary pattern onto

the bottom substrate.
2. Evaporation of the binding solvent and alignment of the top sub-

strate.
3. Laser ignition of the reactive layer while applying pressure. The

resulting reaction leads to a localized heating, enabeling a bond
at the desired bond frame only.

4. Finished bond.
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threshold to start the reaction. Higher enthalpy means lower energy input needed

for ignition and is therefore favorable. The adiabatic reaction temperature is the

theoretically maximal temperature reached by the reaction. High reaction temper-

atures are needed to fulfill the bonding requirements, but extremely high temper-

atures, like emitted by TiC system for example (more than 3000 ◦C), are in contrast

not desirable as they could easily damage the delicate microsystems.

Table 5.1: Materials combinations evaluated in our studies for RNC development.

Reaction mechanism ∆H f (kJ/mol) TAd (K)

Ni + Al→ NiAl −59 [2] 1911 [2]
Ni + Ti→ NiTi −34 [139] ∼1400 [140]
Ti + Al→ TiAl −36 [2] 1500 [2]

5.1.1 Thermodynamic Properties

Equation 3.6 from section 3.1 was used to estimate the critical layer thickness ∆cr

for the material systems employed in this work. As inert materials, in consistency

with the experimental setup, silicon and fused silica substrates were used for the

calculation. Three different setups of substrates were evaluated: bottom and top

substrate made from Si, both substrates made from fused silica and one substrate

made of each material. In combination with the three available reactive systems,

Ni–Al, Ni–Ti and Ni–Ti, nine critical layer thicknesses were calculated. Material

properties from the literature that were used for calculating ∆cr are listed in the

appendix (B.1). The critical layer thickness is strongly dependent on the reaction

temperature and velocity. Due this, the reaction in the Ni–Al is the hardest to

extinguish, hence very thin layers of reactive material are necessary to maintain

a self-propagating reaction. Depending on the thermal conductivity of the inert

material the minimum layer thickness for Ni–Al was estimated to be in the range of

0.174 mm to 1.53 mm. For application in microsystems technologies a thin bonding

layer is preferable.
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Table 5.2: Critical layer thickness ∆cr in mm of the reactive material for self-sustained
reactions in respect to the inert material.

Inert
material

Reactive material

Ni–Ti Ni–Al Ti–Al

Si + Si 6.377 1.934 1383

Si + SiO2 4.987 1.513 1082

SiO2 + SiO2 0.726 0.220 157.5

Based on the calculation results Ni–Al was chosen as main material system of in-

terest for the experimental works, as described in the following chapters.
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Figure 5.2: Critical layer thickness ∆cr for the reactive layer in a Ni–Al system plotted
over reaction front propagation velocity Ua and heat loss parameter γcr for
three different inert material systems: Si + Si, Si + SiO2, SiO2 + SiO2.

5.2 Theory of Reaction

Since the initial description of SHS reactions in 1967 a lot of work was conducted

to fundamentally understand the reaction mechanisms (see section 3.1). Addition-

ally, many researchers developed mathematical models of the processes to enable
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reliable prediction of reaction parameters and constraining factors. In the following

paragraphs the formation of intermetallic NiAl will be described from a materials

point of view and subsequently some important modeling approaches will be in-

troduced.

5.2.1 Intermetallic Phase Formation

Intermetallic phases are a special kind of metallic formation, similiar to alloys but

with stochiometric ratios of components and ordered crystal structures [141]. Fig-

ure 5.3 shows the crystal structures of pure Ni and Al and of the NiAl intermetallic

phase, respectively. Ni and Al initially form cubic face centered crystals. During

the formation of the intermetallic phase the lattices move into each other, forming

a new crystal orientation. The new structure is similar to a monoelemental cubic

volume centered crystal, but with a Ni atom embedded in the Al cubic cell and vice

versa [142].

Figure 5.3: Crystal structure of pure Ni and Al and the resulting NiAl intermetallic phase.
Al atoms drawn blue, Ni atoms red, respectively. The raw materials are cubic
face centered, the intermetallic phase is cubic volume centered [142]. The
crystal lattice constants of Al and Ni are 404.95 pm and 352.4 pm, respectively.

Phase formation and sequence of reactions seems to rely on various properties and

resulting intermediate phases are not always found the same: Moore et al. reported
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Figure 5.4: Phase diagram of the binary Ni-Al system [79]. Various intermetallic com-
pounds are existing while themost stable one is the stoichiometric AlNi phase.
It is noted that the melting temperature of AlNi (1900 K) is well above the
melting points of Al and Ni.

the following sequence of reactions [77]:

Al+ 3Ni→Ni3Al (5.1)

Ni3Al+Al→ 3Ni3Al2 (5.2)

3Ni3Al2 + 9Ni→ 6NiAl (5.3)

Shkodich et al. studied in a more recent work the formation of phases during SHS

reactions of the Ni/Al system in situ using dynamic synchrotron radiation diffrac-

tion by [143]. The initial Ni and Al phases quickly disappear, forming an interme-

diate Ni5Al3 phase, before eventually resulting in the equiatomic NiAl phase:

5Ni+ 3Al→Ni5Al3 (5.4)

Ni5Al3 + 2Al→ 5NiAl (5.5)

Figure 5.4 shows the phase diagram of the binary Ni-Al system. Equiatomic mix-
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tures of Nickel and Aluminium form the intermetallic compound AlNi with a melt-

ing temperature of 1638 ◦C which is well above of those of Nickel (1455 ◦C) and

Aluminium (660 ◦C). In addition to the AlNi phase one commonly sees the alu-

minium rich Al3Ni phase and the nickel rich AlNi3 phase.
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The experimental work in this thesis were divided into four task-groups, which are

described in the respective sections in this chapter. First, the initial materials were

characterized to provide sound basis of knowledge about the physical and chemical
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properties of the acquired particles and powders.

The second part of the experimental work was to produce the RNC mixtures. A set

of 59 samples was produced, varying the composition and processing procedures.

Reaction experiments were conducted with the composites fabricated and are de-

scribed in the third section of this chapter. Ignition threshold and reaction front

propagation velocity were measured during the experiments under diverse ambi-

ent conditions. Temperature, atmosphere, substrate material, applied pressure and

ignition method were modified throughout the experiments.

Finally, in the fourth section of the chapter the characterization of reaction products

is depicted. The measures as applied for the initial material analysis were employed

again to investigate the reaction products.

6.1 Materials Characterization

The initial nanoparticles to be used as the reaction educts were characterized re-

garding their key properties, as defined by Rossi [144]:

• Particle size

• Size distribution

• Particle morphology

• Chemical composition

• Nature and thickness of passivation layer

• Percentage of pure metal

Pure Al, Ni and Ti particles were acquired over a wide size range from 18 nm to

250µm. Nanosized particles were bought from Iolitec (Heilbronn, Germany) and

micron sized powders fromGoodFellow (Bad Nauheim, Germany), respectively. The

latter ones were acquired for comparative experiments but are not main aspect of

this work.
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6.1.1 Particle Size, Size Distribution and Morphology

These key parameters of physical properties were measured using Scanning Elec-

tron Microscopy (SEM) and Transmission Electron Microscopy (TEM). SEM anal-

ysis was done with a JEOL JSM-6500F field emission SEM with attached Electron

Dispersive X-ray Spectroscopy (EDX) detector Oxford Instruments INCA X-Sight. To

measure particle sizes, a semi-automatic image processing based approach was

chosen. The SEM-micrographs were edited to enhance contrast and find edges

between particles. These tasks were conducted using an image manipulation soft-

ware (Gimp). After applying a color threshold, a watershed algorithm was used to

differentiate between combined particles and finally an image processing tool (Im-

ageJ) was used to automatically find circular shapes and measure their diameter,

area and circumference. The resulting data was used to calculate mean particle

diameters and plot size distribution.

This approach did not work sufficiently with SEM graphs with a high overlap of

particles. For these kind of figures, the particle sizes were manually measured us-

ing ImageJ: particles were identified and elliptical selections were fitted to their

contours. From the measured area of the ovals a diameter was calculated in es-

timation of a spherical particle with a cross section equivalent to the fitted shape.

Morphology of the nanoparticles was found to be spherical and the average diam-

eters were below 100 nm. Figure 6.1 shows the particle size distribution of the

Nickel nanoparticles, mean diameter specified by supplier: 20 nm (Ni20) sample.

The average diameter was 47 nm, with 50 % of the particles having a diameter be-

low 43 nm.Figure 6.2 shows the SEM micrograph that was used for particle size

analysis on the left and the processed image on the right. Size distribution graphs

and their according SEM micrographs for the other starting materials and ground

mixtures are shown in the appendix (section A).

Table 6.1 gives an overview of the acquired particles, their sizes and the names to

which is referred consecutively. Although the measured diameters did not always

comply with the specified ones, the samples were called as declared.
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Table 6.1: Batch description and particle sizes of the acquired material.

Nanoparticles

Batch name Material Specified diameter (nm) Measured diameter (nm)

Al18 Aluminium 18 42.9 (σ = 28.8)

Al40 Aluminium 40-60 –*
Ni20 Nickel 20 47.9 (σ = 23.6)
Ni60 Nickel 60-80 –*
Ti60 Titanium 60-80 62.3 (σ = 38.4)

Microparticles**

Batch name Material Specified diameter (µm)

Al25p Aluminium 25
Al125p Aluminium 125
Ni45p Nickel 45
Ni250p Nickel 250
Ti45p Titanium 45
Ti150p Titanium 150

* Particle size measurement of these batches did not return valid values.
** No particle size measurement conducted for these batches.

Optical Microscopy

Traditional optical microscopy was used to visually check the homogeneity of the

samples and is due to the low process costs widely available. The resolution of con-

ventional optical microscopes is fundamentally limited by diffraction and cannot

be higher than λ/2, which equals approximately 250 nm in the visible range. Ac-

tual magnification limits are usually much lower due to imperfect optics and other

irregularities, resulting in even lower resolution. Thus, the particles employed in

this work are not detectable with optical microscopes.

Scanning Electron Microscopy

In contrast to optical microscopy a focused electron beam is used to image the

sample in scanning electron microscopy. The beam is electrostatically accelerated
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and focused using electromagnetic lenses. The focused beam gets scanned over the

sample and secondary electrons are detected. High resolution in the range of few

nm can be achieved, offering the capability to characterize the materials employed

in this work as well as the produced samples. SEM measurements were conducted

in collaboration with Treibacher Industrie AG (Althofen, Austria) and Institut Jožef

Stefan (Ljubljana, Slovenia).

Transmission Electron Microscopy

High resolution transmission electron microscopy provides highest resolution mea-

surements of the sample specimen down to atomic level. Samples have to be elec-

tron transparent, which applies usually for objects with a thickness of less than

100 nm. Particle diameters can be measured with high accuracy and core-shell

structures are visible due to the transmission measurement principle. Fringes on

the measurement graphs are due to crystal structure of the sample and give a direct

information whether the material is amorphous or crystalline. TEM measurements

were conducted in collaboration with USTEM at TU Wien (Vienna, Austria). TEM

graphs of unreacted and reacted are presented in section 6.1.3.

White Light Interferometry

To measure the topography of the samples, white light interferometry was used.

Using an interferometric measurement principle, the resolution along the Z-axis is

well below the diffraction limit in White Light Interferometry (WLI). This method

was employed to measure layer thickness and layer densification by reaction. A

Polytec Micro Systems Analyzer 500 was employed, enabling layer thickness mea-

surements at a vertical resolution of 0.35 nm.
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Figure 6.1: Particle size distribution of the Ni20 sample. Average particle diameter is
47 nm, with 50 % of the particles having a diameter below 36 nm.
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Figure 6.2: SEM graph and particle count overlay of rawNi20 sample. The error resulting
from false recognition of single particles to be a large one is assumed to be
canceled out by the opposing error of larger particles to be recognized as
multiple smaller ones.

6.1.2 Chemical Composition and Percentage of Pure Metal

Were measured using EDX and X-ray Powder Diffraction Analysis (XRD). While

EDX is directly implemented into SEM machines, it offers spectroscopic analysis of

the materials in very localized regions. Whereas XRD measurements are applied

for bulk powders and give detailed information about the crystal structure of the

sample and quantitative data about the composition. An X-ray beam is guided to-

wards the sample and the Bragg-reflected radiation is collected by a detector. As

reflection angles are depending on crystal structure, the measured spectrum can

be fit to reference data from material databases. Matching the reflection angles of

the measured material with the literature values provides high accuracy to identify

specific materials. Figure 6.3 shows a schematic drawing of the Bragg-reflection

with a description of the condition which has to be fulfilled for positive interfer-

ence. A PANalytical X’pert Pro XRD machine was employed with a Cu-Kα anode

at 8.04 keV to analyze the materials in this work. The first batch of nanoparticles

acquired was handled at normal atmosphere and showed significant oxygen con-

tamination in the respective EDX measurements. After reaction experiments with

this batch turned out unsuccessful a second batch was acquired and exclusively

handled within an inert atmosphere inside a glove box. XRD measurements for the

second batch showed high purity of the samples and low grade of oxygen contami-

nation. Figure 6.4 shows the respective XRD graphs of the pristine samples and the
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Figure 6.3: Bragg reflection, the effect on which XRD measurements are based. Positive
interference only occurs if the condition 2d sinθ = nλ is fulfilled [145].

referred peaks from literature for pure Al and Ni, respectively [146]. The measured

graphs show good conformity to the reference values.

Differential Thermal Analysis

To provide detailed information about thermodynamical properties of a sample Dif-

ferential Thermal Analysis (DTA) was employed. In DTA, the sample is put into a

sealed glass crucible and continuously heated. During the heating process an empty

reference crucible is heated the same way allowing the differential measurement.

While the energy input is kept constant, the temperature of the measurement cru-

cible is tracked and changes relative to the reference crucible are noted. This way

one can measure the ignition temperature and the reaction temperature. Phase

changes and the corresponding temperatures at which they occur can be measured

as well as energy released by exothermic reactions.

One of each Al-Ni and Al-Ti RNC mixtures were characterized using DTA to deter-

mine the thermodynamic potential of the mixtures. After the DTA measurement

the samples were characterized using XRD again, to analyze the products which

originated from the reaction during the DTA measurement.

Figure 6.5 shows the DTA plot for a Ni–Al sample. The crucibles with 25 mg samples

were heated from room temperature to 1000 ◦C (a), cooled to 100 ◦C (b), heated

to 1000 ◦C again (c) and finally cooled to 100 ◦C (d). All steps were executed at
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Figure 6.4: XRD measurements of initial raw Al and Ni nanoparticle samples as acquired
and the respective reference values. The spectra fit well to reported data from
literature, showing low peaks of oxygen contamination [146].

a heating and cooling rate of 10 K/min. The negative peaks on the graph of the

first measurement indicate at which temperatures reactions were initiated. Inte-

gration of the shaded area above the graph gives quantitative information about

the energy dissipated during the reactions. As the cooling graph shows no peaks,

it is concluded that no phase change occurred. Solidification of a molten phase

would result in a significant peak, just as the exothermic reaction did. The second

heating-cooling cycle features no peaks as well, showing that the sample fully re-

acted during the first heating period. As the XRD measurement of the reacted sam-

ple shows (Figure 6.6), exclusively the intermetallic phases NiAl and Ni3Al were

formed during the reactions. Neither of these phases undergoes any phase trans-

formation within the temperature range of 100 ◦C to 1000 ◦C. The respective DTA

and XRD graphs for the Ti–Al sample are shown in the appendix (Figure B.5 and

Figure B.6).
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Figure 6.6: XRDGraph of the DTA sample after the DTAmeasurement. Sample was 100 %

reacted during the first heating cycle, as only intermetallic Ni–Al compounds
were found.
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6.1.3 Nature and Thickness of Passivation Layer and Percentage

of Pure Metal

Transmission electron microscopy is well suited to investigate the presence of pas-

sivation layers and their respective nature and thickness. The method allows for

observing passivation layers with thicknesses down to the sub-nm scale. Metallic

nanonparticles show clearly visible crystal lines in TEMmeasurements. Amorphous

materials however, like Al2O3 or NiO and other metal-oxides appear blurry in TEM

graphs. This enables measurement of passivation layer thickness.

A further indication for the presence of oxides can be given by the electron diffrac-

tion graphs, which shows discreet point patterns for crystallite samples and rings

for amorphous structures. Additionally, using the TEM in scanning mode (Scanning

Transmission Electron Microscopy (STEM)), enables imaging using Z contrast. In

these measurements heavy elements appear brighter than lighter ones, enabling

a clear distinction between Al and Ni particles. Using in situ EDX measurement

during the STEM session enabled for precise space-resolved elemental analysis.

Figure 6.7 shows an STEM measurement and the respective EDX line scan graph

for a ground, unreacted Al18Ni60 sample. Small amounts of O could be detected

on both particles, with Ni exhibiting slightly stronger contamination. Figure 6.8

Ni

O

Al

Position (nm)
0 20 40 60

C
ou

nt
s
(a
.u
.)

Figure 6.7: STEM and in situ EDX measurement of an Al18Ni60 sample. The elliptically
distorted STEM graph in Z contrast mode shows heavy elements brighter
than lighter elements. Accordingly, the Ni particles appear white, while Al
particles are shown grey. The in situ EDX line scan along the orange line
revealed only very small amounts of oxygen, in both Al and Ni particles.
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shows TEM images for the ground and unreacted Al18Ni60 sample. Crystalline

lines can be observed in all graphs throughout the particles with only very thin

(1.2 nm) amorphous shells on some of the particles. The electron diffraction exhib-

ited a clear crystallite pattern without amorphous rings.

Figure 6.8: TEM images of a ground unreacted Al18Ni60 sample. Scale bars are given in
each picture. Crystal structure can be observed throughout the particles, only
very thin amorphous layers (presumably oxides) can be seen on the particle
surfaces. Electron diffraction graph (centre right) shows no amorphous rings
which would indicate the presence of oxides.

68



6.2 Reactive Nanocomposite Fabrication

Figure 6.9: TEM images of a ground unreacted Al40Ni20 sample. Scale bars are given
in each picture. Crystal structures can be observed throughout the particles,
only very thin amorphous layers can be seen on the particle surfaces, which
are accounted for as oxides. Electron diffraction graph (bottom right) shows
fine crystalline pattern with very thin amorphous rings.

6.2 Reactive Nanocomposite Fabrication

Several different routes for fabrication of the reactive nanocomposites were inves-

tigated along with various post processing steps.
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Figure 6.10: Z contrast enabled STEM image shows distinctive Ni and Al particles (Ni
white, Al grey). The in situ EDX line scan was conducted along the orange
line. The Ni particle showed considerable oxygen amounts on the surface,
whereas the Al particle seemed almost O free.

6.2.1 Inert Environment – Oxygen contamination

To prevent oxygen contamination of the nanoparticles, experimental work was

conducted under inert atmosphere in a glove box whenever feasible. Argon,

99.99990 % purity (Ar 5.0) was used as inert medium. The working atmosphere

in the glove box was continually circulated and cleaned and the machine was

equipped with sensors for O2 and H2O concentration measurement. The concen-

trations of oxygen and water were kept below 0.5 ppm. The atmospheric pressure

inside the glovebox was set slightly above ambient pressure, to prevent inbound

air stream in case of leakage. The particles were moved as acquired in the sealed

containers into the glove box.

Whenever experimental protocols required transferring the samples from the glove-

box it was taken care of sealing the respective containers, before exposing them to

air. Figure 6.11 shows a photograph of the glovebox type LabStar (MBraun, Ger-

many), which was used in this work.
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Figure 6.11: Photograph of the glove box in which experiments were conducted.

6.2.2 Grinding

As shown in several works, mechanical activation by milling can have significant

influence on reactivity of reactive powders (compare chapter 3). To increase the

reactive surface area, the particles were ground using a pestle and a mortar. Af-

ter several minutes of grinding, the mixture was removed from the mortar using a

spatula. The ground mixture was collected and used in all following process steps.

Samples were manually ground in a porcellain mortar for several minutes. The

powders were weighted into the mortar in stoichiometric amounts, producing sam-

ple badges with a weight from 10 mg to 1000 mg. After grinding the particles were

removed with a lab spatula and put into a sealed tube. Grinding was performed

under Ar 5.0 atmosphere.

6.2.3 Ultrasonication

As stated by Rossi, ultrasonification is the most commonly applied technique to

disperse and mix metallic nanoparticles in a solvent [144]. The dry nanoparticles

were weighed into test tubes in stoichiometric amounts, at an atomic ratio of 1:1,

Ni 69 wt% and Al 31 wt%, respectively, using a Sartorius Cubis MSE lab balance with

1 mg accuracy. Subsequently, the solvent and the surfactants were added. Finally

the test tubes were sealed and put into an ultrasonic bath. Ultrasonication was
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1 3 42

Figure 6.12: Schematic drawing of the sonication process and effect. The reactive com-
ponents were subsequently weighed into the vial (1). Adding the solvent
resulted in sedimation and seggregation of agglomerations of the nanopar-
ticles (2). During sonication (3), the agglomerates break, the particles un-
dergo homogenization and get disperesed evenly. After sonication a tem-
porarily stable and homogenious dispersion is obtained (4).

executed using an ultrasonic bath and applied for varying times from few minutes

to 12 h with f = 48 kHz, p = 2 W, frequency and power of the ultrasonic transducers,

respectively.

The sample powder was weighed into sealed glass tubes according to the mass ratio

of the reactants and an amount of solvent was added. The glass tubes were filled

under Ar 5.0 atmosphere and only after sealing removed from the glove box for

sonication. An overview of samples produced within this work and their respective

compositions is given in table C.1 in Appendix C, Sample Database. Figure 6.12

shows a schematic drawing of the sonication process and effect.

6.2.4 Particle Dispersion

To prevent passivation by oxidation of the reactive particles, a solvent with low oxi-

dizing potential was sought for. Additionally, a high vapor pressure, thus increased

evaporation rate at low temperatures was preferred. The solvent to be used as a

carrier fluid for the particles was chosen to be cyclohexane (C6H12), which is an

oxygen-free carbohydrate. As cyclohexane is a volatile organic compound (vapor

pressure at room temperature of about 10.4 kPa), it evaporates quickly at low tem-
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peratures. In addition to ultrasonic agitation, the dispersed solvents were exposed

to violently mechanical stirring with a lab stirrer. The frequency was set up to

1000 min−1 and stirring was conducted for 5 min.

To enable printing of the materials a colloidal dispersion is necessary. As the non

functionalized particles sedimented in cyclohexane quickly, the addition of sur-

factants was evaluated to enhance stability of the dispersion. Triethylene Glycol

Monomethyl Ether (MTG), oleic acid and methanol were evaluated as additives to

enhance stability of the dispersion as well as surface tension and viscosity. MTG and

oleic acid both offered high viscosity and low vapour pressures. This combination

eases the stabilization of the dispersion, while at the same time evaporation takes

longer and significant amounts of solvent residues remain on the dried sample.

Methanol on the other side has a low viscosity and a high vapour pressure of 13 kPa,

which is even higher than themain solvent’s cycolhexane (10.4 kPa), enabling faster

drying. However, with water as a common impurity a potential source of passiva-

tion was identified and hence the further use of methanol terminated.

Since the main aspect of this work were the development and characterization of

the reactive nanocomposite, the stabilization of the samples was not further opti-

mized as few-minutes stable dispersions.

Using non-optimized dispersions, application of IJP for sample preparation was not

possible. Instead deposition of the dispersed samples was conducted using manual

dispensing methods with a pipette. The samples were collected using a fine-tip

Eppendorf pipette from the vial, enabling the manual deposition along predefined

paths.

To dry the RNC layers, solvent evaporation occurred under ambient conditions due

to usage of volatile organic compounds as solvents. To shorten the evaporation

time the samples could be put into a heat chuck, providing elevated temperatures

or into a vacuum chamber, thus increasing the gas-pressure of the solvent.
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Figure 6.13: Sample holder enabling pressure application while performing laser igni-
tion: Photograph (left) and cross section view with schematic laser applica-
tion (right). Samples were inserted through the slid visible on the front side.
Normal pressure was applied by fastening the hollow screw hand-tight.

6.2.5 Pressing

To apply pressure during the bonding experiments, two sample holders were con-

structed. The first one uses a screw mechanism to apply pressure, while at the

same time enabling optical access towards the sample for laser ignition. Figure 6.13

shows a photograph of the sample holder.

The mount was designed in such way, that pressure was applied homogeneously

along a circular profile around the sample to the holding substrates. Samples were

put in between two glass slides and inserted into the mount through a slit on the

side. Closing the screw mechanism the sample was sandwiched between the slides.

By using glass as specimen carrier and pressure transmitter optical access through

the top hole of the holder for laser ignition was granted. A major disadvantage

of this setup was the uncertainty of the applied pressure, since no measurement

principle was enclosed. Furthermore due to closing it by hand and tightening it

hand-tight no repeatability of the pressure was given.

To facilitate the ignition by laser pulse while applying pressure to the sample a

special holder was designed. The device was constructed in a compact form to

enable usage inside the glove box. It comprised a case made of aluminium with

centering grooves and a circular opening on the top aligned concentrically with

the sample groove. Using the thread on the opening, a hollow shaft was screwed
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through the top to apply pressure to the sample. An o-ring sitting in a groove

on the shaft’s lower end acted as the force transmitter while preventing damage

to the sample by it’s ductility. Usage of the device was simple and quite crude:

the reactive Nano composite was sandwiched between the bottom substrate and a

transparent top substrate. Typical test specimen for the substrates were microscope

slides. The slides with the rnc sample in between were inserted into the ignition

holder through a slit in the side and centered in the groove. The screw shaft was

lowered towards the sample and screwed hand tight to firmly press the substrates

together. The device with the sample mounted was placed under the optics setup

to commence the ignition experiment.

Figure 6.14 shows a schematic drawing of the application of the ignition holder in

3 steps: insertion of the sample, pressure application and laser ignition.

Sample insertion Pressure application Laser ignition

Figure 6.14: Schematic drawing of the using principle of the sample holder. The sample
is inserted through the slot on the left side of the figure. While applying
pressure using the top screw ignition is performed with focues laser radia-
tion.

The second version of sample holder made use of a quick release clamp, enabling

repeatable pressure on the sample. This setup made use of centric pressure ap-

plication, thus not enabling laser ignition while applying a normal force. It was

employed for two procedures. First, pressing samples for some time which were

afterwards subject to ignition investigations under no pressure. Second, while ap-

plying pressure using this clamp, the whole setup was put into the heat chuck,

which is described in the following section.

75



6 Experimental Work

Figure 6.15: Photograph of the heat chuck. The ceramic heat plate in the middle is ther-
mally isolated from the housing. A glass lid was available, enabling obser-
vation of operation with a shut housing.

6.2.6 Heat chuck

To enable reaction experiments at different ambient temperatures and to study

ignition by uniform heating of the sample a heat chuck was build. The device con-

tained a ceramic heating plate, which was ohmically heated. Attached to the heater

was a PT100 thermocouple, to allow closed loop control of the temperature. The

heated platen was suspended by a holder made from an insulating glass ceramic

(Macor, thermal conductivity below 1.4 W/mK above 100 ◦C [147]) and housed in

an aluminium case. Process temperature was controlled in a range of 25 ◦C to 700 ◦C

using a PID controller and a control software with an accuracy of ±2 ◦C. Samples

could be heated at a rate of up to 1 ◦C/s, while cooling had to be done passively

by turning off the heating until the required temperature was met. Figure 6.15

shows a photograph of the heat chuck with opened lid. A glass lid was used to

enable temperature control and laser ignition simultaneously. Three main differ-

ences were distinguished in the heat chuck experiment design: First, heating at a

low heating rate (1 ◦C/s) by placing the sample onto the room-temperature heat

plate followed by ramping the temperature using the software controller. No SHS-

reactions were observed using this protocol. Second, by pre-heating the platen and

placing the sample onto it to enable amuch higher but uncontrolled heating rate. In

this case it was assumed that the sample would reach the aspired temperature after

not more than 10 s, leading to a heating rate of at least 67.5 ◦C/s. This method ren-
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Figure 6.16: Screenshot of the heatchuck driver software developed for controlling the
demperature within the heat chuck. In the upper window part the pre-set
temperature profile is plotted, in the lower window area the actual temper-
ature graph.

dered varied results depending on the way of sample deposition. Placing droplets

of the RNC dispersion onto the heated platen lead to rapid evaporation of small

amounts of the solvent which built an insulating vapour layer between the droplet

and the hotplate. This phenomenon, called Leidenfrost effect, leads to hovering of

the droplet and increased evaporation time [148]. Under these circumstances no

self-propagating reactions were noted. If a dry powder sample was placed directly

onto the hotplate this effect could naturally not take place. However, SHS-reactions

were still not observed. Third, by increasing the sample temperature slowly to cer-

tain elevated values and ignition with a laser pulse. This protocol generally lead to

positive results, which will be discussed in section 6.3.2. Figure 6.17 shows a pho-

tographs of the heat chuck setup with laser focusing, laser trigger and camera.
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Laser trigger

Heat chuck

Laser focusing optics

Camera

Figure 6.17: Photograph of the heat chuck setup with laser focusing optics, laser trigger
and camera.

6.3 Reaction Experiments

The produced RNC mixtures were subject to reaction experiments comprising eval-

uation of capability to form a SHS reaction, ignition threshold, reaction front prop-

agation velocity, reaction temperature as well as chemical composition and mor-

phology of the products. As was found, most of the samples were not able to form

a self-sustaining reaction. Therefore, the analysis of these samples is restricted to

documentation of ignition attempts and chemical and morphological characteriza-

tion of the sample areas which were subject to the energy input.
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6.3.1 Ignition Mechanisms

As described in chapter 3, various ways of igniting reactive composites was shown in

the literature, i.e. electric current, mechanical heat contact, laser pulse, mechanical

shock and microwave radiation. In the scope of this work five different ignition

mechanisms were evaluated:

• Contact to a glowing hot wire

• Contact to an ignited NanoFoil®

• Electric spark

• High power 1064 nm laser pulse

• Low power 808 nm laser pulse

The setups for each ignition method were as follows:

Contact to Glowing Hot Wire

Direct physical contact to a glowing hot wire was evaluated as further ignition

method. Usage of a glowing coil as ignitor has repeatedly been reported in SHS

related literature [98, 100, 117]. A thin tungsten wire (�200µm) was brought to

a bright yellow glowing only via ohmic heating using an attached 9 V battery. The

device was hand held and operated in such way, that the wire would get into direct

contact with the sample material while it was glowing hot. Figure 6.18 depicts a

schematic drawing of the ignition experiments using a glowing wire as igniter.

Due two its low mass and therefore low heat capacitance the wire immediately lost

its temperature upon contact and stopped glowing. Ignition of the RNC samples

was unsuccessful using this method.
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Glass substrate

Glowing hot wire

RNC sample

Figure 6.18: Schematic drawing of ignition experiments using a glowing hot wire. The
RNC sample was placed onto a glass substrate and brought into direct con-
tact with a glowing hot tungsten wire.

Contact to Ignited NanoFoil

Since NanoFoils reach very high temperatures during their reaction they were cho-

sen as an alternative heat source for igniting RNC samples. The experimental setup

contained the reactive media which was deposited onto a substrate with parts of

the substrate covered by a NanoFoil. A glass slide was placed on top to enable pres-

sure application and ensure close contact of the NanoFoil and the reactive sample.

The foil was placed in such way that few mm stood out of the assembly for facile

ignition of the NanFoil.

The latter was conducted using an electric current. Two wires were soldered to

the contacts of a 9 V battery and placed on either side of the NanoFoil, delivering a

current perpendicular through the multilayer system. This approach was proven to

be reliable for ignition of the reactive foils. Figure 6.19 shows a schematic drawing

of the set-up for the ignition experiments with a Nanofoil as igniter.

However, further ignition of the RNC layer by the reaction of the NanoFoil was not

successful. It is assumed that heat transfer from the foil to the porous layer was

not sufficient and additionally the heating period is considered too short to reach

the ignition threshold within the reactive nanoparticles.

80



6.3 Reaction Experiments

Ignited Nanofoil

Electric spark discharge

RNC sample

Glass substrate

Figure 6.19: Ignition experiment using an ignited Nanofoil as heat source. A Nanofoil
was placed onto a glass substrate in a way that it would partly stand over
the edge of the substrate. The overhang was used to ignite the Nanofoil by
electric discharge perpendicular to the foil’s plane. The RNC sample was
placed onto the glass substrate covering the Nanofoil.

Electric Spark

For electric spark ignition experiments a piezo-electric ignitor was acquired. Upon

button pressing a 15 kV spark was released which would travel up to 2 cm through

air. The setup contained a holder for the ignitor electrode which was aligned

roughly 0.5 cm above the reactive sample. An insulating substrate (glass slide)

was carrying the sample powder. To enable discharge of the voltage through the

specimen, a part of the substrate was covered by a piece of Al foil, which was con-

nected to ground.

Ignition of the RNC samples using electric spark discharge was not successful.

Conductive substrate

Electric spark discharge

RNC sample

Figure 6.20: Schematic drawing of the ignition experiment using an electric spark dis-
charge. The RNC sample was placed onto a conductive substrate (Cu).
Electrodes were aligned above and below the substrate, respectively, allow-
ing the discharge spark to travel vertically through the sample layer. The
discharge potential was 15 kV.
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High Power Laser Pulse

A laser welding machine (ALP 35S, Alphalaser) with a Nd-YAG laser source (λ =

1064 nm) was employed for high power laser ignition tests. Pulse energy could be

tuned from 0.15 J to 75 J at pulse durations from 0.5 ms to 20 ms, giving a range of

pulse peak power of 7.5 W to 9000 W. The resulting optical power density in the

focal spot was around 3.8 kW/cm
2 at the minimum settings for a focal diameter of

500µm. Due to its size, the machine was operated outside the glove box, therefore

not offering an inert environment.

Laser focus

RNC sample

Glass substrate

Figure 6.21: Schematic drawing of ignition experiment using the high power laser. The
RNC sample was placed onto a glass substrate and exposed to a focused
laser pulse. The excessive energy of the laser blast most of the particles
away and damaged the substrate.

It was found that even at the lowest power settings the laser pulses were too strong

for the tested nanopowder based RNC samples. The pulses cut straight through the

reactivematerial layer into the substrates and blasting the sample away. Figure 6.21

shows a schematic drawing of the ignition experiment with a depiction of the result:

the laser damaging the substrate and removing the reactive particles. Figure 6.22

shows a SEM graph of an Al18Ni60 sample which was used in this experiment. One

can see that almost all of the reactive layer was removed from the substrate within

the focal spot, the substrate itself suffering damage and few large molten particles

covering the area around the impact.
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Figure 6.22: SEM graph of an Al18Ni60 sample subject to a high power laser ignition
attempt. The laser pulse shot straight through the reactive material, blasting
most of the particles away. Few large molten particles can be seen around
the impact area.

Low Power Laser Pulse

For the low power laser ignition setup a fibre coupled laser diode was used. The

laser’s wavelength was 808 nm, emitted in continious wave mode. Driven at con-

stant DC voltage, a maximum optical output power of 440 mW was available. The

trigger was manually operated using a push-button, enabling minimum exposure

times of about 0.5 s and unlimited maximum exposure. The fibre was connected to

a simple optical set-up comprising a collimator and a focal lens. A focus diameter

of approximately 500µm was set up, resulting in an optical power density of up to

254 W/cm
2. The focal length was 50 mm and the set-up was fixed in a stand so that

the samples could be placed directly in the focus of the laser.

Figure 6.23 shows a schematic drawing of the ignition experiment, comprising the

optical set-up and the sample. Ignition of ground Al-Ni samples was successful

using this setu-up. To determine the ignition threshold of the RNC sample the

laser diode was first characterized using a pyrometer. At 166 mW (equivalent to

84.5 W/cm
2) the ignition threshold was found for the ground samples. Figure 6.24
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Laser focusing optics

RNC sample

Glass substrate

Fiber coupled laser diode

Figure 6.23: Schematic drawing of ignition experiment using a laser. The RNC sample
was placed onto a glass substrate and ignited with a focused laser pulse.

shows the respective correlation of optical output power over electrical input power

and the region in which ignition occurred.

This process was the only method to be found working for the ground Al-Ni samples

within this work. Table 6.2 gives a brief summary of the evaluated ignition modes

and the respective outcome.
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Figure 6.24: Graph depicting the optical output power over the electrical input power of
the employed laser diode. Ignition occurred above the threshold of 166 mW.
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Lower power
laser

High power laser Glowing wire Nanofoil Electric spark

Mechanism Light absorption Light absorption Direct heat
transfer

Direct heat
transfer

Spark plasma

Reference works [138, 149] [138, 149] [98, 100, 117] — [138, 149, 150]

Ignition
successful?

Yes No No No No

Sketch
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6.3.2 Reaction Front Propagation Velocity

The reaction front can propagate throughout a sample when the laterally trans-

ferred heat is sufficient for ignition of the adjunct material. The intra-layer heat

transfer must also be not too high, as this could lead to an extinction of the re-

action due to insufficient heat at the reaction front to enable further propagation.

When using only a fused silica bottom substrate reaction front propagation veloc-
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2.66 s

2.33 s
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Figure 6.25: Comparison of reaction speed of Al18Ni20, Al18Ni40, Al40Ni20 and
Al40Ni60 samples at room temperature. Graph shows time-scaled screen
captures of high-speed imaging video footage of the experiments. Time
between each shown frame is 333 ms, graphic published previously by
M. P. Kremer et al. [151].

ities in the range of 10 mm/s to 22 mm/s were measured at room temperature.

These values were observed using high-speed video imaging of the reactions. A

line of reactive material with a length of 30 mm was put onto the glass substrate

and ignited at one end using the laser as described in chapter 6. Using the video

footage of the reactions the reaction front propagation velocity vR was measured

according to the time difference between the frames of the video. Recordings were

taken with 2000 Hz [151]. Figure 6.25 shows screen captures of the videos taken of

four different reaction experiments at room temperature. The images are aligned

on a time scale, giving a comparison of reaction front propagation velocity between

the different samples.
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Placing the samples into the heat chuck enabled measuring the impact of ambient

temperature on reaction front propagation velocity. As activation energy decreases

with increasing temperature an increase in reactivity was measured. Figure 6.26
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Figure 6.26: Reaction front propagation velocity over ambient temperature and particle
size combination. Velocity increases with temperature for all samples.

shows a graph of reaction front propagation velocity over ambient temperature.

Four samples with differing particle size combinations were heated in the tempera-

ture range of 100 ◦C to 400 ◦C and ignited via laser pulse. Reaction speed increased

for all samples with increasing temperature, in agreement with literature (see sec-

tion 3.1). An increase of reaction speed by a factor of approximately two was mea-

sured over a temperature rise from 100 ◦C to 400 ◦C. Values as high as 40 mm/s were

measured for the Al40Ni60 sample at 400 ◦C. To ensure that the sample reached

the wanted temperature throughout, the particles were deposited onto a copper

substrate which was placed onto the heat chuck, enabling high thermal conductiv-

ity.
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6.4 Reaction Products Analysis

The reaction products were subject to further analysis with the goal of determining

the reasons for variation in reactivity and propagation velocity. Characterization of

the products was conducted using XRD, SEM and TEM.

6.4.1 XRD

X-ray spectroscopy was used as the main tool to analyze the chemical composition

of both, the reaction educts and products.

Analysis of the pristine materials showed high purity with no to very little oxy-

gen contamination, as described in subsection 6.1.2. The following figures 6.27,

6.28, 6.29 and 6.30 show the respective measurements for samples according to

their particle sizes. Each figure shows a collection of XRD graphs, comprising the

spectra of the pristine educts, the mixed samples, the ground samples and finally

the reaction products. For all samples it can be observed that during mixing and –

more importantly – during grinding no mechanical alloying occurred. Expectedly,

the graph of the mixed samples equals the combined spectra of both starting ma-

terials. Furthermore the measurement of the ground samples match the respective

graphs for mixed samples precisely. Significant differences were observed in the

reacted material samples depending on the initial particle sizes.

Additionally, each of the figures 6.27-6.30 contains a bar chart showing the phase

composition of the reacted samples. Using relative peak hight analysis a quanti-

tative conclusion can be drawn from XRD measurements revealing the material

composition of the sample.
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Figure 6.27: XRD Graph of pure Al18 and Ni20 particles as acquired, mixed, ground
and reacted nanocomposites (from top to bottom.) One can easily see that
no phase transformation takes place during mixing or grinding, hence the
process of mechanical activation does not involve mechanical alloying. The
reacted sample shows main peaks for the intermetallic Ni2Al3, NiAl, Ni3Al
and Ni3Al-T phases with only little amount of unreacted Ni and Al.
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Figure 6.28: XRD Graph of pure Al18 and Ni60 particles as acquired, mixed, ground and
reacted nanocomposites (from top to bottom.) The ground sample again
shows no phase transformation, indicating no mechanical alloying. The re-
acted sample shows main peaks for the intermetallic NiAl phase, some sec-
ondary intermetallic phases and a large amount of about 26 % unreacted
Ni.
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Figure 6.29: XRD Graph of pure Al40 and Ni20 particles as acquired, mixed, ground and
reacted nanocomposites (from top to bottom.) As the previous samples,
this one does not show any signs of mechanical alloying. The reacted sample
shows the largest amounts of unreacted Ni and Al, adding up to about 41 %.
Reaction products are some secondary intermetallics along with the main
phase being the aspired NiAl phase.
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Figure 6.30: XRD Graph of pure Al40 and Ni60 particles as acquired, mixed, ground
and reacted nanocomposites (from top to bottom.) Again, one can see that
mixed and ground samples show the same peak patter, indicating no phase
transformation during grinding. The reacted sample shows by far the largest
amount of reacted material. Out of the reaction products the main peaks for
the intermetallic NiAl phase are dominating, representing about 71 % of the
final sample.
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Figure 6.31: Qualitative juxtaposition of XRD graphs of the reaction products. All graphs
show peaks assigned to both the pristine material and intermetallic phases.

Figure 6.31 shows a qualitative juxtaposition of the XRD measurements of the re-

acted samples. All graphs show peaks assigned to both the pristine material and

intermetallic phases. As reaction products, Ni2Al3, NiAl, Ni3Al and Ni3Al-T (tetrag-

onal) were observed. To quantitatively compare the composition of the reaction

products figure 6.32 shows a line-up of the respective bar charts. The amount of

reacted material varies greatly, as well as the amount per phase within the reac-

tion products. The Al40Ni20 sample showed the lowest amount of reacted material

(58 %), whereas more than 96 % of the Al40Ni60 sample reacted into intermetal-

lic phases. The ratio of reacted material was 91.4 % for the Al18Ni20 sample and

64.3 % for Al18Ni60, respectively.

6.4.2 TEM

TEM analysis of reacted Al18Ni60 and Al40Ni20 samples was subsequently carried

out. It was found that the specimen sustained a particulate structure after reaction.
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Figure 6.32: Quantitative comparison of chemical composition of reaction products.
The Al40Ni60 sample showed the highest relative amount of intermetal-
lic phases, accounting for more than 96 %. The other extreme, Al40Ni20
exhibited only around 58 % of intermetallic phases.

However, the particles did exhibit a change in morphology. Figure 6.33 show TEM

graphs at varying magnifications for the Al18Ni60 sample. It is observed, that the

particle surface dramatically increased in roughness.

In the first figure, the lowest magnification image (top left) reveals an increase in

particle mean diameter to approximately 108 nm. The higher magnification figures

show additional details which are of interest: In the top right figure one can see

evidence for sintering of particles as the conjunction of two particles, forming an

hourglass like shape, took place. The bottom left figure reveals a thin amorphous

layer of about 1.2 nm, while the bottom right figure shows a detailed view of the

strongly distorted surface a particle.

The measurements of the Al40Ni20 sample gave slightly different results. Again,

TEM graphs at varying magnifications are shown for this sample in figure 6.34. In

the lowmagnification frame (top left) it is observed that the mean particle diameter

increased to about 103 nm as well. However, the close-up figures show a much

rougher surface of the particles (top right and bottom left) and a thick amorphous

layer on the bottom right panel with a thickness of more than 3 nm.

Using STEM and in situ EDX the graphs shown in figures 6.35 and 6.36 were mea-

sured, giving insight in chemical composition with spacial resolution. An almost

constant but marginal oxygen contamination could be shown with slightly stronger
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6 Experimental Work

Figure 6.33: TEM images of a ground and reacted Al18Ni60 sample. Note that particles
are still separate and in the nanoscale. Crystal structures are measurable
throughout the particles with very thin amorphous layers at the particle
surfaces.
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6.4 Reaction Products Analysis

Figure 6.34: TEM images of a ground and reacted Al40Ni20 sample. Note that particles
are still separate and in the nanoscale. Crystal structures are measurable
throughout the particles with very thin amorphous layers at the particle
surfaces.
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Figure 6.35: Z contrast enabled STEM graph and in situ EDX measurement of the re-
acted Al18Ni60 sample. Nickel particles appear white, aluminium particles
grey, respectively. The EDX linescan was performed along the orange line,
crossing Al and Ni rich regions and revealing very little amounts of O.

signals on Ni than on Al at the Al18Ni60 sample. Likewise, STEM and in situ EDX

measurements of the Al40Ni20 sample revealed generally low amounts of O with

a higher ratio of oxide at the Ni particle than the Al particle.

Figure 6.36: STEM and in situ EDX measurement of the reacted Al40Ni20 sample. The
Z contrast in the STEM measurement renders Ni particles white and Al par-
ticles grey. The EDX linescan along the orange line in the STEM graph cov-
ered a small Ni and a larger Al particle and exhibited very small amounts of
oxygen.
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Experimental results are discussed in the following chapter. Initial experiments

with pure ultrasonic-mixed samples and different material systems will be adressed

first, followed by the latest experiments with mechanically activated Ni–Al samples.

Finally, the outcome of the printing investigations will be covered.

7.1 Initial Experiments

The first large set of experiments was conducted using only ultrasonic-agitated sam-

ples with all three different materials systems: Ni–Al, Ti–Al and Ni–Ti. Pure metal

nanoparticles were dispersed in a solvent and mixed using ultrasound agitation in

an ultrasonic bath. The mixtures were subsequently dispensed onto sample sub-

strates and ignition experiments were performed using a high power welding laser.

Impact of the laser pulse resulted in severe damage to the substrate and big parts of

the sample’s materials were blown off the substrate due to the shock wave. These

experiments were conducted under regular atmosphere, leading to combustion re-

actions in the samples where all the components were oxidized. EDXmeasurements

confirmed the assumption of oxidation during combustion. SEM analysis revealed
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the micro structure of the samples after laser impact, showing large pieces of debris

of the substrate material and the sample all over the place. Performing comparative

experiments under inert atmosphere showed no self-propagating reactions. Sinter-

ing of the particles was observed in the laser exposed regions for the low power laser

experiments. Figure 7.1 shows SEM graphs of an Al40Ni60 sample which was sub-

ject to low power laser treatment under inert atmosphere. Figure 7.2 shows the

respective interferometric topography measurement of this sample. Along the tra-

jectory of the laser spot densification can be measured, providing further evidence

for sintering in the laser focus.

It was concluded that the reactivity of the materials mixture had to be significantly

increased to enable self-propagating reactions under inert atmosphere.

5 µm

Figure 7.1: SEM graphs of an Al40Ni60 sample, showing sintered regions in the laser
treated areas. Left figure: The dashed lines indicate the path the laser focal
spot was moved. In between the lines one can observe sintered particles,
whereas the surrounding material remained unaffected. Right figure: higher
magnification of the same sample in the laser treated region.

7.2 Mechanically Activated Samples

Using a porcelain mortar, the Ni and Al nanoparticles were mechanically activated.

As discussed in the literature (refer to chapter 3) mechanical activation has a num-

ber of effects on the sample:
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7.2 Mechanically Activated Samples

−20

−28

Height (µm)

Figure 7.2: White light interferometric measurement of laser sintered trench. The trajec-
tory of the scanned laser produced a trench in the sample due to densification
during sintering with a difference in thickness of about 6µm.

1. Enhanced active surface area: During grinding the particle mixture gets ho-

mogenized, increasing the ratio of particles which are in contact with particles

of the reaction partners instead of the same material. This effect is fortified

by the breaking up of particle agglomerates that were formed prior to mix-

ing. Furthermore, the overall porosity gets reduced, bringing the particles in

closer contact to each other.

2. Increased defect density and number of grain boundaries: Pressure and shear

forces applied during grinding raise the number of defects in the crystal struc-

ture of the particles and thus increases the amount of grain boundaries. Any

kind of reaction is more likely to start from a crystal lattice defect.

3. Destabilization of oxide layers: Potentially present oxide layers which would

hinder the reactivity of the sample can be compromised by grinding. Since

the oxides of Al and Ni feature high brittleness cracks occur during grinding,

enabling the diffusion of elemental Al and Ni atoms to the reaction surface.

It is not determinable which of these effects has the highest influence on the re-

activity of the sample. The mechanically activated nanoparticle mixtures showed

dramatically increased reactivity. Self-propagating reactions could be ignited un-

der inert atmosphere using low-energy laser pulses. Four different sample batches
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7 Discussion

of Ni–Al nanoparticle mixtures were produced by manual grinding based on the

particle sizes that were acquired. Stoichiometry of all samples was 1:1, equaling

Ni 69 wt% and Al 31 wt%. Resulting in the different particle sizes a ratio of number

of particles was assessed in the range 10−1 nAl/nNi to 102 nAl/nNi. Reaction speeds

were measured using high-speed imaging of the reaction front passing a prede-

fined track length. Reaction front propagation velocities ranged from 10.5 mm/s to

24 mm/s at room temperature. A correlation was found between number of parti-
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Figure 7.3: The graph shows the reaction front propagation velocity as a function of the
number of particles ratio of aluminium and nickel in an equiatomic mixture
on the left axis, marked with diamonds. The right axis shows the mass frac-
tion of reacted material of the sample, marked with circles. Experiments
conducted at room temperature.

cles ratio and reaction front propagation velocity. Highest velocities were measured

for the two sample batches which have a number of particle ratio in the range 1 to

10. In good agreement with the high reactivity of these two samples, XRD analy-

sis of the reaction products also showed a very low amount of unreacted material

(<10 %), while the fraction of unreacted material of the two samples with a parti-

cle ratio of 10−1 nAl/nNi and 102 nAl/nNi was well above 40 %. Figure 7.3 shows the
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7.2 Mechanically Activated Samples

correlation of fraction of reacted material and reaction front propagation velocity

over number of particles ratio.

Applying the theoretical approach from section 3.1 [110, 111], one can derive

the reaction temperature from the measured reaction front propagation velocity in

respect to the theoretical reaction temperature without heat loss:

TR =
EaTC

Ea − 2RTC ln(
vR

vC
)

(7.1)

Where TR is the reaction temperature, Ea activation energy, TC the adiabatic com-

bustion temperature, vR the reaction velocity and R the universal gas constant. Fig-

ure 7.4 shows a plot of the respective reaction temperatures for the four measured

reaction velocities. This derivation is based on the assumption that a reaction prop-

agating at the theoretical speed of 0.2 m/s would reach the adiabatic reaction tem-

perature of 1911 K.
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Figure 7.4: Reaction temperature as derived from the measured reaction front propaga-
tion velocity.

SEM analysis of reacted samples revealed differing morphologies, depending on

the sample configuration. Figure 7.5 shows a series of SEM graphs of an Al18Ni60

sample. The two top figures show the unreacted state, while the two on the figures

depict the reacted sample. In the unreacted state the single particles are clearly
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distinguishable. The reacted sample shows an almost homogeneous surface with

low roughness and only very few single particles on top of this surface.
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Figure 7.5: SEM graphs of unreacted and fully reacted Al18Ni60 samples. Top images
show the ground, yet unreacted sample at different magnifications. Bottom
figures show the reaction product at low and high magnification.

Figure 7.6 shows SEM graphs of an Al40Ni20 sample, again the two top images

show the unreacted state, whereas the two bottom figures show the reaction prod-

uct. For this sample the reacted state also shows very low roughness in high mag-

nification but at lower magnification (figure at the bottom left) one can see that the

morphology is very inhomogeneous. This was attributed to the incomplete combus-

tion of the sample as indicated by XRD measurement. The smooth reaction product

as depicted in this figure presumably relates to an area within the sample where

the intended NiAl phase was established.

At other areas, as shown in figure 7.7 one can observe nanoworms that formed on

the surface. It is assumed that these structures are the result of secondary reactions

forming the compound Ni2Al3, which could take place in an anisotropic way, simi-
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lar to the oxidation of Al nanoparticles as described by Koga and Hirasawa [152].
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Figure 7.6: SEM graphs of unreacted and fully reacted Al40Ni20 samples. Top images
show the ground, yet unreacted sample at different magnifications. The bot-
tom line figures show the reaction product at low and high magnification.

7.3 Oxygen Contamination

The reactive nature of the employed metallic nanoparticles is not exclusively di-

rected towards each other, but all used materials have a high oxygen affinity. A

typical Al particle that was not stored in oxygen free environment has a passivation

layer in the order of 4 nm [153]. For a nanoparticle with a diameter of only 18 nm

that would make a mass percentage of 53 % passivated, thus non reactive, material.

It is apparent that such a high amount of passivated material reduces the reactiv-
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500 nm

Figure 7.7: SEM graph of an anisotropically reacted Al40Ni20 sample. The nanoworms
with thicknesses well below 100 nm are suspected to have grown from single
Ni particles at the interface with molten Al. Scale bar is 500 nm.

ity of the RNC mixture and constrains a self-propagating reaction. Therefore, the

materials were stored and handled in an inert atmosphere (Ar 5.0) inside a glove

box. It was found that during sonication of the samples oxygen contamination oc-

curred, despite the use of vials which were filled within the glove box. It is assumed

that some oxygen was dissolved in the solvent. Additionally the vials might have

not been properly sealed, allowing oxygen to diffuse into the sample during ultra-

sonication. Figure 7.8 shows comparative XRD measurements of a sonicated and

a ground Al18Ni20 sample. The sonicated sample shows significant amounts of

oxides, while the ground sample remained purely Al and Ni.

In addition, some experiments were conducted under regular atmosphere, resulting

in heavily oxidized samples as well. Figure 7.9 shows a representative SEM graph

and the respective EDX mappings for Ni, Al and O of an Al18Ni60 sample, which

was treated with the high power laser under regular atmosphere. It is apparent that

the intensities for Al and O correlate, indicating a high amount of Al has oxidized.

The Ni particles remained mainly elemental in these experiments.
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Figure 7.8: Comparative XRD measurement of sonicated vs. ground Al18Ni20 sam-
ple. The sonicated sample shows significant oxygen contamination, while
the ground sample remained purely Al and Ni. Reference data for Al2O3

from [154], for NiO from [155].

10µm

Figure 7.9: SEM graph (bottom right) of an Al18Ni60 sample with respective EDX map-
pings for Oxygen (top left), Aluminium (top right) and Nickel (bottom left).
The appearance of O and Al at the same locations indicates oxidization of Al,
whereas Ni remained predominantly elemental.
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7.4 Reactive Nanocomposite Bonding – Initial Trials

As for the non-mechanically activated samples no self-sustaining reactions were

observed, it is concluded that the reaction enthalpy was below the expected level

according to the theoretical considerations, as described in chapter 5, although

the estimated critical layer thickness was exceeded in all experiments. Preliminary

bonding experiments were therefore conducted only with the manually ground

samples. Standard microscope slides, made of fused silica with a thickness of about

1 mm were used as both, top and bottom substrates. It was found that bonding

could not be achieved with the produced RNC mixtures, moreover, application of a

second substrate quenched any SHS reaction. Despite the significant rise in reac-

tivity of the ground samples over the non-ground mixtures, it was not sufficient for

the proposed use.

This lack of reactivity is assumed to be caused by impurity of the samples, heat

transfer into the substrates, high porosity of the reactive layer, inhomogeneous

material distribution within the sample and non controlled wetting of the surfaces

at the substrate-RNC-interface:

1. Low heat transfer within the reactive material layer compared to the heat

transfer in the surrounding substrates. Loose nanoparticles feature a very

low specific density, only using high compression forces a dense package can

be achieved. Within a porous structure as the reactive layers (as can be seen

from the SEM measurements), the heat transfer is slowed down, since only a

fraction can be transferred via direct thermal conductivity. The amount which

could be conducted via radiation gets more likely transferred into the fully

dense substrates. Figure 7.10 illustrates the problem occurring if the RNC

108



7.4 Reactive Nanocomposite Bonding – Initial Trials

layer’s density is too low.

Figure 7.10: High RNC layer porosity can constrain self-propagating reactions due
to poor heat transfer within the reactive layer. The schematic illus-
tration shows a sequence from left to right of a porous RNC layer
between two glass slides. Left: initial state, centre: ignition on one
side, right: only small areas adjacent to the ignition spot reacted.

2. Distribution of materials within the RNC layer partly inhomogeneous leading

to localized non-optimal stoichiometry. Mixing of the nanoparticles was con-

ducted using a mortar and ultrasonic agitation. As EDX measurements have

shown, an inhomogeneous distribution of the materials across the samples

could still be observed to some extend. In these regions with non-optimal

ratio of reactants two types of reactions can occur:

a) A secondary reaction takes place, consuming all present reactive mate-

rial but leading to less heat dissipated by the reaction.

b) The primary reaction takes place, consuming only the stoichiometric

amount of material, leading to unreacted particles within the reaction

zone. These passive particles get heated by the reaction, only lowering

the available reaction energy instead of contributing to the available heat

of reaction.

Figure 7.11: Inhomogeneous RNC layers cause regions of non stoichiometric ma-
terials ratio. In these regions loss of energy can lead to extinction of
the reaction. The schematic illustration shows a sequence from left
to right of an inhomogeneous RNC layer between two glass slides.
Left: initial state, centre: ignition on one side, right: only small areas
adjacent to the ignition spot reacted.

A schematic drawing of the problem is depicted in figure 7.11. The inhomo-

geneity of the RNC layer leads to an excess of one material (blue coloured)

in the centre of the workpiece, making it impossible for the reaction front to
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pass that area.

3. High impact of potential passivation layers on the reactivity of the particles

due their nanoscale size. As aforementioned (section 7.3), even slight con-

tamination of oxygen has significant impact on the reactivity of the material

and can constrain a self-sustaining reaction. Though the particles were stored

in an inert atmosphere and experiments were conducted within the same,

XRD and EDX measurments have showed occasional oxygen contamination.

Figure 7.12 shows a schematic drawing of an RNC layer containing a large

amount of passivated particles (yellow circumference).

Figure 7.12: Thick passivation layers on the reactive particles reduce the reactivity
significantly, causing poor performance of the reaction.

Based on findings of the literature review and the experiments conducted in this

work it is concluded that the proposed bonding concept should be realizable with

the employed material systems under modified conditions, however, this would

have been beyond the scope of the present thesis.

An outlook on how to implement RNC bonding is given in the following chapter.
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The work conducted within this project is summarized in the following, pointing

out where the executed tasks diverted from the planned and what results where

achieved. In the following outlook, recommended actions to improve performance

of the introduced systems and realize the propsed concept are given. A brief look

at most recent results by other groups in the scientific community emphasizes the

timeliness of this work and which concepts have proven most promising so far.

8.1 Summary

The concept development for a novel bonding process based on printable reactive

nanocomposites was described. An extensive literature review covering current

state of the art bonding technologies has shown the potential for such process,

the feasibility of the concept and the demand. Furthermore, an FEM simulation

was conducted to affirm the problem of high temperature bonding processes when

dealing with heterogeneous material systems. The main points evaluated in the

literature studies are:

• Usage of MOEMS devices is steadily increasing.
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• Many MOEMS devices perform better under low pressure (i.e. vacuum) con-

ditions

• Low in-package pressures require hermetic sealing.

• Optical access is essential, inducing the need for transparent top substrates.

• Borosilicate glasses which performs well as cap material can be bonded to sil-

icon, which in turn is the most common base substrate for micro devices,

with conventional bonding processes. These techniques, however, involve

high process temperatures.

• Combining materials with large differences in their coefficients of thermal

expansion, such as Si and glass, results in large intrinsic stress after bonding

at high temperatures, as confirmed in the FEM analysis.

To solve this problem, a novel concept for bonding of heterogeneous material sys-

tems applied inMOEMS devices was developed in this work. The concept comprises

the usage of a reactive nanocomposite based on Ni and Al nanoparticles. This com-

posite can undergo a self-sustaining high temperature synthesis (SHS) reaction,

forming intermetallic NiAl and reaching high temperatures of up to 1500 K within

short time frames of only a few ms.

The usage of a deposition technology like inkjet printing for application of the re-

active nanocomposite at the desired location, i.e. the bonding frame on the bottom

substrate, is stipulated. To enable printing, the RNC particles have to be present

as colloidal dispersion in a solvent. Subsequently to printing, the solvent should

be removed by evaporation and the second bonding partner applied. Using pulsed

laser irradiation the SHS reaction can be initiated, starting the high temperature

reaction front moving along the bond frame. Heat dissipated by the reaction should

suffice to join the bonding partners while not imposing significant rise of tempera-

ture in the surrounding regions of the device.

Following the design of that concept, further literature studies were put into exe-

cution, investigating the state of the art in SHS reactions and printing technologies.

A brief overview of history of SHS research and applications was given and reactive

material systems were introduced. Promising combinations for this project were

identified, namely Ni-Al, Ti-Al and Ni-Ti. Theory of reaction was studied and mod-

els of reaction kinetics of comparable systems were investigated.
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Four printing techniques were described in detail and evaluated towards their fea-

sibility for usage in this project. Inkjet printing was identified as the prospective

method for deposition of the RNC layer in a production process, whereas direct

writing was chosen as deposition method for the first experimental stage of the

project.

Based on the findings of this second literature review phase the reactive nanocom-

posite bonding concept was further detailed and a plan for experimental validation

of the concept was set up.

• The reactive material system to be used was Ni and Al nanoparticles with

diameters below 100 nm.

• Non-oxidizing solvents like hexane were to be used as dispersion medium.

• Initial trials should incorporate material deposition by manual pipetting,

eventually followed by inkjet printing at a later stage of the project.

• A reactivity study of different composites of the reactive components should

be carried out, investigating the influence of particle size, chemical compo-

sition, sample preparation techniques, ignition methods, ignition threshold,

substrate material and ambient conditions.

• Using a heat dissipation model, a minimum thickness of the reactive material

was calculated.

• A prototype bond should be realised by the end of the project to demonstrate

the feasibility of the concept.

Target of this project was, to realize a functioning prototype for the reactive

nanocomposite bonding process. Some progress was made on the path towards the

goal, but ultimately, it proved elusive. The experimental progress over the project

was more gradual than initially anticipated, resulting in severe falling behind the

schedule and in the end failure to realize a prototype.

Experimental tasks concluded within this work incorporate:

• All materials employed in the project were subject to XRD and SEM analysis,

pre- and post-reaction.

• Select samples were further more subject to HR-TEM analysis.
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• Select samples were additionally characterized via differential thermal anal-

ysis.

• Five different means of ignition were evaluated (high power welding laser,

low power diode laser, Nanofoil, glowing hot wire and electric spark), out of

which the low power laser setup was most successful.

• A respective experimental set-up was designed, comprising the optical set-up

for the laser diode and trigger as well as the sample holders, which allowed

positioning and pressure application.

• Additionally, a heat chuck setup was designed to facilitate study of ambient

temperature over reactivity of samples. The heat chuck was built in house

and operated using a PID controller and respective software via PC.

• In good agreement with theory and literature, the reactivity of the samples

increased with increasing ambient temperature.

• Size proportions of the reactant particles were found to have a major impact

on reactivity, reaction propagation velocity, reaction temperature and reac-

tion product purity.

• Reaction experiments were recorded to obtain reaction propagation velocity

using a regular camera and a high speed camera in some experiments.

The results drawn from these experiments clearly point into the direction of further

investigating the RNC bonding concept. It was shown how the reactivity depends

greatly on the size relationship between the reactants. It was also found, that

any oxygen contamination significantly reduces the reactivity and thus the overall

performance of the system.

In contrast to reactivity experiments without a top substrate, all bonding trials with

a top substrate failed. Possible explanations for the failure of these experiments

are:

• Excessive heat dissipation into top substrate. Since no change was made to-

wards the material system between reactivity studies and bonding experi-

ments, this seems the most likely reason. Both substrates act as heat sinks

and additionally, due to compression of the powder an increased thermal con-

ductivity within the RNC layer has to be assumed. As shown in the modelling
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section of chapter 3.1, heat transfer from the reaction zone into the substrates

and the reactive layer can both lead to reaction quenching.

• General issues with the RNC layer like oxygen contamination, inhomoge-

neous reactant distribution and high porosity. All of these aspects do have

negative impact on the reactivity and can cause the extinction of a self-

propagating reaction. However, since no change to the material system was

made between successful reactivity trials and the failing bonding experiments

it is less likely that these points were the actual reasons for constraining the

reaction.

8.2 Outlook

Experiments have validated the promising approach, as high reactivity of the mix-

tures was obtained using only very cheap and simple processingmethods andmain-

taining the reactivity after suspension and dispersion of the mixtures. Steps re-

quired to further develop this concept are:

• Development of heterogeneous composite reactive nanoparticles to enhance

reactivity

• Stabilization of dispersions and enabling of deposition via printing technolo-

gies

• Establishment of a full bonding process

The reactivity of the RNC layer is a key property, as described. Very recent studies

by Shuck and co-workers have shown, that High Energy Ball Milling (HEBM) of

nanoparticles under controlled atmosphere can be used to produce heterogeneous

composite particles with lamellar phases [156]. Composite reactive nanoparticles

feature much higher reactivity than mixtures of monophase reactive nanoparticles

due to increased reactive surface area, reduced influence of contaminations like ox-

ides and higher volatility of atoms due to high density of defects and large amount

of grain boundaries. A linear regression of activation energy over surface area to

volume ratio of composite nanoparticles was newly reported [157]. Figure 8.1
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Figure 8.1: FIB cut cross sectional SEM graph of a ball milled Ni-Al binary microparticle.
The bright phase is Ni, the dark phase represents Al [157].

shows a FIB cut cross sectional view of a ball milled binary phase micro particle.

Activation energy is a linear factor of the critical layer thickness, thus a reduced

amount of reactive material should be sufficient to maintain a reaction. Figure 8.2

shows a schematic comparison of reactive nanocomposite and reactive nanocom-

posite nanoparticles (RNCNP) as proposed in this work for future RNC bonding

applications. The composite particles are in the same order of magnitude in size

as the single-phase particles but comprise multiple phases of each reactant. Note

that contrarily the size of the single phases of Ni and Al in figure 8.1 are on the

nano-scale, while the full particle is tens of microns in size. Furthermore, HEBM is

a feasible method for dispersing particles in solvents, when combined with such. It

is proposed that employing of a high energy ball mill would significantly increase

the probability of success of the novel bonding concept.

Another approach worth investigating is the production of RNCNP by ball milling

or grinding of reactive multilayer foils. This will be challenging, as initiation of

reaction has to be prevented during milling (e.g. by cooling and usage of inert
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Figure 8.2: Schematic comparison of RNC (left) and the envisioned RNCNP (right). The
particles in either drawing are the same size, whereas the RNC particles are
uniphase and each RNCNP contains alternating phases of the reactants.

atmosphere). The prospective results however, seem compelling as powders for

deposition via printing could be achieved with well defined binary phases within

each particle.

A study by Gunduz et al. shows that other research groups have shown interest in

this topic and evaluated bonding with reactive Ni-Al micropowders [158]. Coarse

powders of the reactants were ball milled at low intensity to form a loose mixture

of the materials. Bonding of two surfaces of bulk Al parts was shown but not quan-

titatively characterized. Furthermore, the bonding of Si wafers was tested with

promising yet not convincing results, as temporarily achieved bonds failed upon

detailed examination. No follow up studies further investigating this approach are

known.

Recent studies on iRMS have shifted their focus from the Ni-Al system towards

other material systems like Pd-Al, Pd-Sn, Pd-Zn and Ti-Si [59, 65, 67]. Despite

the high price of palladium, further exploration of the RNC concept using these

material systems might in analogy be beneficial as well.
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8.2.1 Closing Remarks and Recommended Actions

It is apparent that the concept of reactive bonding with high energy ball milled

powders has great potential and application by means of printing would render

a very attractive technology. This way produced composite reactive nanoparticles

should be subject to thorough investigations upon dispersion stabilization while

maintaining the particles’ high reactivity. This way a highly reactive ink should

be prepared, enabling printing of the reactive bonding material in any arbitrary

pattern. While it is quite challenging to tune the rheological properties of an ink

for a specific printing method like ink-jet printing, requirements for dispensing are

not very high and should be matched easily once a stabilized dispersion is created.

Furthermore, potential impact on adhesion of the surface roughness of bonding

partners should be studied.

The production of large quantities of reactive bonding ink could finally lead to a

commercialization of the process. After a reliable bonding process based on printed

reactive nanocomposite bonding layers was shown, the number of advantages over

conventional bonding techniques should speak for it self:

• Deposition of bonding layer in arbitrary patterns by printing – no mask based

processes necessary.

• Low thermal impact on the system allows usage for temperature sensitive

parts.

• Heterogeneous material combinations with large differences in their CTE can

be bonded as the whole system is not heated when the bond is established.

• Digital printing processes allow fast change in patterns to adopt for design

changes or prototyping.

• Independence from oxygen enables bonding under arbitrary atmospheres,

even under vacuum conditions, greatly improving the performance of many

MOEMS devices.

• Contact-less ignition via laser pulse enables bonding under transparent parts

without mechanical contact.

118







Appendix A: Reactants Size

Distributions
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Figure A.1: Particle size distribution of the Ti60 sample. Average particle diameter is
67 nm, with 50 % of the particles having a diameter below 62 nm.
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Figure A.2: Particle size distribution of sample no. 27, Al40Ni60. Average particle diam-

eter is 80 nm, with 50 % of the particles having a diameter below 65 nm.

Figure A.3: SEM graph and particle count overlay of sample no. 27.
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Figure A.4: Particle size distribution of sample no. 33, Al40Ti60. Average particle diam-
eter is 67 nm, with 50 % of the particles having a diameter below 40 nm.

Figure A.5: SEM graph and particle count overlay of sample no. 33.
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Figure A.6: Particle size distribution of the no. 40, Al40Ni20. Average particle diameter
is 67 nm, with 50 % of the particles having a diameter below 49 nm.
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Appendix B: Material Data

Table B.1: Thermodynamic properties of selected Boride-, Carbide-, Silicide- and
Aluminide-SHS reactions [109]

Reaction mechanism ∆H f (kJ/mol) TAd (K) State of reaction
products at tempera-
ture

Hf+C → HfC -105 4102 Solid and liquid
Zr+C → ZrC -104 3689 Solid and liquid
Hf+2B → HfB2 -110 3642 Solid and liquid
Ti+C → TiC -93 3339 Solid and liquid
Zr+2B → ZrB2 -108 3272 Solid and liquid
Ti+2B → TiB2 -108 3192 Solid and liquid
Ta+C → TaC -72 3103 Solid
Pt+Al → PtA1 -100 3072 Liquid
Nb+C → NbC -69 2970 Solid
Ta+2B → TaB2 -63 2672 Solid
Pd+Al → PdAl -92 2652 Liquid
V+2B → VB2 -68 2569 Solid
Nb+2B → NbB2 -72 2554 Solid
5Zr+3Si → Zr5Si3 -72 2522 Solid and liquid
5Hf+3Si → Hf5Si3 -70 2472 Solid and liquid
5Ti+3Si → TiSi3 -72 2392 Solid and liquid
5Nb+3Si → Nb5Si3 -57 2332 Solid
V+C → VC -50 2229 Solid
Co+Al → CoAl -60 1911 Solid and liquid
Ni+Al → NiAl -59 1911 Solid and liquid
5Ta+3Si → Ta5Si3 -42 1819 Solid
5V+3Si → V5Si3 -58 1791 Solid
Zr+Al → ZrAI -45 1752 Solid and liquid
2Ni+Si → Ni2Si -48 1578 Solid and liquid
Ti+Al → TiAl -36 1499 Solid
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B Material Data

Figure B.1: Phase diagram of the binary Al-Ti system [159]. The melting point of the
primary AlTi phase is around 1700 K.
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Figure B.2: Crystal structure of elemental Titanium, hexagonal close packed (HCP).

Crystal structure of elemental Titanium is hexagonal close packed (HCP).

127



B Material Data

Figure B.3: Crystal structure of intermetallic NiTi

Figure B.4: Crystal structure of intermetallic TiAl
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Figure B.5: Differential thermal analysis graph of Ti–Al sample. Chronological order of
measurements: a) heating, b) cooling, c) heating, d) cooling. Temperature
range 100 ◦C to 1000 ◦C, heating and cooling rate 10 K/min.

Diffraction Angle 2θ (°)
10 20 30 40 50 60 70 80 90 100 110

In
te
ns
it
y
(a
.u
.)

Figure B.6: XRD graph of the Ti–Al sample post DTA measurement.
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B Material Data

B.1 Material Data Used for Critical Layer Thickness

Calculation

Table B.2: Material properties used to calculate the critical layer thickness

Thermal
conductivity
λ (W/mK)

Density
ρ(kg/m3)

Heat capacity
c (J/kgK)

Atomic
weight
(g/mol)

Nickel 90.9 8900 444 58.69
Titan 21.9 4506 523 47.867

Aluminium 237 2700 897 26.98
Si 150 2336 703 28.085

SiO2 1.38 2201 1052 60.085
Si + SiO2 75.69 2268.5 877.5 44.085

Table B.3: Material systems properties used to calculate the critical layer thickness [77,
160–163]

Material system

Ni–Ti Ni–Al Ti–Al

Tc Combustion temp (K) 1400 1911 1500

Ea Act. Energy (J/mol) 12 040 17 000 298 700

U
Combustion rate without heat
loss (m/s)

5.00× 10−3 2.00× 10−2 1.00× 10−3

γcr

Dimensionless parameter
characterizing the quantity of
heat losses from the reaction
zone in the inert.

0.54 0.54 0.54

λr Thermal conductivity (W/mK) 59.90 136.91 99.44

ρr Density (kg/m3) 6926.15 6947.44 3854.99

cr Heat capacity (J/kgK) 479.49 586.66 657.82

T0 Initial Temperature (K) 293 293 293

ar Temperature conductivity λ
ρc 1.80× 10−5 3.36× 10−5 3.92× 10−5

R Universal gas constant (J/molK) 8.3144598 8.3144598 8.3144598
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C Sample Database

Appendix C: Sample Database

Table C.1: Sample Database

Sample Number 1 2 3 4

Date 14090401 14090402 14090403 14090404

Material A Al Al Al Al

Particle Diameter A 40 40 40 40

Particles per gram A 5.66× 1015 5.66× 1015 5.66× 1015 5.66× 1015

Molar Mass A 2.70× 101 2.70× 101 2.70× 101 2.70× 101

Material B Ti Ti Ni Ni

Particle Diameter B 60 60 60 60

Particles per Gram B 1.24× 1015 1.24× 1015 6.26× 1014 6.26× 1014

Molar Mass B 4.79× 101 4.79× 101 5.87× 101 5.87× 101

Stoichiometry 1:1 1:1 1:1 1:1

Mass particles (mg) 5.00× 101 5.00× 101 5.00× 101 5.00× 101

Mass A (mg) 3.20× 101 3.20× 101 3.43× 101 3.43× 101

Mass B (mg) 1.80× 101 1.80× 101 1.57× 101 1.57× 101

Solvent Cyclohexane Cyclohexane Cyclohexane Cyclohexane

Mass Solvent (mg) 5.00× 102 1.00× 103 1.00× 103 5.00× 102

Volume Solvent (ml) 6.41× 10−1 1.28 1.28 6.41× 10−1

Additive n/a n/a n/a n/a

Mass Additive 0.00 0.00 0.00 0.00

Density Additive 0.00 0.00 0.00 0.00

Volume Additive (ml) 0.00 0.00 0.00 0.00

wt-% Dispersion 10 % 5.00 % 5.00 % 10 %

# Particles per ml 3.17× 1014 1.59× 1014 1.59× 1014 3.18× 1014

Process steps* US, D US, D US, D US, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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Sample Database (page 2 of 15)

Sample Number 5 6 7 8

Date 14090405 14090406 14090407 14090408

Material A Al Al Al Al

Particle Diameter A 18 18 18 18

Particles per gram A 1.21× 1017 1.21× 1017 1.21× 1017 1.21× 1017

Molar Mass A 2.70× 101 2.70× 101 2.70× 101 2.70× 101

Material B Ti Ti Ni Ni

Particle Diameter B 60 60 20 20

Particles per Gram B 1.24× 1015 1.24× 1015 2.68× 1016 2.68× 1016

Molar Mass B 4.79× 101 4.79× 101 5.87× 101 5.87× 101

Stoichiometry 1:1 1:1 1:1 1:1

Mass particles (mg) 5.00× 101 5.00× 101 5.00× 101 5.00× 101

Mass A (mg) 3.20× 101 3.20× 101 3.43× 101 3.43× 101

Mass B (mg) 1.80× 101 1.80× 101 1.57× 101 1.57× 101

Solvent Cyclohexane Cyclohexane Cyclohexane Cyclohexane

Mass Solvent (mg) 5.00× 102 1.00× 103 5.00× 102 1.00× 103

Volume Solvent (ml) 6.41× 10−1 1.28 6.41× 10−1 1.28

Additive n/a n/a n/a n/a

Mass Additive 0.00 0.00 0.00 0.00

Density Additive 0.00 0.00 0.00 0.00

Volume Additive (ml) 0.00 0.00 0.00 0.00

wt-% Dispersion 10 % 5.00 % 10 % 5.00 %

# Particles per ml 6.07× 1015 3.04× 1015 7.12× 1015 3.56× 1015

Process steps* US, D US, D US, D US, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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C Sample Database

Sample Database (page 3 of 15)

Sample Number 9 10 11 12

Date 14090801 14090801 14090803 14090804

Material A Al Al 0 0

Particle Diameter A 40 40 0 0

Particles per gram A 5.66× 1015 5.66× 1015 0.00 0.00

Molar Mass A 2.70× 101 2.70× 101 0.00 0.00

Material B Ti Ni 0 0

Particle Diameter B 60 60 0 0

Particles per Gram B 1.24× 1015 6.26× 1014 0.00 0.00

Molar Mass B 4.79× 101 5.87× 101 0.00 0.00

Stoichiometry 1:1 1:1 0 0

Mass particles (mg) 2.50× 101 2.50× 101 0.00 0.00

Mass A (mg) 1.60× 101 1.71× 101 0.00 0.00

Mass B (mg) 9.01 7.87 0.00 0.00

Solvent Oleic Acid Oleic Acid Oleic Acid Oleic Acid

Mass Solvent (mg) 5.00× 102 5.00× 102 5.00× 102 5.00× 102

Volume Solvent (ml) 5.62× 10−1 5.62× 10−1 5.62× 10−1 5.62× 10−1

Additive n/a n/a Methanol Methanol

Mass Additive 0.00 0.00 7.90 1.58× 101

Density Additive 0.00 0.00 7.90× 10−1 7.90× 10−1

Volume Additive (ml) 0.00 0.00 1.00× 10−2 2.00× 10−2

wt-% Dispersion 5.00 % 5.00 % 0.00 % 0.00 %

# Particles per ml 1.81× 1014 1.81× 1014 0.00 0.00

Process steps* US, D US, D US, D US, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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Sample Database (page 4 of 15)

Sample Number 13 14 15 16

Date 14090805 14091901 14111101 14111102

Material A 0 0 Al Al

Particle Diameter A 0 0 40 40

Particles per gram A 0.00 0.00 5.66× 1015 5.66× 1015

Molar Mass A 0.00 0.00 2.70× 101 2.70× 101

Material B 0 0 Ti Ti

Particle Diameter B 0 0 60 60

Particles per Gram B 0.00 0.00 1.24× 1015 1.24× 1015

Molar Mass B 0.00 0.00 4.79× 101 4.79× 101

Stoichiometry 0 0 1:1 1:1

Mass particles (mg) 0.00 0.00 5.90× 101 5.00× 101

Mass A (mg) 0.00 0.00 3.77× 101 3.20× 101

Mass B (mg) 0.00 0.00 2.13× 101 1.80× 101

Solvent Oleic Acid Methanol MTG MTG

Mass Solvent (mg) 5.00× 102 7.92× 102 5.00× 102 5.50× 102

Volume Solvent (ml) 5.62× 10−1 1.00 4.87× 10−1 5.36× 10−1

Additive n/a Oleic Acid n/a Methanol

Mass Additive 0.00 8.95 0.00 5.00

Density Additive 0.00 8.90× 10−1 0.00 7.90× 10−1

Volume Additive (ml) 0.00 1.01× 10−2 0.00 6.33× 10−3

wt-% Dispersion 0.00 % 0.00 % 11.80 % 9.01 %

# Particles per ml 0.00 0.00 4.92× 1014 3.75× 1014

Process steps* US, D US, D US, D US, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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C Sample Database

Sample Database (page 5 of 15)

Sample Number 17 18 19 20

Date 14111103 14111104 14111105 14111106

Material A Al Al Al Al

Particle Diameter A 40 40 40 40

Particles per gram A 5.66× 1015 5.66× 1015 5.66× 1015 5.66× 1015

Molar Mass A 2.70× 101 2.70× 101 2.70× 101 2.70× 101

Material B Ni Ni Ti Ti

Particle Diameter B 60 60 60 60

Particles per Gram B 6.26× 1014 6.26× 1014 1.24× 1015 1.24× 1015

Molar Mass B 5.87× 101 5.87× 101 4.79× 101 4.79× 101

Stoichiometry 1:1 1:1 1:1 1:1

Mass particles (mg) 5.00× 101 5.00× 101 5.00× 101 5.00× 101

Mass A (mg) 3.43× 101 3.43× 101 3.20× 101 3.20× 101

Mass B (mg) 1.57× 101 1.57× 101 1.80× 101 1.80× 101

Solvent MTG MTG Cyclohexane Cyclohexane

Mass Solvent (mg) 5.00× 102 5.00× 102 5.00× 102 5.00× 102

Volume Solvent (ml) 4.87× 10−1 4.87× 10−1 6.41× 10−1 6.41× 10−1

Additive n/a Methanol MTG MTG

Mass Additive 0.00 5.00 2.00× 101 5.70× 101

Density Additive 0.00 7.90× 10−1 1.03 1.03

Volume Additive (ml) 0.00 6.33× 10−3 1.95× 10−2 5.56× 10−2

wt-% Dispersion 10 % 9.90 % 9.62 % 8.98 %

# Particles per ml 4.18× 1014 4.13× 1014 3.08× 1014 2.92× 1014

Process steps* US, D US, D US, D US, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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Sample Database (page 6 of 15)

Sample Number 21 22 23 24

Date 14111107 14111108 14111109 14111110

Material A Al Al Al Al

Particle Diameter A 40 40 40 40

Particles per gram A 5.66× 1015 5.66× 1015 5.66× 1015 5.66× 1015

Molar Mass A 2.70× 101 2.70× 101 2.70× 101 2.70× 101

Material B Ni Ni Ti Ni

Particle Diameter B 60 60 60 60

Particles per Gram B 6.26× 1014 6.26× 1014 1.24× 1015 6.26× 1014

Molar Mass B 5.87× 101 5.87× 101 4.79× 101 5.87× 101

Stoichiometry 1:1 1:1 1:1 1:1

Mass particles (mg) 5.00× 101 5.00× 101 5.00× 101 5.00× 101

Mass A (mg) 3.43× 101 3.43× 101 3.20× 101 3.43× 101

Mass B (mg) 1.57× 101 1.57× 101 1.80× 101 1.57× 101

Solvent Cyclohexane Cyclohexane Cyclohexane Cyclohexane

Mass Solvent (mg) 5.00× 102 5.00× 102 5.00× 102 5.00× 102

Volume Solvent (ml) 6.41× 10−1 6.41× 10−1 6.41× 10−1 6.41× 10−1

Additive MTG MTG n/a n/a

Mass Additive 2.00× 101 4.50× 101 0.00 0.00

Density Additive 1.03 1.03 0.00 0.00

Volume Additive (ml) 1.95× 10−2 4.39× 10−2 0.00 0.00

wt-% Dispersion 9.62 % 9.17 % 10 % 10 %

# Particles per ml 3.08× 1014 2.97× 1014 3.17× 1014 3.18× 1014

Process steps* US, D US, D US, D US, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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Sample Database (page 7 of 15)

Sample Number 25 26 27 28

Date 15020301 15020302 15020303 15020304

Material A Al Al Al Al

Particle Diameter A 18 18 40 40

Particles per gram A 1.21× 1017 1.21× 1017 5.66× 1015 5.66× 1015

Molar Mass A 2.70× 101 2.70× 101 2.70× 101 2.70× 101

Material B 0 0 Ni Ni

Particle Diameter B 0 0 60 60

Particles per Gram B 0.00 0.00 6.26× 1014 6.26× 1014

Molar Mass B 0.00 0.00 5.87× 101 5.87× 101

Stoichiometry 0 0 1:1 1:1

Mass particles (mg) 2.50× 101 1.00× 101 3.70× 101 3.70× 101

Mass A (mg) 2.50× 101 1.00× 101 2.53× 101 2.53× 101

Mass B (mg) 0.00 0.00 1.17× 101 1.17× 101

Solvent Cyclohexane Cyclohexane Cyclohexane Cyclohexane

Mass Solvent (mg) 4.00× 103 4.00× 103 4.00× 103 4.00× 103

Volume Solvent (ml) 5.13 5.13 5.13 5.13

Additive MTG MTG n/a MTG

Mass Additive 5.00× 101 4.00× 101 0.00 1.50× 101

Density Additive 1.03 1.03 0.00 1.03

Volume Additive (ml) 4.87× 10−2 3.90× 10−2 0.00 1.46× 10−2

wt-% Dispersion 0.62 % 0.25 % 0.93 % 0.92 %

# Particles per ml 5.84× 1014 2.34× 1014 2.94× 1013 2.93× 1013

Process steps* US, S, D US, S, D US, S, D US, S, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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Sample Database (page 8 of 15)

Sample Number 29 30 31 32

Date 15020305 15020306 15020901 15020902

Material A Al Al Ni Ti

Particle Diameter A 40 40 60 60

Particles per gram A 5.66× 1015 5.66× 1015 6.26× 1014 1.24× 1015

Molar Mass A 2.70× 101 2.70× 101 5.87× 101 4.79× 101

Material B Ni Ni 0 0

Particle Diameter B 60 60 0 0

Particles per Gram B 6.26× 1014 6.26× 1014 0.00 0.00

Molar Mass B 5.87× 101 5.87× 101 0.00 0.00

Stoichiometry 1:1 1:1 0 0

Mass particles (mg) 3.70× 101 3.70× 101 1.20× 101 1.00× 101

Mass A (mg) 2.53× 101 2.53× 101 1.20× 101 1.00× 101

Mass B (mg) 1.17× 101 1.17× 101 0.00 0.00

Solvent Cyclohexane Cyclohexane Cyclohexane Cyclohexane

Mass Solvent (mg) 4.00× 103 4.00× 103 4.00× 103 4.00× 103

Volume Solvent (ml) 5.13 5.13 5.13 5.13

Additive MTG MTG MTG MTG

Mass Additive 5.00× 101 1.00× 102 4.00× 101 4.00× 101

Density Additive 1.03 1.03 1.03 1.03

Volume Additive (ml) 4.87× 10−2 9.75× 10−2 3.90× 10−2 3.90× 10−2

wt-% Dispersion 0.91 % 0.90 % 0.30 % 0.25 %

# Particles per ml 2.91× 1013 2.89× 1013 1.45× 1012 2.40× 1012

Process steps* US, S, D US, S, D US, S, D US, S, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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Sample Database (page 9 of 15)

Sample Number 33 34 35 36

Date 15020903 15020904 15020905 15020906

Material A Al Al Al Ni

Particle Diameter A 40 40 40 60

Particles per gram A 5.66× 1015 5.66× 1015 5.66× 1015 6.26× 1014

Molar Mass A 2.70× 101 2.70× 101 2.70× 101 5.87× 101

Material B Ti Ti Ti Ti

Particle Diameter B 60 60 60 60

Particles per Gram B 1.24× 1015 1.24× 1015 1.24× 1015 1.24× 1015

Molar Mass B 4.79× 101 4.79× 101 4.79× 101 4.79× 101

Stoichiometry n/a n/a 1:1 n/a

Mass particles (mg) n/a n/a 1.90× 101 n/a

Mass A (mg) n/a n/a 1.22× 101 n/a

Mass B (mg) n/a 1.20× 101 6.85 n/a

Solvent Cyclohexane Cyclohexane Cyclohexane Cyclohexane

Mass Solvent (mg) 4.00× 103 4.00× 103 4.00× 103 4.00× 103

Volume Solvent (ml) 5.13 5.13 5.13 5.13

Additive n/a MTG MTG MTG

Mass Additive 0.00 4.00× 101 2.00× 101 n/a

Density Additive 0.00 1.03 1.03 1.03

Volume Additive (ml) 0.00 3.90× 10−2 1.95× 10−2 n/a

wt-% Dispersion n/a n/a 0.47 % n/a

# Particles per ml n/a n/a 1.50× 1013 n/a

Process steps* US, S, D US, S, D US, S, D US, S, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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Sample Database (page 10 of 15)

Sample Number 37 38 39 40

Date 15041401 15041402 15091412 15091413

Material A Al Al Al Al

Particle Diameter A 18 18 18 40

Particles per gram A 1.21× 1017 1.21× 1017 1.21× 1017 5.66× 1015

Molar Mass A 2.70× 101 2.70× 101 2.70× 101 2.70× 101

Material B Ti Ni 0 0

Particle Diameter B 60 60 0 0

Particles per Gram B 1.24× 1015 6.26× 1014 0 0

Molar Mass B 4.79× 101 5.87× 101 0.00 0.00

Stoichiometry 1:1 1:1 0 0

Mass particles (mg) 3.30× 101 3.40× 101 20 22

Mass A (mg) 2.11× 101 2.33× 101 2.00× 101 2.20× 101

Mass B (mg) 1.19× 101 1.07× 101 0.00 0.00

Solvent Cyclohexane Cyclohexane Cyclohexan Cyclohexan

Mass Solvent (mg) 4.00× 103 4.00× 103 156 156

Volume Solvent (ml) 5.13 5.13 0.20 0.20

Additive n/a n/a n/a n/a

Mass Additive 0.00 0.00 0 0

Density Additive 0.00 0.00 0 0

Volume Additive (ml) 0.00 0.00 0 0

wt-% Dispersion 0.83 % 0.85 % 12.80 % 14.10 %

# Particles per ml 5.01× 1014 5.51× 1014 1.21× 1016 6.23× 1014

Process steps* US, S, D US, S, D S, D S, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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Sample Database (page 11 of 15)

Sample Number 41 42 43 44

Date 15091414 15091415 15091416 15091417

Material A Al Al Ti Ti

Particle Diameter A 25 000 125 000 60 45 000

Particles per gram A 4.53× 107 3.62× 105 1.24× 1015 4.66× 106

Molar Mass A 2.70× 101 2.70× 101 4.79× 101 4.79× 101

Material B 0 0 0 0

Particle Diameter B 0 0 0 0

Particles per Gram B 0 0 0 0

Molar Mass B 0.00 0.00 0.00 0.00

Stoichiometry 0 0 0 0

Mass particles (mg) 23 23 22 55

Mass A (mg) 2.30× 101 2.30× 101 2.20× 101 5.50× 101

Mass B (mg) 0.00 0.00 0.00 0.00

Solvent Cyclohexan Cyclohexan Cyclohexan Cyclohexan

Mass Solvent (mg) 156 156 156 156

Volume Solvent (ml) 0.20 0.20 0.20 0.20

Additive n/a n/a n/a n/a

Mass Additive 0 0 0 0

Density Additive 0 0 0 0

Volume Additive (ml) 0 0 0 0

wt-% Dispersion 14.70 % 14.70 % 14.10 % 35.30 %

# Particles per ml 5 209 500 41 630 1.36× 1014 1 281 500

Process steps* S, D S, D S, D S, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground

142



Sample Database (page 12 of 15)

Sample Number 45 46 47 48

Date 15091418 15091419 15091420 15091421

Material A Ti Ni Ni Ni

Particle Diameter A 150 000 20 60 45 000

Particles per gram A 1.26× 105 2.68× 1016 6.26× 1014 2.35× 106

Molar Mass A 4.79× 101 5.87× 101 5.87× 101 5.87× 101

Material B 0 0 0 0

Particle Diameter B 0 0 0 0

Particles per Gram B 0 0 0 0

Molar Mass B 0.00 0.00 0.00 0.00

Stoichiometry 0 0 0 0

Mass particles (mg) 20 20 20 35

Mass A (mg) 2.00× 101 2.00× 101 2.00× 101 3.50× 101

Mass B (mg) 0.00 0.00 0.00 0.00

Solvent Cyclohexan Cyclohexan Cyclohexan Cyclohexan

Mass Solvent (mg) 156 156 156 156

Volume Solvent (ml) 0.20 0.20 0.20 0.20

Additive n/a n/a n/a n/a

Mass Additive 0 0 0 0

Density Additive 0 0 0 0

Volume Additive (ml) 0 0 0 0

wt-% Dispersion 12.80 % 12.80 % 12.80 % 22.40 %

# Particles per ml 12 600 2.68× 1015 6.26× 1013 411 250

Process steps* S, D S, D S, D S, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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C Sample Database

Sample Database (page 13 of 15)

Sample Number 49 50 51 52

Date 15091422 15091801 15091802 15091803

Material A Ni Al Al Al

Particle Diameter A 250 000 25 000 125 000 18

Particles per gram A 1.37× 104 45 300 000 3.62× 105 1.21× 1017

Molar Mass A 5.87× 101 2.70× 101 2.70× 101 2.70× 101

Material B 0 Ni Ni Ni

Particle Diameter B 0 45 000 250 000 20

Particles per Gram B 0 2.35× 106 1.37× 104 2.68× 1016

Molar Mass B 0.00 5.87× 101 5.87× 101 5.87× 101

Stoichiometry 0 1:1 1:1 1:1

Mass particles (mg) 20 146 100 50

Mass A (mg) 2.00× 101 1.00× 102 6.85× 101 3.43× 101

Mass B (mg) 0.00 4.60× 101 3.15× 101 1.57× 101

Solvent Cyclohexan Cyclohexan Cyclohexan Cyclohexan

Mass Solvent (mg) 156 4000 4000 4000

Volume Solvent (ml) 0.20 5.13 5.13 5.13

Additive n/a n/a n/a n/a

Mass Additive 0 0 0 0

Density Additive 0 0 0 0

Volume Additive (ml) 0 0 0 0

wt-% Dispersion 12.80 % 3.70 % 2.50 % 1.30 %

# Particles per ml 1370 904 599.61 4920.05 8.91× 1014

Process steps* S, D S, D S, D S, D

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground

144



Sample Database (page 14 of 15)

Sample Number 53 54 55 56

Date 15091804 15091805 16020901 16020902

Material A Al Al Al Al

Particle Diameter A 18 40 18 18

Particles per gram A 1.21× 1017 5.66× 1015 1.21× 1017 1.21× 1017

Molar Mass A 2.70× 101 2.70× 101 2.70× 101 2.70× 101

Material B Ni Ni Ni Ti

Particle Diameter B 60 60 60 60

Particles per Gram B 6.26× 1014 6.26× 1014 6.26× 1014 1.24× 1015

Molar Mass B 5.87× 101 5.87× 101 5.87× 101 4.79× 101

Stoichiometry 1:1 1:1 1:1 1:1

Mass particles (mg) 50 50 2000 3000

Mass A (mg) 3.43× 101 3.43× 101 1.37× 103 1.92× 103

Mass B (mg) 1.57× 101 1.57× 101 6.30× 102 1.08× 103

Solvent Cyclohexan Cyclohexan n/a n/a

Mass Solvent (mg) 4000 4000 0 0

Volume Solvent (ml) 5.13 5.13 0 0

Additive n/a n/a n/a n/a

Mass Additive 0 0 0 0

Density Additive 0 0 0 0

Volume Additive (ml) 0 0 0 0

wt-% Dispersion 1.30 % 1.30 % n/a n/a

# Particles per ml 8.10× 1014 3.97× 1013 n/a n/a

Process steps* S, D S, D G G

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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C Sample Database

Sample Database (page 15 of 15)

Sample Number 57 58 59

Date 16021001 16021002 16021003

Material A Al Al Al

Particle Diameter A 25 000 125 000 40

Particles per gram A 4.53× 107 3.62× 105 5.66× 1015

Molar Mass A 2.70× 101 2.70× 101 2.70× 101

Material B Ni Ni Ni

Particle Diameter B 45 000 250 000 20

Particles per Gram B 2.35× 106 1.37× 104 2.68× 1016

Molar Mass B 5.87× 101 5.87× 101 5.87× 101

Stoichiometry 1:1 1:1 1:1

Mass particles (mg) 9000 10 000 1000

Mass A (mg) 6.17× 103 6.85× 103 6.85× 102

Mass B (mg) 2.83× 103 3.15× 103 3.15× 102

Solvent n/a n/a n/a

Mass Solvent (mg) 0 0 0

Volume Solvent (ml) 0 0 0

Additive n/a n/a n/a

Mass Additive 0 0 0

Density Additive 0 0 0

Volume Additive (ml) 0 0 0

wt-% Dispersion n/a n/a n/a

# Particles per ml n/a n/a n/a

Process steps* G G G

* US = Ultrasonic Agitation, D = Dispersed, S = Shaked, G = Ground
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Appendix D: Datasheets

Datasheets of the acquired nanoparticles and photographs of the respective sample
containers are shown on the following pages.
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Technical Data Sheet 

Aluminium Nanopowder, 18 nm 

Revision Date: 12/12/2009 

Date Issued: 03/02/2007 

 

 

NM-0015-HP  Page: 1/3 

 

Product name Aluminium nanopowder, 18 nm 

Product code NM-0015-HP 

Supplier IoLiTec 

 Ionic Liquids Technologies GmbH 

 Salzstrasse 184 

 D-74076 Heilbronn 

 Germany 

Telephone +49 (0)7131 - 898390 

Fax +49 (0)7131 - 89839109 

Emergency telephone +49 (0)179 - 5322578 

 

 

Ingredient name Aluminium powder (partially passivated with 

approximately 15% O) 

Empirical Formula Al 

CAS No. 7429-90-5 

Molecular weight 26.98 amu 

Purity 99.9 % (metal basis) 

Average Particle Size 18 nm (TEM) 

Particle size range 0-50 nm (TEM) 

Specific Surface Area 40-60 m2/g (BET) 

Morphology Spherical 

Colour Black 

Bulk Density 0.08-0.20 g/cm3 

1 IDENTIFICATION OF THE SUBSTANCE/PREPARATION AND THE COMPANY / 
UNDERTAKING 

2 COMPOSITION / INFORMATION ON INGREDIENTS 

D Datasheets

148



 
Technical Data Sheet 

Aluminium powder, 40-60 nm 

Revision Date: 02/12/2014 

Date Issued: 03/02/2007 

 
 

NM-0039-HP  Page: 1/3 

 

Product name Aluminium powder, 60-80 nm 

Product code NM-0039-HP 

Supplier IoLiTec 

 Ionic Liquids Technologies GmbH 

 Salzstrasse 184 

 D-74076 Heilbronn 

 Germany 

Telephone +49 (0)7131 - 898390 

Fax +49 (0)7131 - 89839109 

Emergency telephone +49 (0)179 - 5322578 

Email msds@iolitec.de 

 

Ingredient name Aluminium 

Empirical Formula Al 

CAS No. 7429-90-5 

Molecular weight 26.98 amu 

Purity 99.9 % (metal basis) 

Particle size range 40-60 nm 

Specific surface area 20-48 m2/g 

Colour grey 

Morphology spherical 

Bulk density 0.08-0.2 g/cm3 

True density 2.7 g/cm3 

Melting point 660.3°C 

Production method N/A 

1 IDENTIFICATION OF THE SUBSTANCE/PREPARATION AND THE COMPANY / 
UNDERTAKING 

2 COMPOSITION / INFORMATION ON INGREDIENTS 
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Technical Data Sheet 

Nickel nanopowder, 20 nm 

Revision Date: 03/06/2009 

Date Issued: 03/02/2007 

 

 

NM-0026-HP  Page: 1/3 

 

Product name Nickel nanopowder, 20 nm 

Product code NM-0028-HP 

Supplier IoLiTec 

 Ionic Liquids Technologies GmbH 

 Salzstrasse 184 

 D-74076 Heilbronn 

 Germany 

Telephone +49 (0)7131 - 898390 

Fax +49 (0)7131 - 89839109 

Emergency telephone +49 (0)179 - 5322578 

 

 

Ingredient name Nickel powder 

Empirical Formula Ni 

CAS No. 7440-02-0 

Molecular weight 58.69 amu 

Purity 99.9% 

Average particle size 20 nm 

Particle size range 0 – 50 nm 

Specific Surface Area 40 - 60 m2/g 

Colour black 

Morphology spherical 

Bulk Density 0.08 – 0.20 g/cm3 

True Density - 

1 IDENTIFICATION OF THE SUBSTANCE/PREPARATION AND THE COMPANY / 
UNDERTAKING 

2 COMPOSITION / INFORMATION ON INGREDIENTS 

D Datasheets
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Technical Data Sheet 

Nickel nanopowder, 60 – 80 nm 

Revision Date: 03/06/2009 

Date Issued: 03/02/2007 

 

 

NM-0030-HP  Page: 1/3 

 

Product name Nickel nanopowder, 60 - 80 nm 

Product code NM-0028-HP 

Supplier IoLiTec 

 Ionic Liquids Technologies GmbH 

 Salzstrasse 184 

 D-74076 Heilbronn 

 Germany 

Telephone +49 (0)7131 - 898390 

Fax +49 (0)7131 - 89839109 

Emergency telephone +49 (0)179 - 5322578 

 

 

Ingredient name Nickel powder 

Empirical Formula Ni 

CAS No. 7440-02-0 

Molecular weight 58.71 amu 

Purity 99.9%  

Average particle size 60-80 nm 

Specific Surface Area 8 - 10 m2/g 

Colour black 

Morphology spherical 

Bulk Density - 

True Density 8.9 g/cm³ 

Melting point - 

1 IDENTIFICATION OF THE SUBSTANCE/PREPARATION AND THE COMPANY / 
UNDERTAKING 

2 COMPOSITION / INFORMATION ON INGREDIENTS 
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Technical Data Sheet 

Titanium Nanopowder, 60 - 80 nm 

Revision Date: 03/06/2009 

Date Issued: 03/02/2007 

 

 

NM-0031-HP  Page: 1/3 

 

Product name Titanium nanopowder, 60 - 80 nm 

Product code NM-0031-HP 

Supplier IoLiTec 

 Ionic Liquids Technologies GmbH 

 Salzstrasse 184 

 D-74076 Heilbronn 

 Germany 

Telephone +49 (0)7131 - 898390 

Fax +49 (0)7131 - 89839109 

Emergency telephone +49 (0)179 - 5322578 

 

 

Ingredient name Titanium powder 

Empirical formula Ti 

CAS No. 7440-32-6 

Molecular weight 47.87 amu 

Purity 99%  

Average Particle Size 60 - 80 nm (TEM) 

Specific Surface Area 13.8 m2/g (BET) 

Colour  Black 

Morphology Spherical 

Bulk Density N/A 

True Density 2.86 g/cm3 

Melting point N/A 

1 IDENTIFICATION OF THE SUBSTANCE/PREPARATION AND THE COMPANY / 
UNDERTAKING 

2 COMPOSITION / INFORMATION ON INGREDIENTS 

D Datasheets
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Figure D.1: Nanoparticles acquired from Iolitec.

153



D Datasheets

Figure D.2: Micropowders acquired from GoodFellow.
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