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Cold spray (CS) is a materials deposition process in which relatively small particles of size range between 10 and 50 pm are
accelerated in a supersonic inert gas flow and subsequently develop a coating on an appropriate substrate or a deposited layer of
material by an impaction process. The distinguishing feature of the cold spray process is its ability to produce coating formation from
particles in a solid state by accelerating the powder particles at a temperature that is always lower than the melting point of the material.
The main coating characteristics minimize the effects of high temperature on coatings and substrate commonly associated with
thermal spray methods, which include low porosity level, low oxidation, good adherence between the substrate and the coating,
increased hardness, phase transformation, absence of microstructural changes, and lack of grain growth. It is generally accepted that
adiabatic shear instabilities developing at the interface during impact is responsible for successful bonding, however there is little
common agreement as to what interfacial reaction is the most dominant for bonding. In spite of the numerous studies conducted on the
CS process, the actual mechanism by which the particles deform and bond is still unknown. The objective of this study is to
investigate the dominant bonding mechanism of the CS technique through both numerical simulation and experimental measurement.

Chapter 1 is an introduction of the cold spray process. This chapter covers the literature review, previous researches and the goals
of the thesis. The information provided in the literature review was used in the initial planning stages of the project.

In Chapter 2, the CS process was simulated by modeling the impact of spherical aluminum powder particles onto aluminum
substrate over a wide range of velocity using the Smoothed particle hydrodynamics (SPH) method. The Dugdale-Barenblatt cohesive
zone model was for the first time used to describe adhesive interaction between the contacting surfaces. Previous numerical models
were only capable of predicting the critical velocity. However in this study, the proposed SPH model in Chapter 2 has enabled a good
prediction of the particle velocity range for optimum deposition. The reliability of the model was verified through CS experiments of
single particle impact tests in Chapter 3. The deformation pattern of Al powder particle during impact obtained using SPH and
experiments are given in Fig. 1. The effect of velocity on the particle deformation behavior was analyzed and a rebound phenomenon
was observed. The critical and maximum velocities were estimated with respect to these numerical and experimental analyses given in
Fig. 2. The SPH model was also tested by simulating CS results already published.
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Fig. 2: The critical and maximum velocities obtained using a) SPH and b) experiments indicated by dashed lines.



In order to understand and explain the particle velocity range for optimum deposition, analysis with respect to the rebound and
deposition energy was conducted in Chapter 4. In this chapter, the impact of cold sprayed particles is simulated using various metals.
The materials are classified into four impact cases (soft/soft, hard/hard, soft/hard, and hard/soft), according to their physical and
mechanical properties. The impact behaviors of each case are numerically analyzed using SPH. These analyses include the impact
shape, the coefficient of restitution, and the rebound and deposit energy ratio, which can be combined together to identify the critical,
maximum and optimum velocity. It was revealed that besides the critical velocity, the minimum velocity for deposition to oceur, it is
important to take into account the maximum velocity, the maximum velocity for deposition before the particles start rebounding, and
the optimum velocity, the velocity at which the highest deposition efficiency is achieved. Estimating the maximum velocity and the
optimum velocity was previously only possible by experiments. Thus the work here can substantially reduce the task of process
optimization and thus contributes to the development of cold spray process. The influence of powder and substrate material and
particle size on the critical, maximum, and optimum velocity is also discussed. The optimum velocity is not influenced by the number
of impacting particles. This indicates that the analysis of a single splat is sufficient enough to determine the critical velocity, maximum
velocity and the optimum velocity for a certain particle/substrate combination.

Thermal barrier coatings (TBCs) are widely used in gas turbines to increase their efficiency. A TBC consists of a metallic bond
coat and a thermally insulating yttria-stabilized zirconia (YSZ) ceramic top coat. During service, a thermally grown oxide (TGO)
that consists predominantly of alumina develops and continues to grow between the top coat and the bond coat. Past work has shown
that the formation of TGO plays a crucial role in the failure of TBC. One of the commonly observed failure mechanisms is the oxide
spallation at the TGO/YSZ interface, which is initiated by rapid and uneven TGO growth and formation of mixed oxide at the
TGO/YSZ interface. Non-uniform growth of the TGO layer caused by the different thermal expansion coefficient between the TGO
and the top coat, introduces a very high residual compressive stress field followed by cracking at the TGO/YSZ interface. To improve
TBC performance and durability, a stable, continuous, slow-growing and adherent TGO scale during the entire period of oxidation is
preferred. Several papers reported that desirable TGO properties could be achieved by modifying the bond coat properties. These
properties are particularly dependent on the pore morphology, which in tum depends upon the coating process. Generally, bond coats
are deposited by means of thermal spray techniques. These techniques, however, produce coatings with high initial oxide content,
which results in high oxide growth rates when subjected to high temperature oxidation. Therefore in order to produce bond coats with
high oxidation resistance and improve oxidation behavior, an alternative coating technique should be considered.

In Chapter 5, the analysis developed in Chapter 4 is applied to study the as-sprayed coating properties and microstructure and
oxidation behavior of TBC with APS-YSZ top coat and CoNiCrAlY bond coat deposited using CS at the optimum velocity obtained
using the SPH analysis. The coatings were subjected to isothermal oxidation and creep tests and evaluated using scanning electron
microscopy (SEM), energy dispersive X-ray spectrometry (EDX) and transmission electron microscopy (TEM), and electron
backscattered diffraction (EBSD). The microstructure of the as-sprayed bond coat is given Fig. 3. It was found that the bond coat was
less porous. The pores found within the bond coat are typically small with an average diameter of 100 nm. This indicates that
sufficient plastic deformation of impinging particles upon impact is achieved and conversely the bonded particles have sufficient
kinetic energy to achieve adequate plastic deformation.
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Fig. 3: EBSD image of as-sprayed CoNiCrAlY bond coat.
(Pores are indicated by the dotted circle.)

The microstructures of the oxidized TGO are given in Fig. 4. The oxidation study revealed remarkable results. The oxides observed in
the TBC was an undulated TGO composed of predominantly alumina. These results demonstrate that while the deposition
techniques that limit the initial oxide content may result in an improvement of the oxidation behavior of the coating. The quality can
be maximized by optimizing the initial spray condition to obtain the optimum velocity. Thus, high quality bond coat that forms a
stable and continuous alumina can be produced by the CS deposition technique, preferably at the optimum particle velocity.
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Fig. 4: (a) SEM image and (b) TEM image of TGO microstructure after oxidation at 900 °C for 800 h without creep

The conclusions of the thesis are provided in Chapter 6. Surface adhesion driven by intersurface forces is proposed as the bonding
mechanism. Adhesion is an atomic length-scale phenomenon and its occurrence is controlled by the presence of clean surfaces and
high contact pressures to make the two surfaces mutually conforming. Therefore the formation of a mutually conforming contact
surface is an indication of attractive atomic interaction. This attractive atomic interaction was translated to a larger sai!;:, and modeled
in SPH as forces acting at the contact surface, upon impact. Results obtained using SPH was in good agreement with experiments and
published results. Therefore it can be concluded that interfacial bonding may be driven by the intersurface forces that acts within the
cohesive region.
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