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Abstract 

 

Synthesis of amorphous metallic nanoparticles using a laser ablation 

process 

 

Jean-Gil Rémy Gutierrez, MSE 

The University of Texas at Austin, 2013 

 

Supervisor:  Michael F. Becker 

 

Amorphous metals have been discovered in 1960 and, because of their structures, 

exhibit very unique mechanical, magnetic and chemical properties that can have various 

applications. These properties qualify them as the potential material of the future. This 

work focuses on a new laser ablation technique to synthesize nanoparticles of amorphous 

metals from aqueous feedstock. One of the critical factors in the production of amorphous 

metal is the cooling rate used to synthesize them. The laser ablation of microparticle 

aerosol (LAMA) process used in this work, with a cooling rate estimated of	10��	K/s, 
has all the characteristics required for the production of such metallic glasses. A Collison 

nebulizer is used to generate microdroplets of a nitrate solution containing the 

corresponding ratio of metals for the production of a Zr-Al-Ni based alloy. Once dried 

and conditioned, these microdroplets leave solid microparticles which are ablated by an 

excimer laser producing nanoparticles that are then filtered by virtual impaction. In order 

to characterize the nanoparticles obtained with this process nanoparticulate films 

produced by LAMA have been analyzed by optical profilometry, scanning electron 



 viii  

microscopy (SEM) equipped with energy-dispersive x-ray spectroscopy (EDS) and 

transmission electron microscopy (TEM) equipped with EDS. The results agree with a 

hypothesis that the films contain oxidized, amorphous metal on the surface of the films. 

When the films are thin, they are fully oxidized, and simultaneous segregation of Zr 

occurs to the surface. The hypothesis and the results are discussed. 



 ix 

Table of Contents 

List of Tables ........................................................................................................ xii 

List of Figures ...................................................................................................... xiii 

Chapter 1: Introduction ............................................................................................1 

1.1 Motivation for this work ........................................................................1 

1.2 Amorphous Metals .................................................................................2 

1.2.1 Amorphous Metal Background .....................................................2 

1.2.2 History of Amorphous Metal ........................................................2 

1.2.3 Theory of Glass formation in Metallic Liquid ..............................3 

1.2.4 Properties of Amorphous Metal ....................................................5 

1.2.4.1 Mechanical properties .......................................................5 

1.2.4.2 Magnetic properties ..........................................................6 

1.2.4.3 Corrosion resistance ..........................................................7 

1.2.4.4 Electronic properties .........................................................7 

1.2.5 Existing method for the synthesis of Amorphous Metal ..............8 

1.2.6 Applications for Amorphous Metals .............................................8 

1.2.6.1 Present Applications .........................................................8 

1.2.6.2 Future or possible applications .........................................9 

1.3 Laser ablation microparticles ...............................................................10 

1.3.1 Creation of nanoparticles ............................................................12 

1.3.2 High Cooling Rate ......................................................................15 

Chapter 2:  Experimental Procedure ......................................................................17 

2.1 Preparation of the nanoparticle aerosol...................................................17 

2.2 Alloy composition ...................................................................................19 

2.3 Nitrate solution........................................................................................21 

2.4 Collison nebulizer ...................................................................................21 

2.5 Control of the microparticle aerosol .......................................................23 

2.6 Laser ablation and filtering .....................................................................24 



 x 

2.6.1 Flows ...........................................................................................24 

2.6.2 Laser Properties and Optical Setup .............................................24 

2.6.3 Ablation chamber ........................................................................27 

2.6.4 Single and double ablation ..........................................................27 

2.6.5 Nanoparticle size filtering ...........................................................29 

2.6.6 Collection Chamber and Acceleration of Nanoparticles ............30 

2.7 Characterization of amorphous metallic nanoparticles ...........................30 

2.7.1 Characterization of the microparticle ..........................................30 

2.7.1.1 Optical profilometry........................................................31 

2.7.1.2 Scanning Electron Microscopy .......................................32 

2.7.2 Characterization of the Nanoparticles .........................................32 

2.7.2.1 Optical Profilometry and Scanning Electron Microscopy32 

2.7.2.2 Transmission Electron Microscopy ................................32 

Chapter 3: Microparticle feed aerosol....................................................................34 

3.1 Microparticle collection ..........................................................................34 

3.2 Microparticle size characterization .........................................................34 

3.2.1 Procedure and results ..................................................................34 

3.2.2 Analysis.......................................................................................35 

3.2.3 Discussion ...................................................................................36 

3.3 Microparticle composition characterization ...........................................37 

3.3.1 Procedure and Results .................................................................37 

3.3.2 Discussion ...................................................................................39 

3.3.2.1 EDS for light elements ....................................................39 

3.3.2.2 Contamination by surrounding atmosphere ....................40 

3.3.2.3 Zirconium nitrate hydrate ...............................................40 

3.4 Microparticles wetness characterization .................................................40 

3.4.1 Procedure and results ..................................................................40 

3.4.2 Discussion ...................................................................................44 

Chapter 4: Nanoparticulate Films ..........................................................................45 

4.1 Material qualitative observations ............................................................45 



 xi 

4.1.1 Procedure and Results .................................................................45 

4.1.2 Discussion ...................................................................................46 

4.2 Transmission Electron Microscopy analysis ..........................................47 

4.2.1 Microscopy .................................................................................47 

4.2.1.1 Results .............................................................................47 

4.2.1.2 Discussion .......................................................................48 

4.2.2 Material Composition Characterization ......................................49 

4.2.2.1 Results .............................................................................49 

4.2.2.2 Analysis...........................................................................51 

4.2.2.3 Discussion .......................................................................54 

4.2.3 Material Crystal/amorphous Structure Characterization ............54 

4.2.3.1 Contrast Changes ............................................................54 

4.2.3.2 Electron diffraction patterns ...........................................55 

Chapter 5: Discussion ............................................................................................59 

5.1 Interpretation and hypothesis ..................................................................59 

5.2 Difficulty in characterizing amorphous metals .......................................62 

Chapter 6: Conclusions and Recommendations for Future Work .........................63 

6.1 Conclusions .............................................................................................63 

6.2 Future work .............................................................................................63 

References ..............................................................................................................65 

Vita .......................................................................................................................70 



 xii  

List of Tables 

Table 1.1: Mechanical properties of Vitreloy1 (Ref. [12]) ......................................5 

Table 2.1: Flow rates used in this work .................................................................19 

Table 2.2: Common BMG alloys with their glass transition temperatures (Tg), 

temperatures of crystallization (Tx), melting points (Tm) and glass 

transition temperatures (Trg) (reprinted from [42]) ..........................20 

Table 3.1: EDS analysis of the feeding aerosol selecting only the considered metals.

...........................................................................................................37 

Table 3.2: EDS analysis of the feeding aerosol considering all the elements found.38 

Table 3.3: EDS analysis of the feeding aerosol considering the metals constituting the 

alloy...................................................................................................39 

Table 4.1: EDS of the sample in a dark area with analysis of the oxygen content 52 

Table 4.2: EDS of the sample in a light area with analysis of the oxygen content 52 

Table 4.3: EDS of the sample in a dark area, in different locations, focusing on the 

metal compositions ...........................................................................53 

Table 4.4: EDS of the sample in a light area, in different locations, focusing on the 

metal compositions ...........................................................................53 



 xiii  

List of Figures 

Figure 1.1: Critical casting thickness of amorphous glass by year of discovery 

(reprinted from [6]) .............................................................................3 

Figure 1.2: Plot of fracture toughness vs strength for different families of materials 

showing where amorphous metals and Vitreloy1 lie (Reprinted from 

[13]).....................................................................................................6 

Figure 1.3: Saturation induction and remanence vs. coercivity for a variety of 

materials, including amorphous metals (From [15])...........................7 

Figure 1.4: Overview of the ablation part of the LAMA process ..........................11 

Figure 1.5: Steps of the laser ablation of a microparticle leading to the formation of 

nanoparticles. ....................................................................................13 

Figure 1.6: TEM micrographs of nanoparticles produced by LAMA. Reprinted from 

[38] ....................................................................................................15 

Figure 2.1: LAMA flow setup for the production of a nanoparticles aerosol in this 

work. .................................................................................................18 

Figure 2.2: Cross-sectional view of Collison nebulizer (Reprinted from [38]) .....22 

Figure 2.3.a: Perspective view of the optics setup for focusing the excimer laser on 

the ablation spot ................................................................................25 

Figure 2.3.b: Top view of the optical setup for focusing the excimer laser on the 

ablation spot ......................................................................................26 

Figure 2.4: Cross-sectional view of the ablation chamber, skimmer and virtual 

impactor with flows indicated (Reprinted from [38]) .......................29 

Figure 3.1: Microparticles from the feeding aerosol deposited onto silicon and 

observed with an optical profilometer ..............................................35 



 xiv 

Figure 3.2: Size distribution of the feeding aerosol (blue) and its lognormal fitting 

(red) ...................................................................................................36 

Figure 3.3: EDS spectrum of the feeding aerosol ..................................................38 

Figure 3.4: Profile of a microparticle from the feeding aerosol by optical profilometry

...........................................................................................................41 

Figure 3.5: Profile of a 2 µm microparticle from the feeding aerosol obtained by 

optical profilometry ..........................................................................42 

Figure 3.6: Optical micrograph of 2 µm microparticles from the feeding aerosol 42 

Figure 3.7: SEM micrographs of unablated microparticles ...................................43 

Figure 4.1: Optical micrograph of a sample on a gold TEM grid..........................45 

Figure 4.2: Profile of a sample on a gold TEM grid ..............................................46 

Figure 4.3: TEM micrograph of the sample showing light and dark areas............48 

Figure 4.4: TEM micrograph of a sample, showing the average size of the 

nanoparticles that make up the film ..................................................49 

Figure 4.5: Spectrum of the sample in a dark area obtained by EDS analysis ......50 

Figure 4.6: Spectrum of the sample in a light area obtained by EDS analysis ......51 

Figure 4.7: Diffraction pattern in light area ...........................................................55 

Figure 4.8: Diffraction pattern in dark area ...........................................................56 

Figure 4.9: Diffraction pattern of a spot in a light area using nanobeam diffraction57 

Figure 4.10: Diffraction pattern of a spot in a dark area using nanobeam diffraction

...........................................................................................................57 

Figure 5.1: Hypothesis of the nanoparticle arrangement in the samples observed in 

TEM ..................................................................................................60 

Figure 5.2: Hypothesis of the nanoparticle arrangement including oxidation .......61



 1 

 

 

Chapter 1: Introduction 

 

This thesis presents and discusses the fabrication of amorphous metal 

nanoparticles using the laser ablation of microparticle aerosol (LAMA) process. This 

chapter starts by introducing the motivations and objectives of this thesis. Next, the 

history, theory, properties and applications of amorphous metal are presented. This 

chapter concludes by describing the LAMA process and its advantages.  

 

1.1  MOTIVATION FOR THIS WORK  

Amorphous metals have been known since at least 1960 [1]. Recently, new alloy 

compositions have been discovered that exhibit better properties: better toughness, better 

resistance to corrosion, better magnetic properties, etc. This thesis introduces a new 

technique to make amorphous metals based on an aqueous solution and which potentially 

can be used to fabricate thick films from these new compositions of amorphous metals. 

Because these aqueous solutions (in this case nitrates) are easy to prepare, are 

readily available and relatively cheap, so that in the future, new amorphous metal alloys 

may be discovered by mixing different solutions. The objectives of this work are, firstly, 

to be able to feed the LAMA process with an aqueous solution and condition the aerosol 

so an ablation can occur. To accomplish this, the powder must be dried and then 

introduced into the ablation cell in a reducing atmosphere in order to prevent oxidation. 

 Secondly, the produced nanoparticles must be deposited by impaction and collected as a 
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film on a substrate. Lastly, the film must be characterized by checking its composition 

and structure in order to confirm whether or not that it is amorphous metal. 

 

1.2 AMORPHOUS METALS  

1.2.1 Amorphous Metal Background 
 

Amorphous metals, also known as metallic glasses, are metallic materials usually 

alloys for technical reasons, which have are amorphous. This means that their structure at 

the atomic scale does not exhibit regular periodicity. This is unusual in metals because 

most metals have a very strong tendency to crystallize. Traditional amorphous metals are 

produced by cooling from the melt at very high rates which requires that they be made 

into thin sheets or ribbons to maintain the fast cooling rate. More recently alloys of 

metals have been produced that are composed of atoms of very different sizes so even at 

slower cooling rates [2], the atoms simply do not have the time to arrange themselves in a 

periodic manner [3]. These materials have very interesting properties because of their 

structure and are subject to intense research since its discovery. 

1.2.2 History of Amorphous Metal 

Amorphous metals were discovered by Wiklemt, Willens and Duwez in 1960 [1]. 

The first experiments were achieved with cooling rates of the order of	10�−10�	K ∙ s�� 

for an Au-Si (Au��Si��) alloy system. Nine years later Chen and Turnbull studied the 

formation and stability of Pd - Si based ternary alloys by adding Ag, Cu or Au. [4]. Metal 

glasses were studied more and more during the 1970’s and 1980’s, trying different alloys 

and different rapid solidification techniques. The critical casting thickness increased year 

by year and reached 15 mm in 1991 as reported by Inoue [5] with Zr-Al based ternary 
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alloys and as shown in Fig. 1.1. At these thicknesses amorphous metal became interesting 

for engineering applications, and more and more properties and applications were 

discovered. Bulk metallic glasses are of strong interest and application and properties for 

this materials are still being discovered and of great interest as reported in the later 

sections. 

 

 

Figure 1.1: Critical casting thickness of amorphous glass by year of discovery 
(reprinted from [6]) 

 

1.2.3 Theory of Glass formation in Metallic Liquid 

When it comes to predicting which alloy can form bulk metallic glass, one has to 

consider the composition of the alloy as it determines its ability to form amorphous metal 

and to stay stable in this state [7]. When it comes to understanding the formation of 

amorphous metal several aspects have to be taken into consideration, from both kinetic 

and thermodynamic theories. Metallic glasses are formed from the liquid state by cooling 

from above the liquidus temperature,	T�, to the glass transition temperature,	T�. 
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In order to achieve an amorphous state, the liquid alloy has to exhibit some 

specific properties. According to W.L. Johnson three properties have to be taken into 

account [8]. 

The first property that has to be considered is the reduced glass transition temperature t� 

which is defined by: 

 

t� = 	T�/T� , (1) 

 

where T� is the glass-transition temperature (in K) and T� is the alloy-melting 

temperature or liquidus temperature. For alloys that are able to form metallic glasses with 

very low cooling rate it is found	t� ≈ 2/3, as Turnbull predicted [9]. The second 

parameter to take into consideration is rheological behavior of the liquid alloy. The 

viscosity of a liquid is usually described by the Vogel – Fulcher law which states: 

 

� = 	� ∙ exp	($ ∙ %&
%�%&

) , (3) 

 

where η = h ∙ A /v with h being Planck’s constant, A being Avagadro’s number, v is 

the molar volume of the liquid, D is the fragility index, and T  is the Vogel-Fulcher 

temperature. Bush et al. have shown that for alloys able to form amorphous metal, D = 10 

– 25 for the liquid phase.  The third parameter to consider is the liquid/liquid phase 

separation. The crystallization is eased if there is a miscibility gap between T� and	T�, so 

the glass formation ability is increased if there is no such miscibility gap [10]. 

 



 5 

1.2.4 Properties of Amorphous Metal 

After finally being able to produce amorphous metal with a critical casting 

thickness of the order of 1 cm or more, researchers have been able to study the properties 

of these materials. The next paragraphs introduce some of the main properties discovered 

about amorphous metals. 

 

1.2.4.1 Mechanical properties 

Because of their lack of a periodic atomic structure, amorphous metals have no 

intrinsic characteristic length like grain boundaries. They also have no defects in their 

structural arrangement such as dislocations. Metal glasses are for these reasons, very 

strong but brittle. Table 1.1 shows the mechanical properties of Vitreloy 1 - 

Zr,�.�Ti�../Cu��.�Ni� Be��.� [11], a commercial amorphous metal. 

 
Property Value 
Elastic strain limit, 345  2% 

Tensile yield strength,	67 1.9 GPa 

Young’s modulus, Y 96 GPa 

Shear modulus, G 34.3 GPa 

Poisson’s ratio, ν 0.36 

Vickers hardness 534 kg/mm� 

Fracture toughness, 89: 55–59 MPa ·	m�/� 

Thermal expansion coefficient 10.1 ×10��K�� 
Density 6.11 g/cm. 

Table 1.1: Mechanical properties of Vitreloy1 (Ref. [12]) 
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Figure 1.2: Plot of fracture toughness vs strength for different families of materials 
showing where amorphous metals and Vitreloy1 lie (Reprinted from 

[13]) 

 

1.2.4.2 Magnetic properties 

Due to the absence of micro-scale structure, bulk metallic glasses have no 

magneto-crystalline anisotropy, resulting generally in very soft-magnetic properties. 

However, a recent discovery showed that certain bulk metal glasses (BMGs) exhibit hard 

magnetic properties [3]. Magnetic materials with a coercivity greater than 50 kA/m are 

considered to be hard materials while materials showing a coercivity lower than 1 kA/m 

are considered to be soft materials. 

As shown is Figure 1.3 many amorphous alloys are amongst the softest metallic 

systems discovered [14]. 
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Figure 1.3: Saturation induction and remanence vs. coercivity for a variety of 
materials, including amorphous metals (From [15]) 

 

In 1995, however, Inoue discovered that the Nd-Fe-Al bulk amorphous alloy showed 

hard magnetic properties [3]. 

1.2.4.3 Corrosion resistance 

From a chemical aspect, amorphous metal can also have high corrosion 

resistance, but this is of course highly dependent on the composition for each amorphous 

metal. Some amorphous metals present an excellent resistance to corrosion compared to 

the crystalline metals [16-17]. 

 

1.2.4.4 Electronic properties 

Because of their high atomic disorder, Amorphous metal can have a rather high 

electrical resistivity [18]. Moreover, once again because of the lack of periodic atomic 



 8 

structure, the electrical resistivity has a different behavior than in conventional metals. 

According to Korn, the electrical resistivity increases linearly with temperature for 

amorphous metals, which is explained by the scattering of conduction electrons. 

 

1.2.5 Existing method for the synthesis of Amorphous Metal 

Since the first amorphous metal was discovered, researchers have not stopped 

developing new techniques to synthesize metal glass with better properties, more easily, 

and with larger critical casting thickness. Some of the main techniques that have been 

developed to produce metal glass include: physical vapor deposition (PVD) [19], 

chemical vapor deposition (CVD) [20], solid-state reaction [21], ion irradiation [22], melt 

spinning [5], mechanical alloying [23] and electrochemically driven solid state 

amorphitization [24]. 

 

1.2.6 Applications for Amorphous Metals 

1.2.6.1 Present Applications 

So far, bulk metallic glasses have been used for various applications in diverse 

fields. They have mainly been used for sporting equipment, as die materials, and as 

electrode materials. Because of their low magnetization loss, bulk metallic glasses are 

used in high efficiency transformers. The first consumer application for bulk amorphous 

metals was for golf club heads. Being twice as hard and having a coefficient of restitution 

that was four times larger than titanium drivers, there was much interest in these 

materials [25]. More specifically, for Ti in which 70% of the energy is transferred to the 

ball, using BMG, 99% of the impact energy is transmitted to the ball [26]. 
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Another interesting application is for the medical field. Amorphous metals have 

been used to develop knee-replacement devices and pacemaker casings [25]. BMG are 

also used for scalpel blades [27] because they are less expensive than diamond and they 

last longer than steel. 

In the aerospace field, amorphous metals were used during the Genesis Mission 

[28] to collect samples of the solar wind. A Zr-Nb-Cu-Ni-Al alloy was finally chosen in 

order to minimize the contamination in a worst-case scenario in the case of a 

micrometeorite impacting the collector  

 

1.2.6.2 Future or possible applications 

Bulk amorphous metals have been studied as biomedical materials [29]. They 

could be used as biodegradable implants for the human body such as screws, plates or 

pins. The alloy MgZnCa exhibits the ability to be biodegradable without being 

accompanied by hydrogen evolution. Also the Ti, Cu.�Pd�,Zr�  metallic glass is three 

times stronger than titanium and its elastic modulus is close to that of bone [30]. This 

amorphous alloy is believed to be suitable for finger joint replacement. 

Because of their interesting magnetic properties metallic glasses have possible 

application in a wide range of electronic and power applications [31]. They could be used 

for power electronic and electrical power systems, telecommunications and even sensors. 

BMGs are of high interest for defense and aerospace. Because of their relatively 

high density and their high fracture toughness, they are seen as possible replacements for 

depleted uranium bullets as armor-piercing projectiles for tanks.  
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1.3 LASER ABLATION MICROPARTICLES  

The laser ablation of microparticle aerosol (LAMA) process was developed at the 

University of Texas at Austin [32].  It was used here to create the nanoparticles and get 

high cooling rate in the order of		10�� − 10�.	K	 ∙ min��. LAMA produces a nanoparticle 

aerosol via an aerosol of microparticles ablated by a laser pulse and then accelerates the 

nanoparticles to impact them onto the substrate to produce a film (Figure 1.4). 
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Figure 1.4: Overview of the ablation part of the LAMA process 
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1.3.1 Creation of nanoparticles 

The physics behind the formation of nanoparticles from microparticles hit by a 

laser pulse can be found in the literature [10]. With this process a microparticles are 

converted into nanoparticles by one of two ways, depending on if the fluence (energy per 

unit area) is above or below the plasma breakdown threshold. The former depends on 

various factors including the size of the particle, the complex refractive index at the laser 

wavelength and bond strengths of the particle material. If the fluence is below the 

breakdown threshold then the heat from the laser pulse diffuses through the whole 

particle which starts to evaporate and then condenses back into nanoparticles. However, 

if the fluence is above the plasma breakdown threshold a shock wave is launched from 

the impact point and propagating through the particle. As this traveling wave moves 

through the microparticle, it compresses and heats mass above the critical point [33-34]. 

Nanoparticles are condensed in the rarefaction behind the shockwave. 



 13 

 

 

(a) Microparticle being hit by a laser pulse (in red) 

 

 

(b) Shockwave formation 

 

 

(c) Condensation into nanoparticles 

Figure 1.5: Steps of the laser ablation of a microparticle leading to the formation of 
nanoparticles. 



 14 

The created nanoparticles are positively charged because of thermionic emission 

and photo-ionization phenomena as the laser pulse length is much longer than the time 

needed for the ablated microparticles to condense into nanoparticles [35]. Until these 

nanoparticles recombine with electrons from the surrounding atmosphere, they stay 

charged positively and furthermore Coulomb repulsion prevents agglomeration by mutual 

repulsion. 

The LAMA process is able to produce single crystal nanoparticles, without any 

dislocations. It has been shown that dislocations are not stable in very small nanoparticles 

as any dislocations that form immediately migrate to the surface of the nanoparticle [36] 

where they are eliminated.  The LAMA process can produce nanoparticles as small as 1 

nm and as large as 40 nm [37]. 

 



 15 

 

 

Figure 1.6: TEM micrographs of nanoparticles produced by LAMA. Reprinted 
from [38] 

 

1.3.2 High Cooling Rate 

The principal factor in the metallic glass forming process is having a high cooling 

rate. As seen earlier, right after the nanoparticles are produced, they are charged and form 

ions and electrons which are very hot, more than 40,000 K according to simulations [36]. 
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Because of momentum transfer with the cool surrounding atmosphere the electron 

temperature decreases to reach room temperature. This process takes under 100 ns. For 

the ions the cooling is even faster as the transfer of momentum is even more efficient for 

ions than for electrons [39-40]. A simplistic calculation gives a cooling rate 

around	10�� −	10�.	8 ∙ ?��.  Thus, it is very likely that amorphous metals can be 

produced via the LAMA process.
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Chapter 2:  Experimental Procedure 

 

This chapter describes the experimental procedure and the equipment used to 

produce the nanoparticles used in the present work. Section 2.1 gives an overview of the 

experiment and what each device is used for. Section 2.2 introduces the alloy chosen and 

some of its characteristics, Sections 2.3 2.4 and 2.5 describe how the microparticle 

aerosol is generated and controlled. Section 2.6 presents the laser ablation and how 

nanoparticles are generated. Section 2.7 introduces the tools used to characterize the 

nanoparticles generated by this process. 

 

2.1 PREPARATION OF THE NANOPARTICLE AEROSOL  

A sketch of the experiment is shown in Figure 2.1. An input gas flow (Q ) is 

separated into two major flows, the outer flow (QABC) and the major aerosol flow (Q�). 

The first one (QABC) is used for keeping a laminar flow inside the ablation chamber 

(Section 2.6.3). The second one is again separated into two minor flows (Q�and Q.).	This 

first minor flow (Q�) is used to generate and carry the microparticles to the ablation 

chamber (Section 2.4). The second one (Q.) dilutes the microparticle aerosol, adjusting 

the aerosol density while maintaining the surrounding reducing atmosphere (Section 2.5).  

The first minor flow (Q�) is goes through a Collison nebulizer that creates 

micron-sized droplets. The composition of these droplets is the same as the solution put 

into the nebulizer. Once this wet aerosol is generated, the flow goes through a diffusion 

dryer that removes the water from the droplets, but the flow has to be reduced first to q� 

in order for the dryer to be more effective. The diffusion dryer can change the relative 

humidity from 80% to 22% [41]. The output flow is a relatively dry microparticle aerosol 
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that is diluted with the second flow (Q�). The resulting aerosol (Q,) goes through a size 

filtering device that depends on the density of the material, which is in this case around 

2.017 g	∙ cm�., a double virtual impactor, developed by Gleason et al.[38] that permits 

only microparticles with a radius in a 1.7-4.02 µm range to pass. The filtered aerosol then 

flows to the ablation chamber where microparticles are irradiated by the excimer laser 

and produce nanoparticles. Once again, the resulting aerosol is filtered by a virtual 

impactor that removes larger particles that have not been ablated. 

  

 

 

Figure 2.1: LAMA flow setup for the production of a nanoparticles aerosol in this 
work. 
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 Flow rate (sccm) Description 

Q  11,270 Input flow 

QEFG 5,770 Outer flow 

Q� 5,500 Feed preparation flow 

Q� 3,000 Microparticle generating flow 

Q. 2,500 Diluting flow 

q� 217 Reduced or dried flow (going through the diffusion dryer) 

Q, 2,717 Diluted flow 

QH 100 Center flow or feed aerosol 

qIJ 217 Minor filtered flow (first step of the virtual impactor) 

QIJ 2,300 Major filtered flow (second step of the virtual impactor) 

QKL 2,209 Nanoparticle flow (supersonically accelerated NP aerosol) 

Table 2.1: Flow rates used in this work 

 

2.2 ALLOY COMPOSITION  

The composition chosen for the alloy is		Zr��Al/Ni�� which is a previously 

explored composition [42]. According to the literature, shown in Table 2.2, this alloy has 

a glass transition temperature T� of 672.0 K, crystallization temperature TN of 707.6 K, 

with a melting point TO of 1188.5 K, and a reduced glass transition temperature TP�	of 

0.59. 
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Table 2.2: Common BMG alloys with their glass transition temperatures (QR), 
temperatures of crystallization (QS), melting points (QT) and glass 

transition temperatures (QUR) (reprinted from [42]) 
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2.3 NITRATE SOLUTION  

The main advantage of this over conventional powder feedstocks used in the 

LAMA process is that the microparticles are produced from a solution so, unlike powders 

where changing composition requires the synthesis of a new powder, here it is easy to 

change the alloy composition. The solution was made from zirconium nitrate, aluminum 

nitrate and nickel nitrate with a total concentration of 1 M. By creating microdroplets 

(Section 2.4) and then by drying them and size filtering them (Sections 2.5 and 2.6), the 

resulting microparticles have the same chemical composition as the starting solution, but 

without the water that was removed during the drying process (Section 2.5). This is a 

process that is quite easy to control. 

The solution used in the nebulizer plays a major role in the quality of the 

microparticles and subsequent to ablation, the nanoparticles. The choice of using nitrates 

in order to provide the solution with the chosen metals was made by considering their 

low danger, low toxicity, and their availability for most of the metals, and their high 

solubility in water. 

 

2.4 COLLISON NEBULIZER  

In order to produce the microparticle aerosol, the input gas flow goes through a 

Collison nebulizer [43] that was built by Kristofer Gleason [38]. This device supplies an 

aqueous feedstock material with the same composition as the solution used. A sketch of 

the Collison nebulizer is shown in Figure 2.2. The gas under pressure enters through the 

top input and flows through the tube and passes through a 350 µm nozzle. As the input 

gas flow is under pressure and the 350 µm orifice opens out to a reservoir at atmospheric 

pressure, liquid solution is drawn up from the reservoir, collides with the gas flow and 

becomes atomized. This generates a spray of particles with a range of sizes. The larger 
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particles, having higher inertia, impact the nebulizer wall and flow back to the bottom of 

the reservoir. The droplets with smaller inertia, i.e. the smallest ones, escape impaction 

and stay suspended in the surrounding gas until they are carried away by the gas flow to 

the output of the nebulizer. The radius of 90% of the droplets generated by the Collison 

nebulizer from May [43] were in the range 0.5 to 10 µm. The Collison nebulizer used for 

this experiment follows May’s design and has shown similar performance [38]. In order 

to run properly, the input flow rate must be at least 3,000 sccm, thus the output flow has 

to be reduced for laser ablation. 

 

 

Figure 2.2: Cross-sectional view of Collison nebulizer (Reprinted from [38]) 
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2.5 CONTROL OF THE MICROPARTICLE AEROSOL  

In order to maximize performance of the diffusion dryer, the flow coming out of 

the nebulizer is reduced to 217 sccm (q�). This is accomplished by a mass flow controller 

(MFC) regulating the subtracted flow. The dryer used for this experiment is a diffusion 

dryer Model 250 by Air Techniques International, Owing Mills, MD. It is designed so the 

water vapor from an aerosol diffuses radially to be absorbed by a desiccant. The dryer is 

a tube filled with silica gel on its outside so the aerosol can flow up the center and be 

dried without any contact. The microparticles entrained in the aerosol thus go straight 

through the dryer without being in contact with anything so it does not remove anything 

but water. 

 Once dried by the diffusion dryer, this flow (q�) and the pure gas flow (Q.) are 

mixed together. By doing this, each microparticle is surrounded by more reducing gas 

(helium with 3.9% hydrogen) that prevents the oxidation of the alloy during the ablation. 

It also allows control of the density of microparticles in the aerosol because the virtual 

impactor can be overwhelmed by a high density of microparticles [44]. The pure gas flow 

(Q.) is also controlled by a mass flow controller. By changing the flow going through 

this mass flow controller, the dilution factor can be controlled. For a constant major 

aerosol flow (Q�) and if the pure gas flow (Q.) is increased, the flow generating the 

microparticles (Q�) will be reduced, and the mix will contain fewer microparticles, thus 

changing the aerosol density. The resulting flow can be adjusted so that the virtual 

impactor can correctly size filter the microparticles. 
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2.6 LASER ABLATION AND FILTERING  

2.6.1 Flows 

The LAMA apparatus requires a maximum input flow rate of 200 sccm to achieve 

a single ablation for each microparticle (Section 2.6.4). However, the input flow rate used 

for this experiment is either 200 sccm or 100 sccm, which means that each microparticle 

is ablated twice (Section 2.6.4).  

 

2.6.2 Laser Properties and Optical Setup 

The laser used for the ablation of microparticles is a Lumonics KrF excimer laser 

(model PM-848) that uses a mixture of KrF, Ne and He gases. It generates pulses with a 

wavelength of λ= 248 nm at a maximum repetition rate of 200 Hz with each pulse lasting 

around 12 ns and an energy adjustable from 200 to 350 mJ. The laser spot size at the 

ablation zone has been measured by Kristofer Gleason and is around 0.05 cm² [38], 

producing a fluence of 3.5 J/cm². 

The laser output beam is focused to form a spot able to hit the microparticle 

aerosol. The ablation spot is 1.5 mm wide by 4.0 mm tall. The shape of the beam is 

modified using a set of cylindrical lenses and a mirror. A sketch of the optical 

configuration is shown in Figures 2.3.a and 2.3.b. 

In order to shape the beam to the required spot size, two cylindrical lenses are 

used. The first one adjusts the vertical focus and has a focal length of F� = 110 cm. The 

second one adjusts the horizontal focus and has a focal length of F� = 15 cm. The 

ablation zone is located a bit out of focus for both lenses so the ablation spot is 1.5 mm 

wide and 4 mm tall. 
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Figure 2.3.a: Perspective view of the optics setup for focusing the excimer laser on 
the ablation spot 
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Figure 2.3.b: Top view of the optical setup for focusing the excimer laser on the 
ablation spot 
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2.6.3 Ablation chamber 

The center flow gas velocity is typically calculated so each particle is exposed to 

the laser once and only once for a single ablation: 

QHWXGWP = AHWXGWP	 ∙ h ∙ f (2.1) 

where A:4ZC4[ is the cross-sectional area of the feeding nozzle, h is the height of the 

ablation spot and f is the repetition rate of the laser (200 Hz). 

 

In order to have a laminar flow at the ablation spot, the center flow (Q:4ZC4[) has to be 

surrounded by an outer flow (QABC4[) at the same velocity: 

 

QEFGWP = 	QHWXGWP ∙ \]^_`ab]cad`ab
− 1e (2.2) 

 

where AABC4[ is the cross-sectional area of the outer flow. 

 

2.6.4 Single and double ablation 

 During ablation, the flows can be set up for a single or double ablation (or even 

multiple ablations). In order to have a double ablation, the center flow has to be divided 

by 2. As seen earlier in the case of a single ablation, each particle is hit only once by the 

laser. The flow is then lower than for double or multiple ablations which means that the 

amount of material is also lower.  For a double ablation, the amount of nanoparticles 

produced is less but the advantage to double ablation is that it prevents a shadowing 

effect, which can occur in the case of a high aerosol density when particles near the front 

of the cell shadow particles further back from the laser and therefore are not ablated. 

Double ablation therefore assures a higher probability that each particle is hit at least 

once by the laser. Secondly the flows in this experiment are controlled by mass flow 
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controllers that have a finite response time, so the flows can have some variations. A 

double ablation assures that even if the feed flow experiences perturbations, the 

microparticles are still ablated. The last point occurs in the case of a feed flow containing 

a wet aerosol which can occur even when the aerosol is dried by a diffusion dryer. The 

first pulse of the laser can remove the water remaining in the particle which produces a 

dry particle which can then be ablated by the second pulse of the laser. In the case of a 

double ablation, the second ablation does not significantly modify the nanoparticles 

already created by the first ablation [45]. 
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Figure 2.4: Cross-sectional view of the ablation chamber, skimmer and virtual 
impactor with flows indicated (Reprinted from [38]) 

 

2.6.5 Nanoparticle size filtering 

After the ablation, the outer flow QABC4[ 	is rejected and goes to the fume hood 

(Figure 2.4). The ablated aerosol Q:4ZC4[ is collected by a skimmer. This flow consists of 

a mix of nanoparticles and microparticles that have not been ablated. It then goes into a 

virtual impactor, which acts as an aerodynamic low-pass size filter with a cutoff size of 
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1100 nm in order to remove the unablated microparticles. The smaller particles, 

nanoparticles and eventually nanoparticle agglomerates, are directed to the collection 

chamber. 

 

2.6.6 Collection Chamber and Acceleration of Nanoparticles 

Once the microparticles in the feed aerosol have been ablated and the ablated flow 

has been filtered, the nanoparticles in the resulting aerosol are accelerated via a pressure 

differential. The particles pass through a flat-plate nozzle with a 250 µm orifice. From an 

atmospheric pressure upstream of the nozzle, the nanoparticles go to the vacuum chamber 

that is pumped to 200 mTorr. 

It has been shown that Ag nanoparticles with a mean size of 5 nm produced with 

this process reach a velocity of ~1000 m/s [46].  Because of the molecular mass 

difference between silver and the alloy used in this experiment, it can be determined that 

the 5 nm nanoparticles would reach a velocity of ~1400 m/s. 

 

2.7 CHARACTERIZATION OF AMORPHOUS METALLIC NANOPARTICLES  

The question of characterization in this experiment is crucial because it is desired 

that the produced nanoparticles are amorphous and show no sign of oxidation [38].  

 

2.7.1 Characterization of the microparticle 

The characterization of the microparticle feedstock is a crucial step as it 

determines the nanoparticle composition. It has to be prepared in such way so that the 

ablation is conducted well and gives the expected results. 
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2.7.1.1 Optical profilometry 

The optical profilometer used to characterize the microparticles flow is a Zeta-20 

True Color 3D Optical Profiler by Zeta Instruments, San Jose, CA. It has been use to 

determine the characteristic size of the microparticles in the feed aerosol and to a lesser 

extent the wetness of the particles before their ablation. 

To give a 3D representation of the sample the user has to adjust the objective lens 

to focus first on the lowest point of the sample and then on the highest one. The 

profilometer then scans the sample adjusting the focus from theses two extreme points 

and gives a 3D profile of the sample. The highest magnification possible with this 

instrument is 100x and it can measure the profile of a sample with a precision of at least 

0.5 µm. 

The size characterization of the microparticles in the feed aerosol was determined 

by scanning the sample of microparticles and measuring their radii and heights. The size 

distribution of the particles was characterized by taking images of the sample and 

analyzing them with the software ImageJ [47] and computing the data with Microsoft 

Excel 2007 SP3. 

The wetness of the microparticle aerosol was determined by the ratio between the 

height and the diameter of the particles. If a particle is dry then the ratio should be around 

one, if it is wet or viscous then it is less than one.  As the microparticles are made from a 

nitrate solution, the results can be optically translucent. As the profilometer uses a 

focusing technique in order to determine the particle profile, each droplet can act as a lens 

if it translucent which causes the profilometer to focus incorrectly on the back of the 

particle. In order to solve this problem, the sample was coated by sputtering with a very 

thin layer (few nanometers) of gold so the sample was not transparent and the 

profilometer was able to work properly. 
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2.7.1.2 Scanning Electron Microscopy 

A scanning electron microscope (SEM) equipped energy-dispersive x-ray 

spectroscopy (EDS) was used in order to characterize the chemical composition of the 

microparticles in the feeding flow. The instrument was a JSM-5610, JEOL, Ltd. Tokyo, 

Japan. The main use of the EDS analysis was to know if the composition of the alloy 

corresponded to the composition of the alloy targeted and to know how much oxygen was 

incorporated in the sample in order to have an idea of the oxidation state of the alloy. 

 

2.7.2 Characterization of the Nanoparticles 

The characterization of the nanoparticles produced by this work was a two step 

process. Firstly, the composition of the material was checked and particularly the amount 

of oxygen contained, as it revealed if the material was oxidized or not. Secondly, the 

structure of the material produced was verified to determine if it was crystalline. 

 

2.7.2.1 Optical Profilometry and Scanning Electron Microscopy 

The instruments used for nanoparticle characterization are the same ones used for 

the microparticle characterization, optical profilometry and scanning electron 

microscopy.  In addition, transmission electron microscopy was employed. 

 

2.7.2.2 Transmission Electron Microscopy 

A JEOL 2010F Transmission Electron Microscope (TEM) was used in order to 

characterize the size of the nanoparticles produced by the process developed in this work. 
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Energy-dispersive x-ray spectroscopy (EDS) mounted on the TEM was used to 

characterize the composition of the produced material in order to check the amount of 

oxygen contained and the ratios of the metal elements. The TEM was used for the 

characterization of the structure of the material produced by using electron diffraction 

and nanobeam diffraction. The TEM for this work was operated by Ji-Ping Zhou.
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Chapter 3: Microparticle feed aerosol 

 

In order to insure that the ablation occurred as expected, the microparticle aerosol 

was adjusted to fit the best ablation conditions. Apart from the laser parameters, the main 

parameters that were tuned were the ones defining the feed aerosol, so the microparticle 

aerosol also had to be characterized. 

 

3.1 M ICROPARTICLE COLLECTION  

The microparticles from the feeding aerosol were collected directly from the 

experiment right after the double virtual impactor, i.e. right before the flow enters the 

ablation chamber. They were collected on different kinds of substrates depending on the 

tools used to characterize them and the kind of parameters that were measured. 

 

3.2 M ICROPARTICLE SIZE CHARACTERIZATION  

3.2.1 Procedure and results 

In order to characterize the size distribution of the microparticles in the feed 

aerosol, particles coming out of the double virtual impactor were deposited on silicon. 

Silicon wafers were selected because the surface is very flat and it is very reflective, 

which gives a good contrast for the optical profilometer. 

Pictures of the sample were taken with the optical profilometer at a magnification 

of 100× as shown in Figure 3.1. It can be seen that the particle diameter varies from 0.1 

µm for the smallest ones to 3 µm for the largest. 

 



 

Figure 3.1: Micropart

 

3.2.2 Analysis 

In order to identify and measure the size of each particle

(version 1.46r) was used.

analyzed with Microsoft Office Excel 2007

size into bins with a size 

normal distribution. The parameters 

= 0.875. These parameters were 

univariate distributions method using the free software R
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Micropart icles from the feeding aerosol deposited on
observed with an optical profilometer

dentify and measure the size of each particle, the software ImageJ

. 726 particles were identified on Figure 3.1. The data were 

analyzed with Microsoft Office Excel 2007, which was used to classif

 of 0.1µm. The size distribution was observed to 

normal distribution. The parameters obtained for this distribution were 

These parameters were obtained using the maximum-likelihood fitting of 

univariate distributions method using the free software R [48]. 

 

icles from the feeding aerosol deposited onto silicon and 
profilometer  

the software ImageJ 

e 3.1. The data were 

classify the particles by 

was observed to follow a log-

bution were µ = −	0.890 and σ 

likelihood fitting of 
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FN(x; μ, σ) = 	 �
N∙j∙√�∙l ∙ m

�		(nd op	q)
r

r∙sr 	, x > 0	 (3.1) 

 

 

 

Figure 3.2: Size distribution of the feeding aerosol (blue) and its lognormal fitting 
(red) 

 

3.2.3 Discussion 

The smallest particles that the optical profilometer can detect have a size of 

1	pixel ∙ 1	pixel which is equivalent at this magnification to a diameter of 0.083 µm 

which is rounded to 0.1 µm in the calculations. As the distribution is lognormal, with the 

parameter of µ and σ, there is expected to be a maximum at 0 µm. 
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3.3 M ICROPARTICLE COMPOSITION CHARACTERIZATION  

3.3.1 Procedure and Results 

In order to characterize the microparticle chemical composition, which is in 

principle the same as the one used in the nitrate solution, some microparticles from the 

feeding aerosol were deposited on carbon tape and analyzed using SEM/EDS. Carbon 

tape was selected because it is a conductive substrate, which is an essential condition in 

order to use the SEM. Also the EDS peaks of carbon are separate from the metals used so 

they do not interfere with the measurement of the metal compositions. The Kα peak for 

carbon is at 277 eV. 

The composition of the nitrates in the solution corresponded to	Zr��Al/Ni��, as 

reported for a metal glass in [42]. As shown in Table 3.1, the weight percentage obtained 

with the EDS is very similar to the theoretical values. The EDS analysis also detected 

carbon and oxygen (Figure 3.3 and Table 3.2). The carbon peak comes from the substrate 

used as the microparticles were deposited onto carbon tape. However, there was no 

noticeable peak at 0.392 keV, which is the Kα peak of nitrogen (Figure 3.3). Recall that 

at this stage of the experiment, right after the virtual impactor and before the ablation 

chamber, the microparticles have not been ablated and thus should be dried nitrates. 

 
Element Weight % Atomic  Theoretical 

Weight % 
         

Al 13.84 32.81 8.00 

Ni 17.44 19.00 26.00 

Zr 68.72 48.18 66.00 

Table 3.1: EDS analysis of the feeding aerosol selecting only the considered metals. 
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Element Weight (au) Atomic (au) 
   
C 8.38 15.39 
O 51.30 70.73 
Al 5.56 4.55 
Ni 6.89 5.59 
Zr 27.88 6.74 

Table 3.2: EDS analysis of the feeding aerosol considering all the elements found. 

 

 

Figure 3.3: EDS spectrum of the feeding aerosol 
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Element Weight (au) Atomic (au) Metals 
Weight % 

Theoretical 
Weight % 

     
C 8.38 15.39   
O 51.30 70.73   
Al 5.56 4.55 13.79 8.00 
Ni 6.89 5.59 17.08 26.00 
Zr 27.88 6.74 69.13 66.00 

Table 3.3: EDS analysis of the feeding aerosol considering the metals constituting 
the alloy. 

 

3.3.2 Discussion 

Several factors, which are discussed later in this section, such as the limits of EDS 

detection for light elements and contamination by surrounding atmosphere, can interfere 

with these results. Nevertheless, the metal composition is fairly close to the one expected 

(Table 3.3), which means that as expected the process and the equipment do not modify 

the composition of the solution. 

 

3.3.2.1 EDS for light elements 

Quantitative EDS analysis has some limitations for light elements (Z < 11: Na). H 

and He do not have any characteristic x-rays because their electrons fill only the K shell. 

Li x-rays have energy too low to be detected. For elements from Be to F, the valence 

electrons are involved in chemical bonds, and the electrons responsible for x-rays are the 

same – from the L shell – so the peaks can be shifted or lowered by the chemical bonds 

and quantitative analysis can be difficult. For the case of carbon, nitrogen and oxygen, 

the quantitative analysis therefore may not be accurate. 
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3.3.2.2 Contamination by surrounding atmosphere 

In the experiment, the microparticles contained in the feed aerosol were directly 

ablated by the laser right after passing through the virtual impactor. By the time the 

sample microparticles were analyzed, the sample had time to become contaminated by 

the surrounding atmosphere containing oxygen, nitrogen, and water vapor. As zirconium 

nitrate is very hydrophilic it could attract water in the sample and by doing so bring more 

oxygen than expected. 

 

3.3.2.3 Zirconium nitrate hydrate 

While preparing the solution to put into the nebulizer the mix contains zirconium 

nitrate which is hydrophilic. The amount of water contained is not well known so when 

weighing for mixing, the absolute quantity of zirconium nitrate is not perfectly known. 

The formula for zirconium nitrate is ZrO(NO.)� ∙ xH�O and in this case x has been 

measured by Thermogravimetric analysis (TGA) and determined to be 5. However, errors 

in determining x can modify the composition of the solution and therefore the 

composition of the microparticles in the feeding aerosol. 

 

3.4 M ICROPARTICLES WETNESS CHARACTERIZATION  

3.4.1 Procedure and results 

The microparticle wetness can be a factor influencing how well the ablation 

occurs and it therefore must be studied and characterized.  
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Figure 3.4: Profile of a microparticle from the feeding aerosol by optical 
profilometry 

 

The first way of characterizing how wet the microparticles are was to use the 

profilometer and compare the ratio between the height of a microparticle and its diameter. 

As seen in Figure 3.1, the microparticles collected from the feeding flow are transparent, 

and, as the profilometer utilizes the focus to determine position, the samples therefore 

had to be gold coated in order for the profile to be measured. 

 It is clear that the height-to-diameter ratio of the particle shown in Figure 3.4 is 

about 1 to 6 as the height of the particle is less than 1 µm and its diameter is about 6 µm. 

For smaller particles the ratio is hard to determine because of the irregularities of the 

particle and the irregularities of the sample itself (Figure 3.5 and 3.6). 
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Figure 3.5: Profile of a 2 µm microparticle from the feeding aerosol obtained by 
optical profilometry 

 

 

 

Figure 3.6: Optical micrograph of 2 µm microparticles from the feeding aerosol 
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The second way of determining the wetness of the microparticles was to observe 

them with the SEM. Two microparticles of different sizes already characterized by EDS 

(shown not to contain significant contamination) were imaged with an SEM as shown in 

Figure 3.7. 

 

 

Figure 3.7: SEM micrographs of unablated microparticles 

 

The microparticle shown on the left in Figure 3.7 has a diameter of around 10 µm. 

The particle looks very spherical except some cracks at the surface visible near the left. 

The microparticle shown on the left is 47 µm long and 26 µm wide. The interface 

between the microparticle and the substrate at the lower right and upper left has the 

appearance very similar to surface wetting by a water droplet. Note that the circle seen in 

the middle of the second microparticle is damage from EDS. Thus, we can conclude 

based on the SEM observations that the largest particles tend to have contain more water. 

This is reasonable because during the drying process the water contained in the smallest 

particles is more easily removed by the diffusion dryer than for the larger ones. 
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3.4.2 Discussion 

In this experiment, the wetness of the feed aerosol has been determined by 

qualitative observations. Also one has to keep in mind that when collected on a substrate, 

the microparticles are exposed to the surrounding air and can attract water. Zirconium 

nitrate is very hydrophilic since the Zr�w = O bond is very polar, and so it attracts water. 

By the time the sample is characterized by any tool, the chemical compounds have time 

to react with the surrounding air and attract or repel water. Thus, over time, the 

composition can change. 

 

3.4 CONCLUSIONS 

 

In order to characterize the microparticles, three factors have to be taken into 

consideration. The first one is the size of these microparticles. The lognormal distribution 

has a standard deviation large enough so the microparticles entering the ablation chamber 

have a wide enough range of sizes so the ablation can occur efficiently for the majority of 

the microparticles. The second one is the microparticle composition. Even though the 

composition analyzed with the EDS was not exactly the one calculated theoretically it 

was close enough so the material obtained after ablation and deposition should produce 

an amorphous metal. The third one is the microparticle wetness. Even if some particles 

seem very wet, the smallest ones, which are of interest in our case, appear dry enough to 

be ablated successfully. 
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Chapter 4: Nanoparticulate Films 

4.1 MATERIAL QUALITATIVE OBSERVATIONS  

4.1.1 Procedure and Results 

 
This characterization was based on optical observations of the sample using the 

optical profilometer.  A first look showed that the films consisted of black material that 

reflects light and appears shiny (Figure 4.1).  However, if defocused, the sample showed 

some areas which appeared to be translucent, as the gold TEM grid can be seen 

underneath it. 

 

 

Figure 4.1: Optical micrograph of a sample on a gold TEM grid 

 

The profile (Figure 4.2) obtained with the profilometer shows that the sample has a 

height of around 60 µm which is the typical size of a deposition with this process [44]. 
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The sample looks solid, without a hollow center and was not greenish color, which would 

been indication that it had not ablated. 

 

 

Figure 4.2: Profile of a sample on a gold TEM grid 

4.1.2 Discussion 

Although the optical analysis did not give conclusive results, there were some 

useful information obtained from the appearance of the films. The black color, shiny, and 

high reflectivity are all consistent with what would be found from an amorphous metal.   

The other point that can be noticed is that there is no particular color other than black. 

The initial solution, in the nebulizer, which produces the microdroplets that form the 

microparticles in the feed aerosol, is transparent with some tint of green. The powders 

used for making this solution are white (zirconium nitrate and aluminum nitrate) and 

green (nickel nitrate). The optical analysis shows that there is apparently no sign of the 
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original nitrate solution, so the microparticles contained in the feed aerosol have 

apparently all been ablated or filtered out by the virtual impactor. 

 

4.2 TRANSMISSION ELECTRON M ICROSCOPY ANALYSIS  

The TEM is the key tool in this analysis firstly, because with its very high 

resolution and magnification, it is possible to view the nanostructure of the sample 

(Section 4.2.1). Secondly, because it is possible to discern the elemental composition of 

the sample over very small areas. More specifically, in this case, the amount of oxygen 

and the alloy composition (Section 4.2.2) can both be determined. Thirdly, it is useful 

because it is possible to determine if the sample is amorphous or not by viewing the 

diffraction pattern and to do this with different scale using nanobeam diffraction (Section 

4.2.3). 

 

4.2.1 Microscopy 

4.2.1.1 Results 

An overview of the TEM micrographs shows that there is contrast between light 

areas at the edges and dark areas farther from the edges (Figure 4.5). Also this 

differentiation tends to be true over the whole sample. Some dark spots are visible in the 

light areas and some light spots are visbile in the dark regions.  The nanoparticulate 

nature of the films is readily apparent in the light areas and were features with a diameter 

of around 5 nm (Figure 4.6) can be observed. This is the typical size of the nanoparticles 

produced with the LAMA process. 
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4.2.1.2 Discussion 

The differences in contrast from one area to another likely result from differences 

in the thickness of the sample in different regions. However, it is also possible that this 

contrast could arise due to differences in composition or structure. 

The correlation between the feature size in the film and the average size of the 

nanoparticles produced previously by the LAMA process is an indication that the ablation 

went well. This also shows that the microparticles were sufficiently dry when reaching 

the ablation chamber and that the fluence of the laser was high enough so the material 

reached its plasma breakdown threshold. 

 

 

Figure 4.3: TEM micrograph of the sample showing light and dark areas 
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Figure 4.4: TEM micrograph of a sample, showing the average size of the 
nanoparticles that make up the film 

 

4.2.2 Material Composition Characterization 

The composition characterization is crucial in this work as it gives information on 

two main points. Firstly it can give the approximate amount of oxygen contained in the 

sample and thus indicate the approximate degree of oxidation. Secondly it can determine 

how closely the composition of the alloy matched the composition of the solution used in 

the nebulizer. 

4.2.2.1 Results 

The composition characterization was conducted via EDS using the TEM with 

and without nanobeam. As observed earlier, the sample shows some light and dark areas; 

the composition of the sample has been studied in a selection of these regions. 
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First, it can be seen that dark areas have a much lower concentration of oxygen 

compared to light areas. Light areas consisted of 62% (atomic %) oxygen, whereas dark 

areas had an oxygen concentration varying from 16% to 36% (atomic %). Comparing the 

ratio of metal atoms, the light areas and dark areas once again show differences in 

behavior. Dark areas tended to have a uniform composition of metals, but light areas 

exhibited more variability in concentration of nickel and aluminum. 

 

 

Figure 4.5: Spectrum of the sample in a dark area obtained by EDS analysis 
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Figure 4.6: Spectrum of the sample in a light area obtained by EDS analysis 

 

4.2.2.2 Analysis 

For two of the spots studied (one in a light area and one in a dark area), the ratio 

between the amount of oxygen and the theoretical amount of oxygen in the case of a full 

oxidation of the metal atoms has been calculated.  For these calculations it was assumed 

that the corresponding oxides for each metal were ZrO� for zirconium, Al�O. for 

aluminum and NiO for nickel. 

 



 52 

Element Weight % Atomic % Atomic oxygen quantity if 
fully oxidized (au) 

    
O 3.81 16.47  
Au 5.33 1.87  
Al 2.90 7.44 11.16 
Ni 17.71 20.88 20.88 
Zr 70.26 53.34 106.68 
    

Totals 100.00 100.00 138.72 

Table 4.1: EDS of the sample in a dark area with analysis of the oxygen content 

 
Element Weight % Atomic % Atomic oxygen quantity if 

fully oxidized (au) 

    
O 24.46 62.16  
Au 4.83 2.60  
Al 1.18 8.02 12.03 
Ni 1.09 4.30 4.30 
Zr 4.67 22.92 45.84 
    

Totals 100.00 100.00 62.17 

Table 4.2: EDS of the sample in a light area with analysis of the oxygen content 

The concentration of oxygen if the film had fully oxidized was calculated by 

multiplying the atomic percentage of the considered element by the ratio of oxygen atoms 

for each atom of the corresponding metal in their respective oxide: 2 for zirconium, 1 for 

nickel, and 3/2 for aluminum.  Based on these calculations which are shown in Table 4.1 

for a dark area, it can be determined that with 16.5% (atomic ratio) of oxygen the sample 

is at 16.47 / 138.72 = 12% of its full oxidation. On the other hand for the spot studied in a 

light area that is shown in Table 4.2, the sample appears to be fully oxidized. 
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 For the distribution of metal atoms, it can clearly be seen that the composition 

does not vary much in dark areas but for light areas the amount of zirconium is higher 

than for dark areas and the percentages of nickel and aluminum vary considerably from 

one spot to another.  

 
Element Weight % 

(metals only) 
in spot 1 

Weight % 
(metals only) 

in spot 2 

Weight % 
(metals only) 

in spot 3 

Theoretical 
Weight % 

(metals only) 
Al 5.29 4.51 3.19 8.00 
Ni 19.07 19.78 19.49 26.00 
Zr 75.64 75.71 77.32 66.00 
     

Totals 100.00 100.00 100.00 100.00 

Table 4.3: EDS of the sample in a dark area, in different locations, focusing on the 
metal compositions 

 
Element Weight % 

(metals only) 
in spot 1 

Weight % 
(metals only) 

in spot 2 

Weight % 
(metals only) 

in spot 3 

Theoretical 
Weight % 

(metals only) 
Al 5.76 9.19 8.46 8.00 
Ni 6.81 3.38 9.87 26.00 
Zr 87.43 87.43 81.67 66.00 
     

Totals 100.00 100.00 100.00 100.00 

Table 4.4: EDS of the sample in a light area, in different locations, focusing on the 
metal compositions 
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4.2.2.3 Discussion 

For the oxygen concentration it can hypothesize based on the TEM/EDS results 

that light areas are fully oxidized whereas dark areas are partially oxidized with a degree 

of oxidation that varies from one spot to another. Comparing the concentrations of metal 

atoms, it can be deduced that in dark areas the ratios of metals are more or less the same 

in each spot. Whereas, within light areas, the amount of nickel and aluminum can change 

considerably from one spot to another and it is notably lower than their concentration in 

dark areas. On the other hand, the amount of zirconium is consistently higher in the light 

areas than in the dark areas. 

 

4.2.3 Material Crystal/amorphous Structure Characterization 

The difficulty in the structure characterization of this material is that the 

conventional techniques used to determine if an alloy is amorphous or not, such as x-ray 

diffraction, cannot be used in this work because the sample is very small, around 350 µm 

by 200 µm. The two ways used in this work are the TEM contrast change by tilting the 

sample and electron diffraction pattern, to see if there any crystallization in the area that 

was observed. 

4.2.3.1 Contrast Changes 

 The first qualitative observation was made by looking at the sample with the TEM 

and checking for any change in contrast while tilting the sample. No noticeable change of 

contrast occurred while tilting the sample from 0° up to 20°. 
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4.2.3.2 Electron diffraction patterns 

 The electron diffraction patterns of different areas on the sample were analyzed 

within light and dark areas. When a light area was studied, the diffraction pattern gave no 

rings or spots (Figure 4.9), but when a dark area was focused on, then some rings and 

bright spots were observed (Figure 4.10). 

 

 

Figure 4.7: Diffraction pattern in light area 
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Figure 4.8: Diffraction pattern in dark area 

 

 

 Although this could be interpreted that light areas are amorphous and dark areas 

are not, the diffraction patterns using nanobeam diffraction give conflicting results. With 

a beam size of 0.8 nm, both light and dark areas gave a diffraction pattern with bright 

spots and circles (Figure 4.11 and Figure 4.12). Thus it appears that the sample is at least 

partially crystalline in both regions. 
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Figure 4.9: Diffraction pattern of a spot in a light area using nanobeam diffraction 

 

Figure 4.10: Diffraction pattern of a spot in a dark area using nanobeam diffraction 
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It can be deduced from the diffraction pattern analysis that the sample likely 

contains some crystallinity. However, the absence of contrast change and the absence of 

any noticeable spots or circle in the larger beam diffraction pattern in the light area 

suggest that the sample is largely amorphous with a small fraction of very small 

embedded crystals. The question remains how much of the sample is crystalline and how 

much of it is amorphous. 
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Chapter 5: Discussion 

 

5.1 INTERPRETATION AND HYPOTHESIS  

The experimental results taken in isolation are not definitive and thus allow 

several possible interpretations. Nevertheless based on the literature and combining all 

the results obtained in this work, a hypothesis can be formulated about what the sample 

contains and why. The light and dark areas identified in the TEM analysis are most likely 

due to difference in thickness of the sample. As noticed earlier, the light areas are located 

at the edge of the sample and the dark ones are more centered near the edge of the gold 

TEM grid which is expected in the contrast differences result from thickness variations. 

Based on this assumption and considering that the LAMA process produces nanoparticle 

of around 5 nm, that have also been identified separately with the TEM, it can be deduced 

that the sample consists of different layers of nanoparticles, one on top of the other, as 

shown schematically in Figure 5.1. 
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Figure 5.1: Hypothesis of the nanoparticle arrangement in the samples observed in 
TEM 

This would explain the difference between light and dark areas and why they appear to be 

directly proportional to the thickness. A nanoparticle located above a monolayer of 

nanoparticles would give a darker spot in a light area and a hole in a region where the 

material consists of multiple layers would give a lighter spot in a dark area.   

Song found that, for amorphous Ni-Zr alloys, exposure to oxygen leads to the 

segregation of Zr to the surface and the formation of its oxide, ZrO� [49]. By considering 

the hypothesis introduced earlier and also considering this segregation and oxidation, we 

can further hypothesize about the state of oxidation on the surface layers of nanoparticles 

of the sample (Figure 5.2). In the case of light areas containing only one or very few 

layers of nanoparticles, we would expect total oxidation. Darker areas would be expected 

to exhibit only partial oxidation, depending on how many layers of nanoparticles were 

present. 

The TEM analysis revealed full oxidation of the light areas and a partial oxidation 

of the darker areas, which agrees with our hypothesis. Moreover Song states that the 
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exposure to oxygen also resulted in the segregation of zirconium to the surface [49]. As 

the EDS analysis revealed, the concentration of zirconium is in general higher in the light 

areas than in dark ones. 

 

 

Figure 5.2: Hypothesis of the nanoparticle arrangement including oxidation  

This hypothesis (Figure 5.2) would also explain why the sample shows at least 

partial crystallinity since the oxide is may not be completely amorphous. It can also be 

hypothesized that the tilting did not show any change in contrast because the crystallinity 

of the oxide occurred at a nanoscale. This would also explain why only the nanobeam 

diffraction (with a beam size of 0.8 nm) detected the crystallinity. Since the oxidation 

occurred because of the exposure to oxygen in the atmosphere, the reaction happened 

slowly and resulted in very small grains of crystalline oxide; whereas if the crystallization 

occurred at much higher concentration of oxygen and higher temperatures, the kinetics of 

the reaction would lead to larger grains that could be detected by diffraction. 
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The hypothesis suggests that the oxidation occurs after the deposition of the 

nanoparticles on the substrate and not during the process as the sample is not entirely 

oxidized. Moreover, it can be deduced that the layer of oxidized material protects the rest 

of the sample. In the case of a few microns thick sample, the quantity of oxidized 

material would be negligible. Also if the sample were fully oxidized, with ~63% oxygen 

(atomic %) at the surface, this would mean that in the spots where the concentration of 

oxygen has been measured to be around 16.5 % (atomic %), the sample would be around 

8 times thicker than the oxidation depth due to the volume change upon oxidation. 

This hypothesis does not prove that the non-oxidized nanoparticles contained 

inside the material are or were amorphous metals. Nevertheless, it explains almost all of 

the observations from the different analysis based on this hypothesis derived from 

previous work with amorphous metals. 

 

5.2 DIFFICULTY IN CHARACTERIZING AMORPHOUS METALS  

 In this work, because of the relatively small size of the sample, conventional x-ray 

diffraction usually used to confirm that a metal is amorphous, could not be used. Thus, 

the TEM-based diffraction pattern was used as an alternative. For the studies reported in 

this thesis, the results are difficult to interpret. The main difficulty comes from the 

oxidation of the sample. It is possible that the sample consists of amorphous metal but, 

because of the thickness of surface oxide, this cannot be definitively shown. Also, the 

sample could be nanoporous, which would permit oxidation of the sample in a much 

deeper area than if the film were dense.



 63 

Chapter 6: Conclusions and Recommendations for Future Work 

 

6.1 CONCLUSIONS 

The work described in this thesis shows a new technique that aims at the 

production of nanoparticles of amorphous metal based on an aqueous solution of nitrates. 

Using a Collison nebulizer to create microparticles, the aerosol was dried and diluted to 

form an aerosol containing dried microparticles. This feed aerosol was then ablated in a 

reducing atmosphere containing helium and 4% of hydrogen in order to prevent the 

oxidation of the nanoparticles. The deposited nanoparticulate material was analyzed by 

optical profilometry, SEM/EDS, and TEM/EDS. 

The results lead to the formulation of a hypothesis that the sample was oxidized 

by the surrounding atmosphere after deposition and that the oxidation led to segregation 

of zirconium to the surface. The experimental results obtained from TEM/EDS were 

consistent with the hypothesis. It showed that the surface of the material had been fully 

oxidized.  The experimental results were also consistent with the hypothesis that 

amorphous metal was present away from the films surface in regions where the film was 

thicker than the oxidation thickness. 

 

6.2 FUTURE WORK  

In order to have a full proof of the presence of amorphous metal in the core of the 

material, two main ideas are suggested. 
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The first one is to make a much thicker and larger deposition of material, such as 

a thick film, in order to use conventional techniques such as x-ray diffraction to 

characterize the amorphous structure of this material. In this case, x-ray photoelectron 

spectroscopy could also be used if the thickness of the oxidized layer is known.  Testing 

the unique properties of amorphous metal can also be an indirect way to characterize 

them. If the sample is thick enough, indentation measurements could give a reasonable 

idea of the mechanical properties of the material. This measurement could give 

confirmation that the core is or is not amorphous. 

 The second way suggested is to use Auger electron spectroscopy.  The sample 

would have be placed in the chamber and then fractured under high vacuum in order to 

prevent oxidation (normally required for Auger electron spectroscopy anyway). This 

would give the opportunity to study the material in the core without a risk of 

contamination or transformation by oxidation.
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