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ABSTRACT 

This thesis describes the application of Physical Vapor Deposition (PVD) for coating powders, 

with the work motivated by the need to provide conformal coatings for nuclear fuel for use in 

Nuclear Thermal Propulsion (NTP). The coated material was tungsten, because of its high 

melting point and low neutron cross-section, yttria-stabilized zirconia (YSZ) was used for the 

nuclear powder surrogate. The coating was done in a rotating drum that held and moved the 

powders under a cylindrical cathode. The sphericity of the powders, to improve their flow in the 

drum, was achieved using a gravity-based plasma Powder Alloying Spheroidization (PAS) 

process. The particles were coated between 5.5 kWh to 40 kWh resulting in a coating thickness 

between approximately 70 nm to 540 nm. The coatings were found to have a powdery 

morphology spheres resulting from the particle-to-particle collisions. To further understand the 

stress state of the deposited film, a series of 100 nm tungsten films were deposited at two 

different rates (0.05 and 0.2 nm/s) and three pressures (2, 5 and 10 mTorr).  At the lowest 

pressure, regardless of rate, the films had a compressive stress state. Upon increasing the 

pressure for both rates, the residual stress was near zero.  X-ray diffraction revealed that the 

nominally body centered cubic tungsten film adopted the A15 phase referred to as beta-tungsten.  
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CHAPTER 1: INTRODUCTION 

 

1.1 Significance of Nuclear Thermal Propulsion 

           Space has fascinated humanity over the ages, and it remains a priority for exploration. 

However, this is difficult due to the lack of efficient transportation [1]. The limited access even 

to the closest planets arises from the limited technical abilities in the field of propulsion used for 

conventional launchers. Even when it comes to interplanetary transfer, present-day propulsion 

systems characteristically have low performance restricting missions from forcing prohibitively 

long voyage durations. Nuclear thermal propulsion (NTP) has been considered as a means over 

these challenges [2][3]. NTP has the potential to reduce round trip transit times to Mars by a 

factor of two as compared to the current based propulsion system[4][5][6]. The nuclear energy is 

generated from the fission of Uranium-235, which is enclosed in an engine’s reactor core. The 

fission reaction produces a vast amount of heat. Hydrogen is then pumped through the coolant 

channels of the fuel elements becoming superheated. The super-heated hydrogen is then pushed 

out through a supersonic nozzle, which creates a high thrust. The thrust produces a specific 

impulse of  ~900 seconds, more than twice, today’s chemical-based rocket system [7][8]. Fig. 

1.1 is a drawing of a proposed NTP engine based on research conducted in the 1960s. 
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Figure 1.1: NERVA schematic of a Nuclear Thrust Rocket(NTR) with Dual Turbopumps [9] 

1.2 Nuclear Thermal Propulsion Overview 

 1.2.1 An introduction to fission propulsion 

  NTP systems are based on a fission fuel system. Such systems have a critical fission 

reactor core, which generates the energy needed to heat the expanding working medium 

[10][11][12]. The fission reactors can be solid, liquid, or gaseous. Reactor cores (Fig 1.2) 

containing solid fissile fuel have been studied extensively and are considered the most mature 

NTP systems [13][10]. For the fission to take place, the core needs to be destabilized. This 

destabilization is achieved by a neutron colliding into the atomic core and then turning it into a 

metastable isotope. The isotope then oscillates, which builds up and splits the isotope. When the 

isotope splits, energy and new neutrons are released in the process. The new neutrons (prompt 

neutrons) destabilize surrounding atoms, which will initiate and maintain the chain reaction, 

which ultimately produces the energy. The energy produced from this chain reaction is then used 

to superheat the hydrogen for propulsion purposes described above.  
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1.2.2 History of Nuclear Thermal Propulsion 

The concept of nuclear thermal rockets was first conceived in 1946 at the beginning of 

the Atomic Age[14]. The United States initiated Project ROVER, and it is a successor nuclear 

engine for rocket vehicle applications (NERVA) in 1955 and 1961, respectively, as part of the 

space race with the Soviet Union. This technology was being developed as a backup to the 

intercontinental ballistic missile chemical propulsion system. It was also envisioned for uses that 

included lunar missions, Earth orbit-to-orbit transfer, and manned missions to Mars. NTP 

promised significant reductions in rocket mass and size because of the high impulse capacity 

The NERVA program had a budget of ~$8.9 billion to design, build, and test rocket 

/reactors. A series of 20 rocket/reactors made of graphite-based NTP fuels were developed which 

performed 28 burns with more than 3.5 hours of operation were developed. However, in 1970 the 

United States achieved dominance in the Space Race, reducing the need for innovation in 

propulsion technologies, and NTP was no longer a priority, and the NERVA program was 

canceled in 1972. The reduction for the need for an NTP system was furthered by the maturity of 

chemical propulsion engines by these dates.  Nevertheless, the research development during this 

period, particularly the use of ceramic-metal (cermet) fuels, provides the motivation for this 

work.  The primary fuel for NERVA was graphite-based but efforts in using uranium dioxide 

(UO2) particles in a tungsten matrix [15][16]. Were explored. With the renewed interest to 

perform a human mission to Mars by 2028 has resulted in a resurgence into the development of 

these associated fuels.  
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1.2.3 Cladding 

1.2.3.1 Cladding overview 

The thin coating around the cermet core is referred to as the cladding. It is fabricated by 

various techniques such as powder metallurgy methods, hot-rolled foil, gas-pressure bonded foil, 

plasma spraying, and vapor deposition[17]. The cladding is an interesting topic because of the 

material challenges it poses. The cladding must survive operation at a temperature of 2700K in a 

highly corrosive environment. Other complications that arise as the fission of the fuel takes 

place. Fission products are formed, and energy is released in the form of heat, which is then 

directly transferred to hydrogen coolant. These operations can affect fuel material microstructure 

and macrostructure. The fuel fission can result in swelling of the reactor core itself from the 

thermal expansion differences between the ceramic (cer-fuel) and metal (met-cladding) which 

form the cermet. Other effects include the formation of solid products with lower density than 

the surrounding material and gaseous products with their associated pressure on the material 

resulting in elastic, plastic, and creep deformation of the cermet.[18] 

 

1.2.3.2 Choice of cladding material 

There are multiple compositions for cladding, such as W, Mo, Re, Ta, Nb, and other 

alloys[19]. The success of the cladding is highly dependent on the material and method of 

coating. Tungsten is an ideal material — it is commonly used for high temperatures applications 

and has a very low neutron cross-section. The neutron cross-section is an essential property for a 

cladding material as it determines the likelihood of interaction of neutron with the nucleus. 

Cladding material having a low neutron cross-section enables the neutrons to travel and activate 

the fuel beneath the cladding. In the early 1950s, research showed that the potential combination 



 

5 
 

of tungsten and uranium-based fuels has the capability to sustain high temperatures while 

retaining fissionable material[20]. The ROVER./NERVA program showed that the tungsten is a 

very promising material for high-temperature nuclear reactors. It has the highest melting 

temperature of all metals (3680 K) and has the lowest vaporization rate of all materials. Tungsten 

appears to be chemically compatible with both hydrogen and UO2 [15][16].  

 

1.2.3.3 Current methods of coating and their drawbacks 

One of the most common means of providing tungsten cladding to the fuel has been by 

chemical vapor deposition (CVD). CVD is a thin film growth process whereupon a precursor gas 

flows over a heated substrate, decomposed, and grows over the surface [21][22]. As a flowing 

gas, it is ideal to provide coating coverage over both planar and more geometric complex shapes. 

Nevertheless, issues in achieving coating uniformity, adhesion (wetting) of the coating over the 

fuel, and the reaction of the precursor on the fuel has been a major hindrance in using this 

technology.  For example, many of the tungsten gases contain hydrogen. Hydrogen, when 

released during the decomposition reaction for CVD, can react with the fuel and provide a 

deleterious reaction with it negating the coating protection.  Thus, other means of providing a 

uniform coating need to be developed.   
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Figure 1.2: (a)Fluidized bed CVD system and (b) W coated ZrO2 [23][24] 

 

  Marshall space flight center (MSFC) has developed a chemical vapor deposition (CVD) 

system (Fig 1.2(a)) which is being developed to pre-coat tungsten matrix over UO2.The coatings 

obtained using this system have shown a columnar growth and have low angle grain boundary 

misorientation. The CVD process uses tungsten hexachloride (WCl6) as pre-courser, which is 

reduced using hydrogen, which deposits over a fluidized bed of UO2 particles. Fig 1.2(b) was 

able to coat tungsten on ZrO2 surrogate particles (Fig 1.2(b)). The draw back observed were 

non-uniform coating and UO2 was found within the tungsten matrix. The powder coated by this 

system are incompatible with hot isostatic press system for consolidation [25][24]. 

 

The next coating strategy is using organic binders to coat tungsten powders on HfO2 

sphere using a Sol-gel process. The binders are milled using alumina balls in a turbula machine 

to decrease the particle size of the polymer. HfO2, W powder and milled binder are mixed 

together using a turbula, for dispersion of the binder uniformly within the powder. Finally, the 

powder was placed on hot plate with magnetic stirrer. The powders are examined using a SEM 
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(Fig 1.3 (a) and (b)).The SEM micrograph show that the particle tend to agglomerate and has 

very uneven coating surfaces (Fig 1.4 (b)) .[26] 

 

Figure 1.3: (a) W coated powders on HfO2 and (b) SEM micrographs showing un even 

agglomerations and uncoated areas [23][26] 

 

1.3 Physical Vapor Deposition (PVD) 

PVD coating is a line-of- sight growth method. For sputtering, a working gas, typically 

Ar, which acts like a carrier. Ar is flowed into a vacuum chamber. Plasma is generated over the 

targets by applying a direct or alternating current biased to attract the ions from the plasma[27]. 

These ions strike the target liberating the target species they condense and nucleate as a solid 

film substrate. A series of magnets are placed under the target to stabilize the plasma during the 

deposition process. PVD challenges for coating such as it is difficulty with  (1) coating of 

complex shapes, (2) high processing cost and low output ,(3)complexity of the process itself 

[28].Nevertheless, a limited number of papers have devised means to sputter deposit films onto 

non-planar substrates such as spherical shapes, described in the following sections. 
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1.3.1 Examples of PVD coating for non-planar samples 

1.3.1.1 Fluidized bed  

A fluidized bed is a phenomenon that occurs when particles of different sizes are placed 

in holder or container and are agitated with increasing frequency until the particles themselves 

act like a fluid, a process called fluidization [29]. This phenomenon is used to expose the 

different surfaces of the particle. Previous research has been done where magnetron sputtering 

was combined with these agitated beds. The agitated beds were connected to electromagnetic 

shakers[30][31] and piezo-electric mounts [32][33] within the vacuum chamber to generate the 

bouncing or vibratory motion required for fluidization. In a United States Army Research 

Laboratory report, a refined fluidized bed coating system, shown in Fig 1.4, was reported. Here 

an electromagnetic shaker was used to fluidize the particle bed while a sputtering gun placed 

overheard generates the plasma required for the coating purposes[34]. 

 

Figure 1.4: (a) Schematic and (b) photo of experimental setup, inside the vacuum chamber[34] 
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Figure 1.5: Optical microscope images of glass spheres: (a) uncoated, (b) after Al coating, and 

(c) second layer of SnO2 coating 

This paper has demonstrated that it is possible to combine magnetron sputter deposition 

with fluidized particle beds to coat small particles with metallic, ceramic, and multilayer 

coatings. In fluidized the properties such as coating thickness, morphology and texture can be 

manipulated by controlling parameters such as bed mass, container size, sputter power, and 

coating duration. The multilayer coatings achieved low roughness and uniform coating. Both 

sputter coating of non-planar substrate via fluidized bed system were established. 

 

1.3.1.2 Inclined rotatory system 

As mentioned in section 1.3, there are many difficulties associated with coating a non-

planar substrate. There are multiple ways of moving the substrate for exposing different surfaces. 

The previous section describes the use of fluidization to move the powdered substrate. Another 

example of a coating system to coat powders is with a rotating vessel, Fig 1.6 (a). Andreas et al. 

have developed a system that has a moveable container placed on a freely positioned rotating 
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plate which is tiled to angle. The moveable container contains the powders particles and the plate 

beneath it is rotated to move the center of gravity away for the protrusion in the coating vessel 

(Fig 1.6(b)). The sputtering gun is placed above to generate the plasma to coat the powder. 

However, this technique may result in the formation of agglomeration of particles [35]. To 

overcome this a fin shaped protrusion was placed in the coating vessel to create a concussive 

force to break these agglomerations[36][37].  

 

 

Figure 1.6: (a) 3D model of the upscaled sputter device showing the main parts of concussion 

mechanism and (b) optimized vessel geometry of a schematic cross-section and it’s rendered 

image 

 

1.4 Thesis Objective 

For early NTP applications the coating was primarily done by using chemical vapor 

deposition (CVD). Here, we explore the practicability of PVD deposition onto surrogate fuel 

powders.  With the prior success of PVD coating of powders, it is reasonable that this method 

could also achieve success for this application.  Besides the deposition of the powder, the thesis 
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will also explore the residual stress during the growth of W as a function of deposition 

conditions.   
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CHAPTER 2: EXPERIMENTAL 

 

2.1 Powder Alloying Spheroidization (PAS) 

In order to provide uniform coating, the movement of the powder among itself is 

required. It will limit shadowing from the line-of-sight deposition of PVD as well as ensure 

continuous coverage as the powder rotates under the plasma. Thus, the powders must have a high 

degree of sphericity. 

Besides the coating needs for a spherical powder, research by Battelle Northwest 

Laboratory (BNWL) in 1960s noted that spherical fuel particles are more durable compared to 

their non-spherical counter parts. The reason spherical kernels performed better was linked to the 

stress concentration that was found at the asymmetrical vertices of non-spherical kernels causing 

exacerbated fuel loss [38][39]. This was further proven when General Electric who also showed 

that the smaller kernel particles had greater fuel capacity.[40][41][42] 

Though the end product will be a nuclear kernel, for this work, a surrogate yttria-stabilized 

zirconia (YSZ) will be used. There are certain advantages for using non-nuclear materials due 

safety concerns and cubic zirconia has an identical structure to UO2 [43][44]. 
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With the need for sphericity established and the material surrogate selected, the use of 

Powder Alloying Spheroidization (PAS), in collaboration with Plasma Processed LLC 

(Huntsville, AL USA) was used. PAS converts powder that consists of different irregular 

particles into spherical or spheroidal shapes through a gravity drop method.  Powder feedstock is 

fed into a plasma stream, which melts it, creating a surface tension that facilitates spherical liquid 

droplets to form while it gravity drops, Fig. 2.1(a). Argon gas mixture is used to generate the 

plasma. As the melted droplets pass out of the plasma via a gravity drop, they rapidly solidify 

and are collected at the bottom of a vertical chamber.[45][46]. After PAS processing, the 

powders are sieved using Tyler meshes into two categories of 10-45 μm and 45-100 μm 

groupings. The YSZ feedstock was obtained from Praxiar (product no. AI-1075) which has 

~7mol% Y2O3 and from Oerlikon (product no. metco 207) which has ~38mol% Y2O3. 

 

2.2 Coating Process 

2.2.1 Industrial Rotary Coating system 

A rotating cathode ray coater was used to coat powders with tungsten at Exothermics Inc 

(proprietary). The PAS processed YSZ spheres are heated to 100οC and loaded directly into the 

coating vessel/drum. The drum has radius of 20cm and operates at 14rpm. A cathode ray coater 

with two three-inch tungsten targets which coats 360 degrees is placed at the drum’s axis of 

rotation. The system is placed under vacuum, and the drum is rotated. During rotation, argon is 

used to form the plasma required for coating purposes. The powder inside the vessel forms a 

particle bed with layer upon layer of YSZ spheres. The coating principle states that as the vessel 

rotates, the powders roll along the wall of the drum and are displaced from the upper layer of the 
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particle bed. This facilitates the powder motion that allows all the particles to be exposed to the 

plasma. 

 

Figure 2.1: (a) Rotary coating vessel at Exothermics Inc and (b) schematic design of the rotary 

system 

 

 

2.2.1.1 Theory/calculation 

Particle motion in a rotating vessel (considering it to be cylindrical vessel) depends on 

variables such as the diameter of the vessel, the rotational speed of the vessel, and powder 

properties (load, size, density, and shape). To estimate the forces from particle-to-particle contact 

could generate, a series of calculations were undertaken.  The YSZ sphere was treated as a 

grinding media in a ball mill with very similar motions involved. During rotation, the spheres 

ascend thereby increasing their potential energy and when they reach a certain height they fall 

into a parabolic path, which is determined by the critical speed (Nc) of the mill (Eq 2.1), which 

determines the possible level of attrition.  
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                                              Nc =
1

2π
(

g

D-R
)

0⋅5

                                                     (2.1) 

Where D (meters) is the diameter of the coating vessel, R (meters) is average diameter of the 

YSZ sphere and g is the gravity (9.8m/s2). 

The critical speed of ball is highly dependent on diameter of vessel (D in ft). Based on the 

critical velocity, the velocity the motion of the YSZ spheres can be characterized into 3 distinct 

motions (Fig 2.2):  

1) Cascading (slow rotation) – the balls are not lifted very high, i.e. they do not lose 

contact with the wall, they roll over each, Fig. 2.2 (a).  

2) Cataracting (fast rotation) – the balls are usually lifted very high resulting in a attrition 

collisions (high parabolic-like trajectories), Fig. 2.2 (b) 

3) Centrifugation (very fast rotation) – this is the least preferred movement of ball motion 

where the centrifugal force excreted will be larger than the gravitational force which leads to the 

balls pressed to the wall of the vessel and no attrition takes places, Fig. 2.3© [47][48]. 

 

Figure 2.2: Scheme of the YSZ spheres motion pattern in a single pot of a rotating coating 

vessel[49] – (a) Cascading, (b) Cataracting, (c) Centrifugation 
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  A tangential force direction will dictate the effect of the post-fall impact on the surface of 

the YSZ spheres (or balls in the above description). The motion of the YSZ spheres can be 

separated into three parts: a) contact with wall/particle bed, b) pre-free fall, and c) free fall. The 

centrifugal force will be greater than the gravitational force until the critical height is reached. 

Therefore, before the critical height, the spheres move along the internal circumference of the 

cylinder. The impact velocity, V, of the sphere then will play an important role in determining 

the stress induced and the strain accumulated over time.  This velocity, V, is given by  Eq 2.2 

where g is the gravitational force and rd is the radius of the coating vessel [50] . 

                                                                   V = 2(grd)
0.5                                                                                            (2.2)                       

The contact radius for a powderless collision based on a sphere is then given by 

                                                                 r = (0.75kFR)1/3                                                         (2.3) 

where r is the contact radius, R is the radius of sphere, k is the empirical constant, given in 

equation 2.4, and F is the impact load/force. 

                                                    K =[(1-vb
2)/Eb]+ [(1-vv

2)/Ev]                                                  (2.4) 

where vb, Eb, and vv, Ev  are Poisson’s ratio and the elastic moduli of the ball and vessel 

respectively. 

  For this experiment, the YSZ spheres are treated as grinding media. Collisions will then 

occur between the spheres as well as the coating vessel wall. The rotation velocity of the vessel 

is 14 rpm which with the 20 cm diameter coating vessel is around 14% of the critical velocity. 

This means the particles are cascading over each other and may not have sufficient impact 
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forces. The impact force and stress generated form the collision is given in Eq. 2.5 and Eq 2.6 

and was found to be 2*10-5N/m2 and 21Mpa. 

 

                                                     F = (5/3πρb)
0.6(3/4k)-0.4V1.2R2                                                (2.5) 

                                                                     σ = F/πr2                                                                (2.6) 

where V is the impact velocity and ρb  is the density of the sphere [51][52]. 

 

2.2.2 In-house Sputter Coating system 

Magnetron sputtering was used to deposit on YSZ substrate by a series of W targets in an 

AJA ATC-1500 stainless-steel chamber though co-sputtering >99.95% pure elemental targets. 

Each film was deposited to thickness of 100nm onto YSZ (100) substrate. The base pressure for 

< 3.5*10-8 Torr, whereupon ultra-high purity Ar was flowed at 10 standard cubic centimeters per 

minute. The working gas pressures used for depositions are 2mtorr, 5mtorr and 10mtorr.The 

depositions rates used were 0.05nm/s and 0.2nm/s. The film is grown to an approximate 

thickness of 100nm±3nm.  
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Figure 2.3: In-house AJA sputter coating system 

2.2.2.1 In-situ stress measurements  

K-Space Associates Multibeam Optical Sensor system (MOS) is used to measure the 

evolution stress during the deposition. The MOS system quantifies the wafer curvature during 

deposition by using a laser beam which passing through an echelon to form an array of spots 

collected on a charge coupled device camera. The relative displacement of the laser spots (Fig: 

4.1) are used to calculate the average stress using the Stoney equation (Eq 4.1)[53] 

 

                                          𝜎𝑡 = −
1

12

𝐸𝑠

1−𝑉𝑠

cos(𝛼)𝑡𝑠
2

𝐿𝑡𝑓
(

1

𝑅1
−

1

𝑅0
)                                             (4.1) 
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Figure 2. 4: Beam deflection caused due to wafer curvature during deposition 

 

where Es/(1-Vs) is the biaxial modulus of the substrate, ts and tf are the thicknesses of the 

substrate (300µm) and thin film respectively, α is the angle of incidence of the laser beam (2ο), L 

is the substrate detector optic length (88 cm), and R0 and R1 are the radii of curvature of the 

substrate before and during film deposition [54]. When using the Stoney’s formula ,the following 

assumptions are made [55][53]: 

1) The film thickness and substrate thickness are uniform and have the same radius 

2) The strains and rotations of the plate are negligible  

3) The deposited film and the substrate are considered homogeneous, isotropic, and linearly 

elastic. 

4) The wafer curvature is equal in all directions (spherical deformation). 

5) The thickness of the substrate is greater than the film 

6) The stress and radius of curvature are constant throughout the whole surface. 
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2.4 SEM Analysis  

Tyler meshes were used to sieve powders into two categories of 10-45μm and 45-100μm. 

An SEM was used for observing coating thickness measurements and coating texture. The 

sample preparation for coating thickness is done by making a very thin layer of coated particles 

on the mounting holder before adding Struers Polyfast (cat. No: 40100036) carbon filler to be hot 

mounted using a Buehler Simplimet 1000 automatic mounting press. The mounted sample is 

removed from the mounting press and hand polished with very little pressure applied on the 

Buehler Metaserv 250 grinder polisher. This polished sample is analyzed the SEM. The 

images/micrographs were analyzed using ImageJ software. For analysis of the particle size 

distribution the coated powders were mounted on a plain flat mount SEM stub with double side 

carbon tape. The powder placed on carbon tape and SEM images are again analyzed using 

ImageJ software. 

 

2.5 Focused Ion Beam (FIB) 

A Dual beam SEM are being used to make TEM Foils (Fig 2.5). This is being done by 

mounting respective powders on a carbon tape on to flat stub. After finding a suitable area, 

platinum is deposited to protect the area of interest and the ion beam is used to mill away the 

material around it. The micro-manipulator is welded to one edge of foil and lifted-out. The 

micro-manipulator is used the weld the foil on to a copper grid. Then the ion beam is used thin 

foil until electron transparency is reached. 
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Figure 2.5: TEM Foil preparation using a Dual Beam SEM 

 

2.6 TEM Analysis 

FEI TECNAI G2 Supertwin TEM was used to understand the underlying coating 

microstructure, and the morphology was mapped using TEM micrographs alongside the 

Automated Crystal Orientation Mapping (ACOM) platform by NanoMegas ASTAR, which is 

based on Precession Electron Diffraction (PED). Scans were done using a 3 nm step size. The 

Orientation Imaging Microscopy (OIM)—version 8—software is used to compile and 

reconstruct the data for grain size, distribution, and boundary type identification.  
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2.7 X-Ray Diffraction (XRD) 

Brukker D8 discover with cobalt kα source was used to phase and microstructure 

determination. With further processing of data obtained from XRD it is possible to obtain an 

approximate value for average crystallite size and strain in the material. For powders the samples 

are placed on a special holder which doesn’t give signal so only signal from the powders in 

observed. Thin films are placed on an aluminum holder for collecting XRD.  
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CHAPTER 3: COATING OF YSZ SPHERES 

 

3.1 PAS Processed Powders 

Fig 3.1(a) shows the PAS system at Plasma Processes Inc. The SEM micrographs show 

the spheroidization is achieved (Fig 3.1(b)).  

 

Figure 3.1: (a) Powder Alloying and Spheroidization Processing Unit at Huntsville and 

Flowchart, (b)SEM-Micrograph of Post PAS Processed Powders 

 

Two different YSZ powders feed stock were obtained from vendors Praxair (AI-1075) and 

Oerlikon (metco 207). The powders from Oerlikon are segregated into 10-45μm and 45-100μm 

using tryler meshes for better PAS processing. ImageJ was used in post processing of the SEM 

micrographs and sphericity factor was 0.5. The data obtained is shown in Fig 3.2(d-f). 
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Figure 3.2: (a) Post PAS AI-1075 , (b) Post -PAS Metco 207(10-45 μm), (c) Post-PAS Metco 

207 (45-100 μm), (d) Grain size distribution of Post PAS AI-1075 , © Grain distribution of Post 

PAS Metco 207(10-45 μm), (f) Grain size Distribution of Post-PAS Metco 207 (45-100 μm) 

 

 

 

 

3.2 Coated powder 

X-ray powder diffraction was used to confirm the presence of a tungsten coating (Fig 

3.3). The tungsten and zirconia peaks are clearly marked for all the coated powders. 
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Figure 3.3: XRD graph for Tungsten coated powders 

 

Using the XRD data, the accumulative strain was tracked as a function of the increasing 

kWh deposit. This is shown in Fig. 3.4 (a). The strain was calculated by comparing the {hkl} 

peak shift relative to the bulk (tungsten powder) and standard data is obtained from ICDD 

database [56][57]. As the deposition increased, the strain increased reaching a value near 1.4%.  

Interestingly, the strain increased linearly until ~ 11 kWh, whereupon the strain no longer 

increased as dramatically. Using the impact force calculated from eq. 2.5 and the contact point 

area from two powders, the impact stress  is approximately 21Mpa, which is very low compared 

to the stress modulus of tungsten (160 Gpa ) and YSZ (210 Gpa [58]).  Thus, the increase in 

strain in the tungsten film is contributed to the coating process itself as the film thickens 

[59][60].   
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Using this same reflection, an estimate of the crystalline size was done is and is plotted in 

Fig. 3.4(b).  This crystallite size was estimated by the Scherrer technique [61] assuming the 

shape factor to be 1.  As the film experienced an ever-increasing kWh exposure, the crystallite 

size increased.  For the 5 kWh, a TEM-PED scan was done and will be discussed in terms of 

these sizes later in the thesis.    

  

Figure 3.4: (a) Amount of strain in tungsten coated thin films and (b) Average crystallite size 
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Figure 3.5: SEM micrographs of different exposure times (a)5.5kWh (b)8.5kWh (c)11.2kWh(d) 

20kWh and (e) 40kwh 

SEM micrographs, Fig: 3.5, is a montage of images across the kWh spectrum.  A 

common property noted in all the of the coated powders was a granular (powdery) morphology 

to the coating. For the lower kWh depositions, evidence of non-uniform, and even lack of full 

coating over the powder, can be gleaned from these SEM micrographs.  The mechanism of this 

powdery morphology will be discussed shortly. 

Fig. 3.6 is a representative image of the cross section of coated powders.  Using this, and 

similar images, the average coating thickness as a function of kWh, was determined and is 

plotted in Fig.3.7.  As one would expect, as the kWh increased, so does the coating thickness. 

The coating thickness was measured by post processing SEM micrographs (Fig 3.7) using the 

software ImageJ. The images where taken in the SEM at magnification such that at least three 

particles are present. The thickness is measured by calibrating the scale bar on the SEM images 

by noting the length in pixels to actual length and using the measuring tool calculate the pixel 
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length of the coating thicknesses. The described process is repeated for multiple images until it is 

statistical sound representation reached and the values are averaged to get an average coating 

thickness.  

 

 

Figure 3.6: SEM micrograph a cross-sectional view of coating thickness 
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Figure 3.7: Average Coating Thickness  

 

 To complement the SEM micrographs, TEM from the 5.5 kWh sample was used. It was 

selected as it had both regions of uniform coating over the surface, Fig 3.8, and powdery coated 

morphology, Fig. 3.9.  The PED scans in both films clearly reveals a nanocrystalline structure 

with the grain size distribution shown in Fig, 3.10.  These grain sizes are 10.2±5.6 nm and 

18.4±12.6 nm and are approximately one-third size of the XRD Scherrer analysis, Fig. 3.4(b).  

This discrepancy is associated with the basic assumptions of the XRD analysis.  The 

distributions of granular orientations are shown in the inverse pole figure by each PED scan in 

Fig. 3.7 and 3.8.  For the uniform coating, two dominate orientations appear to be {100} and 
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{111}.  This is also seen in the more powdery surface PED scan. Furthermore, the grains are not 

columnar, commonly seen in sputter deposited films on planar substrates [59].  This spherical 

surface as well as constant motion of the powder likely contributed to the inability of this coating 

morphology to be achieved, at least for the lower kWh depositions.  Using the PED data, the 

grain boundary character was also determined.  No special character boundaries were noted in 

either film.  Furthermore, the majority of the boundaries were determined to be high angle grain 

boundaries. 

 

Figure 3.8: (a)TEM bright-Field Image of a smooth texture surface cross-section@5.5kWh, 

(b)PED of TEM Bright-Field Image, (c)Grain Boundary Map  

 

Figure 3.9: (a)TEM bright-Field Image of a rough texture surface cross-section @5.5kWh, 

(b)PED of TEM Bright-Field Image, (c)Grain Boundary Map and (d)Grain Size Distribution 
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Figure 3.10: (a)Grain Size Distribution of smooth surface for 5.5 kWh run and (b) Grain Size 

Distribution of rougher surface for 5.5 kWh   

 

With extended deposition times > 20 kWh, the presence tungsten flakes as well as more 

particulate debris and fractured YSZ powders was seen.  These can be seen in the SEM 

micrographs of Fig. 3.10(a).  The tungsten flakes are believed to be from the delamination of the 

tungsten coating from other areas of the chamber surface. As the coating is throughout the 

chamber, all line of sight surfaces are coated. As the film continues to thicken, residual stresses 

can result in the coating delaminating from the surface.  Besides the flakes, with extended 

deposition times we noted an increase the particulate debris around the powder.  This debris is 

both de-attached coating from the powders as well as fragments of the powder.   

In Fig. 3.11(c), evidence of the powder being fractured is clear.  Though longer 

deposition times may result in a thicker coating, adverse effects are present and could possible 

lead to a limitation to the time the powder can be coated.  As already noted above, the 

approximate impact stress for a particle-on-particle collsion would be 21 Mpa. Coupling that 

stress with the experiment being carried out at 14 rpm, the slow rotation would contribute to a 
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low attrition behavior as each powder rolls over the other in a cascading motion.  This rolling 

motion would even suggest an even lower impact stress as well. Neverthelss, the accumulation of 

these contact collisions, over extended time, appears to be sufficient to provide intrinsic crack 

flaw propogations in the YSZ powders to progogate until the powder bifuractes into separate 

pieces. As noted, these smaller impact collisions have more influence during longer runs because 

they result in acculmaltion of stress impact, very much like fatigue testing a material under its 

failur stress.  As noted, the fracturing of particles was not observed in the shorter runs of 5.5 

kWh, 8.5 kWh, and 11.2 kWh. Ocassionally the fractured particles were observed in the 20 kWh 

run, but the fractured particles were more frequently observed in the 40kWh run (Fig 3.11 (c)).   

Such losses of the sphericity of the powders suggest a potential limit to how long the material 

can be coated and ultimately used for direct cermet production, as the newly cleaved surfaces 

will have little to no coating on them. 

 

 

Figure 3.11: (a) Coating flakes, (b) smaller particulate debris and (c) Fractured powders 

Finally, the granular morphology of the coating on the powders is addressed. Fig. 3.12 

reveals various conditions of the coating.  As the deposition continued, the presence of more 

coating ocverage is qualitatively apparent in these images as well as the ever ncreasing granular 

or powder surface morphology of this coating.  In Fig. 3.13, we can note clear loss of the coating 
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from portions of the YSZ. On that same surface, we note the granular or powdery build of the of 

coating, as noted in the aforementioned micrographs.   The highly powdered regions and 

breakage of the film is believed to be a result of the both the continually moving powders during 

deposition as well as their constant collisions with each other [33][62]. 

 

 

Figure 3.12: SEM Micrographs of different Texture (a) 5.5kWh, (b) 11.2kWh and (c) 40kWh 

 

Figure 3.13: Examples of breakage coating due collisions 

 

Andrea Eder et al. and G.Schmid et al. reported a similar phenomenon in very thin films 

of Cu and Pt were deposited on glass spheres.  In their work, much of the spheres were not 

coated but scattered granular deposits were noted. They postulated that the contact points 

between the spheres were junctions where the coating would accumulate and grow. But, as the 
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powders continually moved, they would dislodge from each other and the coating could become 

de-attached and/or be retained on one sphere and not the other. This is schematically shown in 

Fig. 3.14.  Unfortunately, there was insufficient microscopy to concretely confirm this idea.  In 

this work, those proposed mechanisms are believed to be present.  In Fig. 3.15(a)(b), the 

accumulation of coating can be seen in the joining of two particles. Furthermore, a review of the 

surrounding particles reveals a variation of coating thicknesses.  

 

 

Figure 3.14: evolution of cluster formation during deposition 

 

 

  Figure 3.15: (a),(b) Cluster formations observed during deposition  
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A closer examination of the powdery coating reveals both granular and plate-like 

structures in several of the ‘clumped grains.’  The inability of the powder to remain stationary, as 

well as its radius of curvature, likely contributes to the inability of the coating to be deposited as 

a continuous film.  Rather, different regions of the adatoms during deposition are nucleating and 

coalescence together on this dynamically moving surface.  As a result, the coating forms these 

‘clumps.’ It is also interesting to note that the granular features within these clumps appear on 

the order of a few hundred microns, which would be in approximate agreement to the 

aforementioned Scherrer analysis.  The plate-like features are believed to be associated with 

these adatoms growing towards maximizing the surface area of the minimal surface energy 

growth surface.    

 

 

Figure 3.16: SEM Micrographs;(a) Particles of 20kWh run and (b)Formation dendritic structure 

on surface 
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CHAPTER 4: TUNGSTEN STRESS EVOLUTION IN THIN FILMS 

 

It is common for most thin film growth to have Volmer-Weber growth morphology 

during deposition[63][64][65]. As thin films grow, intrinsic stresses develop and can lead to film 

failure, including cracking, buckling, and delamination, which has already been noted above for 

tungsten flakes found in the coated powders from extended sputtering runs [66][67]. These 

stresses can result in different phases and microstructures in the deposited film [68][69]. Thus, 

understanding the intrinsic stress evolution plays a vital role in the determination of functionality 

of the film.   

Stress evolution in the film can vary from tensile to compressive through the growth 

process.  In general, in the early stages of growth, the film will express a compressive stress as 

the adatoms coalesce together to maximize volume and minimize surface area. As the coalesced 

islands approach each other, a tensile stress develops as each island ‘stretches’ to the other to 

remove the free surface of the island to create a continuous film. Once the film is a continuous, 

coalescence structure, the stress may continue to retain a tensile stress or revert back to a 

compressive stress depending on the mobility of the adatoms during deposition. The mechanisms 

of this post-coalescence stress is a matter of active research [63][70][71][72][73][74].  There are 

multiple controllable factors effecting the evolution of stress that can manipulate this stress 

during such as substrate bias [75], the deposition rate [76], the deposition temperature[77] and 
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the pressure [60]. By studying these process conditions, through in-situ stress measurement 

techniques, a better understanding of the stress evolution can be ascertained [59][78].  

 

4.1 Experimental results 

The in-situ growth stress measurements are displayed in Fig 4.1. Here, the substrate is a 

planar YSZ surface and not the powders, as it would not be possible to measure the real time 

stress on the powders because of the size of the powder as well as its motion. Regardless of this 

limitation, insights of tungsten intrinsic stress can be ascertained. At the lowest deposition 

pressure of 2 mtorr, over the deposition rate of 0.05 to 0.2 nm/s, the stress-thickness product 

(which is the stress at each incremental value of its thickness), it is compressive and linear.  The 

linear aspect indicates that during growth the grains are not growing. It is peculiar that tungsten, 

a metal with a high melting temperature, would have a compressive stress owing to a low 

homologous temperature for room temperature deposition and limited adatoms.  The 

compressive stress is likely contributed to the point defects that are created into the film as the 

tungsten deposits on the surface. In the kinetic model proposed by Chason [79][80][81] and work 

of others[68][63], point defects as was as the densification of growing boundaries all contribute 

to compressive stress growth mechanisms.  In particular, the high atomic number of tungsten can 

provide an ‘atomic peening’ effect on  

At the higher pressures of 5 and 10 mtorr the compressive stress is nearly completely 

removed and a near zero residual stress state is retained up to 100 nm.  This is a very interesting 

result in that the stress state of the film can be tailored and even brought zero suggesting the 

ability to limit stress-driven defect failures This retention of the near zero residual stress was 

independent of the deposition rate studied as well.  In the work by Shen et al., tungsten was 
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grown between 3 to 60 mtorr onto Si substrates. Unfortunately, the authors did not report the 

deposition rate. It may be reasonable to assume that the rate decreased as the deposition pressure 

increased as the mean free path of collisions from the target to the substrate as the pressure 

increased.  In this work, we used multiple tungsten targets during the deposition to ensure a fixed 

deposition rate with increasing pressure.  Again, the stress-thickness response is nearly linear 

over the deposition thickness, suggestive of minimal to no grain growth during deposition. This 

zero-stress state was noted by Shen et al. at a pressure of 60 mtorr, with the XRD scan 

suggesting an amorphous structure by the lack of clear crystalline diffracted peaks. In their study, 

the deposition pressure that is most closely associated with this study was at 12 mTorr and was 

compressive at approximately -100 Gpa.nm at 100 nm. This difference in stress between this 

study and their study could, again, be contributed to the variation in deposition rate, which is 

known to effect film stress states.   

 

Figure 4.1: Growth stress evolution – (a) W films grown at 2mtorr ,5motrr ,10mtorr with 

deposition rate of 0.05nm/s and (b) W films grown at 2motrr ,5mtorr ,10mtorr with deposition 

rate of 0.2nm/s 
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X-Ray Diffraction was done for each of these films at each of these deposition 

conditions, Fig. Fig 4.3. For both the 0.05 nm/s and 0.2 nm/s depositions at 2 mtorr, the tungsten 

deposited as the body centered cubic (bcc) phase.  Interestingly, when the pressure was increased 

to 5 and 10 mtorr, regardless of the rate, the tungsten adopted the metastable A15 structure (cP8), 

which is referred to as A15-W [82][83][84].  In the work by Shen et al.[60], at 12 and 26 mTorr, 

A15-W was noted in their XRD scans and the film was in a tensile growth condition.  The 

metastable A15 phase has been reportedly dependent on factors such as film thickness, 

deposition power, oxygen partial pressure, temperature and substrate bias [85].  The zero-stress 

state of these films, though in the A15-W phase, is likely not the structural reason. This is 

concluded by other reports that have shown it to be both compressive [59] and tensile .   

 

Figure 4.2: X-ray diffraction of W at Pressures of 2mtorr ,5mtorr and 10mtorr with deposition 

rates of 0.2nm/s and 0.05nm/s 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions  

This thesis has investigated the sputter deposition of tungsten onto YSZ powders.  The 

aim of which is to determine the conformal coating ability of sputtering for potential use in 

coating nuclear fuel for NTP technologies.  The major findings include the following: 

▪ Powder Alloying Spheroidization (PAS) process can successful yield YSZ with a high 

degree of sphericity.   

▪ Sputter deposition on such powders, as would be expected, increases in thickness with 

increases in the kWh amounts.  For the films deposited here, they ranged from 

approximately 70 nm (5.5 kWh) to 540 nm (40 kWh).  

▪ For the thinner coatings (5.5 kWh), a nanocrystalline granular structure was verified by 

PED to have grain sizes of approximately 20nm and a high fraction of high angle grain 

boundaries. This was approximately one-third the size predicted by the Scherrer equation 

from the XRD scans.  In contrast, for films grown to 40 kWh, the SEM imaged 

crystalline sizes were a closer match to the XRD Scherrer size of a few hundred 

nanometers in size. 

▪ Upon increasing the deposition time (power), the coating adopted a granular (powdery) 

morphology.  This has been explained by the continuous movement of the powder under 

the deposition flux as well as the collision of the powders causing the coating to adhere 

more to one powder surface than another.  
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▪ Extended depositions (>20 kWh) resulted in tungsten flakes in the deposit mixture, from 

delamination of the coating within the walls of the deposition chamber, as well as 

particulate debris and fractured YSZ powder particles.  Though the impact stresses are 

significantly lower than the modulus of these materials, it is suspected the continual 

collisions results in the propagation of intrinsic crack defects in the powder until they 

fracture apart. These results suggest a limitation may occur in the time one can coat YSZ 

powders. 

▪ A series of tungsten films were deposited at 0.05 and 0.2 nm/s at 2, 5 and 10 mtorr onto 

planar YSZ substrates to understand the stress state of the film.  The lowest pressure, 

independent of rate, revealed a compressive stress state. Upon increasing the pressure, 

again independent of rate, the film had a near zero stress state.  In addition, these films 

revealed a metastable W (A15) structure.  Literature review of the  β-W phase has shown 

it deposited in both compressive and tensile regimes, indicating that it is not likely a 

contributor to the bulk residual stress of the deposit.  

 

5.2 Suggestions for future work 

From the points discussed above the, it become apparent the coating that powders at 

higher pressure can reduce the residual stress. Two areas that warrant potential investigation is if 

the consistent collisions during coating inhibit A15 formation.  Upon inspection of the deposition 

pressures and the planar growth, both at or near 5 mtorr, resulted in the BCC tungsten on the 

powders but not on the planar substrate.  Furthermore, providing additional deposition rates and 

pressures would provide a larger data base from which it can be fit to the kinetic model proposed 
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by Chason [86][81]. The linear growth response in the stress-thickness vs. thickness curves 

suggest a fairly stable film with minimal to no grain growth.   
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