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Abstract 

 

Influence of Processing Parameters on Microstructure of Films 

Produced from High Velocity Impact of Nanoparticle Aerosols 

 

Jeremiah James Hugh McCallister, Ph.D.  

The University of Texas at Austin, 2020 

 

Supervisor:  Desiderio Kovar 

 

The Laser Ablation of Microparticle Aerosol (LAMA) process and the Micro Cold Spray 

(MCS) process are used for production of thick (> 1μm) films. Both are aerosol processes 

that produce films by the impact of solid nanoparticles at high velocities (400-1500 m/s). 

The particles are accelerated through a nozzle onto a substrate. By moving the substrate 

under the nozzle, it is possible to produce patterned films of variable thickness onto a 

variety of substrates. While deposition of larger metal particles (> 5 μm) has been 

extensively studied, there have been comparatively few studies about the parameters that 

effect film formation when finer (< 1000 nm), metallic particles impact at high velocities.  

In this dissertation the LAMA and MCS systems are used to produce thick films of metal 

nanoparticles at a variety of deposition conditions. Each of the experiments aims at 

examining a processing parameter to study its effect on film formation. Through optical 

profilometry, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), four-point probe resistivity, and x-ray diffraction (XRD) deposited film and 

nanoparticle microstructure are characterized and properties are measured. The effect of 

impact velocity for silver particles is first examined when impacting particle size and 

material are fixed, and it is shown that film densities can be increased from 58-86% by 

increasing impact velocity from 980 m/s to 1440 m/s. The influence of agglomeration 

morphology on deposition is then studied, and it is shown that the size and shape of silver 

agglomerates in the feedstock can be controlled through heat treatment and by high rate 

shearing. It is shown that dense films with high conductivity are favored when 

agglomerates consist of a small number of primary particles that have a compact 

morphology. A preliminary study is presented where deposition of different metal 

particles, including stainless steel, Ni, Cu, Au, and Pt that have a range of stacking fault 

energies (SFE) and hardnesses are explored. 
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Chapter 1: Introduction and Motivation 

Patterned, conductive, thick films (thickness =1-500 μm) have a variety of possible 

applications across various technological sectors including microelectronics [1], energy 

generation [2], and flexible electronics [3]. The established method for producing patterned 

thick films is using screen printing. A schematic of the screen-printing process is shown in 

Fig. 1.1. 

 

Figure 1.1. Schematic of the screen-printing process. Taken from [4]. 

Screen printing is conducted by suspending metal particles in a paste consisting of 

organic solvent, a binder, plasticizers, and the particles. A blank screen mesh is covered 

with a reactive layer of emulsion. A mask is created that is placed over the emulsion which 

is exposed to UV light. The exposed areas react with the UV light and cure while the areas 

covered by the mask do not cure and are easily removed with water leaving a negative of 
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the film to be printed. The paste mixture is then applied over the mesh and into the negative 

space onto a substrate placed below the screen mesh. By repeating this process, multiple 

layers can be added to increase the final film thickness. After deposition the screen mesh 

is removed and the substrate containing the film is heat treated to remove the liquid and 

residual organic components from the binder and plasticizer and leave only metal particles. 

A second higher temperature heat treatment is used to densify the film. 

There are several challenges with using screen printing for next-generation 

applications that require substrates that are flexible and cannot be exposed to high post-

deposition processing temperatures: 1) Screen printing requires a dedicated mask for each 

pattern and thus is not amenable to manufacturing custom or small batch size components, 

2) Post-processing temperatures of 600-800˚C are required to remove polymer additives 

used in the pastes and then to sinter the resulting porous films to high density, and 3) feature 

sizes are limited by the mask dimensions and the viscosity of the pastes. 

To overcome these challenges, a number of direct-write methods to deposit these 

thick films have been studied, each with their share of benefits and drawbacks. The most 

popular methods can be separated into ink and aerosol processes. 

 

1.1 INK-BASED DIRECT-WRITE PROCESSING METHODS 

1.1.1 Ink Jet Printing 

Ink jet printing is the most common ink-based process. A schematic of a typical ink 

jet printing process is shown in Fig. 1.2.  
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Figure 1.2. Schematics showing steps in ink jet printing process. Taken from [5]. 

The ink consists of a suspension of metal nanoparticles particles, polymer binders, 

plasticizers, and a solvent. This suspension is fed into a nozzle with a diameter small 

enough that the ink does not fall through the exit. Piezoelectric transducers (made from 

lead zirconate titanate (PZT)) are mounted on the nozzle and by applying a pulsed voltage 

the transducers squeeze the nozzle forcing out a drop of the ink. By pulsing the voltage, 

drops can be quickly ejected in succession. The nozzle is placed over a substrate and by 

moving the nozzle relative to the substrate. the ink droplets are sprayed onto a substrate. 

The ink sticks to the substrate upon deposition and patterned films can be written. After 

deposition, the film must be heat treated at a relatively high temperature (250℃) in order 

to pyrolyze the binder before sintering the green film to produce conductive films. An 

example of a film produced using this approach is show in in Fig. 1.3. 
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Figure 1.3. Electrocatalyst film produced by inkjet printing showing thickness with 

increasing layers from a) two layers to b) six layers. Taken from [6]. 

The substitution of nanoparticles for traditional, micron-sized particles used in 

screen printing allows the ink to be sprayed without clogging the nozzle and it also allows 

lower sintering temperatures (250-300℃) to be employed. [7] Challenges with ink-jetting 

include 1) There is a very narrow range of suspension properties (viscosity and surface 

tension) that can be successfully printed. This typically limits the solids loading to very 

small fraction of the volume of the ink. The low solids loading causes very large shrinkages 

upon evaporation of the solvent, which limits the dimensional tolerances of the printed 

features. Lastly, relatively high temperatures are required to densify these films because of 

their low green densities. 

 

1.1.2 Aerosol Jet Printing 

A process that has recently been developed that is similar to ink-jetting is liquid 

aerosol jetting. A schematic of this process is shown in Fig 1.4.  
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Figure 1.4. Schematic of aerosol jetting. Taken from [8]. 

Aerosol jet printing uses a similar suspension to ink jet printing as the feedstock for 

deposition but, instead of depositing single droplets, aerosol jet printing uses high pressure 

gas flowing through the suspension to aerosolize the liquid. This liquid mist is then sprayed 

through a nozzle onto a substrate. Also added into the nozzle is a sheath gas that can focus 

the jet stream into a variable diameter for control over the line width (10-250 μm). [9] The 

pressurized mist deposits at much higher velocities (200 m/s) than ink jet printing which 

allows for printing on non-flat substrates and by focusing the jet the nozzle can be moved 

farther away from the substrate than in ink jet printing. [9] Mounting the substrate on a 
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mobile stage allows for patterned thick films to be written. Heat treatment post deposition 

is still necessary to remove the liquid components of the initial suspension. 

 

1.2 SOLID PARTICLE AEROSOL DIRECT-WRITE PROCESSES 

1.2.1 Cold Spray 

Deposition of thick films from solid particle aerosols offers several advantages 

relative to ink- or paste-based approaches. Instead of mixing conductive particles solvents 

and polymer binders to produce a suspension, the solid particles are instead sprayed 

directly onto a substrate at a high velocity. The impact causes the particles to deform upon 

impact and stick to the substrate to produce a film. By eliminating the solvents and 

polymers used with inks and pastes, requirements for post-deposition heat treatments are 

also eliminated. 

Cold spray is a commercial process that utilizes high velocity impact of solid 

particle aerosols. [10] A schematic of the cold spray process is shown in Fig. 1.5. Cold 

spray systems consist of a powder feeder, a gas source, a gas heater, and a nozzle. The 

carrier gas is split into two streams. A minor component is used to aerosolize the particles 

and a larger flow is fed through a heater because heated gasses allow higher deposition 

velocities. The two gas streams are recombined upstream from the nozzle entrance. The 

high-pressure aerosol travels through a de Laval converging-diverging nozzle into a 

deposition chamber that is held at much lower pressure. The large pressure differential 

between the upstream and downstream sides of the nozzle causes the gas to accelerate to 

high velocities. The drag force acting on the particles causes the particles to also accelerate 

and impact on the substrate. 
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Figure 1.5. Schematic of cold spray process. Taken from [10]. 

Pressures upstream of the nozzle in cold spray systems can be up to 20 atm while 

the downstream pressure at the substrates is 1 atm of pressure. [10] In order to further 

accelerate the particles, the carrier gas can be heated up to 600℃, leading to impact 

velocities of up to 1000 m/s. [11] The large upstream pressure leads to a buildup of pressure 

in the bow shock above the substrate where the gas partially recompresses. This high 

pressure slows the particles and necessitates the use of larger micron-scale (5-50 μm) 

particles that have sufficient momentum to penetrate the bow shock with minimal loss of 

velocity. [10] These larger particles also require the use of larger nozzle diameters to 

prevent clogging. As a result, cold spray is often used to produce large scale parts with 

thick films, [10] but cannot be used for the deposition of patterned films with small lateral 

dimensions. Large nozzles and high pressures also result in large amounts of gas used for 
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deposition and, if lighter more expensive gases like helium are used, operational costs can 

be very expensive.  

Through many simulation studies using finite element modeling (FEM) and 

experimental studies, the cold spray process has been extensively studied to understand the 

deformation mechanisms. The cold spray process has been used to successfully deposit a 

variety of ductile metal particles, and the densities of these films are very high, e.g. nearly 

100 % for many metals [10] An example of a typical cold spray film is shown in Fig 1.6. 

From the micrograph it can be seen that the film is composed of individual microparticles 

that have experienced very large deformations. As a result, the interstices between the 

particles have nearly completely collapsed, resulting in a dense film 

 

 

Figure 1.6. Example of a representative cross section of an Al film deposited with cold 

spray onto a 6061 Al substrate. Taken from [11]. 
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The high impact velocities and large strain rates make it difficult to often observe 

the process of film formation with cold spray so post-film micrographs have been 

combined with FEM to study how particles deform upon impact in cold spray systems. 

[12] Since the feedstock particles are relatively large, FEM assumes bulk constitutive 

plasticity behavior. Because constitutive data does not typically exist for the metals of 

interest at the combination of very high strain rates and high temperatures that the particles 

experience upon impact, these simulations typically require iteration where the constitutive 

models are refined by comparison of the final microstructure obtained from experiments 

and the final microstructure predicted from FEM simulations. When good agreement is 

obtained, it is assumed that the constitutive data is correct. With this assumption, the 

models have shown that particle deformation is highly localized as a result of adiabatic 

jetting that occurs at the interface between the particle and the substrate upon impact. 

Examples of this effect are shown in Fig. 1.7 below along with the results from a FEM 

model showing deformation over time for a Cu particle impacted at 500 and 600 m/s and 

a SEM image of a Cu particle after impact. 
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Figure 1.7. a) Results from FEM simulations of Cu microparticle deformation for 

velocities of 500 m/s (left) and 600 m/s (right) for increasing times and b) 

SEM image of Cu microparticle after impact. Taken from [12]. 

This localized deformation at the particle-substrate interface leads to compression 

and heating of the material, which in turn leads to softening of these regions within the 

particle and substrate. As a result, subsequent deformation is focused in these softer 

regions, which creates a feedback loop. The feedback loop leads to highly localized 

deformation that is known as an adiabatic shear instability. The large deformations 



11 

 

associated with these shear instabilities can be easily seen in both simulation and in the 

SEM image shown in Fig. 1.7. The large local deformations of the impacting particle result 

in cohesion between particle and substrate and very dense films. [12] . Though significant 

heating and material flow occurs at the contact edges, the temperature of most of the 

regions within the particles stay well below the melting temperature, meaning most 

deformation within the particle occurs through dislocation motion. The significant heating 

within the particle can also lead to recovery and recrystallization within the deformed 

particles. [13] 

 

1.2.2 Aerosol Deposition Method (ADM) 

The aerosol deposition method (ADM) is similar in many ways to cold spray, 

except, an atmospheric upstream pressure, Po, and very small downstream pressure, P1, is 

used to produce the pressure differential that accelerates the gas and particles through the 

nozzle. [14] A schematic of a typical ADM system is shown in Fig. 1.8.  
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Figure 1.8. Schematic of aerosol deposition method. Taken from [14]. 

The large pressure differential (Po/P1= 1 atm / 10-3 atm) still allows for particles to 

accelerate to velocities up to 1500 m/s, but there is a much lower pressure within the bow 

shock above the substrate compared to the cold spray system. This allows the use of both 

smaller particles (5-1000 nm) and smaller nozzle diameters, which in turn allows patterned 

films to be produced with smaller feature sizes. The use of sub-micron particles also means 

that if post-deposition sintering is required, the films can be heat treated at lower 

temperatures than used in sintering of micron-sized particles used screen printing. An 

additional benefit is that, unlike ink jetting, no pyrolysis step is required to remove polymer 

binder prior to the sintering treatment. The ability to deposit films with fine features at 

room temperature and the ability to utilize low temperature heat treatments when necessary 
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gives the ADM method the most flexibility in terms of materials and substrates that can be 

used. 

ADM has been used to successfully deposit both ceramic and metal nanoparticle 

films, [15] [16] but most of the work has been done on ceramics. For deposition of 

ceramics, a qualitative model has been proposed to explain how impact of ceramic particles 

produces solid films. [17]. This model suggests that the particles fracture upon impact, 

rearrange and consolidate, and then bond to produce a film, as shown in Fig 1.9.  

 

Figure 1.9. Proposed mechanism of ceramic particle breaking and consolidation. Taken 

from [17]. 

To date, this model has not been validated for ceramics and no equivalent model 

has been proposed for ductile metals such as Ag, where fracture upon impact is unlikely. 

As a result, the mechanisms that drive particle deformation and film development in metal 

sub-micron particles are not understood.  
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1.3 LASER ABLATION OF MICROPARTICLE AEROSOLS (LAMA) AND MICRO COLD 

SPRAY (MCS) 

The Laser Ablation of Microparticle Aerosols (LAMA) and Micro Cold Spray 

(MCS) systems are both variants of ADM and use components that are similar to those that 

are used for ADM (small nozzle diameters, mobile x-y-z stage, vacuum chamber). The 

most significant differences are in the upstream particle feeding system. These systems 

utilize NPs and no organic coatings are required that would need to be removed post 

deposition. 

 

1.3.1 LAMA 

LAMA uses an aerosol feeder and ablates microparticles to produce relativley 

monodispersed nanoparticles that are 2 - 40 nm in diameter. These particles  are then 

accelerated and impacted onto a substrate. [18] A schematic of the LAMA system is shown 

in Fig. 1.10. 
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Figure 1.10. Schematic of LAMA system. Taken from [19]. 

The LAMA system uses a fluidized bed feeder to aerosolize micron-sized (1-3 μm 

diameter) commercially obtained particles. [20] The aerosol is introduced into an ablation 

cell where it is irradiated by a focused, pulsed excimer laser. The large energy density on 

the particle surface results in breakdown. The breakdown then causes a shockwave to travel 

through the particle, compressing and heating a narrow volume of material that traverses 

through the particle. Within this heated and pressured region, the material is beyond the 

critical point. As that volume of materials moves from a high pressure and temperature to 

a low pressure, low temperature on the backside of the pressure wave, the vapor cools 

condenses into monodisperse NPs. Since many micron-sized particles are irradiated with 

each pulse of the laser, a large number of NPs can be produced continuously. 
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A buffer gas is used in the ablation cell as a sheath gas to contain the microparticle 

flow to ensure that all particles pass in front of the laser beam and the flow velocity of the 

aerosol is controlled so that each plug is ablated only once by each laser pulse. [21] One 

advantage of using LAMA to produce NPs is the particles are initially charged because the 

laser pulse length is long enough that the NPs have formed while the laser is still on.  This 

causes electrons to be stripped of the NPs due to photo and thermal ionization. The NPs 

leave the ablation cell and pass through a virtual impactor system that filters the NPs by 

size to remove any unablated microparticles or large agglomerates of NPs. Below the 

virtual impactor is the deposition chamber which is maintained at vacuum by a mechanical 

pump backed by a roots blower. The NPs leave the virtual impactor and flow through a 

flat-plate nozzle. The pressure differential between the virtual impactor and deposition 

chamber (1 atm – 10-3 atm) accelerates the gas and NPs through the nozzle. The NPs leave 

the nozzle and deposit onto a substrate positioned on a mobile x-y stage beneath the nozzle. 

By moving the substrate, patterned films can be written.  

Compared to a typical ADM system, the LAMA utilizes much smaller NPs (2-40 

nm). It has been shown that film densities for LAMA films are much lower for nanometer-

scale particles deposited using ADM compared to ∼50 µm particles used in cold spray, 

even when the same materials are deposited at about the same impact velocity. [22] This 

suggests that the deformation mechanisms and film formation mechanism are particle size 

dependent. 
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1.3.2 MCS 

The MCS system is designed for the deposition of NPs and has many features that 

are similar to the LAMA system. One major difference is an increased pump capacity that 

makes it possible to utilize nozzles with larger diameters. The large diameter nozzles in 

turn allow deposition of larger particles at similar velocities. A schematic of the MCS 

system is shown in Fig. 1.11. 

 

 

Figure 1.11. Schematic of MCS system showing the a) Powder Feeder, b) Mixer 

Chamber, and c) Deposition Chamber 

The MCS also uses a unique feeder and mixer that is designed to break up powder 

agglomerates to ensure steady deposition rates. Although unlike LAMA, MCS does not 
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allow NPs to be produced in situ, it is able to deposit films at a much faster rate while 

maintaining a similar density to LAMA-produced films. The larger vacuum capacity and 

feeder system allow the MCS system to deposit a larger variety of materials than is possible 

in the LAMA system and switching between materials is faster than in the LAMA system 

as well. 

In summary, several related solid particle aerosol processes have been developed 

to overcome challenges and limitations imposed by commercial paste- and ink-based 

processes that are used to produce conventionally patterned thick films. These direct-write 

processes that include cold spray, ADM, LAMA, and MCS accelerate particles to high 

velocities and then impact them onto a substrate to produce films. Although the 

mechanisms for particle deformation and film formation have been extensively studied for 

∼50 µm particles used in cold spray [12], there have been no previous studies on 

deformation and film formation that occurs during the impact of sub-micron and nanometer 

scale particles using in ADM, LAMA, and MCS. 

 

1.4 OBJECTIVES 

This dissertation focusses on experimental research aimed at understanding particle 

deformation and film formation that occurs when nanometer to sub-micron sized, metal 

particles are impacted at velocities of 500-1,500 m/sec to produce films. To accomplish 

these goals LAMA and MCS systems were used to direct-write patterned thick films from 

metal particles and deposition parameters were systematically varied. The deposited films 

and their microstructure were then analyzed using optical, scanning electron, and 
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transmission electron microscopy to correlate impact conditions to the resulting film 

microstructures.  

The experimental setup is discussed in detail in Chapter 2. In the subsequent 

chapters, we attempt to vary processing parameters systematically while keeping other 

deposition conditions constant. Chapter 3 is a study of the influence of Ag particle impact 

velocity, which was varied by controlling the nozzle diameter and carrier gas temperatures. 

Chapter 4 discusses the effect of Ag powder morphology on film properties. The powder 

agglomerate morphology was varied by heat treating powders at temperatures from room 

temperature to 200˚C and by shearing the powders at high rates. The resulting powders 

were characterized using electron microscopy. The films produced from heat treated 

powders were characterized using optical and scanning electron microscopy. Chapter 5 

compares the deposition behavior of several other metals. The focus in this chapter is to 

perform experiments aimed at understanding the effects of the stacking fault energy of the 

depositing species and hardness on particle deposition. 
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Chapter 2: Experimental Procedures and Analytical Techniques 

In this chapter the Laser Ablation of Microparticle Aerosol (LAMA) process and 

Micro Cold Spray (MCS) system is explained. The analytical equipment and techniques 

used to collect data are also described. 

 

2.1 THE LAMA SYSTEM 

Figure 2.1 shows a simplified schematic of the LAMA system used in the 

experiments discussed in this dissertation. The system can be broken into four sub-sections 

which will each be discussed in greater detail; they are a) the fluidized bed feeder, b) 

ablation chamber, c) virtual impactor, and d) deposition chamber. 
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Figure 2.1. Schematic of LAMA systems. Redrawn from [21]. 

2.1.1 Fluidized Bed Feeder 

Commercial, micron-sized powders (Model P311J, Dupont, Wilmington, DE) in 

the 1-2 µm diameter range were used as feedstock for the LAMA system. A small quantity 

of powder (1-2 g) was added through the top of a custom-fabricated glass bulb feeder 

shown in Figure 2.2. The bottom of the glass bulb has a very small capillary tube through 

which a carrier gas was flowed to lift the microparticles that sit at the bottom of the blub. 

The amount of gas flowed through the feeder is controlled by a rotameter with a maximum 
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flow rate of 200 sccm. The bulb large section has a diameter of 25 mm and the small tubing 

has an outer diameter of 65 mm. A small diameter capillary nozzle (1 mm) focuses the 

carrier gas into a jet that picks up the microparticles. Beneath the capillary nozzle at the 

bottom of the bulb the tube is filled with a small amount of glass wool which keeps the 

microparticles from falling out of the bottom of the feeder when the carrier gas is not 

flowing. While preventing the powder from falling out of the feeder, it is sufficiently 

porous to allow the carrier gas to enter the glass bulb through the capillary tube. An 

eccentric motor is connected to the metal base mount and vibrates the feeder through a 

variable power supply. The frequency of the vibration is set visually by observing the 

powder in the glass bulb and increasing the frequency until the carrier gas flowed freely 

through the powder. The frequency is adjusted depending on the amount of powder present 

in the feeder, to keep the powder in a fluidized state. The control parameters are the 

combination of gas flow rate passing through the capillary tube and the frequency of the 

vibration from the motor. Set correctly, these two parameters fluidize bed feeder and 

aerosolizes the microparticles allow the aerosol density to be varied.  
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Figure 2.2. Fluidized bed feeder. Taken from [20] 

As the gas moves upward from the small diameter region near the base of the glass 

bulb to the large diameter region, the carrier gas flow slows. As a result, the small particles 

are entrained in the gas whereas the larger, heavier agglomerates fall back down into the 

powder bed. Depending on the composition and morphology of the powder and the amount 

being used, it is not always necessary to set the flow at its maximum of 200 sccm of gas 

through the feeder and it can be undesirable to run at very high flow rates. Gleason has 

shown that at very high aerosol densities, the nanoparticles produced by LAMA are 

agglomerated, but at lower densities, individual charged nanoparticles are produced. [21] 

In order to control the aerosol density, a bypass valve was installed (shown in Figure 2.3) 
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that controls the flow through the fluidized bed feeder so that it can be varied from 0-200 

sccm by turning a linear control valve. 

 

 

Figure 2.3. Schematic of gas bypass for fluidized bed feeder [20] 

When operating the LAMA system, it was observed that the fluidized bed feeder 

was always most effective at the beginning of the run. For longer runs the flow through the 

feeder had to be increased to maintain a consistent aerosol density. It was observed that the 

feeder favored the aerosolization of the small, light particles at the beginning of the run, 

leaving the slightly larger particles in the feeder. As the flow through the feeder was 

increased, the remaining larger particles could be aerosolized and as long as the aerosol 

density remained at nominal similar levels, the LAMA system was able to write thick films 

(100-250 µm) without having to stop the process and reload the feeder with fresh powder. 

The flow rates for each experiment were therefore controlled manually from 40-200 sccm 

to ensure that the feed rates were in an acceptable range. 
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2.1.2 Laser Ablation Chamber, Virtual Impactor, and Buffer Gas 

NPs are produced in the LAMA system by ablating the micron-sized particle 

aerosol produced using the feed described in section 2.1.1. A schematic showing the 

fundamental principles involved in ablating metal particles is shown in Figure 2.4. In 

summary, a laser is focused so that it illuminates the entire width and a small section of the 

height aerosol as it flows past the beam. Metals such as Ag are highly absorbing of the 

laser light, so the laser is absorbed in the surface layer to a thickness of 10-20 nm. [21] The 

resulting high energy density on the particle face induces plasma breakdown and a 

shockwave is launched that compresses and heats successive regions of the particle as it 

travels through the particle. The pressure and temperature are above the critical point in 

this region. On the back side of the shockwave the pressure drops and the rapid cooling 

causes condensation into a cloud of nearly monodisperse, charged nanoparticles. The size 

of the nanoparticles is controlled by both the type of material and density of the carrier gas. 

[18] Higher density gases do not allow the plasma to expand as much, which results in the 

nanoparticles condensing into larger particles. Helium was used as a carrier gas in the 

present experiments in order to produce the smallest possible particles.  

 

Figure 2.4. Schematic showing mechanisms for ablation of micron-sized metal particles. 

Taken from [21]. 
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The setup for the laser used in the LAMA system is shown in Fig. 2.5. A KrF laser 

with a 248 nm wavelength, 200 Hz repetition rate, and 12 ns pulse length at 200 mJ per 

pulse is used in all experiments (Lumonics PM-848, Light Machinery Inc, Ottawa, 

Canada). To focus the laser to a region with a large enough fluence to induce ablation, a 

series of cylindrical lenses are used with f1=110 cm and f2=14 cm to focus the laser both 

vertically and horizontally. Each lens is coated with anti-reflective coating for 248 nm 

wavelength light.  

 

Figure 2.5. Schematic of laser system. Taken from [23]. 

The laser is focused over an area of 6 mm by 1.5 mm to produce a fluence of 2.2 

J/cm2, which is well above the critical fluence for breakdown of 0.8 J/cm2. [24] A schematic 

is shown in Figure 2.6 of the ablation cell. The interior of the ablation cell has a diameter 

of 13 mm, the feed nozzle is an ellipse with dimensions 1 mm by 5 mm, and the skimmer 

is an ellipse with dimensions 3 mm by 8 mm. To prevent the aerosol from expanding inside 

the ablation cell, an outer sheath of equal velocity gas is flowed from the top of the ablation 

cell and through the laminator. The ablated microparticles leave the ablation cell through 
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the skimmer nozzle and the laminar sheath gas exits through the exhaust flow tubing. The 

repetition rate of the laser and 200 sccm flow rate of the aerosol is set so that each particle 

is ablated once and only once. [21] 

 

Figure 2.6. Schematic of ablation cell. Taken from [21]. 

After ablation, the gas flow consists of mostly monodisperse NPs, but due to 

possible shadowing of the laser beam and agglomeration of the NPs there are always some 

larger particles in the gas stream. To remove the larger particles a virtual impactor is placed 

directly beneath the ablation cell, shown in Fig. 2.6. The gas stream from the ablation cell 
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exits directly above a smaller nozzle. Most of the gas flows around the impactor nozzle 

and exits at the bottom of the chamber, but unabated particles and agglomerates do not 

follow the streamlines due to their higher momentum and instead enter the virtual impactor 

nozzle where they leave the system. The cutoff size for the virtual impactor is controlled 

by the nozzle diameter and flow rate of the carrier gas. For the experiments presented in 

this dissertation, the cutoff size was a particle diameter of 500 nm. The specifics of the 

virtual impactor design can be found in earlier work. [21] In order to maintain constant 

conditions for the ablation of microparticles in the ablation cell, the flow has to be set at a 

specific rate. Depending on the nozzle diameter being used, a buffer gas may be required 

in order to maintain an upstream pressure of 1 atm. This gas is used for nozzles larger than 

0.25 mm in diameter. The buffer gas is split at the inlet before going through the mass flow 

controllers and is controlled only by a rotameter allowing for very large flow rates. A 

schematic of the LAMA system with the flow rates for all the inlets and outlets is shown 

in Figure 2.7 and are presented in Table 2.1. 
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Figure 2.7. Schematic of glass flow through the LAMA system. [23] 
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Table 2.1. Flow conditions for LAMA system. [23] 

For the experiments presented in this dissertation, a method was developed to heat 

the buffer gas in order to increase both the gas velocity and particle impact velocity above 

those available with unheated gas. The deposition system was modified to add a section of 

tubing for the buffer gas. This section consisted of a copper tube with a 30.5 cm length and 

5 cm diameter which was wrapped with a cloth heat tape (Model TBIH-101-080, Briskheat 

Corp, Columbus, OH) that was designed to heat the buffer gas before mixing it with the 

particle aerosol. The temperature of the heating tape was monitored using a K-type 

thermocouple mounted in the gas flow directly above the flat-plate nozzle entrance. 

Unfortunately, the high flow rate of buffer gas required for the larger nozzles means that 

the gas passes through the heating chamber quickly so heating of the buffer gas is fairly 

inefficient. The maximum gas temperature that was measured was 160°C despite the 

heating tape reaching a maximum temperature of approximately 400°C. This relatively 

small increase in gas temperature still leads to an increase in the calculated particle velocity 

from 1270 m/s to 1440 m/s. 
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2.1.3 Nozzle and Deposition Chamber 

After leaving the virtual impactor, the aerosol flows to the deposition chamber 

through a flat-plate, supersonic nozzle. A schematic of the nozzle and deposition chamber 

is shown in Fig. 2.8.  

 

Figure 2.8. Schematic showing nozzle and deposition of a patterned film. Redrawn from 

[25]. 

To create a large enough pressure differential so that choked flow conditions are 

maintained through the nozzle, the chamber is maintained at a low pressure using a large 

mechanical pump supported by a roots blower (Model E2M80 and Model EH500A, BOC 

Edwards, West Sussex, UK) to pump the chamber to 150 mTorr - 4 Torr. Nozzles used in 

the LAMA system were flat-plate circular nozzles with 1:1 ratios of diameter to thickness 

and diameters of 0.25 – 1.0 mm. Substrates are positioned beneath the nozzle on a mobile 

X-Y stage controlled by LabView which allowed for the writing of patterned films. The 

details of the LabView code have been presented in detail previously. [20] Substrate-to-
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nozzle distance was maintained at three nozzle diameters to ensure all deposition occurs 

inside the Mach disk for the nozzle. [26] By rastering the substrate back and forth in one 

dimension beneath the nozzle, films with thicknesses ranging from less than 1 µm to 300 

µm are produced. 

 

2.2 THE MICRO COLD SPRAY SYSTEM1 

The micro cold spray (MCS) system is designed for the writing of patterned thick 

films by high velocity impact of nanometer to sub-micron particles onto substrates. The 

MCS system allows for a variety of both impacting particles and substrates to be used. 

Unlike the LAMA system, a large range of particle sizes can be used (15-1000 nm). 

Because the MCS system does not rely on a high-powered laser, the system is much easier 

to operate and more compact. However, the basic characteristics of the particle acceleration 

and deposition systems are similar to that used for the LAMA system. A photograph and 

schematic of the current MCS system is shown in Fig. 2.9, which can be broken into three 

main sub-sections: a) the powder screw feeder, b) the shear mixer, and c) the deposition 

chamber, which includes the supersonic nozzle.  

 

 
1 The design of the MCS system was a collaboration between several undergraduate and graduate students 

including the author of this dissertation, Derek Davies, Michael Gammage, and Aidan Moyers. 
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Figure 2.9. Micro cold spray system a) schematic and b) photograph  
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2.2.1 Screw Feeder and Shear Mixer 

The feedstock particles for the MCS system have a tendency to agglomerate 

because they are not charged, in contrast to the particles used for deposition in LAMA 

which are charged by the ablation process. It is important to break these agglomerates 

before the particles reach the nozzle to prevent the deposition nozzle from clogging and 

because agglomerate deposition may vary considerably compared to deposition of 

individual particles. A shear mixer was designed to break soft agglomerates and to combine 

the powder with a carrier gas in a small chamber before flowing to the nozzle. A schematic 

and photograph of the screw feeder and shear mixer are shown in Fig. 2.10. 

 

 

 

 

\ 
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Figure 2.10. Powder screw feeder and mixer a) schematic and b) photograph  
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The cylindrical powder hopper has a height of 12.5 cm and a 2.5 cm diameter. The 

bottom of the hopper converges to a slit with a cutout that allows the powder to fall into an 

auger section. The diameter of the screw auger is 3.8 mm and it has a pitch of 2 mm/thread. 

The screw is driven by a motor (Model Nema 17, Stepper Online, Nanjing City, China) 

with a variable speed. For most experiments the rotational speed was set at 60 RPM 

resulting in a feed rate of Ag powder of roughly 0.1 g/min. In order to prevent the powder 

from sticking to the walls of the hopper or bridging over the slot above the screw, an 

eccentric rotational motor (DC 12V, 2400 RPM) is mounted to the outside of the powder 

hopper. By varying the motor frequency, the amplitude and frequency of vibration can be 

varied. In extreme situations the powder bridges in the hopper causing the flow to stop 

even with the eccentric motor running at high frequencies and large amplitudes. To fix this 

a stainless steel metal stir rod 100 mm long and 5mm in diameter was placed into the 

hopper, which vibrated with the eccentric motor and broke up most of the powder bridges. 

The top of the feeder is designed to accept a solid flange which seals the hopper and 

prevents powder from coming out of the top. 

After leaving the screw, the powder was fed into the mixer chamber which contains 

a four-bladed mixer that rotates at high velocities to aerosolize the powder and break 

agglomerates. The mixer chamber is a vertical cylindrical 2.5 cm tall with a 3 cm diameter 

and the shear blade is designed such that there is a small clearance of 1 mm between the 

walls and the rotating blades. The mixer is driven by a motor (Model R7018, Graupner, 

Wangen, Germany) with a maximum rotational speed of 8,000 RPM. An inlet tube is used 

to feed the aerosol into the mixer and the outlet tube allows the powder aerosol to leave the 

mixer. Flow rates are controlled by a mass flow controller and the flow rates are set such 

that the pressure in the feeder/mixer is maintained at 1 atm. 
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The powder feeder and mixer are placed into a hermetically sealed chamber that 

has inputs and outputs for the gas flows and a passthrough for the wiring for the screw and 

shear blade motors. An image of the chamber is shown in Figure 2.11. 

 

Figure 2.11. Feed chamber with feeder inside. 

The design of the feed chamber allows for air-sensitive powders to be used in the 

MCS system. When working with air-sensitive powders, the powder is added to the feeder 

inside of a glove box and sealed. The feeder is then be removed from the glove box, 

connected to the MCS system with VCR fittings and only opened once the air has been 

removed from the tubing with the vacuum pump. By filling the lines with a carrier gas such 

as nitrogen or helium, it is possible to deposit metals such as nickel or copper nanoparticles 

that are prone to oxidation with the MCS system. For non-reactive metals such as silver, 

gold or platinum, the chamber was left open to the atmosphere. 
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2.2.2 Deposition Chamber 

After leaving the mixer, the aerosol flows into the deposition chamber. The design 

of the deposition chamber is very similar to the one used in the LAMA system shown in 

Figure 2.8. A large capacity pump and roots blower (Model E2M175S and EH2600, BOC 

Edwards, West Sussex, UK) maintains a pressure in the chamber of 0.25-2.0 Torr, 

depending on the nozzle diameter and gas flow used. To enable the use of even larger 

nozzles compared to the LAMA system, the pump and roots blower used in the MCS 

system have much larger pumping speeds (maximum pumping speed 29,000 SLPM). A 

digital pressure gauge mounted above the nozzle entrance monitors the pressure so that an 

upstream pressure of 1 atm upstream is maintained. Flat-plate nozzles are used to accelerate 

the powder aerosol into the deposition chamber. The nozzles and tubing are threaded 

allowing for quick switching of nozzles between depositions. Nozzles are circular with 1:1 

ratio of diameters to thickness and vary in size from 0.5 mm to 2 mm. The larger size of 

the feedstock particles used for these experiments tends to cause to nozzle clogging for 

small diameter nozzles, so the 0.25 mm diameter nozzle was avoided and the 0.5 mm 

diameter nozzle was used at the lowest possible feed rate.  

After passing through the nozzle, the particles are impacted on a substrate mounted 

three nozzle diameters downstream from the nozzle exit to ensure impact occurs inside of 

the Mach disk. Substrates are mounted onto a mobile X-Y-Z stage driven by two motorized 

linear stages (Model X-LRQ-SV2, Zaber Technologies, Vancouver, Canada) and one 

motorized vertical stage (Model X-VSR-SV2, Zaber Technologies, Vancouver, Canada). 

Films were written by translating the stage beneath the nozzle at a velocity of 1 cm/s. 
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Although the system is capable of depositing two dimensional patterns, for these 

experiments one dimensional lines were deposited by repeatedly rastering the x-stage back 

and forth to build up layers. The large nozzle sizes and high feed rates resulted in films that 

were much taller and wider than those produced in the LAMA system. With Ag, films in 

the MCS system ranged from 5 to 500 µm in height. The large feed rate also allowed for 

films to be written much quicker than in the LAMA system. For example, using the 1.0 

mm diameter nozzle, a 100 µm tall film in the LAMA system could easily take over 1 hour 

to deposit while the same film height can be written in roughly 2 minutes on the MCS 

system. The lack of the laser system, sheath gases, and excess buffer gas makes the MCS 

system much easier to clean in between depositions. 

 

2.3 CALCULATION OF PARTICLE VELOCITIES 

The size of particles used in both the LAMA and MCS systems makes physical 

observation of particle velocities extremely difficult. A predictive model was developed by 

Huang et al. who studied gas dynamics and their relationship to particle velocity during 

acceleration through the nozzle. [26] Huang derived a methodology that allowed the 

maximum velocity of an impacting particle to be calculated from the gas conditions 

(composition, temperature, pressure), the depositing particle composition and size (density, 

diameter), and the nozzle dimensions. For these calculations, it is assumed that the gas is 

accelerated under choked conditions through a small nozzle  The methodology is then 

used to calculate the velocity of the carrier gas and, by accounting for drag on the particles,  

the particle velocity can be calculated. This is accomplished using a partial differential 

equation that is solved numerically in a MATLAB® (Mathworks, Natick, MA) code. This 
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model was used to calculate all reported particle velocities reported throughout this 

dissertation. 

2.4 ANALYTICAL TECHNIQUES USED FOR FILM AND NP CHARACTERIZATION 

2.4.1 Density Calculations 

The density of deposited films was determined by first measuring the film volume 

and the film mass and then dividing the volume by the mass. An optical profilometer 

(Model 20, Zeta Instruments, Milpitas, CA) was used to measure the lengths of the films 

and the cross-sectional areas. The areas were measured at three locations (left edge, middle, 

right edge) and at each location area ten scans were performed (corresponding to thirty 

measurements of each line). The length of the films was measured with the optical 

profilometer at low magnification (10×) by stitching multiple images together to capture 

the entire film into one image. The average area and length were multiplied to calculate the 

film volume. The mass of the films was measured on a nanogram-scale balance (Model 

UMT2, Mettler Toledo, Columbus, OH) with a resolution of 100 ng. To determine the mass 

of the films, each substrate was cleaned and measured before deposition and then measured 

again after the films were deposited. The mass of the original clean substrate was subtracted 

from the final mass of the substrate and film to determine the mass of the deposited films. 

For each sample the mass was measured at least two times to account for any fluctuations 

and the measurements were averaged. A NIST-approved, mass standard of 2.05 mg was 

used to calibrate the balance before weighing the substrates. The cleaning procedure for 

the substrates prior to deposition was a 4-step process: sonication for 20 minutes in a beaker 

of 1) soapy water, 2) then acetone, then 3) ethanol, and finally 4) methanol. The substrates 

were allowed to dry in air under ambient conditions. 
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2.3.2 X-Ray Diffraction 

X-ray diffraction (XRD) was performed on select samples to determine the average 

crystallite size of the deposited films. Diffraction measurements were performed at a rate 

of 2 degrees/min with a step size of 0.02 degrees using a standard laboratory XRD (Model 

Miniflex 600, Rigaku, Tokyo, Japan). Since films were written as one dimensional lines 

onto alumina substrates, diffraction peaks from both alumina and Ag were obtained. There 

is minimal overlap between the peaks from Ag (PDF card #01-071-4612) and Al2O3 (PDF 

card #01-070-3319), so it was straightforward to distinguish the peaks from each material. 

Alumina substrates are sintered to high density so commercial substrates typically have a 

crystallite sizes of greater than 1 µm. [27] Peak broadening due to crystallite size effects 

are minimal for crystallites this large and thus it was assumed that all the measured peak 

broadening for alumina was due to the instrument broadening. It was further assumed that 

the instrument broadening measured for alumina was the same as that for the Ag. Thus, the 

broadening due to crystallite size effects for each peak for the Ag was obtained by 

subtracting the instrument broadening from the measured peak width. The nearest alumina 

peaks were used as the baseline for the instrument broadening: for the (111) Ag peak, the 

(110) Al2O3 FWHM was used and for the (200) Ag peak the (113) Al2O3 FWHM was used. 

The Scherrer method was used to calculate the average crystallite size of the films using 

the (111) and (200) silver peaks using the following equation: 

𝑇 =
𝐾𝜆

𝛽cos(𝜃)
     (2.1) 
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Where T is the average crystallite size, K is the shape factor equal to 0.9 for this system, 

𝜆 is the wavelength of X-rays used = 0.154 nm for this system, 𝛽 is the line broadening 

at FWHM in radians, and 𝜃 is the Bragg angle. 

2.3.3 Resistivity Measurements 

A micro-ohmmeter (Model 2840, BK Precision, Yorba Linda, CA) with two 

double-pronged probes was used to perform four-point probe measurements of the 

resistivity of the deposited films. The outer and inner probes were placed in contact with 

the film while simultaneously passing a small current through the outer probe tips. The 

voltage drop between the inner probe tips was measured to determine the resistance of the 

line. Each resistance measurement was performed at least twice to ensure reproducibility. 

To calculate the resistivity from the resistance, the length of line was measured along with 

the cross-sectional area and the distance between the inner probe tips using an optical 

profilometer. The resistivity was calculated by dividing the resistance by the average cross-

sectional area of the film obtained from the optical profilometer. 

2.3.4 Scanning Electron Microscopy (SEM) 

Cross-section and plan view imaging was performed using high resolution, field-

emission SEMs (Model FEI Quanta 650, Thermo Fisher Scientific, Waltham, MA and 

Model S5500, Hitachi, Tokyo, Japan). For plan view images, the samples were imaged 

directly on the substrate without further specimen preparation. To obtain cross-sectional 

images, the deposited films were written onto substrates which were then carefully cut from 

their substrates by sliding a razor blade beneath the base of the films. The films were then 

mounted vertically on an SEM stub by sticking half the film to carbon tape and then 

breaking the film by manually bending it. This usually allowed for multiple fractured 
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surfaces to be obtained from a single film. Imaging conditions were: an accelerating 

voltage of 20 kV with working distances between 5-20 mm.  

2.3.5 Transmission Electron Microscopy (TEM) 

Images of particles prior to impact were obtained using a high resolution TEM 

(Model 2010F, JEOL Ltd, Tokyo, Japan) operating in bright field mode. To obtain images 

of the commercial nanoparticles and sub-micron powder used for MCS, a small amount of 

dry powder was mixed with ethanol in a vial and sonicated for one hour to disperse the 

particles. The suspension was then drop-cast onto a TEM grid and allowed to dry. 

For imaging of the nanoparticles produced by the LAMA system, TEM samples 

were prepared by placing a TEM grid beneath the 0.25 mm nozzle at a distance far outside 

of the Mach disk (around 20 mm). This large distance reduces the gas velocity on the TEM 

grid and the particle impact velocity enough to not damage the carbon support layer and 

ensured that minimal deformation of the particle occurred upon impact with the TEM grid. 

A single pass was made beneath the nozzle over the grid and particles were observed on 

the edges of the line written over the grid where the line was thin enough to allow electron 

transmission. For imaging of particles used with the ADM system, a tube was connected 

to the exit of the powder mixer and the tube was fanned over the TEM grid while feeding 

powder through the mixer under standard operating conditions. 

HRTEM was also used to confirm calculated crystallite size from XRD. To do this 

a film was removed from its substrate with a razor blade and attached to a slot TEM grid 

with a small amount of epoxy. The film was thinned in a precision ion polishing system 

(PIPS) (Model 691, Gatan Inc, Pleasanton, CA) until the edges of the film were thin enough 

for electron transmission. The PIPS system mills the film by accelerating Ar ions onto the 
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sample at a high enough energy to remove material. Unlike a typical focused ion beam, the 

PIPS uses much lighter ions and operates in a liquid nitrogen cooled environment. 

Although milling rates are slower with PIPS, it minimizes ion damage to the specimen and 

the liquid nitrogen temperature prevents the sample from heating while being milled. For 

the samples using in this study this is a significant issue because high temperatures can 

result in grain growth through diffusion. The PIPS was operated with two ion guns at 5 

keV and 25 µA. The guns were oriented at 4° angles from the sample surface and the 

sample was rotated at 3 RPM. Milling times were around 1 hour per sample.  

  



45 

 

Chapter 3: Study of Impact Velocity on Film Microstructure and 

Properties Produced with Ag Nanoparticles2 

In this chapter we describe the use of the laser ablation of microparticle aerosol 

process to deposit patterned thick films of Ag by impacting nanoparticles with a mean size 

of 6 nm at high velocities and systematically study the effects of varying the nanoparticle 

impact velocity, while fixing the nanoparticle size. A positive relationship between impact 

velocity and relative density of the deposits is observed, but it is shown that the geometry 

of the deposits also influences the deposit density, with taller, narrower deposits resulting 

in lower relative densities. Scanning electron microscopy of film cross-sections shows that 

there are spatial variations in the relative density, with lower densities near the deposit 

surfaces. Using molecular dynamics simulations of the impact process for 6 nm particles, 

it is shown that a critical normal impacting velocity of 600-750 m/s exists for obtaining 

dense deposits. Normal velocities less than the critical velocity do not result in sufficient 

plastic deformation to fill interstices between the impacted particles. A geometric model 

based on this critical normal velocity and the relative deposit height is developed to explain 

the influence of relative heights and impacting velocity on porosity. Good qualitative 

agreement between the geometric model and experiments is demonstrated. 

3.1 BACKGROUND 

This chapter incorporates a systematic experimental study of the effects of NP 

impact velocity and deposit geometry on film density and microstructure, while keeping 

the particle size distribution constant. The results suggest that factors other than just impact 

 
2J. J. H. McCallister, J. W. Keto, M. F. Becker, D. Kovar, AIP Advances, vol. 9, no. 3, p. 035226, 2019. 

 

J. McCallister performed the experimental work, M. Becker performed the MD Simulations, and D. Kovar 

developed the geometric model. 
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velocity are important. Because independent variations of the experimental parameters of 

interest are not possible, a combination of experiments, molecular dynamics simulations, 

and a geometric model are used to study particle impact parameters. A series of molecular 

dynamics simulations are performed under conditions that are nominally similar to those 

used in experiments to study the effect of normal impact velocity and it is shown that a 

critical normal impact velocity is required to obtain high density deposits. A model to 

predict film density is developed that is based on a combination of a critical normal impact 

velocity and the film geometry. Lastly, experimental results are compared to the 

predictions from this model. 

3.1.1 Deposition Conditions 

For the present experiments, nozzles with a range of diameters (0.25, 0.5, and 1.0 

mm) were used to vary the impact velocity of the patterned lines, while keeping the NP 

size distribution constant. The buffer gas was fed into the system at room temperature 

(22°C) for experiments with the 0.25 and 0.5 mm diameter nozzles. For the experiments 

with the 1.0 mm nozzle, three different gas temperatures (22, 80, 160°C) were employed 

as an additional means of controlling the impact velocity. The impact velocities were 

calculated from the impact conditions (gas composition, gas temperature, and nozzle sizes) 

assuming a mean particle size of 6 nm [18] The mean particle size was measured previously 

using TEM on particles produced from LAMA under the same conditions as those used for 

this study [26]. The deposition conditions and calculated velocities are summarized in 

Table 3.1 and Table 3.2.  
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Carrier Gas Helium 

Upstream Pressure Prior to Nozzle 101 kPa 

Downstream Pressure in Deposition Chamber 0.03-0.5 kPa 

Flat Plate Nozzle Diameters 0.25 mm, 0.5 mm, or 1.0 mm 

Gas Temperatures 22˚C, 80˚C, or 160°C 

Nozzle-to-Substrate Distances 0.75 mm, 1.5 mm, or 3 mm 

Writing Velocity  1 mm/s 

Table 3.1: Deposition conditions for deposited LAMA lines. 

 

Nozzle Diameter 

(mm) 

Deposition Gas Temperature 

(oC) 

Calculated Impact Velocity (m/s) 

0.25 22 986 

0.5 22 1120 

1.0 22 1270 

1.0 80 1350 

1.0 160 1440 

Table 3.2: Impact velocities calculated from deposition conditions. 

The nozzles were positioned approximately three nozzle diameters above the 

substrate surface to ensure that nanoparticle impact occurred within the Mach disk [26]. 

The deposits were produced by writing a one-dimensional line in multiple passes (30 - 100 

passes) onto an alumina substrate that was translated at a velocity of 1 mm/s. A schematic 

of the deposition process is shown in Fig. 3.1. [25]  
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Figure 3.1: Schematic of deposition process. 

3.1.2 Characterization of Deposit Geometry 

The cross-sectional profiles of the deposited lines were characterized using linear 

regression to fit the experimental data to a Cauchy distribution given by 

 

𝑓(𝑥) =
𝐻

𝜋𝑤[1−(
𝑥

𝑤
)
2
]
    (3.1) 

where H = the peak height of the lines and 2w is the full-width at half maximum of 

the peak height (FWHM). For the experiment, the nozzle size and deposited FWHM were 

correlated because the nozzle-to-substrate distance was fixed at approximately three times 

the nozzle diameter. Since, larger nozzles tended to deposit the NPs over a wider area, 

correspondingly smaller peak heights were obtained for the same particle feed rate when 

larger nozzles were used. Because changes in nozzle size produce lines with varying 
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FWHM, the line heights and widths produced with different nozzles cannot be compared 

directly. Instead, the aspect ratio (H/FWHM) was used to normalize the line heights and 

allow direct comparisons between the cross-sectional geometries of the lines produced 

using different nozzle diameters. 

3.1.3 Molecular Dynamics Simulations 

LAMMPS (the Large-scale Atomic/Molecular Massively Parallel Simulator) was 

used to perform MD simulations of the impact of Ag nanoparticles to deposit films [28]. 

The LAMMPS simulations were run on the Lonestar5 Linux cluster at the Texas Advanced 

Computing Center (TACC). The visualization software OVITO [29] was used to analyze 

atomic positions, void volume, crystal structure, and film morphology.  

The simulation box was 80 x 80 x 150 lattice constants (LC) in the x, y, and z 

directions with the NPs incident along the z direction. The lattice constant for silver is 

0.409 nm so the box was 33 x 33 x 61 nm. The boundary conditions in all 3 directions were 

periodic, and so the y dimension was adjusted to 80.61 LC to accommodate the periodicity 

of the {110} substrate orientation. The substrate was located at the bottom of the simulation 

volume and extended 50 LC in the +z direction.  

A portion of the simulation box showing a 6 nm dia. (14.8 LC dia.) NP approaching 

the substrate is shown in Fig. 3.2a. The vertical scale lines are 10 nm (24.5 LC) apart. Two 

particle and substrate orientations were studied that represent the minimum NP plastic 

deformation on impact (referred to as a hard-on-hard impact), illustrated in Fig. 3.2b, and 

the maximum NP plastic deformation on impact (referred to as a soft-on-soft impact), 

illustrated in Fig. 3.2c. The substrate orientations are defined as follows: (1) hard, with the 

crystal axes [100], [011̅], and [011] along the box x, y, and z axes, so that the impact face 
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was the (011), and (2) soft, with the x, y, and z crystal axes parallel to the same box axes. 

For the two NP orientations, first in the hard-on-hard impact case, the NP was oriented 

with (111) being the impact face, and the crystal directions[11̅̅̅̅ 2], [11̅0], and [111] were 

parallel to the x, y, and z box axes respectively (Fig. 3.2b.). For the soft-on-soft impact 

case, the nanoparticle orientation was rotated by 45° about the z-axis (Fig. 3.2c) relative to 

the orientation of the substrate. 

a.    b.  c.  
 

Figure 3.2.  Nanoparticle before and after impact (1 nm thick cross sections).  a. 6 nm 

NP before impact, b. 6 nm NP after impact at 300 m/s, hard-on-hard 

orientation, and c. 6 nm NP after impact at 750 m/s, soft-on-soft orientation.  

Distance between vertical scale lines is 10 nm. 

Within the substrate, the bottom 15 LC were divided into two layers with Langevin 

and temp/rescale fixes applied in two separate sub-regions to provide acoustic and thermal 

boundary conditions. With these fixes, acoustic waves were observed to propagate 

downward after impact, but not be reflected back from the bottom vacuum interface.  The 

thermal boundary conditions were verified to approximate an analytic solution for thermal 

diffusion in Ag from a small, hemispherical hot source at the surface of a semi-infinite 

plane. The Ag atom interactions were described using the embedded-atom method (EAM) 

potential [30] [31]obtained from the NIST Interatomic Potentials Repository Project [32]. 
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To model particle impact, the spherical nanoparticles were first created at a height 

of 70 LC above the substrate surface at random x-y locations, as described later. Although 

Wulff polyhedra [33] are the equilibrium shapes for nanoparticles, nanoparticles produced 

by LAMA are generally spherical, and thus spherical nanoparticles were selected for these 

simulations [26]. At the start of the simulation, the substrate and initial NP were relaxed to 

a minimum potential energy and then thermalized at room temperature (isothermal-isobaric 

(npt) integrator [34] at 300 K for 60 ps). The time step throughout the simulations was 

0.001 ps (1 fs). Following thermalization, a constant velocity was imparted to all atoms in 

the NP, which subsequently impacted onto the substrate, and a cycle was begun consisting 

of: (a) Isochoric- isoenergetic (nve) integration for 240 ps, (b) create the next NP, (c) nve 

integration for 60 ps with temp/rescale to 300 K applied to all the atoms, (d) impact the 

next NP, and repeat the cycle. After the 17th NP was impacted, nve integration continued 

for 400 ps. Thus, the whole deposition process after initial thermalization continued for 5.2 

ns with 300 ps between impacts. When the successive NPs were created, the temperature 

of the deposit was observed to be 300-400 K. The 60 ps period of temp/rescale to 300 K 

reduced the deposit temperature to near 300 K in order to simulate the longer intervals 

between impacts per unit area that occur experimentally. Data for all atoms in the 

simulation were dumped to files at 25 ps intervals for analysis and visualization. The last 

time-step in the simulations was used to compute film density. 

3.2 RESULTS 

3.2.1 Experiments 

 

Figure 3.3 shows the measured relationships between impact velocity and relative 

line density (ρ / ρ theoretical). From the plot, the impact velocity and relative line density 
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appears to be positively correlated. The highest density of 86.8 % was produced with an 

impact velocity of 1350 m/s using a 1 mm nozzle with an 80°C carrier gas temperature and 

the lowest density of 58 % was produced from a 0.25 mm diameter nozzle at room 

temperature with an impact velocity of 986 m/s.  

 

Figure 3.3. Influence of impact velocity on relative density of deposited lines. 

Despite the positive trend in density with increasing impact velocity, there is scatter 

in the relative density for each of the five deposition conditions. To study the causes for 

the large variations in the relative density of the lines, SEM images of the cross-sections 

of lines were examined for each of the three nozzle diameters and images of representative 

samples are shown in Fig. 3.4.  
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a.  

b.  

c.  

Figure 3.4. Cross sections for deposited lines for the a. 0.25 mm, b. 0.5 mm, and c. 1 mm 

diameter nozzles. 
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Figure 3.4 shows that for all three nozzles, there is a relationship between the line 

height and the relative density of the line. The regions of the lines that deposited first that 

are nearest the substrate appear dense, but the regions that deposited later near the top of 

the line appear less dense. The images from Fig. 3.4 along with the scatter from Fig. 3.3 

suggest a possible relationship between the line aspect ratio (height/width) and relative 

density.  

Figure 3.5 is a plot of the relative density of the lines versus the aspect ratio, 

H/(FWHM). This plot shows that, despite the apparent trend shown in Fig. 3.3, the impact 

velocity is not the variable that most strongly influences line density. For example, many 

of the lines deposited with the 0.5 mm nozzle that have a calculated impact velocity of 

1120 m/sec have a similar density to those deposited with the 1 mm nozzle that have a 

calculated impact velocity of 1440 m/sec. It is also apparent that the aspect ratio of the lines 

has a much more significant influence on the density of the lines than the impact velocity. 

For example, line densities of between 80-90% are obtained, independent of the impact 

velocity for lines that have an aspect ratio of less than 0.1.  The line density decreases to 

65-76% when the aspect ratio is increased to 0.1 - 0.6, and the lines that exhibit the lowest 

density (<60%) are produced with the highest aspect ratios of 1.8 - 2.6.  
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Figure 3.5. Influence of aspect ratio on relative density of deposited lines. 

An example of the effect that a large aspect ratio has on the film microstructure can 

be seen in Fig. 3.6, which shows a SEM image of a cross section of a film produced with 

the 0.25 mm diameter nozzle. The line deposited with a very high aspect ratio of 2.9 (Fig. 

3.6a) exhibits distinctly variable nanoparticle packing in the cross section, with a dense 

base and inner core, and regions near the surface that exhibit a lower density columnar 

structure that fans out from the central dense area towards the surface. This pore 

morphology is shown at higher magnification in Fig. 3.6b. Similar low-density columnar 

pore structures have been observed previously in lines deposited with high aspect ratios, 

although the cause has not been explained previously. [25] [35] By examining the surface 

of the film shown in Fig. 3.6c it is apparent that this columnar pore structure continues 

down the length of the film and is not artifact of the fracture surface. The porous columnar 
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regions that arise in films with high aspect ratios result in overall film densities being lower 

compared to the films shown in Fig. 3.4 that have much lower aspect ratios. 

 

 

 

Figure 3.6. Cross-sectional SEM images of lines deposited with 0.25 mm diameter nozzle 

showing a) the full cross section, b) higher magnification image showing 

columnar pore structure, and c) the side of the line showing the columnar 

pore structure persists along the length of the line. 

20 μm 

b) 

c) 
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Columnar growth in planar thin films has been observed previously and detailed 

models exist to explain this phenomenon which is often referred to as shadowing. For 

example, shadowing has been observed from electron beam deposition when atomic 

species deposit to produce solid thin films. [36] Columnar growth occurs when a) the 

incidence angle of the depositing atomic species is non-normal, b) a void is formed due to 

shadowing, and c) the void is not filled by mass transport. The morphology of a film 

produced under conditions where shadowing is prevalent appears qualitatively similar to 

the upper portions of some of the patterned lines produced in this study from depositing 

solid nanoparticles. 

There are, however, several important differences between atomic/small cluster 

deposition, where shadowing has been observed previously, and the current results 

produced by nanoparticle deposition.  For atom/small cluster deposition when surface 

diffusion rates are sufficiently high, columnar growth is suppressed. The atoms in this case 

are mobile and fill in voids between neighboring deposited atoms.  When the atoms are 

not sufficiently mobile, voids lead to shadowing and columnar growth.  For particles in 

the size regime we studied, particles/atoms are not mobile on the surface at room 

temperature and thus surface diffusion cannot be a mechanism for the suppression of 

columnar growth. Thus, the transition between dense regions of the films and columnar 

growth for films produced by nanoparticles cannot be explained using the existing theories 

developed for the deposition of atomic species. 

  Another important distinction between the deposition of atomic species/small 

clusters and nanoparticles is that nanoparticles can plastically deform upon impact. [37] 

MD studies have shown that the plastic deformation experienced by the impacting particle 

scales with the impact velocity. [38] At sufficiently high impact velocities, plastic 
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deformation can fill in voids between impacting particles to produce nearly dense films. 

[39] This suggests that the mechanism that controls the onset of the columnar morphologies 

observed in the current study are fundamentally different from the columnar morphologies 

observed previously from the deposition of atomic species. 

3.2.2 Molecular Dynamics Simulations 

It is apparent from the experimental results from the current study that a higher 

impact velocity alone does not guarantee that a film produced from nanoparticle will have 

a higher relative density and that films with lower aspect ratios can be denser than those 

with higher aspect ratios. Observations of the cross-sections of the lines shows that the 

regions of the lines with the lowest relative density are where the normal impact velocity 

is reduced by the large angle between the impact direction and the surface normal. This 

leads us to hypothesize that there is a critical normal impact velocity required for particles 

to form dense films and avoid the columnar pore structures that are observed in Fig. 3.6. 

Although normal impact velocity cannot be directly controlled experimentally, MD 

simulations provide a means to systematically vary the normal impact velocity. 

Thus, to test the hypothesis, MD simulations were conducted in which multiple 

particles were impacted to simulate the deposition of a line. Impact velocities ranged from 

300 to 750 m/s for the simulations. This range of velocities is both experimentally 

accessible and was found to cover a range of line densities that clearly show threshold 

behavior for the formation of dense lines. Three cases were studied where the mean particle 

size in each case was the same as that observed experimentally in LAMA: [26] (1) 

monodisperse 6 nm NPs impacted in a plastically hard-on-hard orientation, and (2) 

monodisperse 6 nm NPs deposited in a soft-on-soft orientation, and (3) NPs that exhibited 
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a log-normal size distribution (6.2 ± 4.9 nm diameter) impacted in a hard-on-hard 

orientation. The log-normal NP size distribution was generated by random selection from 

a log-normal function having µ = 1.6 and  = 0.65 (analytical mean diameter of 6.1 ± 4.4 

nm). For each of the simulations, 17 particles were impacted. The NP impact locations in 

the x-y plane were randomly distributed within the range of 12 to 68 LC over the 80 x 80 

LC area. Further, successive NP impacts were cycled through 4 overlapping quadrants 

within this area so that the deposited energy and mass would be distributed in space and 

time. 

The count boxes to determine deposit density were placed such that they avoided 

the surface of the line and any open spaces that were still connected to the exterior. 

Likewise, the lateral edges and open spaces were avoided, so that only totally enclosed 

void space was counted. The count box was placed 5-6 atom layers above the substrate in 

order to avoid the few layers of atoms that were always epitaxial to the substrate even for 

the lower velocity impacts. Typically, the boxes were 10 x 10 nm in lateral dimension (as 

shown in Fig. 3.7) and varied from 5 to 12 nm in height, since the deposit height varied 

significantly with impact velocity. 

To illustrate the final deposit morphology and count box placement, representative 

cases for the log-normal NP size distribution at the lowest and highest impact velocities 

are shown in Fig. 3.7 for 1 nm thick cross sections. Figure 3.7a shows the case for particles 

impacted at 300 m/s; fully enclosed voids that were included in the box count as well as 

open pores connected to the exterior that were not included in a count box are visible. 

Figure 3.7b shows the case for particles impacted at 750 m/s and shows a fully dense line 

composed of a bottom layer that has deposited epitaxially, which is covered by several 
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defected grains of different crystal orientations. The variations in the deformations 

experienced by the NPs upon impact velocity is clearly visible in these examples. 

  

Figure 3.7.  Cross sections of Ag lines (1 nm thick section) from MD simulations of NP 

impact.  Lines were produced from NPs with a lognormal NP distribution 

(6.2 ± 4.9 nm dia.). Boxes show the bounding regions for counting atoms 

and for determining film density: a. film deposited at 300 m/s (box 

dimensions = 10 x 10 nm), and b. film deposited at 750 m/s.  See text for 

details of placement and size of the counting box.  Particle and substrate 

orientations are hard-on-hard. 

  

a) b) 
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The film densities obtained from the simulations are plotted versus impact velocity 

in Fig. 3.8. When the count box was shifted laterally or vertically, but kept within the 

positioning constraints identified above, the density was observed to vary by up to 5% at 

the lower densities and less than 0.5% at the higher densities. Additional simulations 

conducted at impact velocities greater than 750 m/s all produced fully dense deposits, and 

thus these points are not plotted in the figure. A threshold velocity of 600-750 m/sec is 

clearly identifiable for the formation of fully dense Ag films, although the exact threshold 

velocity depends on the details of the particle size distribution and particle orientation. For 

example, when monosized particles were deposited in a soft orientation where greater 

deformation was favored, a lower threshold velocity was obtained. The highest threshold 

velocity was obtained for monosized particles deposited in a hard orientation. A 

distribution of particle sizes favored a lower threshold velocity, even when they were 

impacted in a hard orientation because smaller particles in the distributions aided in filling 

interstices between larger particles, and the largest particles were able to eliminate voids 

in the vicinity of their impact site.  This suggests that, in experiments where particles size, 

orientation, and velocities are all variable, a single threshold velocity would not be 

observed and instead a range of transition velocities would be observed. Computational 

expense, however, limits MD simulations to an insufficient number of particles to observe 

the transition from dense to columnar growth as the deposit aspect ratio is increased. Thus, 

other tools are required to explore the cause of columnar growth during nanoparticle 

deposition. 
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Figure 3.8. Relative deposit density versus NP impact velocity obtained from MD 

simulations.  NP size distributions are 6 nm dia. monodisperse with soft-

on-soft orientation (blue diamonds), and 6 nm dia. log-normal and 6 nm 

monodisperse, both for hard-on-hard orientations (black triangles and green 

circles respectively).   

3.2.3 Geometric Model to Predict Relative Density 

Using experimental observations and the results from the MD simulations, it is 

possible to construct a simple geometrical model to explain the aspect ratio-dependence on 

line density that was observed experimentally. To implement the geometric model, the first 

step is to select the H/FWHM for a line and compute the instantaneous slope for a line 

profile everywhere along the line’s surface. The next step is to define a critical normal 

velocity where plastic deformation is sufficient for achieving high density; we have 

selected a critical normal velocity of 600 m/sec based on the results of the MD simulations 
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discussed in the previous section. Next, the particle impact normal velocity is computed 

directly from the slope of the profile of the line for a given particle velocity. Regions of the 

profile where particle impact normal velocity exceed the critical velocity are labeled as 

fully dense; regions of the profile where the particle impact velocity are less than the critical 

velocity are labeled as porous. 

We have computed particle normal impact velocities for lines with H/FWHM = 0.1 

- 8, and the results are plotted in Fig. 3.9. The figure shows predictions for the range of 

impact velocities that were studied experimentally from 980 m/sec - 1444 m/sec. Since the 

line cross-section profiles are symmetric, only the positive half is shown.  The solid lines 

represent regions that are predicted to be dense because the normal impact velocities in 

these regions is greater than 600 m/sec. The dashed lines show regions that are predicted 

to be porous because the normal impact velocity is less than 600 m/sec. The shaded regions 

connect the regions of the cross-sections that are predicted to be porous.  
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Figure 3.9. Predictions of line density from the geometric model for impact velocities of 

980 m/sec (a), 1120 m/sec (b), and 1444 m/sec (c).  Gray shaded areas and 

dashed lines indicate regions of the deposit that are predicted to be porous. 
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Figure 3.9a shows that, for an impact velocity of 980 m/sec, the deposited lines are 

predicted to remain fully dense until the normalized height of the line, H/FWHM, exceeds 

approximately 2. As the line height continues to increase and exceeds 2.5, a region 

localized near the surface and towards the peak is predicted to be porous. As the line height 

increases further, the relative size of the porous region increases.  Since the overall 

relative density of the lines is a linear combination of the dense and porous regions, the 

overall density is predicted to decrease as the relative height of the lines increases.  

Comparing Figs. 3.9a, Fig. 3.9b, and Fig. 3.9c, it is apparent that the impact velocity 

influences the minimum aspect ratio for the onset of porosity. For example, for an impact 

velocity of 980 m/s, porosity was observed for aspect ratios greater than 2.0; whereas for a 

higher velocity of 1440 m/s, porous films were not produced until the aspect ratio exceeded 

3.0. Note, however, that for tall lines (H/FWHM> 6), the predicted effect of impact velocity 

on overall line density is relatively small, even when the impact velocity is increased by 

68% from 980 to 1440 m/sec. Comparing the predictions from Fig. 3.9 to the experiments 

in Figs. 3.3, 3.4 and 3.5, it is observed that the model can qualitatively explain the aspect 

ratio-dependence of the densities that were observed experimentally. Lines with lower 

aspect ratios are predicted to be denser than lines with larger aspect ratios and there is good 

qualitative agreement between the location of the porosity observed within the 

experimentally deposited lines and the predictions. However, although good qualitative 

agreement between the geometric model and the experiments is observed, quantitative 

agreement is imperfect. Specifically, none of the lines produced experimentally were fully 

dense as predicted by the model and the magnitude of the predicted relative densities do 

not match our experimental results. This is likely because the simple geometric model 

assumes a discrete critical velocity for densification. The MD simulations in contrast show 
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that there is a range of critical velocities that depend on particle orientation and particle 

size distribution. Thus, quantitative agreement between the predictions and the experiments 

would likely require that this range of critical velocities be incorporated into the geometric 

model. Although such a calculation is beyond the scope of this paper, the simple geometric 

model nevertheless provides important insight into the deposition process and the key 

variables that can be adjusted to produce high density deposits from impacting 

nanoparticles. 

3.3 CONCLUSIONS 

The processing variables that affect the final density and microstructure of 

patterned thick lines produced using the LAMA process have been studied. This is the first 

experimental study where deposited lines have been produced where the NP impact 

velocity was varied independently of size in this range of particle sizes. Experiments 

showed that there was a positive correlation between impact velocity and relative density 

of the lines. However, a more careful analysis revealed that the height of the film relative 

to its width (aspect ratio) was a more sensitive variable that influenced the line density, 

with lower densities at higher aspect ratios. A model developed through MD simulations 

of various particle impact orientations is presented that explains why the deposit aspect 

ratio plays a dominant role in influencing both the relative density and microstructure. This 

model suggests that there is a critical normal impact velocity of approximately 600 m/s 

when depositing Ag NPs with an orientation that maximizes deformation to obtain where 

particles plastically deform sufficiently to produce high density deposits. As the aspect 

ratio is increased for a given impact velocity, the angle between the impact direction and 

the surface of the deposit decreases over large regions of the surface of the deposit, which 
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results in a reduction in the normal impact velocity. When the normal impact velocity falls 

below the critical velocity, porosity is produced in these regions of the film. Thus, the 

highest densities are obtained when the deposit aspect ratio is small, and the impact velocity 

is large. During deposition experiments, particle orientation and particle impact location 

cannot be controlled so direct comparisons between experiment and the geometric models 

are not exact.  Nevertheless, good qualitative agreement is observed between the regions 

of the deposits where porosity is predicted and observed in the experiments. Although the 

relationships between film density and aspect ratio were demonstrated using the LAMA 

process, similar relationships may also exist for other high speed aerosol particle deposition 

processes where plastic deformation dictates the film morphology such as cold spray [12] 

and the aerosol deposition method [16]. 
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Chapter 4: Influence of Agglomerate Morphology on Films Produced 

with Ag Nanoparticles 

The micro-cold spray process produces thick patterned films by impacting solid, 

nano-to-sub-micron particles at high velocities. This process has been used extensively to 

produce ceramic films but has been employed only on a very limited basis to produce 

metallic films. The fine powders used in this process are invariably agglomerated to some 

degree, but the influence of agglomerate morphology has not previously been studied for 

metallic particles used in micro-cold spray. Here we study the effect of annealing 

treatments in the temperature range from room temperature to 200˚C on the powder 

morphology and resulting film properties. It is shown that the heat treatments affect the 

morphology of powder agglomerates; smaller more compact agglomerates are favored as 

the temperature of the annealing treatments are increased. Although the impact velocities 

are reduced as agglomerate size is reduced and agglomerate density is increased, 

experimental results show that films with higher relative densities (up to 80%) and as-

deposited conductivities (up to 3.5 S/µm) are produced compared to films produced with 

larger more open morphologies. 

 

4.1 EXPERIMENTAL 

A summary of the deposition conditions is shown in Table 4.1.  
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Carrier Gas Helium 

Upstream Pressure Prior to Nozzle 101 kPa 

Downstream Pressure in Deposition Chamber 0.1-0.3 kPa 

Flat Plate Nozzle Diameter 1.0 mm 

Gas Temperature 22℃ 

Nozzle-to-Substrate Distance 3 mm 

Writing Velocity  1 cm/s 

Table 4.1: Deposition conditions for deposited LAMA lines. 

Four sets of powders were prepared by annealing the as-received powder in air at 

temperatures of 50℃, 100℃, 150℃, and 200℃ for 10 minutes using a drying oven. For 

comparison, a fifth set of powder was used in the as-received state. The particles were 

collected onto TEM grids in the as-received state and after shearing in the mixer to 

determine the primary particle size and assess the ability of the mixer to break 

agglomerates. To collect the particles that were fed into the mixer, the nozzle was removed 

and the TEM grids were placed about 5 cm beneath the mixer exit where the particles fell 

onto the grids. 

For deposition of films, the substrates were positioned 3 mm below the nozzle exit 

to ensure that impact occurred inside of the Mach disk generated from the supersonic 

nozzle. [26] The films were produced by writing onto alumina substrates that were 

translated along a one-dimensional path beneath the nozzle using multiple, overlapping 

passes for 5 minutes. 

 

4.2 RESULTS 

The commercial nanoparticles were first examined to confirm the primary particle 

size reported by the manufacturer and to determine their degree of agglomeration. Figure 

4.1 is a representative TEM image of the as-received nanoparticles showing that the 
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primary particle size is consistent with the manufacturer’s estimate of 30-50 nm.  The 

agglomerates of powder particles are as large as several hundred nanometers and have an 

open morphology.  

 

 

Figure 4.1. Representative TEM micrograph of as-received powder showing an 

agglomerate consisting of 30-50 nm Ag nanoparticles. 

To assess whether the morphology of the agglomerates could be altered without 

increasing the agglomerate size, the powders were heated at temperatures from 50-200 ˚C 

and then fed through the mixer. The powders were examined in the TEM to observe the 

morphology of the agglomerates before and after passing through the mixer. 

Representative images of the as-received powder and of powders following annealing are 

shown in Fig. 4.2. Comparing the image of the powder in the as-received state (Fig. 4.1) 

and after shearing in the mixer (Fig. 4.2a), it is apparent that the mixer significantly reduces 

the average agglomerate size but does not completely deagglomerate the powder.   
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Figure 4.2. Representative TEM micrographs of annealed nanoparticles after passing 

through mixer. a) as-received, b) 50˚C, c) 100˚C, d) 150˚C, and e) 200˚C. 

The effects of annealing are more subtle. The micrographs suggest that the 

agglomerate size is affected by heat treatment, and that there are also changes in the 

morphology of the agglomerates that occur during annealing. In the as-received state and 

at lower annealing temperatures, the agglomerates have an open structure. This open 

structure was confirmed using TEM holography by tilting the agglomerates in 4° steps over 

a total angle 32° and then reconstructing a quasi-3D representation of the agglomerate. 

Between 23-27 representative agglomerates were measured from TEM micrographs for 

each treatment temperature and the results are plotted in Fig. 4.3. Standard deviations for 

the average diameters range from 167 nm to 206 nm and using an 80% confidence interval 

the difference in average agglomerate diameters was found to be statistically significant. 
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This plot shows that, as annealing temperature is increased up to 100˚C, the particles begin 

to sinter, resulting in denser agglomerates that have a less open structure. For treatment 

temperatures above 100˚C, the agglomerate size does not change measurably, but the 

darker contrast visible in the TEM images suggest that the agglomerate structure continues 

to densify at temperatures above 100˚C.  

 

 

Figure 4.3. Average agglomerate diameter versus treatment temperature. 

Films were deposited onto substrates along one dimension to produce deposited 

lines from each of the five powders. A representative SEM image of a deposited line 

produced with the micro-cold spray system is shown in Figure 4.4. The films were 
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observed to be quasi-Gaussian in cross-section with nominal lengths of 10 mm, base widths 

of 1 mm and peak heights 50-120 μm. Average film height decreased with increasing heat 

treatment temperature, suggesting more efficient packing of nanoparticles during 

deposition.  

 

Figure 4.4. SEM image of Ag film written onto carbon tape with micro cold spray 

system. 

Figure 4.5 shows a plot of film density versus the annealing treatment temperatures 

used to prepare the feedstock powders. Two samples were measured at each condition to 

test reproducibility. The relative densities of the films ranged from 60% to 79%, with the 

least dense films produced from as-received powder and the highest density films produced 

from the powders annealed at 200°C. From XRD, it was found that the crystallite size for 

the deposited films was approximately 20 nm and was not sensitive to the powder 

annealing temperature. 
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Figure 4.5. Film relative density versus annealing treatment temperature of the feedstock 

powder. 

The effect of powder treatment temperature on the electrical conductivity of the 

films is shown in Fig. 4.6. The conductivity follows a similar trend to the density plot 

shown in Figure 4.5. Conductivity values ranged from 1 S/μm to 3.5 S/μm, with the highest 

conductivity films produced from the powder annealed at 200˚C. The conductivity for lines 

produced from powder annealed at 200˚C in the as-deposited state is about 6% of the 

conductivity bulk silver. It has been shown previously that due to the extremely small 

crystallite size in films produced by aerosol deposition, the largest contribution to the 

resistivity for as-deposited films results from grain boundary scattering. [22] 



75 

 

 

Figure 4.6. Film conductivity versus treatment temperature. 

 

4.3 DISCUSSION 

We have previously shown that particle impact velocity has a very significant effect 

on film density when depositing isolated individual Ag nanoparticles. In this study, we 

investigate the more practically relevant scenario of deposition from agglomerated, sub-

micron Ag powder particles. The agglomerate morphology was varied from an open 

morphology to a more dense morphology by annealing of the powders prior to deposition 

and it was observed that films produced from agglomerates that had a closed morphology 
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produced denser films that had higher electrical conductivity compared to films produced 

from agglomerates with a more open morphology. 

Since it has previously been shown that particle velocity has a significant effect on 

the resulting film density and because agglomerate morphology influence velocity, it is 

necessary to decouple the effects of impact velocity from the agglomerate morphology. 

The first step was the calculation of the impact velocities of agglomerates with a range of 

morphologies from very open to fully closed. The experimentally observed agglomerate 

morphologies vary from agglomerate to agglomerate and interpretation of the three-

dimensional structures requires tedious tilting experiments on each agglomerate. To 

simplify this analysis, the as-received agglomerates were assumed to consist of a shell of 

particles and this was approximated as solid shell, as shown in Fig. 4.7. The shelled 

agglomerates had a wall thickness, t, and diameter, D equal to the diameter of the 

agglomerate. An important feature that is not considered in the model is the fractal 

dimension of the agglomerates. A very open agglomerate, such as a chain of nanoparticles 

is not affected by the size of the agglomerate because the drag is minimized and instead is 

able to reach velocities similar to the velocity of a single particle. This fractal dimension 

effect is assumed to not apply to the agglomerates produced by the MCS system. This 

assumption was arrived at by examination of the agglomerates produced by the MCS mixer 

in TEM such as those shown in Figs. 4.1 and 4.2. These images show that agglomerates 

leaving the mixer are much closer to spheres than nanoparticle chains.  
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Figure 4.7. Morphology of representative shelled agglomerate and approximation used 

for velocity calculation. 

Agglomerate velocities were calculated from the thermodynamic conditions as the 

gas entered and exited the nozzle and using the drag forces acting on the agglomerates 

using the methodology presented in Huang et al. [26] The deposition conditions used in 

the experiments were used for the calculations. These included the gas composition (He), 

gas temperature (300 K), pressure differential (Po/P1 = 500), and nozzle diameter and 

length (1.0 mm) used in the experimental study. The calculated impact velocities for 

agglomerates with D = 100-1000 nm and with t/D = 0.05 – 0.5 are plotted as a function of 

t/D in Fig. 4.8.  
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Figure 4.8. Calculated impact velocity (lines) vs wall thickness ratio (t/D) for 

agglomerates with a shell with a thickness t and an agglomerate diameter D. 

Data points show calculated velocity and t/D for agglomerates in the as-

received state (square) and after annealing treatment at 200˚C (circle). 

From this plot, it is apparent that the agglomerate diameter has a large effect on the 

impact velocity. For example, for a fixed t/D = 0.3, the impact velocity decreases from 

approximately 800 m/sec to less than 300 m/s as the agglomerate size is increased from 

100 nm to 1000 nm. Although the impact velocity is also affected by t/D, it is less sensitive 

to t/D than to D. For example, for a fixed D = 400 nm, decreasing t/D from 0.5 

(corresponding to a fully dense agglomerate) to 0.05 resulted in an increase in impact 

velocity from approximately 400 m/s to 700 m/s.  
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Also shown on the plot in Fig. 4.8 are the approximate t/D and corresponding 

impact velocities for the as-received powder and for powder treated at 200℃. The values 

of t/D and D for these calculations were based on experimental observations that suggest 

that D = 420 nm and t/D ≈ 0.15 for as received powders and D = 360 nm and t/D ≈ 0.5 for 

the powder annealed at 200˚C, assuming that agglomerate fully sintered. According to the 

plot, the impact velocity decreases from 500 m/s for the as-received powder to 400 m/sec 

for the powder annealed at 200˚C. Thus, higher density films were produced from 

agglomerates with lower impact velocities. These results are important because they show 

that the benefits of having a higher impact velocity for agglomerates with an open structure 

are outweighed by the difficulty in plastically deforming agglomerates sufficiently upon 

impact, which is required to produce dense films. 

We have focused on agglomerates that have a closed morphology because our 

experiments show that for the Ag powders that were used, the mixer is effective at breaking 

open agglomerates into agglomerates with a closed morphology. We have also conducted 

preliminary experiments with agglomerates that have not been effectively sheared in the 

mixer and therefore have an open chain morphology. We expect that these open 

agglomerates have an even higher impact velocity. For example, Sorensen has shown that 

the impact velocity for an agglomerate with a very open morphology approaches the impact 

velocity of the individual primary particle from which the agglomerates are assembled. 

[40] Our results suggest that films produced from these agglomerates with an open 

morphology have even lower densities than the shelled agglomerate, confirming that the 

agglomerate morphology must be optimized to produce dense films. 
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4.4 CONCLUSIONS 

In this chapter we have studied the relationships between the heat treatment 

temperatures of Ag nanoparticles and the morphology of agglomerates on the final density, 

crystallite size, and conductivity of patterned thick films using a micro-cold spray system. 

This is the first experimental study where the morphology of metal powder agglomerates 

has been varied with heat treatment in this range of particle sizes. Our calculations of 

impact velocity show that agglomerate density plays a key role in influencing the relative 

density and conductivity of films deposited from agglomerated powders. Our results 

further suggest that increasing impact velocity alone does not lead to a dense film when 

the feedstock nanoparticles are agglomerated. Higher film densities and higher 

conductivity films are obtained when the impacting agglomerates have a compact 

morphology that is enabled by low temperature heat treatments at temperature of 200˚C. 

Our results show that the combination of heat treatments and a high shear mixer produce 

compact, closed agglomerates that are necessary to writing dense, thick films with metal 

nanoparticles. 
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Chapter 5: Influence of Stacking Fault Energy and Hardness on Film 

Deposition 

Previous molecular dynamics simulations of the impact of metal particles at 

velocities that are in the range of that used for LAMA and MCS suggest that the initiation 

and propagation of Shockley partial dislocations plays a major role in the deformation of 

the particles that occurs upon impact. [41] Since it is known that plastic deformation is 

required to ensure that particles stick and to produce high film densities, the factors that 

influence the propagation of Shockley partial dislocations are expected to influence film 

formation for films produced by LAMA and MCS. Two material properties that can 

influence the stress to propagate Shockley partial dislocations are the stacking fault energy 

(SFE) and the intrinsic hardness of the material, which is can be related to the Peierl’s or 

lattice friction stress. 

In this chapter, the effects of stacking fault energy and hardness on the deposition 

of films produced by impacting several different metal particles is studied. Using a variety 

of FCC metals of varying SFE and hardness, films were written with the MCS system. The 

SFEs varied from 22-322 mJ/m2 and hardness values ranged from 155-638 HV for the 

materials that were studied. The deposition rate was characterized by measuring the volume 

of material deposited under nominally similar deposition conditions. Agglomerate 

morphology was also examined for Cu, Au, and Pt nanoparticles used in the experiments. 

 

5.1 BACKGROUND 

The formation of dense films using the MCS system requires that nanoparticles 

deform at high strain rates and high stresses that the particles experience during impact 

with a substrate. This chapter focuses on FCC materials, which deform under modest strain 
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rates at cold working temperature by dislocation glide on the {111} planes in <110> 

directions. However, at higher strain rates, partial dislocation motion may be favored. [41] 

FCC metals have close packed lattices stacked in an ABC stacking sequence whereas HCP 

metals have an AB stacking sequence of close-packed plane. Figure 5.1 shows the possible 

paths for slip from one B-site within the (111) plane to another equivalent B-site. [42] 

 

Figure 5.1. Possible slip paths for atoms in a FCC crystal lattice. Taken from [42]. 

 

The first path (b1) is a direct route from a B site to another B site, which requires 

that atoms pass over other A atoms, and is a perfect dislocation. The second path is for the 

B site atoms to move in two steps by first shifting to a C site (b2) and then to a B site (b3). 

This two-step approach splits the perfect dislocation and into two Shockley partial 

dislocations. Often it is energetically favorable for a perfect dislocation to disassociate into 

two partial dislocations, but when the atoms shift from B sites to C sites the crystal lattice 

loses its ABC stacking and will have a region that has AB stacking. This region of AB 
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stacking in an FCC crystal is known as a stacking fault and has an associated stacking fault 

energy (SFE). 

The SFE controls the distance between disassociated partial dislocations. In 

materials with higher SFE, the partials remain close to each to minimize the energy 

associated with the stacking fault. This is significant because the distance between partials 

can influence the ability of dislocations to move. For example, the leading partial 

dislocation can then intersect with partial dislocations moving on non-parallel {111} and 

result in a sessile dislocation. In this case, the trailing dislocations are also locked, and this 

reduces the ability for further deformation to occur. If a large enough stress is applied to 

overcome the SFE, the distance between partials is reduced until the trailing partial re-

associates with the leading partial, allowing the perfect dislocations to cut through each 

other, as shown in Fig 5.2.   

 

Figure 5.2. Intersection of extended dislocations. Showing dislocations moving towards 

each other (a), constriction of the dislocations (b), and formation of jogs on 

extended dislocations (c). Taken from [42]. 

 Another factor that influences the ability for dislocations to move is their intrinsic 

lattice friction stress or Peierl’s stress. Although the relationships between hardness and 

lattice friction stress are complicated by the fact that there are many factors that influence 

hardness, SFE is one factor. Others include the particle size, the crystallite size within the 
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particle if it is polycrystalline, and the presence of solutes. Assuming the materials are 

nominally pure and that these other factors do not vary for the particles used in this study, 

then it would be expected that FCC metals that have low lattice friction stress will generally 

also exhibit low hardness and that metals with high lattice friction stress will also exhibit 

high hardness.  

Since dislocations in materials with high SFE can re-associate more easily, and 

because materials with low lattice friction stress have greater dislocation mobility for a 

given stress, it is hypothesized that such materials will exhibit greater deformation and 

produce a higher film density upon impact. The effects of SFE and particle hardness when 

depositing metal films at this size scale has not been previously studied. The goal of this 

chapter is to study the effects of SFE and particle hardness on film formation. 

5.2 EXPERIMENTAL METHODS 

A total of 6 face centered cubic (FCC) metals were studied in this chapter.  The 

materials along with their properties, are listed in Table 5.1. It was important for all 

materials to be FCC so that the deformation mechanisms would remain the same for all 

particles (i.e. the same slip planes and directions). 
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5.2.1 Materials Deposited and Calculated Velocities 

Material Particle Size (nm) SFE (mJ/m2) 

Hardness (HV) 

[43]3 

Ag 65 22 [44] 250 

Cu 70, 1000 78 [44] 343 

Ni 70 125 [44] 638 

316 SS 70 30 [45] 155 

Au 15 45 [44] 216 

Pt 15 322 [44] 549 

Table 5.1. Particle sizes and properties used during deposition with the MCS system. 

The materials deposited all had similar sizes that were sub-100 nm except for one 

of the Cu powders that had a mean diameter of 1 μm. This Cu powder was selected as an 

extreme example to compare the current results to previous results from an equivalent cold 

spray system. The SFE varied from 22-322 mJ/m2, with Ag having the lowest and Pt having 

the highest. Hardness values ranged from Vickers hardness of 155-638 HV, with 316L 

stainless steel having the lowest hardness and nickel having the highest.  

All depositions were performed at similar parameters presented earlier (1 mm 

nozzle diameter, He carrier gas, alumina substrate, nozzle-to-substrate distance of 3 nozzle 

diameters). Separate from the other depositions there were two depositions (70 nm Cu, 1 

μm Cu) that used N2 as a carrier gas to examine the effects of slower impact velocity. A 

table of materials and deposition conditions along with calculated velocities is shown in 

Table 5.2. 

 

 

 

 
3 Hardness values are taken from bulk samples, not from the powder particles used in this study 
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Material 

Particle 

Size (nm) 

Carrier 

Gas 

Calculated 

Velocity (m/s) 

Ag 65 He 870 

Cu 

Cu 

Cu 

70 He 870 

70 N 610 

1000 N 240 

Ni 70 He 875 

316L SS 70 He 860 

Au 15 He 990 

Pt 15 He 970 

Table 5.2. Impact velocities calculated from deposition conditions. 

The particle impact velocities were calculated using the methodology detailed in 

Chapter 2. It is notable to recall that this calculation assumes that the particles are not 

agglomerated (i.e. the calculations are for the impact velocity of isolated particles). Except 

for the samples produced using nitrogen carrier gas, the calculated impact velocities were 

similar for all depositions and ranged from 860-990 m/s, with 316L stainless steel having 

the lowest velocity and Au having the highest velocity. These calculations show that 

particle diameter plays a much larger factor in impact velocity compared to material 

density. For example, despite Au and Pt having densities nearly double that of Ag,  a 

smaller Au or Pt particle has an impact velocity that is over 100 m/s faster than Ag. When 

possible, using the smallest diameter material is preferable to a less dense material if the 

goal is high impact velocity. 

 

5.2.2 Film Measurements 

Films thicknesses were measured using optical profilometry and the quality of 

deposition was also examined visually. For films with no significant deposition, optical 
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profilometry was not performed. In order to examine the effects of oxidation and 

agglomeration on the powders the Cu, Au, and Pt powders were examined using TEM. All 

powders were collected after leaving the mixer to ensure that the powder observed was the 

same that would be deposited onto a substrate. To produce the TEM samples, the vacuum 

pump was turned off and TEM grids were placed far (4 cm) beneath the nozzle exit of the 

mixer and moved back and forth until a noticeable powder was deposited onto the grids. 

 

5.3 RESULTS 

Optical images and profile scans are shown for representative films for each 

material, and TEM images are then shown for the Cu, Au, and Pt powders below.  

5.3.1 Images and Optical profiles 

5.3.1.1 Silver 

Ag nanoparticles (65 nm, US Nano, Houston, TX) films were written using a 1 mm 

nozzle with He carrier gas. An image of a typical silver film with its corresponding profile 

is shown in Fig. 5.3.  
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Fig. 5.3. Ag film written with 65 nm particles onto an alumina substrate: a) photograph 

and b) optical profilometry profile. All dimensions in µm. 

The height of films when using Ag is easily controlled by varying the time of 

deposition with the MCS system. Film heights range from 10-500 µm with base widths of 

1000-1500 µm. Silver feeds consistently in the MCS with little vibration required for 
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breaking up bridging in the hopper. These results show that this Ag powder is ideal for 

deposition for films because the deposition rates are very high. 

 

5.3.1.2 Copper 

Copper nanoparticles (70 nm and 1000 nm, US Nano, Houston, TX) were written 

using a 1 mm nozzle with both He and N2 carrier gas. A typical film using 70 nm particles 

and He is shown in Fig. 5.4 with the corresponding profile.  
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Fig. 5.4. Cu film written with 70 nm particles and He carrier gas onto an alumina 

substrate: a) photograph and b) optical profilometry profile. All dimensions 

in µm. Vertical lines in b) indicate approximate positions of the edges of the 

base of the line. 
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Fig 5.4a shows that copper films deposited from 70 nm particles and a He carrier 

gas deposits as a dark consistent film on alumina with almost no variation in the base line 

width of 1.6 mm. Unfortunately, deposition buildup only seems to occur near the middle 

of the line with a maximum height of around 10 µm, even after depositing with large 

aerosol flow rates for long times (0.1 g/min for 10 min). The initial dark line appears during 

the first 2 minutes of deposition but subsequent build up is extremely slow. This suggests 

that subsequent build up is limited because either Cu particles initially stick well to alumina 

but do not stick well to each other or that particles begin to erode the depositing film at 

about the same rate as deposition is occurring.  

A deposition using N2 as the carrier gas instead of He was performed, and the 

corresponding image and profile of the deposited line are shown in Fig. 5.5. 
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Fig. 5.5. Cu film written with 70 nm particles and N2 carrier gas onto an alumina 

substrate: a) photograph and b) optical profilometry profile. All dimensions 

in µm. Vertical lines in b) indicate approximate positions of the edges of the 

base of the line. 
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Figure 5.5 shows that changing the carrier gas from He to N2, and therefore 

lowering the impact velocity (calculated impact velocity drops from 870 to 610 m/s), 

causes a significant difference in the deposition quality of the film and deposition 

efficiency drops as well. The film is still noticeable on the substrate, but the base width is 

very large (about 500 µm) relative to the height so optical profilometry is not able to resolve 

the height of the line. It can also be seen that the deposition is not as consistent since the 

film decreases in width towards the middle and expands towards the edges of the substrate. 

For the next experiment, N2 carrier gas was used to deposit 1000 nm Cu particles 

from a 1 mm nozzle. The produced film and profile are shown in Fig. 5.6. 
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Fig. 5.6. Cu film written with 1000 nm particles and N2 carrier gas onto an alumina 

substrate: a) photograph and b) optical profilometry profile. All dimensions 

in µm. Vertical lines in b) indicate approximate positions of the edges of the 

base of the line. 
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Despite having the lowest calculated impact velocity of any of the film deposited 

from Cu of around 240 m/s, the large Cu particles deposited with N2 were able to deposit 

into a noticeable film with a thickness of around 15 µm a base width around 1.25 mm. This 

film is not as thick as the film deposited from 70 nm particles with He gas, but is much 

thicker than the film deposited with 70 nm particles and N2 gas. The width of the line is 

also less wide than the Cu film deposited from 70 nm particles deposited from 70 nm 

particles with He gas, but it is wider than the film deposited with 70 nm particles and N2 

gas. This shows that the deposition rate was intermediate between the films deposited from 

70 nm particles with He and N2 carrier gasses. Compared to the other Cu samples, the film 

profile is also more triangular rather than the pseudo-Gaussian, as is typically observed. 

This suggests that film deposition is more uniform across the entire spray area. 

 

5.3.1.3 Nickel 

Ni nanoparticles (70 nm, US Nano, Houston, TX) were used to write films with a 

1 mm diameter nozzle and He carrier gas. An image of a Ni film and its profile is shown 

in Fig. 5.7. 
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Fig. 5.7. Ni film written with 70 nm particles and He gas onto an alumina substrate: a) 

photograph and b) optical profilometry profile. All dimensions in µm. 

Vertical lines in b) indicate approximate positions of the edges of the base of 

the line. 
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Much like Cu, Ni deposits in a dark wide line but films are thin despite 10 minutes 

of deposition at 0.1 g/min. The film thickness for the Ni films of around 10 µm is also 

similar to the Cu film deposited under similar conditions and it appears to have roughly 

uniform thickness throughout the entire width. Despite using the same nozzle to substrate 

distance as the Cu samples, the Ni base film width is 2.5 mm, nearly 40 percent wider than 

the Cu film. Films written with Ni particles seem to have more overspray onto the substrate 

than Cu or Ag films. This suggests that there is less aerosol focusing when the particles 

enter the nozzle for Ni compared to Cu or Ag, or that there is a greater propensity for the 

Ni particles to stick when there is a larger tangential component to the velocity, which is 

the case for particles located away from the center of the aerosol stream that tend to deposit 

away from the center of the line. 

 

5.3.1.4 316L Stainless Steel 

316L stainless steel nanoparticles (70 nm, SkySpring Nanomaterials, Houston, TX) 

were used to write a film with a 1 mm nozzle and He carrier gas. An image and film profile 

are shown in Fig. 5.8. 
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Fig. 5.8. 316L stainless steel lines deposited from 70 nm particles and He carrier gas 

written onto an alumina substrate: a) photograph and b) optical profilometry 

profile. All dimensions in µm. Vertical lines in b) indicate approximate 

positions of the edges of the base of the line. 
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Compared to Cu and Ni, the stainless steel powder produced a noticeably thick film 

that could be easily measured by the optical profilometer. With a maximum film thickness 

of around 35 µm and a base width of 1.8 mm, the stainless steel, the deposition rate was 

the highest of all powders that were studied, with the exception of Ag. Despite having the 

high deposition rate, Fig. 5.8a shows that films produced from this stainless steel powder 

exhibited severe overspray onto the substrate, which would be problematic if a deposit with 

fine-scale features was needed. 

 

5.3.1.5 Gold 

Two different Au nanoparticles (15 nm, US Nano, Houston, TX) were used to 

deposit lines. One of the powders consisted of uncoated particles, while the other contained 

a polyvinylpyrrolidone (PVP) dispersant coating. PVP is a common polymer dispersant 

used to prevent agglomeration in nanoparticles. Both powders were used to write films 

with a 1 mm nozzle and He carrier gas. An image for the film produced using the uncoated 

powder is shown in Fig. 5.9a and images and film profiles are shown in Figs. 5.9b and 5.9c 

for films produced using the PVP-coated powder. 
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Fig. 5.9. a) Image showing line deposited from uncoated, 15 nm Au particles with He 

carrier gas. b) Image showing line deposited from PVP-coated 15 nm Au 

particles written onto an alumina substrate with He carrier gas and c) optical 

profilometry profile for film shown in b). All dimensions in µm. Vertical 

lines in c) indicate approximate positions of the edges of the base of the line. 

Films produced from the un-coated Au (Fig. 5.9a) produced a barely visible film, 

with only a slight darkened area where the aerosol hit the substrate. It can be seen that the 

   Au 
15  

    V -   t   Au 
15   

    V -   t   Au 15   
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presence of a PVP coating has a very noticeable effect on Au deposition with the PVP Au 

producing an irregular but visible line (Fig. 5.9b). The line deposited from PVP-coated Au 

had a maximum thickness of around 40 µm, but the profile was the least uniform off all 

other materials deposited with the MCS; the width at the base of the lines varied from 0.5 

to 1 mm. The powder fed extremely well, similar to Ag, and the substrate exhibited very 

little overspray, but deposition efficiency was much smaller than it was for the Ag powder. 

This result is surprising considering the similarities between Ag and Au. The hardness, 

melting point, and impact velocity are very similar. The major differences between Au and 

Ag are that Au has a density and SFE that are both a factor of two larger than for Ag. 

 

5.3.1.6 Platinum 

Pt nanoparticles (15 nm, US Nano, Houston, TX) were used to write a film with a 

1 mm nozzle and He carrier gas. An image of the film is shown in Fig. 5.10. 
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Fig. 5.10. Pt line written from 15 nm Pt particles and a He carrier gas written onto and 

alumina substrate. 

The Pt film was deposited with uncoated particles similar to the Au shown in Fig. 

5.9a and the result is very similar with a slightly dark deposition of no noticeable thickness. 

Pt also fed very well in the hopper and mixer and the exhibited very little overspray, but 

film build up did not occur to any significant degree. The film width is around 1.5 mm at 

the base. Time did not allow for the test, but PVP-coated Pt nanoparticles are available 

from the same supplier (US Nano) that the uncoated Pt powder was purchased from. 

A table showing the film dimensions for films deposited from Ag, Cu, Ni, 316 

stainless steel, coated and uncoated Au, and Pt is shown in Table 5.3. and a plot of the 

relationship between maximum film height and SFE is shown in Fig. 5.11. 
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Material 

Particle 

Size (nm) 

Carrier 

Gas 

Max Height 

(µm) 

Base Width 

(µm) 

Ag 65 He 120 1500 

Cu 70 He 10 1600 

Cu 70 N 1 500 

Cu 1000 N 15 1250 

Ni 70 He 10 2500 

316L SS 70 He 35 1800 

Au PVP 15 He 40 750 

Au 15 He 0 1500 

Pt 15 He 0 1500 

Table 5.3. Dimensions for lines deposited from FCC metals with MCS system. 

 

Fig. 5.11. Stacking fault energy versus film height. 

Figure 5.11 shows a strong negative correlation between the film height and the 

SFE. The thickest films were deposited from Ag which has an SFE = 22 mJ/m2 and the 

second thickest film was produced from the stainless-steel powder, which has a SFE = 30 

mJ/m2. The film produced from stainless steel was also more uniform than the film 

produced from the PVP-coated Au. The thinnest films were produced from the highest SFE 
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materials (Ni and Pt) with heights of 10 µm and 0 µm. With the noticeable improvement 

in the Au after PVP coating, it might be possible to write a thicker film with PVP-coated 

Pt powder, but the trend seems to show that for the MCS system lower SFE allows for 

thicker films. Note that these results are counter to the hypothesis that films that were 

produced from higher SFE materials would have higher deposition rates and be denser 

because partial dislocations are more mobile in materials that have high SFE.  

A plot of the relationship between material hardness and film thickness is shown in 

Fig. 5.12.  

 

Fig. 5.12. Material hardness versus film thickness.  

From Fig. 5.12 there appears to be a general trend that suggests that film thickness 

decreases with increasing hardness of the material being deposited. Softer materials like 

Au and stainless steel are thicker than Cu and Ni, but silver which has a hardness in between 

the other five materials, is much thicker than the other films. The expected trend that 
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deposition efficiency and therefore film thickness increases for softer materials appears to 

hold. However, the anomaly for Ag suggests that other factors may also play a role.  

 

5.3.2 TEM Images of Powders 

5.3.2.1 Copper 

Of the metals used in the depositions, Cu, Ni, and stainless steel can oxidize in the 

presence of oxygen. The level of oxidation is difficult to measure precisely because in order 

to measure the oxide thickness, the powder must be removed from the dry glove box where 

it is stored to transport it to the TEM. Thus, it is possible that the thickness of oxide present 

on the TEM images of powders may not be representative of what is present during 

deposition. Since the final films are exposed to air on their surface after the are removed 

from the MCS deposition system, it is important to determine the effect that oxidation has 

on the powder. 

Cu powder was collected immediately after exit from the mixer and transported as 

quickly as possible (between 20 and 40 minutes) to be imaged in the TEM to observe the 

oxidation on the powder surfaces. A TEM image of the 70 nm and 1000 nm Cu powder is 

shown below in Fig. 5.13.  
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Fig. 5.13. TEM images of a) 70 nm Cu agglomerate and b) 1 µm Cu microparticles. 

Particles are collected after passing through shear mixer and after exposure 

to air for 20-40 minutes. 

Figure 5.13a shows a representative brightfield TEM micrograph of the 70 nm Cu 

powder. The powder particles have a relatively uniform grey contrast that did not change 

when the particles were tilted. The fact that the contrast did not change when the particles 

were tilted sufficiently to encounter a zone axis strongly suggests that the particles are 

oxidized nearly fully. This suggests that the small size of the primary particles for this 

powder cause the oxide to quickly grow and consumes the entire particle with exposure to 

even a small amount of oxygen. 

Figure 5.13b is a brightfield TEM micrograph of the 1 µm Cu powder. The image 

shows that the powder consists of solid Cu spheres with nodules of oxides growing on the 

surface. After exposure of the powder to air for 1 hour, the oxide growths are roughly 30 

nm in height. Since the films deposited by the MCS system are generally slightly porous 

throughout it can be assumed that films written with the 70 nm Cu particles are oxidized 

throughout. Larger agglomerates may retain pure Cu cores. 

200    500    

 u 1 µ   u 70          
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5.3.2.2 Gold and Platinum 

Despite their much higher cost, a benefit of Au and Pt nanoparticles is that they do 

not oxidize when exposed to air. Both PVP coated and uncoated Au and Pt nanoparticles 

were collected onto TEM grids after passing through the mixer. Figures 5.14a and 5.15 

show a typical agglomerate of the uncoated Au and Pt nanoparticles. Without the PVP 

coating, the nanoparticles agglomerated into large, open agglomerates.  The agglomerate 

sizes ranged from 500 nm to 2 µm and consisted of chains of smaller 100-500 nm 

agglomerates. Unlike the Ag powder, these powders did not break up in the shear mixer 

efficiently and, as a result films of these materials were deposited from heavily 

agglomerated powders that had an open morphology. 

A brightfield image of the PVP-coated Au powder after shearing is shown in Fig. 

5.14b. There is a noticeable change in the agglomerate morphology seen in the TEM when 

comparing the uncoated and the PVP-coated Au powders. Although the PVP-coated 

powder is still agglomerated, there are also a large number of single or near-single particles 

distributed around the agglomerates. These single particles were plentiful around 

agglomerates, but there are also a significant number of individual particles spread evenly 

across the TEM grid. In addition, the agglomerate morphology for the PVP-coated powders 

is more compact compared to the open agglomerate morphology exhibited by the uncoated 

powders. Based on the findings from Chapter 4, which showed that film quality improved 

when the Ag powder morphology consisted of small compact agglomerates rather than 

larger agglomerates with an open morphology, these results suggest that the differences 

between the deposition rates and film qualities for Au films prepared from uncoated and 
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coated powders can be attributed to differences in the particle and agglomerate 

morphologies. 

 

 

Fig. 5.14. TEM images of Au agglomerates a) 15 nm uncoated and b) PVP-coated 

powder 15 nm. Particles were collected after passing through shear mixer. 
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Fig. 5.15. TEM image of large 15 nm Pt agglomerate. Particles were collected after 

passing through shear mixer. 

 

5.4 CONCLUSIONS 

From the TEM images it is clear that agglomeration is a large factor in all of the 

powders studied. Calculating average impact velocity for the agglomerates becomes 

difficult without an extensive TEM study of each powder after passing the powders through 

the mixer of the MCS. For materials such as Cu and Ni that readily oxidize with exposure 

to air, this agglomerate sizing study would be difficult to perform since without a nitrogen-

sealed transfer container and mounting bracket, it would not be possible to load samples 

into the TEM without exposing them to oxygen. 
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Large agglomerates with an open morphology have a relatively high deposition 

velocity compared to compact agglomerates consisting of the same morphology, but the 

results from Chapter 4 suggest that agglomerates with an open morphology are more 

difficult to plastically to deform. Thus, rather than depositing, the large open agglomerates 

may remove already deposited material from the substrate instead of sticking themselves, 

and this is especially true for the harder materials such as Ni and Pt. The result is very low 

deposition efficiencies and deposits with irregular geometries. Introducing a PVP coating 

to Au had a large positive effect on the ability to deposit Au onto alumina, so introducing 

a dispersant coating onto other agglomerated powders would also likely to lead to better 

films from the MCS system in the future.  

The results of this study show that deposition is affected by many factors including 

the hardness of the depositing material, stacking fault energies, and the degree 

agglomeration of the depositing particles. Despite these challenges for experiments, some 

general trends are apparent from this study. It was found that deposition efficiency 

decreased with material hardness, which was expected. However, it was also found that 

films with large SFE tended to deposit withe poor efficiencies, which is contrary to 

intuition, which would predict the opposite trend. However, these conclusions must be 

drawn with caution because it was not possible with the experiments that were performed 

to vary each of the factors systematically and thus, it is possible that countervailing effects 

could be at play here.  

More work needs to be performed to isolate these factors to conclusively determine 

their effects on deposition efficiency of films produced with the MCS system. This could 

be done by either introducing better dispersants onto the powders or by improving the 

breaking of agglomerates in the mixer before deposition by modifying the design and/or 
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operating conditions of the mixer. It would also be necessary to image powder particles in 

the TEM after they were passed through the mixer but without first exposing the particles 

to air. This would require the manufacture of a specimen transfer system that could be 

sealed immediately after the particles were captured and then opened in the TEM. The use 

of molecular dynamics simulations has proven to be very useful in understanding the 

deformation behavior when individual particles impact onto a substrate. It is possible that 

these simulations could be extended to small agglomerates and, if so, this would prove 

invaluable in understanding the deposition behavior of agglomerated particles. 
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Chapter 6: Summary and Future Work 

6.1 SUMMARY 

Patterned, thick films are currently mass produced using the screen-printing 

process. For applications where small batch sizes are needed or where the high post-

deposition sintering temperatures that are required for screen printing might damage the 

substrate, other processes are being explored, including aerosol processes such as cold 

spray, micro cold spray, and LAMA. To widen the capabilities of these processes, it is 

important to understand the parameters that drive thick film formation. 

The cold spray process utilizes micron-sized metal powders impacted at high 

velocities and pressures. The deformation mechanisms and produced microstructure have 

been thoroughly studied with both experiments and FEM-based simulations. ADM systems 

such as LAMA and MCS use dry nanoparticle aerosols accelerated at high velocities 

through small diameter nozzles into low pressure chambers. The impact of nanoparticles 

produces microstructures that are markedly different than films made with cold spray 

systems, even though the impact velocities are similar. Very little research has been 

performed previously to understand the differences in the behaviors of nanometer to sub-

micron metal particles compared to the larger micron-sized particle used in the cold spray 

process.  

The objective of this dissertation was experimental research aimed at understanding 

particle deformation and film formation that occurs when nanometer to sub-micron sized, 

metal particles are impacted at velocities of 500-1,500 m/sec to produce films. To 

accomplish these goals, LAMA and MCS systems were used to deposit films from metal 

particles and deposition parameters were systematically varied. The deposited films and 
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their microstructure were then analyzed using optical, scanning electron, and transmission 

electron microscopy to correlate impact conditions to the resulting film microstructures.  

In Chapter 3, the effect of particle impact velocity on film properties was studied 

using Ag nanoparticles that had a mean size of 6 nm. One of the advantages of the LAMA 

processes is that the nanoparticles that are produced are charged and because of this they 

repel each. As a result, agglomeration of the particles is much less of an issue than it is for 

other aerosol processes that utilize uncharged particles. The nanoparticles were impacted 

at velocities from 980-1440 m/s onto alumina substrates. It was found through MD 

simulations and experiments that increasing impact velocity had a positive effect on film 

density. Films with relative densities as high as 88% were produced at the highest impact 

velocities. Through SEM observations, it was determined that the film aspect ratio also had 

an influence on films density and microstructure. At larger aspect ratios, columnar 

structures were observed that severely decreased average film density in these regions of 

the film. MD simulations combined with a geometric model were used to explain this 

phenomenon. With this model, it was shown that a critical normal impact velocity of 600 

m/s is required to produce dense films from 6 nm Ag particles. As the film aspect ratio is 

increased or the impact velocity is increased, a transition from dense films to porous films 

is predicted.  The maximum film aspect ratio and minimum particle velocity to avoid this 

phenomenon were validated experimentally.  

The effect of agglomerate morphology on film density, conductivity and crystallite 

size was examined in Chapter 4. Using a newly developed MCS system, films were written 

with Ag nanoparticles with a primary particle size of 30-50 nm. The agglomerate 

morphology was varied by heat treatment of the powders for a range of temperatures up to 

200˚C before deposition and then the agglomerates were sheared in a mixer prior to 
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deposition. Even at relatively low treatment temperatures, a large change in agglomeration 

morphology was observed in the TEM. It was found that the density of agglomeration plays 

a large role in film properties. Agglomerates with an open morphology produced less dense 

films, even though their impact velocities were higher than agglomerates that consisted of 

a similar number of primary particles but had a compact morphology. A major finding of 

this study was the demonstration that it is essential when working with agglomerated 

powders, which is common for commercial nanoparticles, that open agglomerates be 

eliminated before deposition to produce high-quality, dense films. 

Chapter 5 presents a preliminary study of the effect that stacking fault energy and 

hardness of the depositing material has on film formation. This study was performed by 

depositing six different FCC metals at similar impact velocities with the MCS system. 

These preliminary results show that harder materials produce films with lower density, 

which was the expected outcome because deformation is required to produce high density 

films. However, contrary to the original hypothesis, it appears that materials with lower 

stacking fault energies produce higher density films. The reason for this is not understood.   

It was found that the introduction of dispersants to the powder reduced the degree of 

agglomeration present but did not completely eliminate agglomerates.  

There were several challenges in performing these experiments.  Many FCC 

metals oxidize readily and/or have a strong tendency to agglomerate. Because of the 

differences between the oxidation and agglomeration behavior for the materials for 

powders that were studied, it was not possible to draw definitive conclusions because 

individual parameters that could influence deposition could not be isolated. Nevertheless, 

the preliminary findings are suggestive of future work that could lead to a deeper 

understanding of the impact of agglomerates. 
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6.2 FUTURE WORK 

The MCS system offers a very promising platform for thick film deposition to 

produce patterned thick films. The largest issue that was faced for this work was the 

presence of persistent agglomerates in nearly every commercial nanoparticle powder 

purchased. It is possible that a mixer that was designed to more strongly shear the 

agglomerates could further reduce the degree of agglomeration. The most effective way to 

fix this issue would be to produce nanoparticles in-house for use in the MCS so that the 

sizes of the primary particle and dispersants could be controlled. Alternatively, it may be 

possible to introduce dispersants to commercial powders to reduce their tendency to 

agglomerate. Another very easy and effective method to eliminate the largest agglomerates 

would be to introduce a virtual impactor in between the mixer exit and deposition nozzle. 

This approach has been used effectively in the LAMA system for many years and it would 

be relatively simple to install.  The downside to this approach is that since this approach 

disposes of the largest agglomerates, the poor utilization of the powder can drive up the 

cost to produce films, especially for expensive noble metals like platinum and gold. 

Since it is likely that agglomerates cannot be completely eliminated for nanoparticle 

powders, another approach would be to find processing parameters that might allow 

deposition of high-density films, even from agglomerated powders. This would require a 

better understanding of the effect that agglomeration density has on deformation. This 

might be possible with MD simulations of the high velocity impact of agglomerates on to 

substrates. This would require running simulations of depositions of both open and closed 

agglomerates combined with electron microscopy of films produced from agglomerates 
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with a range of morphology. Using a focused ion beam tool along with TEM of the 

microstructure, it might be possible to produce a MD model that matches experimental 

results and then use that model to predict deposition conditions for other metals.  

Comparing MCS and LAMA to cold spray it is obvious that there are clear 

differences in how particles deform and bond to make films, and given more time, it is 

possible that an experimental study could be performed by impacting particles of 

increasing diameters at similar conditions and measuring film properties. The transition 

between nanoparticle deformation and microparticle deformation must occur in some size 

range and understanding the factors that drive that transition would be very useful. An 

attempt was made to perform this experiment, but the available commercial nanoparticles 

purchased did not have average sizes that were sufficiently different to observe a change 

in the film microstructure and density. With better sourcing of nanopowders, this study 

could be very useful to future researchers trying to deposit metal thick films.  
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