
 

 

 

TESIS DOCTORAL 
 

Analysis of the Cold Spray method for maintenance  

and overhaul of aeronautical Ti components 

 

Autor: 

Paloma Sirvent de Haz 

 

Directores: 

Dr. Pedro Alberto Poza Gómez 

Dr. Miguel Ángel Garrido Maneiro 

 

 

 

 

 

Programa de Doctorado en Tecnologías Industriales: Química, Ambiental, Energética, Electrónica, 
Mecánica, y de los Materiales 

Escuela Internacional de Doctorado 

Año 2018 



2 
 

 

 



I 
 

Resumen 
La principal aplicación del titanio (Ti) y sus aleaciones se encuentra en la industria aeronáutica 
[1–3]. Este hecho se debe a que este material posee una resistencia mecánica alta y buena 
resistencia a la corrosión además de tener una densidad baja en comparación con otros 
materiales de alta resistencia, como el acero [4]. Estas propiedades hacen que el Ti resulte 
atractivo para fabricar componentes de aviones en los que se necesitan materiales que resistan 
condiciones mecánicas y ambientales severas y al mismo tiempo introduzcan el mínimo peso 
para facilitar el despegue y ahorrar combustible. La aleación de Ti-6Al-4V es una de las más 
utilizadas en aeronáutica y se encuentra formando parte por ejemplo de piezas de motor (en la 
zona de presiones bajas), del tren de aterrizaje, en la cabeza del rotor de helicópteros, en partes 
estructurales, tornillos, largueros de las alas, o el cajón del ala [1,2,5,6]. Sin embargo, el uso del 
Ti está limitado por su alto coste, que se debe fundamentalmente a su dificultad para extraerlo 
de la naturaleza [4]. El aumento del ciclo de vida de los componentes aeronáuticos es una de las 
soluciones que permite reducir sus costes. Por este motivo, el desarrollo de tecnologías de 
reparación adecuadas fiables y respetuosas con el medio ambiente tiene un gran interés dentro 
de la industria aeronáutica. 

Una de las causas que provocan fallos en piezas de aviones está relacionada con el 
desgaste mecánico [7]. Además, otros motivos de fallo frecuentes se deben a procesos de fatiga, 
corrosión o sobrecarga. El desgaste mecánico se refiere a la pérdida o desplazamiento de 
material en un componente provocado por la acción mecánica de un sólido, un líquido o un gas 
que se encuentra en contacto y en movimiento relativo con dicho componente [8,9]. El desgaste 
consiste en un deterioro progresivo de los materiales y puede dar lugar a cambios dimensionales 
o de forma debido a la perdida de material. Los fallos debidos a vibraciones y oscilaciones entre 
componentes son habituales en aeronáutica [10–13]. El modo de desgaste conocido como 
“fretting” es típico en uniones entre piezas y puede ser muy agresivo, ya que está combinado 
habitualmente con desgaste oxidativo [8,14]. Este tipo de prcesos pueden tener lugar en los 
componentes de metales ligeros utilizados en rotores de helicópteros, las cajas de cambios o en 
cualquier tipo de unión entre componentes. 

Cuando un componente aeronáutico se deteriora, es necesario restaurarlo. La 
restauración se puede hacer, o bien reemplazando la pieza, o bien reparándola para volver a 
utilizarla. La opción más segura siempre es reemplazar las piezas completas. Sin embargo, esta 
operación no es la más adecuada debido, por un lado, a los costes que supone sustituir grandes 
piezas de material, y por otro lado por el impacto negativo que se produce sobre el medio 
ambiente al desechar las piezas defectuosas. Las reparaciones permiten reutilizar las piezas 
dañadas reduciendo costes y la degradación del medio ambiente [15]. Como consecuencia, el 
desarrollo de las operaciones de mantenimiento y reparación de componentes es necesario en 
aeronáutica para prolongar el uso de las las piezas y poder así reducir costes. Además, estas 
operaciones son muy importantes debido a que deben asegurar el buen funcionamiento y, por lo 
tanto, la seguridad en el avión. En este sentido la utilización de tecnologías de reparación in-
situ, en el lugar en el que está acoplado el componente, también es preferible frente a las ex-situ 
para reducir costes [16]. 
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Las tecnologías de reparación aeronáuticas deben garantizar que las piezas reparadas se 
comportan igual o mejor que el material inicial. Las soluciones de reparación que se ofrecen 
habitualmente en la industria aeronáutica son la soldadura por haz de electrones o de gas inerte 
de tungsteno (“Tungsten inert gas”, TIG), el mecanizado de piezas (como el fresado, cilindrado 
o granallado), los tratamientos térmicos, soldadura por galvanizado en vacío, mecanizado láser 
o la proyección térmica de recubrimientos [17–21]. Entre ellas, está muy extendido el uso de 
tecnologías de proyección térmica de recubrimientos para restaurar superficies de componentes 
deteriorados [15]. Estas técnicas de reparación se basan en el desarrollo de recubrimientos 
mediante el impacto sucesivo de partículas de polvo que se proyectan a través de un flujo gas 
[17]. Sin embargo, una de las mayores desventajas que presentan estas técnicas, igual que las 
soldaduras, son las altas temperaturas utilizadas durante su aplicación, que están por encima del 
punto de fusión del material. Las altas temperaturas pueden provocar, por ejemplo, cambios de 
fases del material respecto al material de partida, oxidación o degradación de las propiedades 
mecánicas. Además, favorecen la aparición de tensiones residuales que pueden provovar la 
iniciación de grietas y que limitan el espesor que se puede obtener de los recubrimientos 
proyectados. Estos efectos se reducen habitualmente mediante el uso de sistemas de vacío para 
realizar la deposición de los recubrimientos [22–25]. Pero estos procesos encarecen el precio de 
la fabricación. Por otro lado, la técnica de proyección fría (“Cold spray”, CS) es una tecnología 
de proyección térmica que se ha desarrollado más recientemente y que precisamente disminuye 
las temperaturas utilizadas en la fabricación, reduciendo los efectos negativos característicos de 
la deposición de recubrimientos a altas temperaturas [26,27]. 

La técnica de CS se caracteriza por ser una tecnonlogía de proyección térmica de 
recubrimientos en la que el polvo de partida se deposita sin fundir el material [27]. Las 
partículas se conducen por un gas que se precalienta a temperaturas por debajo de la 
temperatura de fusión del material. El mecanismo de formación en este tipo de recubrimientos 
se basa principalmente en el anclaje mecánico por deformación plástica. Por eso, las partículas 
se aceleran a altas velocidades de manera que cuando impactan sobre el sustrato se deforman 
plásticamente. La aceleración de las partículas se realiza al conducirlas por medio de un gas 
comprimido que se acelera al pasar a través de una boquilla convergente-divergente (tipo De 
Laval). Las bajas temperaturas de proyección son favorables para la fabricación de 
recubrimientos con buenas propiedades, especialmente para obtener recubrimientos de 
materiales que son más sensibles a las altas temperaturas como son las aleaciones metálicas 
ligeras. Debido a que las partículas se depositan en estado sólido, se evita la formación de fases 
indeseadas y la oxidación durante la proyección. Por otro lado, también disminuyen las 
tensiones residuales de tracción debidas a las diferencias térmicas entre el sustrato y el material 
proyectado. Esto permite la formación de recubrimientos de mayor espesor, que puede ser de 
varios milímetros. Además, los procesos de deformación plástica del material pueden mejorar 
las propiedades mecánicas al generar una microestructura endurecida por trabajado en frío. 

Sin embargo, el hecho de que en CS la incorporación de las partículas al recubrimiento 
se realice por deformación plástica limita la fabricación de recubrimientos de materiales duros, 
que dificultan la deformación plástica [27]. Los materiales dúctiles, como el Cu y el Al, 
requieren menos energía para deformarse plásticamente y dar lugar a recubrimientos de alta 
calidad. Pero para obtener buenos recubrimientos a partir de metales con mayor resistencia, 
como el Ti, se requieren mayores energías. Los estudios en CS han demostrado que la 
incorporación de partículas al sustrato está asociada a la velocidad de proyección de las 
partículas, de manera que se necesita una velocidad mínima para que haya adhesión. A partir de 
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esta velocidad, que es conocida como velocidad crítica, la eficiencia de deposición aumenta 
hasta una velocidad umbral, llamada velocidad de erosión, a partir de la cual el mecanismo de 
interacción de las partículas al impactar con el sustrato cambia dando lugar a fenómenos de 
erosión. 

La fabricación de recubrimientos de Ti por CS está todavía en desarrollo. Para encontrar 
los parámetros óptimos se estudia el efecto de las características del material inicial (partículas 
de polvo y sustrato) [28–33], las características y parámetros relacionados con el gas de 
proyección [34–40] y los efectos de los parámetros relacionados con la pistola y la boquilla de 
proyección [33,34,36,41–44] . El mecanismo de unión entre partículas no se ha identificado 
todavía. Varios estudios sobre este tema han indicado que la adhesión de las partículas podría 
estar ocurriendo por inestabilidades plásticas por cizalla adiabática generando desplazamientos 
de material en las intercaras [43,45–47], como se ha descrito para otros materiales depositados 
por CS [27]. Se ha comprobado además que la incorporación de partículas de Ti al 
recubrimiento es posible cuando las partículas impactan a menores velocidades que las 
predichas por modelos teóricos [35,48]. Este hecho se ha explicado por la formación de enlaces 
metalúrgicos, además del anclaje mecánico, en las intercaras de los splats debido al bajo 
coeficiente de difusión térmica del Ti que provoca un aumento y una retención de energía 
térmica en las intercaras de las partículas después del impacto [35,48]. Esto favorece que las 
partículas sufran una deformación plástica menor al incorporarse al recubrimiento. Por este 
motivo se generan microestructuras más porosas. Sin embargo, la calidad de los recubrimientos 
de Ti procesados por CS ha ido mejorando con el desarrollo de los equipos de proyección de CS 
[27]. Los nuevos equipos han permitido proyectar recubrimientos utilizando temperaturas y 
presiones del gas de proyección más elevadas, favoreciendo así el aumento de la energía 
cinética del gas y por tanto la deformación de las partículas. 

Al inicio de esta investigación, en los trabajos publicados en relación a los 
recubrimientos de CS de Ti-6Al-4V, la microestructura de los recubrimientos fabricados 
presentaba generalmente una porosidad alta y propiedades mecánicas reducidas respecto al 
material masivo [33,39,49–52]. La temperatura y la presión del gas utilizado en la proyección 
no superaban en general los 800 °C y 40 bar respectivamente, limitadas por los equipos 
disponibles. Sólo se obtenían recubrimientos con una porosidad aceptable al proyectar con 
helio. Sin embargo, debido al incremento de costes que supone utilizar este gas en la 
proyección, interesa encontrar los parámetros óptimos de proyección utilizando nitrógeno para 
obtener recubrimientos de calidad. Por este motivo, uno de los principales objetivos de este 
trabajo es optimizar los parámetros de proyección de recubrimientos de Ti de CS utilizando 
nitrógeno para proyectar las partículas. Para ello, se depositaron recubrimientos utilizando una 
temperatura y una presión de proyección mayores que las utilizadas hasta el momento. Durante 
el desarrollo de esta investigación, se han publicado trabajos de otros autores que han 
demostrado los buenos resultados de esta vía para mejorar la calidad de los recubrimientos 
[40,44,53,54]. 

Por lo tanto, el principal objetivo de esta investigación es estudiar la posibilidad de 
aplicacar recubrimientos de Ti-6Al-4V depositados por CS para reparar componentes 
aeronáuticos fabricados con esta aleación. Este objetivo se concretó en primer lugar en la 
optimización de los parámetros de proyección para obtener recubrimientos de Ti-6Al-4V de 
mejor calidad que los fabricados hasta el momento. Para ello se realizó una caracterización 
microestructural y mecánica (dureza y módulo elástico) de recubrimientos fabricados con 
distintos parámetros de proyección. La posibilidad de utilizar estos recubrimientos para reparar 
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piezas aeronáuticas se estudió en relación con la resistencia al desgaste mecánico de los 
recubrimientos, para evaluar si el comportamiento de éstos era similar o mejor que el del 
material reparado. Se estudió para ello el comportamiento frente a desgaste en contactos con 
movimiento de deslizamiento continuo y también con movimiento oscilante, este último para 
simular el efecto de las vibraciones entre componentes. Ambos tipos de ensayos se realizaron 
tanto a temperatura ambiente como a alta temperatura. Se evaluó además el desgaste a escala 
microscópica mediante ensayos de micro-rayado. 

Los recubrimientos estudiados en esta investigación fueron fabricados por la empresa 
“The Welding Institute” (TWI) mediante un equipo de proyección fría Impact 5/11. Este equipo 
trabaja hasta una temperatura máxima del gas de procesado de 1100 °C y una presión máxima 

de 50 bar. El material de partida para depositar los recubrimientos consistió en partículas de Ti-
6Al-4V para proyectar sobre un sustrato de la misma aleación. Se utilizaron dos condiciones de 
fabricación, una según los parámetros utilizados hasta el momento de iniciar la investigación 
(estándar) y otra condición de fabricación en la que se utilizaron una temperatura y una presión 
del gas de proyección superiores a las utilizadas hasta el momento (no estándar). La temperatura 
y la presión de la proyección estándar se fijaron en 800 °C y 40 bar respectivamente, mientras 
que para depositar el recubrimiento en la condición no estándar se utilizó una temperatura de 
gas de 1100 °C y una presión de 50 bar. Con estas condiciones se esperaba obtener un 
recubrimiento mejorado respecto a los fabricados hasta esa fecha. Sobre el recubrimiento 
depositado en condiciones no estándar se llevó a cabo un tratamiento térmico con el fin de 
estudiar su efecto sobre las propiedades del recubrimiento. El tratamiento consistió en un 
tratamiento de disolución a 1000 °C en alto vacío durante 1 h con un enfriamiento rápido y un 
tratamiento de precipitación a 537 °C durante 4 h seguido de un enfriamiento en el horno. 

La microestructura del material inicial (sustrato y polvo) y de los recubrimientos se 
evaluó mediante difracción de rayos X, para analizar la composición estructural, y mediante 
microscopía óptica y microscopía electrónica de barrido, para analizar la morfología y la 
composición química de la microestructura. También se realizó un estudio de los recubrimientos 
y el sustrato mediante microscopía electrónica de transmisión para analizar la microestructura 
fina. Las propiedades mecánicas se evaluaron mediante nanoindentación para obtener el módulo 
elástico y la dureza del material inicial y de los recubrimientos. Se llevaron a cabo también 
medidas de microdureza. 

La caracterización tribológica se realizó en primer lugar a escala microscópica mediante 
ensayos de micro-rayado sobre los recubrimientos y el sustrato. Los ensayos se realizaron a 
distintas cargas y velocidades del abrasivo para evaluar su efecto sobre el desgaste de los 
recubrimientos. Los ensayos de desgaste a escala macroscópica se realizaron en primer lugar 
por deslizamiento continuo utilizando una configuración de contacto de punzón sobre disco. A 
continuación, con el mismo tipo de contacto, se llevaron a cabo ensayos con un movimiento de 
vibración a alta frecuencia (40 Hz) combinado con una rotación a una velocidad muy baja para 
simular los contactos oscilantes en componentes aeronáuticos. Estos últimos ensayos se 
programaron de acuerdo a un diseño de experimentos Box-Behnken para evaluar los efectos e 
interacciones de la amplitud, la presión y la temperatura en la tasa de desgaste y el coeficiente 
de rozamiento. Además, se buscó la construcción de modelos de desgaste a partir de superficies 
de respuesta. En los ensayos de punzón sobre disco se utilizaron discos de acero de rodamiento 
de alta dureza como contracuerpo. Este material se utilizó con el fin de que, debido a su alta 
dureza, el material desgastado durante el ensayo fuese mínimo con relación a los materiales de 
Ti. Además, este material también se utiliza en aeronáutica y en algunas aplicaciones se podría 
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encontrar en contacto directo con piezas de Ti-6Al-4V, como puede ser en los trenes de 
aterrizaje. 

A partir de esta investigación se comprobó que la microestructura y las propiedades 
mecánicas de los recubrimientos de Ti-6Al-4V proyectados por CS, mejora cuando el gas de 
proyección de nitrógeno es precalentado a 1100 °C y suministrado a una presión de 50 bar, 
respecto al recubrimiento proyectado en condiciones estándar. Se comprobó que la composición 
y la microestructura del polvo de partida no se alteró durante la proyección. En los 
recubrimientos proyectados se identificaron las fases hexagonales α y α´ del Ti y una 
microestructura de granos aciculares, correspondiente a la fase martensítica del Ti, igual que en 
el polvo de partida. Los recubrimeintos se obtuvieron con un espesor de ~700 µm y con uniones 
en las intercaras con el sustrato y entre las partículas aceptables. La porosidad del recubrimiento 
mejorado disminuyó notablemente a un 3.8 % respecto al 18.1 % de porosidad observada en el 
recubrimiento estándar. Este resultado, se relacionó con la observación de una mayor 
deformación de los splats en el recubrimiento mejorado. El aumento de la deformación se 
justificó por el incremento de temperatura y aumento de la velocidad de las partículas 
favorecido por el incremento de la temperatura y presión del gas de proyección. El tratamiento 
térmico realizado sobre el recubrimiento no estándar generó una microestructura mejorada en la 
que no se observaban splats. En la microestructura se observó la formación de granos de α-Ti 
recristalizados y la aparición de una segunda fase, la fase β del Ti. Debido a los procesos de 
difusión que dieron lugar a esta microestructura, la cohesión entre partículas incrementó 
significativamente. En la intercara con el sustrato también se observó la formación de una unión 
metalúrgica. Las dislocaciones que se observaron en la microestructura del recubrimiento 
tratado térmicamente se encontraban principalmente formando bandas de deslizamiento, 
formando estructuras menos energéticas que en el recubrimeinto sin tratar. 

Las propiedades mecánicas de los recubrimientos de Ti-6Al-4V depositados en 
condiciones no estándar también mejoraron respecto al recubrimiento estándar. Las medidas de 
microdureza y la nano-dureza aumentaron desde los valores de 329 HV y 3.53 GPa del 
recubrimiento estándar, a 361 HV y 4.08 GPa en el recubrimiento no estándar. En ambos 
recubrimientos la dureza presentó valores por encima de los de las partículas de Ti-6Al-4V 
utilizadas para proyectar los recubrimientos que fue de 3.01 GPa. Este hecho se explicó por el 
efecto del trabajado en frío asociado al proceso de proyección por CS. Por otro lado, el módulo 
elástico del recubrimiento no estándar también presentó un valor ligeramente superior al del no 
estándar, lo que se atribuyó a un efecto de la porosidad. En relación al recubrimiento tratado 
térmicamente, su dureza disminuyó respecto al recubrimiento sin tratar debido a procesos de 
recuperación de la microestructura durante el proceso. Sin embargo, el valor del módulo 
aumentó, debido al cambio microestructural de este recubrimiento respecto a los recién 
proyectados. Además, en este trabajo se demostró que la utilización de una matriz de Sn para 
embutir las partículas, en lugar de una resina convencional, facilita la medida de las propiedades 
mecánicas de las partículas de Ti-6Al-4V por nanoindentación. 

En los ensayos de micro-rayado el volumen desplazado por el abrasivo resultó ser 
directamente proporcional a la carga normal aplicada, mientras que no se observó una tendencia 
clara con relación al efecto de la velocidad de deslizamiento del abrasivo. Estos resultados se 
utilizaron para calcular tasas de desgaste adimensionales similares a la ecuación de Archard 
[55]. La tasa de desgaste calculada está asociada a la cantidad de material desplazado por el 
abrasivo, tanto la cantidad de material eliminado como al que es desplazado hacia los laterales 
del surco. El recubrimiento de CS de Ti-6Al-4V depositado en condiciones no estándar presentó 
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una resistencia frente al desgaste mayor que el convencional y similar a la del sustrato. La tasa 
de desgaste adimensional obtenida para el recubrimiento no estándar fue de (3.19 ± 0.54)·10-2, 
mientras que la del recubrimiento estándar fue de (9.69 ± 1.3)·10-2 y la del sustrato de (3.09 ± 
0.40)·10-2. El tratamiento térmico sobre el recubrimiento no estándar provocó una disminución 
de la resistencia al desgaste por micro-rayado dando lugar a una tasa de (4.04 ± 0.50)·10-2. El 
estudio microestructural de los surcos de desgaste sugirió que los mecanismos de desgaste que 
actuaron durante los ensayos fueron principalmente de deformación plástica y corte. La 
contribución de corte pareció ser mayor en los recubrimientos sin tratar en comparación con el 
sustrato y con el recubrimiento tratado. Esta observación se concluyó por la observación de una 
cantidad menor de material desplazado hacia los lados del surco en los recubrimientos sin tratar, 
típico de un mecanismo de deformación plástica. 

En relación a los ensayos de punzón sobre disco, los ensayos preliminares indicaron que 
el recubrimiento proyectado según el estado del arte, con una temperatura de gas de procesado 
de 800 ºC, presentó una resistencia al desgaste muy inferior a la del sustrato bajo las 
condiciones estudiadas. El recubrimiento mejorado, proyectado a 1100 ºC, también falló al ser 
ensayado en las condiciones de movimiento de deslizamiento continuo, mientras que su 
comportamiento bajo movimiento oscilante fue similar al del sustrato. Por último, la resistencia 
al desgaste del recubrimiento tratado fue comparable a la del sustrato bajo los dos movimientos 
estudiados. Por este motivo, para el estudio posterior más en detalle bajo condiciones de ensayo 
oscilante, se seleccionaron el recubrimiento mejorado y el tratado térmicamente. Ese estudio se 
realizó también sobre el sustrato para tener un valor de referencia con el que comparar. 

El estudio de desgaste con movimientos oscilante más detallado se llevó a cabo según 
un diseño de experimentos Box-Behnken sobre cada uno de los materiales seleccionados en los 
ensayos preliminares. Este estudio indicó que el desgaste del recubrimiento mejorado fue mayor 
que el del sustrato, mientras que el tratado térmicamente fue similar e incluso menor durante los 
ensayos realizados a alta temperatura. En el análisis del diseño de experimentos, el factor que 
tuvo un efecto más significativo sobre el coeficiente de rozamiento fue la amplitud, mientras 
que la amplitud y la presión normal aplicada fueron los factores más significativos sobre la tasa 
de desgaste. En el recubrimiento tratado, la presión también tuvo un efecto significativo en el 
coeficiente de rozamiento, mientras que en la tasa de desgaste también influyó 
significativamente la temperatura. Además, la interacción de la presión normal y la temperatura 
tuvo un efecto significativo en la tasa de desgaste de todos los materiales. Debido a esta 
interacción, la aplicación de presiones por encima de 16.5 MPa cuando la amplitud de 
oscilación era de 1 mm dio lugar a tasas de desgaste significativamente mayores. Los 
mecanismos de desgaste que se identificaron fueron abrasión, adhesión, y oxidación. La mayor 
o menor contribución de estos mecanismos pareció estar asociada al efecto de los distintos 
factores. Por ejemplo, el mecanismo de abrasión pareció dominar al aplicar altas amplitudes en 
el sustrato y en el recubrimiento mejorado, mientras que a bajas amplitudes la adhesión tuvo un 
efecto mayor. En los ensayos realizados a alta temperatura en el recubrimiento tratado 
térmicamente la adhesión fue más significativa provocando la transferencia de una capa oxidada 
de material del contracuerpo sobre el pin que protegió al sistema frente al desgaste. 

A partir de los ensayos realizados, se ajustaron los datos del diseño a modelos 
cuadráticos para obtener ecuaciones empíricas que describan la respuesta del coeficiente de 
rozamiento y de la tasa de desgaste en función de los factores estudiados. Algunos de estos 
modelos no han podido obtenerse porque el error por falta de ajuste era significativo. Este 
resultado se debe a que los modelos reales son más complejos y por lo tanto se necesitan 
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modelos de mayor orden para describir las respuestas. Sin embargo, se obtuvieron modelos para 
el sustrato y también un modelo para el coeficiente de rozamiento del recubrimiento tratado 
térmicamente. El estudio de las superficies de respuesta indicó que dentro de las regiones de 
estudio no había extremos absolutos, sino que eran puntos de silla. Por este motivo, no se 
encontraron valores críticos de desgaste dentro de las regiones, más que las condiciones 
indicadas anteriormente de mayor desgaste a altas amplitudes y presiones. 

En conclusión, en este estudio se demostró que la calidad de los recubrimientos de Ti-
6Al-4V proyectados por CS mejora utilizando una temperatura y una presión del gas de 
procesado mayor que las utilizadas según el estado del arte de estos recubrimientos. Sin 
embargo, el recubrimiento proyectado presenta limitaciones desde el punto de vista de la 
resistencia al desgaste en contactos oscilantes. Este resultado implica que el recubrimiento 
recién proyectado no es adecuado para reparar piezas aeronáuticas que puedan estar sometidas a 
este tipo de desgaste. Por otro lado, el recubrimiento tratado térmicamente resultó tener una 
resistencia al desgaste mayor, especialmente en condiciones de alta temperatura. Por este 
motivo, este recubrimiento parece adecuado para ser utilizado para reparar componentes 
aeronáuticos de Ti-6Al-4V. 
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Thesis outline 
This text has been divided into seven chapters: 

The first chapter introduces the background of the problem and gives an overview of 
some of the concepts used in this investigation to understand the research context. 

Chapter two presents the objectives of this research. 

The third chapter describes the materials and methods that have been used in this 
investigation. A description of the cold spray deposition parameters and the initial material that 
have been used for spraying is given first. Then, the microstructural, mechanical and 
tribological characterization techniques and methods are detailed. 

In chapter four, the main results obtained from the experimental study are reported. The 
microstructure of the feedstock material of the cold spray process is presented as well as a 
detailed investigation into the coatings microstructure. The elastic modulus and hardness 
measurements are then presented to evaluate the mechanical behaviour. Finally, the tribological 
tests results which consisted on scratch tests and continuous sliding and oscillating pin on disc 
tests are given. 

The fifth chapter presents a discussion about the results and the implication of the 
findings in this area. 

In the sixth chapter, the main conclusions that have been drawn from this work are 
given. 

Finally, the seventh chapter outlines the main lines of work for future research. 
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1 Maintenance and Overhaul of aeronautical Ti components 

This chapter provides background knowledge to understand why cold spray (CS) is being 
proposed as a potential solution for repairing and maintenance purposes of aeronautical titanium 
(Ti) components. The first section of the chapter describes the use of Ti in aeronautics. The 
second section presents the main wear damages that can affect aeronautical components as well 
as a summary about the wear damage evaluation and experimental analysis methodologies. This 
is followed by an outline of the available repair and maintenance operations of aircraft 
components with particular reference to Ti structures. CS technique is introduced here as a 
solution for repairing and the basic principles of this technology will be described. Finally, a 
review about the Ti cold spray coatings deposition and properties is given. 

1.1 Ti and Ti alloys in the aeronautical industry 

The importance of Ti in the aeronautical industry is understood from the knowledge of its 
properties. Before proceeding to deal with the application of Ti in aeronautics, it is necessary to 
describe its properties and the induced modifications by the addition of different alloying 
elements. 

1.1.1 Ti properties and its alloys 

Ti is a nonferrous and light metal which was first discovered by William Gregor in 1791, but 
the first time that Ti was isolated was 100 years after its discovery [4]. The difficulty to extract 
this element was therefore significant from the beginning of its investigation. This element is 
usually found in mineral sands that contain FeTiO3 (ilmenite) or TiO2 (rutile).  

The most significant properties of Ti are its low density, high specific strength and low 
corrosion [4,56]. Table 1.1 presents a comparison between the mechanical properties of Ti and 
other materials used in aircraft components [2,4,56]. 

The density of pure Ti is 4.51 g/cm3 which doubles the one of aluminium, but it is half 
the density of other common metals as Fe, Ni or Cu. The yield strength is ranged between 800 
and 1200 MPa for conventional Ti alloys. Processing methods are used to increase the strength 
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of Ti alloys. An example of this is the increase in the yield and tensile strength of Ti-6Al-4V 
alloys up to 1590 and 1620 MPa respectively when conducting an age hardening treatment. 
With regard to the high corrosion resistance of Ti alloys, this property is a consequence of their 
high affinity to oxygen, nitrogen or hydrogen what leads to the formation of a dense protective 
oxide layer on its surface even at room temperature. This oxide layer protects the material for 
further oxidation. However, the oxidation protection is provided only below the temperature 
range of 540 to 800 °C depending on the alloy [4,56]. 

Table 1.1 Comparison table of the mechanical properties of Ti with other aircraft metals [2,4,56]. 

Material 
Density 

Elastic 
Modulus 

Tensile 
strength 

Specific 
strength 

g/cm3 GPa MPa MPa/(g/cm3) 

Pure Ti 4.51 100-145 400 89 
α+β-Ti (Ti-6Al-4V) 4.43 110-140 895 202 
Aluminium (2024-T6) 2.7 70 383 142 
High-strength low alloy steel 7.9 210 1980 251 

 

Ti possess two allotropic structures [4,56]. At low temperatures Ti crystallizes in a 
hexagonal close packed structure (hcp) (P63/mmc space group), named as α Ti. At high 
temperatures, the stable crystal structure is a body centred cubic (bcc) (Im3m space group) 
which is called β Ti. The lattice parameters of the pure α Ti are a= 0.295 nm and c= 1.587 nm, 
although the addition of alloying elements leads to variations on the crystal lattice parameters. 
The bcc Ti structure at 900 °C presents a lattice parameter a= 0.332 nm. 

The plastic deformation of the hcp α Ti is more limited than that of the bcc β Ti phase 
[4]. This phenomenon is explained as a consequence of their crystal structures. The hcp lattice 
structure presents less slip systems for dislocation glide. While the number of slip systems of 
the bcc lattice is 12, the hcp lattice has only 3. In addition, the hcp structure presents a larger 
minimal slip path in spite of having a higher packing density. Being a the lattice parameter of 
the unit cell, for the bcc lattice structures this minimum slip path is 0.87a, while for the hcp 
crystal lattice it corresponds to a. Secondary slip systems and mechanical twinning are usually 
activated in α Ti systems during deformation. 

Diffusion processes on the different Ti phases are also influenced by the crystal 
structure [4]. α Ti diffusion coefficients are always lower than that of the β phase because of the 
densely packed atoms of the hcp structure. 

The β/α transformation temperature for pure Ti, i.e. the β-transus temperature, is 882 ± 
2 °C but it can be increased or decreased by adding α or β stabilizers respectively [4,56]. For 
example, for Ti-6Al-4V alloys the β-transus temperature is ~1000 °C (Figure 1.1) [4,57]. In this 
transformation, the {110} planes, the most densely packed planes, of the bcc structure are 
converted to the basal planes {0001} of the hcp structure (Figure 1.2a). The orientation 
relationships are described as follows:  

{0001} //{110}   

〈1120〉 //〈111〉   
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Figure 1.1 Schematic phase diagram of Ti-6Al-V alloy. The martensitic transformation (MS) is shown in 
the diagram. The dotted line indicates the corresponding phase transformations for the Ti-6Al-4V alloy 
[57]. 

The transformation can take place through a total of 12 different orientations of the β 
crystal structure to the α [4]. This leads to a characteristic microstructure, usually named as 
basket-weave structure, which exhibits α lamellar packets within a matrix of β phase oriented in 
accordance to the mentioned relationships as shown in Figure 1.2b. 

 

Figure 1.2 a) Schematic representation of the β/α transformation from the {110} planes to the basal 
planes {1000} and b) a micrograph of the bascket-weave microstructure. 

During β/α transformation, different microstructures can be generated as a function of 
the cooling rate from the β-transus temperature [4]. Lamellar structures of α phase grow when 
the cooling rate is sufficiently slow to let diffusion processes during the transformation. The α 
phase nucleates at the grain boundaries of the β grains and then the growth of lamellar structures 
is promoted. The width of these lamellas is coarsened by decreasing the cooling rate. On the 
other hand, martensitic structures are formed upon transformation at high cooling rates in which 
there is no time for diffusion processes to take place. The martensitic start temperature is lower 
than the β-transus and depends on the initial composition of the alloy and on the homogeneity of 
the microstructure. 

Other microstructures are generated by applying different thermomechanical treatments  
[4,56]. An example of this is the equiaxed microstructure which is generated on a previous cold 
worked microstructure by means of a solution heat treatment conducted on the α+β phase field 
of the phase diagram which is followed by an age treatment. Another example of this is the 
bimodal microstructure (equiaxed primary α grains within a matrix of lamellar α+β phase) 

a) b) 
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which is formed when the solution heat treatment is conducted from a temperature just below 
the β-transus also followed by aging. 

The properties of the Ti alloys are strongly dependent on their microstructure [4,56]. 
Their properties may be influenced by the formation of lamellar or equiaxed microstructures 
and by the size of this structures. Equiaxed microstructures generally present higher strength 
and ductility and lower fracture toughness than lamellar microstructures. On the other hand, 
strength and ductility are also increased when the microstructural features are finer in lamellar 
as well as in equiaxed microstructures. 

The chemical composition of Ti alloys is also important in determining their properties 
[4]. The alloying elements of Ti may be divided into α stabilizing elements and β stabilizing 
elements. Al, O, N and C are defined as α-stabilizers. These elements are characterized by 
creating a greater α-phase field, which is extended to higher temperatures, and by developing a 
α+β phase field. On the other hand, β-stabilizers are further subdivided into two types: β-
isomorphous (Mo, V, Ta, Nb) and β-eutectic elements (Fe, Mn, Cr, Co, Ni, Cu, Si and H). Other 
neutral alloying elements as Sn or Zr are also used. These neutral elements, despite of having no 
appreciable influence on the phase diagram, they can increase the strength of α containing 
alloys.  As an example of the influence of the alloying elements on the material properties, the 
addition of α stabilizers reduces the ductility and the atomic diffusion of the alloy. Because of 
this, the plastic deformation is limited and the resistance to creep and oxidation is higher. 

Ti alloys are usually classified on the basis of their chemical composition as follows 
[4,56]: 

α alloys: This category is composed by pure Ti and alloyed Ti with α-stabilizing or 
neutral elements. They are specially used in applications in which corrosion and deformability 
performance are important. An example of these alloys is the Ti-5Al-2.5Sn alloy. 

Near-α alloys: In this category, the alloys with similar composition to that of the α-
alloys with minor additions of β-stabilizers are referred. Near-α alloys show a good performance 
at high temperature application as well as high strength and excellent creep behaviour. One of 
the major drawbacks of these alloys is their reduced cold formability. The addition of Si to these 
alloys is used for enhancing the creep behaviour. A classic example of this is the Ti-6Al-2Sn-
4Zr-2Mo-0.1Si (Ti-6-2-4-2S). Another important example of these alloys is the Ti-5.8Al-4Sn-
3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06C (TIMETAL 834) having a maximum service temperature 
around 600 °C. 

α+β alloys: These alloys are formed by adding both α and β stabilizing elements. Their 
microstructure contains a β volume fraction between 5 and 40% (approximately) at room 
temperature. These alloys exhibit a good combination of properties such as their low density, 
high strength and ductility, and high corrosion resistance. The strength of these alloys can be 
further strengthened through a solution heat treatment below the β-transus followed by an aging 
treatment. A well-known example of this alloy class is the Ti-6Al-4V alloy. This alloy has been 
extensively studied and its use comprises around a 50 % of the application of Ti alloys in the 
industry. The most important application of Ti-6Al-4V alloys is referred to the aeronautical 
industry. Another example of these alloys is the Ti-6Al-2Sn-4Zr-6Mo (Ti-6-2-4-6) that shows a 
good strength and toughness performance. 
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Metastable β alloys: This class is constituted by the Ti alloys containing a higher 
proportion of β-stabilizers. The alloys of this category are characterized by retaining the two-
phase field microstructure at room temperature with no transformation of the microstructure to 
martensite upon fast quenching. Higher contents on β-stabilizers lead to the formation of alloys 
that only exhibit the β-phase. High strength and high fracture toughness properties can be 
achieved by treating these alloys, as it is the case of the Ti-3Al-8V-6Cr-4Mo-4Zr (Beta C) alloy. 
However, this alloy class has some drawbacks as the higher density, worse weldability, inferior 
oxidation behaviour and a more complex microstructure than other Ti alloys. 

Ti aluminides constitute another class of Ti alloys which is still under development. 
These alloys are characterized by presenting lower density, higher strength and oxidation 
resistance which are retained up to higher temperatures (~800 °C) [4,56]. For this reason, Ti 
aluminides result very attractive for high temperature applications where high strength is 
required. The intermetallic bases which have been most developed are α2-Ti3Al and γ-TiAl. 

Having introduced the main properties and microstructure of Ti and Ti alloys, the next 
part of this chapter will describe the uses of Ti in aircraft components. 

1.1.2 Application of Ti in aircrafts 

One of the most extended applications of Ti and its alloys is related to the aeronautical industry. 
The high strength and corrosion resistance properties of Ti, as well as its low density, are of 
considerable interest for the selection of materials in aeronautics [4]. For example, high strength 
and high corrosion resistance materials are required in an aircraft to withstand the severe 
working conditions during the flight [1,2,4]. Another important requirement is the use of low-
density materials in order to reduce the weight. 

 

Figure 1.3 Weight percentage distribution of the used materials in the airframe and the gas turbine engine 
of novel commercial aircrafts (adapted from [3,58]). 

Ti is one of the main materials that form part of all different aircraft types, together with 
aluminium, steel and composites [1,2,58]. Figure 1.3 shows a pie chart that illustrates the 
fraction of weight percentage of these materials that are used for the airframe and the engine 
components of a modern commercial aircraft [1,3,58]. Ti components constitute a 15 % weight 
percentage of the most used materials in airframes, while they comprise around a 25 % in the 
engine. 
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Because of the good balance of Ti properties, this material is used for both airframe and 
engine applications [2]. The use of aluminium alloys is greater in airframe applications because 
of its low density and low cost. Aluminium is also characterized by a very good machinability 
and formability what allows to shape complex structural components. However, aluminium is 
replaced by higher strength materials in heavily-loaded structures because of its limited 
strength. Ti is therefore used in some structures of landing gears and wing-fuselage connections. 
In addition, Ti is also preferred over aluminium when corrosion resistance is required. It is for 
all these reasons that the use of Ti in airframe is greater in military aircrafts, in the range from 
35 to 50%, because they are subjected to larger thermal and mechanical loads and the cost 
savings are less critical in this field. 

For the safety-critical structural components, high-strength steels are required [2]. High-
strength steels show higher strength and stiffness than Ti. However, they are over 50% denser 
than Ti and they are susceptible to corrosion and hydrogen embrittlement. For this reason, high-
strength steels are only used for structures that have to withstand high loads and where the space 
is limited. 

Recently, the use of carbon fibre reinforced plastics (CFRP) in aircrafts has grown 
because of their lightweight combined with their high stiffness, strength and fatigue 
performance [2]. These composites have replaced aluminium alloys in many structural 
components. The increasing application of CFRP is also extending the use of Ti alloys because 
they show a good corrosive compatibility with CFRP and a similar thermal expansion 
coefficient [5]. 

The weight percentage of Ti in the engine is only surpassed by the weight percentage of 
nickel-based superalloys. However, the volume fraction of Ti is the highest  [1]. The engine 
components in which Ti is mostly used are fan blades, low-pressure compressor parts and plug 
and nozzle assemblies in the exhaust section. The use of nickel superalloys is required in the 
engine components operating at temperatures over 600 ⁰C, which is the maximum service 

temperature of Ti alloys. Examples of these engine components are the high-pressure turbine 
blades, discs or the combustion chamber. These alloys present high corrosion and oxidation 
resistance and retain their good mechanical properties (strength, stiffness and toughness) at 
higher temperatures than light metals [2]. 

Regarding the disadvantages of Ti application, the major problem is the high cost of this 
material which is related to its difficulty to extract and to machine. On the other hand, despite 
being a light metal, it is significantly denser than CFRP and twice denser than aluminium [2]. 

An example of the application of pure Ti in aircrafts is the piping system for de-icing 
equipment. For this application, good thermal stability and corrosion resistance are required 
rather than high strength [1]. With regard to α-alloys, a notable example is the Ti-5Al-2.5Sn 
alloy which is employed in cryogenic applications because its high ductility and fracture 
toughness properties can be retained at low temperatures  [2]. The near α-alloy TIMETAL 834 
is used in jet engines thanks to its high yield strength which is in the range of 800 and 1000 
MPa [1,2]. 

Among α+β alloys, Ti-6Al-4V is the most important alloy in aeronautics. The 
characteristic properties of this alloy group are a combination of the ones of the α-Ti phase 
(high temperature creep strength, ductility and toughness) and those of the β-Ti phase (high 
tensile strength and fatigue resistance). Therefore, Ti-6Al-4V is a useful material for both jet 
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engines and airframes. In the engine, this alloy is used for the components located at cooler 
areas, such as the fan and the discs and blades comprising the low-pressure assembly, because 
its maximum operating temperature is within 300-450 °C [2]. Further examples of Ti-6Al-4V 
components include cockpit window frames [5], wing boxes, stiffeners, spars, and skin panels 
[2], landing gears [6] or general structural materials as bolts or seat rails  [5]. The application of 
this alloy is also found in the rotor heads of helicopters [1]. Another interesting example of α+β 
alloys is the application of Ti-3Al-2.5V in hydraulic tubes of modern aircrafts [1]. 

β alloys application is also found either in engine components or in structural 
components. For example, the Ti-10V-2Fe-3Al alloy is used in structures comprising landing 
gears while the Ti-5Al-2Zr-2Sn-4Cr-4Mo alloy can be used for fan discs of the engines [2]. 

1.2 Wear damage of aeronautical components 

The materials for aircraft components are selected, as in every engineering application, 
considering the required properties to withstand the service conditions that a particular 
component has to bear. Therefore, factors as the loads that are supported by the structure or 
environmental conditions, such as the temperatures and reactive atmospheres, are examined to 
choose or design an adequate material. 

However, materials can fail during service. Failing may occur due to several reasons: 
manufacturing defects, unexpected working conditions that surpass the working limits of the 
designed material, an inadequate maintenance or even due to an improper selection of the 
material because of a lack of knowledge about its properties or the operation conditions [7,59]. 
To prevent these failures, an understanding of the most frequent failure modes is required along 
with the signs that indicate the appearance of failure and the rate of progression until the final 
fail. The development of adequate maintenance procedures and proper repair operations of the 
damaged parts are a continuous concern within the aircraft industries. 

The following is a brief report on the common failure modes in aircrafts with special 
attention to wear failure processes, because the present investigation is focused on the 
evaluation of the wear resistance of the materials under study. Meanwhile, the second part 
describes the fundamentals of wear characterization of materials. 

1.2.1 Common failures in aircrafts 

The most frequent failure modes of aircraft components are related to fatigue (55 % of failures), 
corrosion (25 %), overload (14 %) or wear (6 %) processes [7]. 

Fatigue failures are caused by a cyclic application of a load [59,60]. This failure is 
manifested as the initiation and propagation of cracks that can finally result in a catastrophic 
fracture of the part. The crack is initiated in regions where strain localization is generated and 
thus, a way to prevent failure is by avoiding the formation of discontinuities in the materials 
during the process or the appearance of tears on their surfaces. Another method to prevent 
fatigue is avoiding the formation of tensile stresses during the materials manufacturing because 
they facilitate the crack propagation. The most common cause of fatigue in aircrafts is the stress 
concentration due to the formation of scratches or corrosion during service, rather than from the 
defects of the manufacturing materials because the parts are always rigorously checked [7]. 
Cracks may also initiate at contacts subjected to vibrations, that is, to oscillating tangential 



12 
 

movements of small amplitude and high frequency [8]. This type of wear lowers the fatigue 
strength of a component. 

Regarding to corrosion failures, their appearance is caused by the deterioration of the 
materials and its characteristics as a consequence of chemical reactions with the environment 
[59,61]. Corrosion resistant coatings are commonly used to protect materials from corrosive 
reactions with the environment. An example of this mode of failure is the galvanic corrosion 
that may arise in case of contact between two materials that have different electrode potentials. 
This type of corrosion has been found in aluminium aircraft structures where stainless steel 
shims had been fitted [7]. 

Overload failure is referred to the fracture of a material by applying a load [59,60]. 
This failure occurs when the applied load exceeds the limit load for which the component was 
designed. If the load is applied at a relatively slow rate, the material may be plastically 
deformed before failing by tearing. This failure mode is known as ductile fracture. On the other 
hand, a brittle fracture occurs when rapid crack propagation occurs as a load is applied and it 
then leads to a fast fracture with no significant plastic deformation before failure. The fractured 
surface in this case shows transgranular fractures (cracks propagate along a particular 
crystallographic grain) or intergranular fractures (grain boundaries are the preferential crack 
propagation paths). An example of this type of failure was identified in a cadmium-plated high 
strength steel bolt from an aircraft flap. The strength of the bolt was reduced because of 
hydrogen embrittlement of the steel [7]. Both, brittle and ductile fracture modes were observed. 

Wear is referred to the removal of material in a component that is caused by the 
mechanical action of a solid, liquid or gas which is in contact and in relative motion with the 
component [8,59]. Despite of consisting of a mechanical action between two bodies in contact, 
the mechanisms that cause the damage in the contact surface may be mechanical, chemical or 
thermal. Wear damage usually consists on a progressive deterioration of the surfaces being in 
contact. The failures that are caused by wear may be related to dimensional or shape changes 
because of material removal [62]. In some cases, the loss of material will be considered the most 
important factor leading to failure, while in other situations such as seizing of components, 
surface rearrangements will be more critical. 

Oscillations and vibrations in jointed structures are also considered major fault causes in 
aircraft components [10–13]. Oscillating wear occurs when two contacting surfaces are rubbed 
describing an oscillatory movement of small amplitudes and high frequencies [63]. The 
oscillating wear is termed as fretting wear when the oscillating frenquencies are high enough. 
This type of wear can induce wear by initiation and propagation of cracks leading to the 
formation of coarse debris or spalls. Regarding to Ti-6Al-4V parts this type of wear may be 
present in any component in which a joint is present as for example in engine compressor 
blades, bolts or landing gears. Studies about this failure are found in literature associated to Ti-
6Al-4V aircraft parts such as engine compressor blades [12] or a bolt of the main rotor of a 
helicopter [13]. 

The fuselage or external surfaces of aircrafts may be damaged by abrasion, erosion or 
impact wear leaving scratches, dents or notches in the surfaces and causing the loss of material 
[64]. Aluminium and Ti materials, which are usually employed as structural and fuselage 
materials may result damaged by these wear modes. Typical erodent that can impact on aircraft 
surfaces may be rain, volcanic ash or sand during the take-off and landing. 
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1.2.2 Wear behaviour of materials 

To prevent wear failures, it is necessary to understand how the materials resist wear and friction 
and the mechanisms involved in the wear process. A key aspect of the wear behaviour of a 
material is that wear is a system response; it is not an intrinsic property of the material. 
Therefore, to analyse the wear response of a certain material, experimental tests are carried 
simulating the actual service conditions in which it is used. The following is a brief report on 
the main experimental tests that are available to evaluate the wear behaviour and the wear 
mechanisms that can be involved in a tribological process. 

1.2.2.1 Experimental evaluation of the wear response 

In order to test a material for a specific application, the test methodology should be selected in 
accordance to its operation conditions [65]. Each application is associated to a unique system. 
The term tribosystem is generally understood to mean all the elements that influence the wear 
process which can be listed as follows [65]: 

- Contacting materials 
- Geometrical parameters 
- Relative motion 

- Loading 
- Type of lubrication 
- Environment 

Therefore, different test geometries have been developed to assess the wear behaviour of 
materials for diverse applications [65]. Parameters such as the type of motion, load, lubrication and 
environment can be adjusted in the tests in order to simulate test conditions similar to those 
occurring during service. 

The wear behaviour is examined from the coefficient of friction (COF) and wear rate 
measurements that are obtained from the tests. The friction coefficient is a dimensionless constant 
that describes the magnitude of the frictional force [8]. The frictional force is the tangential force 
which is experienced by a body in relative motion to another in the opposite direction to the 
direction of movement. COF is defined as the ratio between the friction force and the normal force 
and thus it is usually calculated from the friction and normal force measurements. Two laws of 
friction were formulated by Guillaume Amontons (1699) which state that the friction force is 
independent of the applied normal load and that it is independent of the apparent area of contact. 
Another friction law, which is attributed to Coulomb (1785), states that the friction force is 
independent of the static friction. 

The wear rate is a measure of the speed at which the removal of material is developed 
during the wear process. Different methods can be used to acquire the wear rate. The removed 
material can be determined by the measure of the weight loss, volume loss or wear depth as a 
function of a variable that has been defined by Hutchings as the exposure to wear [8]. The exposure 
to wear may be the test time or other variables such as the sliding distance in sliding or abrasive 
tests, the mass of incident abrasive particles in an erosion test or the frictional energy in oscillating 
wear tests. Other techniques use, for example, the time elapsed to wear through a distance, the load 
required to achieve severe wear conditions, or a precise wear stage [66]. 

The most developed wear test methods may be divided into several categories: sliding tests, 
abrasion tests, rolling contact-fatigue tests, solid particle erosion tests and corrosion tests [66]. The 
sliding contact, which allows the measurement of friction and wear, has been extensively 
investigated. Different geometries are available and can be operated with various contacts and 
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types of motion. A well-known example is the pin-on-disc apparatus (ASTM G99, [67]) which 
allows to conduct tests with conformal or point contacts and with unidirectional sliding or 
oscillating motions. Table 1.2 and Figure 1.4 show some typical sliding test geometries [66]. 

Table 1.2 Typical sliding test geometries and their type of contact and motion [66]. 

Geometry Type of contact Type of motion 

Pin-on-disc (face loaded) Point/conformal Unidirectional sliding, oscillating 
Pin-on-flat (reciprocating) Point/conformal Reciprocating sliding 
Pin-on-cylinder (edge loaded) Point/conformal Unidirectional sliding, oscillating 
Thrust washers (face loaded) Conformal Unidirectional sliding, oscillating 
Pin-into-bushing Conformal Unidirectional sliding, oscillating 
Flat-on-cylinder (edge loaded) Line Unidirectional sliding, oscillating 
Crossed cylinders Elliptical Unidirectional sliding, oscillating 
Four balls Point Unidirectional sliding 
 

 

Figure 1.4 Schematic representation of the typical test geometries in sliding wear experiments: a) pin-on-
disc, b) pin-on-flat, c) pin-on-cylinder, d) thrust washers, e) pin-into-bushing, f) rectangular flats on rotating 
cylinder, g) crossed cylinders, and h) four-ball [66]. 
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For abrasion testing, the Taber abrasion test (ASTM D4060, [68]), the abrasive belt test or 
dry-sand (ASTM G65, [69]) and wet-sand (ASTM G105, [70]) abrasion tests are examples of the 
most extended techniques [71]. Erosive tests techniques, which may be considered as a mode of 
abrasion wear, are for example the solid particle erosion test using a gas jet apparatus (ASTM G76, 
[72]) or the liquid impingement erosion test (ASTM G73, [73]). The scratch tests (ASTM G171, 
[74]) can also be used to test the resistance of a material to scratch abrasion. Scratch testing at the 
micro scale is also available by means of a nanoindenter in which the results may be interpreted as 
the ability to resist abrasion without fracture [75]. Rolling contact fatigue tests are useful methods 
to evaluate the application of materials for rolling contact geometries as bearings or gears [66]. The 
disc-on-disc, the rotating four ball (ASTM D5183, [76]) or the rolling-element-on-flat (ASTM 
G182, [77]) apparatus are examples of rolling contact fatigue tests [71]. 

In the aircraft industry the wear and friction testing of materials is generally conducted by 
choosing a test method from the available ASTM standard wear tests that better simulates the 
working conditions [78]. For example, failures by oscillation due to vibration may be investigated 
by conducting tests using an apparatus which allow oscillating or reciprocating movements such as 
pin-on-disc. On the other hand, erosion failures by the impact of sand or other solid particles may 
be investigated through solid particle erosion tests using a gas jet apparatus, while the wear by the 
impact of rain may be studied performing liquid impingement erosion tests. The choice of the 
counterbody may be made taking into account the actual working conditions. 

The wear mechanism by which material is removed during the process depend on the 
above-mentioned tribosystem parameters. The following section will introduce the main wear 
mechanisms and types of wear. 

1.2.2.2 Wear mechanisms and types of wear 

A wear mechanism is the action that causes the removal of material from a surface during the 
wear process. The classification of wear mechanisms is still not well defined. The classification 
scheme given as follows is the defined by Holmberg et al. [79] which is the most extended. This 
classification is divided into four main mechanisms: adhesive, abrasive, fatigue and chemical wear. 
Each wear mechanism, or a combination of them, may be activated through the action of different 
wear processes. Figure 1.5 shows schematic illustrations of the mentioned wear mechanisms 
activated by wear processes of relative sliding displacement. 

 

Figure 1.5 Schematic representation of the main wear mechanisms activated by wear processes of relative 
sliding displacement: a) adhesive wear, b) abrasive wear, c) fatigue wear and d) corrosive wear [79]. 



16 
 

 ADHESIVE WEAR:  

Adhesion occurs on sliding contacts when surface asperities from both parts become adhered [79]. 
If the adhesion bond is sufficiently strong, a fragment from one of the parts is detached by shearing 
and remains attached to the counterpart. The properties of the surface, the roughness and the 
cleanliness of the surfaces are significantly important in this wear mechanism. The worn surfaces 
after adhesive wear show plastic deformation signs of the surface asperities and pulled out of 
material [66]. The plastic deformation is extended to the subsurface leading to a strain hardening 
effect. 

A quantitative equation of the volume that has been removed by adhesive wear (vadh) is the 
known Archard’s equation: 

𝑣 =           (1.1) 

Where Kadh is a dimensionless constant that depends on the contacting materials, W is the applied 
normal load, x is the sliding distance and H is the hardness of the worn material. This equation was 
theoretically demonstrated by Archard [55], but it had been previously deduced from experimental 
tests [66]. The constant Kadh represents the proportion of asperity contacts that will generate a wear 
particle [8]. The wear rate is also found in literature as a dimensional constant (k) with units of 
mm3/N·m according to the following equation: 

𝑘 = =          (1.2) 

 ABRASIVE WEAR:  

Abrasion of a surface may occur whether in contacts where one of the part is harder than the other 
(two-body abrasion), or when hard particles are present between the two materials (three-body 
abrasion) [79]. Three-body abrasion may commonly arise from a previous adhesion mechanism in 
which debris particles remain trapped in the contact. These particles are hardened by plastic 
deformation during the process resulting in hard abrasives for the material being worn. The hard 
asperities or particles are pressed into the softer material and tangentially moved leading to 
ploughing and removal of material from its surface. The mechanism is therefore based on the 
plastic deformation and possible fracture of the softer material by the hard one. 

Scratched surfaces are characteristic of abrasive wear processes [79]. In addition, during 
abrasion wear, surface asperities are plastically deformed causing plastic strain and strain 
hardening of the surface. The plastic deformation leads to the creation of a transfer film at the 
surface which consist on a ultra-fine-grained layer that may also contain transferred material 
[79,80]. This transfer film makes the material more resistant to local shear. This film, which is also 
named as mechanically mixed layer (MML), is constituted by agglomerates of detaced partiles 
during the wear process [80]. 

In ductile materials, the removal of material by abrasion may occur by ploughing, wedge 
formation or cutting [81], while in brittle materials, particles are detached from the surface by 
brittle fracture leading to a cracked surface [66].  A quantitative expression for ploughing wear is 
derived by assuming a situation in which conical asperities plough a flat surface [8]. The volume of 
the wear debris produced during ploughing (v) is given by: 
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𝑣 =           (1.3) 

where Kabr is a constant which depends on the characteristics of the contacts and accounts for the 
material which is actually removed from the surface with regard to the total amount of material 
which is displaced by the abrasive asperity [8]. This equation is similar to the Archard’s equation 
for adhesive wear, but it has been shown to be adequate for many abrasive wear cases. In three-
body-abrasion this equation has also been considered valid and the Kabr constant was shown to 
exhibit lower values due to a rolling effect performed by the loose particles. 

Regarding to abrasive wear in brittle materials, an equation was obtained by Evans and 
Marshall [82] to quantify the volume of wear per unit of sliding distance for abrasive wear by 
fracture: 

𝑣 = 𝛼 𝑁
( ⁄ ) ⁄

⁄ ⁄
         (1.4) 

In the previous equation α3 is a constant which is independent of the material, E is the elastic 
modulus and Kc is the fracture toughness of the abraded material. 

 FATIGUE WEAR:  

This mechanism is observed when a surface is subjected to a repeated loading and unloading action 
in which the applied stress is not sufficient to cause failure after a single loading process. The 
cyclic load leads to the nucleation of cracks below the surface at regions where voids or high 
dislocation density are generated due to the effect of the applied stress. 

In rolling contacts cracks quickly propagate and join to other neighbour cracks and cause 
the detachment of particles leaving craters on the worn material. In sliding contacts, the nucleated 
cracks by fatigue generally propagate parallel to the surface leading to the formation of large plate-
like debris particles. This second theory is known as delamination wear which has been described 
by N. P. Suh [83] and S. Jahanmir et al. [84]. 

 CORROSIVE WEAR:  

Corrosive wear occurs when the mechanical contact mechanisms previously described are 
combined with chemical reactions [79]. These reactions are generally unfavourable for the wear 
resistance of the material because they usually cause the softening and weakening of the surface. 
The effect of rubbing in the contact leads to an increase in the contact temperature and the 
formation of cracks what promotes chemical reactions. 

A typical example of this wear mechanism is the oxidation wear in which an oxidation 
reaction is developed in the surface [79]. In this case, the wear and friction are reduced. Another 
example is the generation of chemical instabilities because of a great increase in temperature which 
can cause the melting of the material. This effect is observed in cutting processes which can lead to 
a solution wear or to the diffusion of elements from the abrasive to the abraded material with the 
following failure of the cutting tool. 
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Additionally, in a wear process, one or more of the previous mentioned mechanism can be 
active [79]. The term type of wear is used in literature to refer to the combination of wear 
mechanisms which may be involved in a tribological system. The types of wear are described 
according to the wear mode, which is referred to the type of contact, and to the wear failure mode, 
which is related to the surface appearance after the process. Wear modes are for example sliding 
wear, rolling wear, fretting, erosion, impact wear and cavitation, while examples of wear failure 
modes comprise scuffing, pitting, scoring, spalling, seizure or delamination. The wear modes also 
include the grouping according to the contact conditions such as lubricated or no lubricated wear, 
metal-to-metal wear, high stress or high temperature sliding wear. The terms mild and severe wear 
are also used to describe the wear process as a function of the features observed on the worn 
surfaces and the intensity of the wear rate. Figure 1.6 shows a scheme of the interrelations between 
the common terms used to describe wear processes [85]. 

 

Figure 1.6 Terms used to describe wear processes and their interrelations [85]. 

The action of dominant wear mechanisms can be associated to some wear types. This is the 
case of abrasion wear mechanism in erosion or grinding wear modes, of fatigue wear mechanism in 
spalling wear, or fatigue wear in reciprocating or fretting contacts [79]. 

Regarding to fretting wear, it is usually combined with corrosion and this wear mode is 
typically named as fretting corrosion [8,14]. For example, the wear debris may be oxidized. These 
oxide particles may cause different effects such as the creation of a protective layer against wear, 
further wear by abrasion or seizure between both surfaces in contact [8]. There may also be a 
dominant action of fatigue in this wear mode. The motion of the rubbing surfaces in fretting wear 
consists on an oscillating movement of small amplitude. Therefore, the cyclic tangential movement 
promotes the initiation and propagation of fatigue cracks. Another important feature of this wear 
mode is that the removal of debris particles from the contact is more difficult as compared to the 
case of sliding wear. The presence of trapped debris at the contact creates different wear processes. 

In addition, fretting wear is usually classified into different regimes which depend on the 
contact conditions [86]. Stick regime occurs when there is no apparent sliding displacement 
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between the contacting materials. The wear rate is very low within this regime and adhesive 
contacts are developed. In contrast, the gross slip regime acts it is generated a relative displacement 
between both counterpairs. The wear rates are higher at this stage and sliding marks and oxidative 
wear are visible on the mating surfaces. An intermediate regime between these two regimes is the 
partial or mixed stick-slip regime in which a stick region is formed at the centre of the wear track 
while a slip area is created at the edges. Moreover, the transition to reciprocating wear occurs when 
the wear mechanisms are similar to that typically observed under unidirectional sliding conditions. 
Different variables such as the oscillation amplitude, the applied normal load or the oscillation 
frequency may affect the transitions between the distinct regimes. 

As discussed above, the features observed in the worn surface are useful indicatives to 
determine the type and mechanisms of wear [66]. In addition, the morphology and size of the 
debris particles is also related to the wear type. An example of this is the ribbon-shaped particles 
generated during abrasive wear. Plate-shaped particles are commonly associated to fatigue wear, in 
which material is removed and, before leaving the contact, they can be subjected to further plastic 
deformation. And another example is the irregular shaped morphologies of the debris particles 
developed during adhesive or brittle fracture. 

1.2.2.3 Tribologically transformed layer 

Tribologically transformed zone (TTZ) is a general term which is used to refer to the 
microstructural and compositional changes that are usually observed in the surface and near surface 
area of a worn sample [8]. These changes may be related for example to work hardening, 
mechanical mixing of sample particles with contaminants or with transferred material from the 
counterbody, thermal softening or chemical reactions. Since these actions alter the material 
microstructure and composition, the properties of the near surface area may differ from that of the 
bulk material. Properties such as hardness, ductility, strength or the coefficient of friction may be 
altered. For this reason, the wear evolution is mainly controlled by the properties of the surface 
during the process. 

 

Figure 1.7 Schematic illustration showing different microstructural changes that may occur at the near 
surface of a sample which is subjected to sliding wear [8]. 
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Research on this field has led to a description about possible changes in the near surface 
that can be distinguished at different depths from the surface into the sample [8]. A typical example 
is the surface modification of a sample during a sliding wear process which is shown in the scheme 
presented in Figure 1.7. A first zone, designated as zone 1, represents the non-deformed material. 
The acting stresses generate a plastic deformation area in a following zone approaching towards the 
top surface, zone 2. The plastic shear strains are increased towards the surface and a fine grain 
region may be developed. In addition, a top layer (zone 3) may appear which can present, in 
addition to mechanical induced changes, modifications by chemical reactions or mixtures of 
material involving transferred particles from the counterface. 

Several terms are found in literature to refer to the modified top surface layer of a worn 
sample. The terms are sometimes related to the type of developed microstructure or to how it was 
developed. For example, the MML is known as the dense microstructure which is generated by the 
mechanical mixing of debris particles and other possible particles detached from the counterface or 
contaminants [80]. The particles are subjected to a severe plastic deformation which usually 
generates a fine grain microstructure. This process has been related to that occurring in mechanical 
alloying. A transfer layer is also used to name worn surfaces in which material from the 
counterface was transferred and adhered to the sample being worn. On the other hand, the presence 
of oxides in this zone may generate agglomerations of oxide particles on the surfaces or develop 
dense layers with smooth surfaces [8]. However, the name of MML is generally applied in literature 
to refer to the modified top layer during the wear process regardless of their formation process. 

The creation of the MML has been reported to occur when a critical plastic deformation has 
been accumulated at the contact surface of the sample [87]. Since the wear rate depends on the 
properties of the surface material, this layer has a significant role in the wear process [88,89]. For 
example, the formation of oxide scales during dry sliding wear of Ti-6Al-4V samples against itself 
or a steel counterbody has been shown to increase the wear rate [90,91]. This result has been 
explained due to the weak adherence with the substrate and easy fragmentation of the oxides 
because of their brittle nature. The scale fragmentation generates hard debris particles which can 
further abrade the surfaces. However, the presence of oxides in Ti-6Al-4V surfaces during sliding 
wear at high temperatures has been reported to exert a protective role against wear because of their 
high hardness [92,93]. The higher amount of heat generated when sliding at high velocities (4 m/s) 
has been shown to create a similar protective layer [94,95]. This protective oxide layers appeared 
more compact than the ones generated at lower temperatures and thus, the abrasive action 
performed by the oxides was reduced. 

The microstructural changes occurring at the near surface of a worn sample by fretting 
have been described in a similar way to the previous description for sliding wear. Three different 
features are distinguished in the samples cross sections [96]. Figure 1.8 shows a schematic 
representation of different features that may be developed at the contact interface. The 
microstructure appears plastically deformed at the region near the surface of the worn sample and 
the strain accumulation at the top surface generates a modified layer by the action of mechanical 
and chemical transformations which is referred in the figure as tribologically transformed structure 
(TTS). However, the TTS is also referred in literature by the generalized term of MML. The creation 
of the MML in fretting is also associated to a critical accumulation of plastic deformation. 
Microcracks may also appear as a result of the cyclic stresses (fretting fatigue). The MML is further 
fragmented generating debris which usually remains trapped at the top of the surface constituting a 
compacted debris layer. The evolution of the MML presents an important role in the wear process. 
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The MML has been reported to achieve a stationary stage in fretting wear in which the 
thickness remains constant and there is a continuous MML fragmentation and generation [96,97]. 
The coefficient of friction and wear rate may decrease at this stage because the generated debris 
prevents metal-metal adhesive contacts between both counterpairs. Particularly, the formation of 
rutile oxide debris in the transition from mixed to gross slip fretting wear in Ti-6Al-4V has been 
reported to prevent adhesive wear at the contact interface and thus the coefficient of friction is 
reduced [98,99]. The oxide debris appears to be generated from the rupture of the previously 
formed MML. 

 

Figure 1.8 Schematic description of the material response and debris formation at the contact interface 
during fretting wear [96]. 

Therefore, the microstructural characterization of the near surface may give valuable 
information about the wear mechanisms that may be acting during a wear process [8]. This 
investigation is usually conducted by means of optical microscopy (OM), scanning electron 
microscopy (SEM) or transmission electron microscopy (TEM) to examine the microstructural 
features generated on the plan views and cross-sectional views of the worn surfaces. These 
techniques provide microstructural information and can be equipped with chemical analysis 
techniques such as energy dispersive X-ray spectroscopy (EDX). The focused ion beam (FIB) 
technique for TEM sample preparation is particularly useful to study the subsurface microstructure 
because it allows to obtain cross sectional samples with precise control of the site from which they 
are cut. X-ray diffraction (XRD) is also used for the investigation of the structural phase changes 
occurring on the worn samples. In addition, hardness measurements are conducted on cross 
sectional views of the samples to measure the extension of the work hardened microstructure. For 
this purpose, nanoindentation technique for hardness measurements is preferred because 
measurements can be obtained at smaller scales as compared to microindentation techniques. 

1.2.2.4 Wear modelling 

The construction of models for wear processes is usually related to specific wear modes [8,63,100–
102]. The difficulty to establish general models is explained because wear and friction are extrinsic 
properties of materials and the number of parameters that influence a tribological system is very 
large. Previously reported models include the parameters that are dominant in a given system. As 
an example of the large variety of parameters that can affect the wear process, a list elaborated by 
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Meng et al. [100] includes 100 different variables and constants that were used between 1957 and 
1992 in equations for sliding contacts. 

Wear models are formulations that describe a process as a function of the variables and 
parameters of the system [62]. These formulations can be conducted through a word description, 
through a picture or by means of a mathematical equation. Regarding the equation models, Meng et 
al. [100] suggested a classification of the equations that have been developed by researchers as 
follows: empirical equations, contact-mechanics-based equations and equations based on material 
failure mechanisms. Empirical equations are those derived from data obtained from wear tests and 
they involve adjustable variables in their formulation. The equations based on contact mechanics 
are models of the system and thus they include parameters related to the topography of the surface 
and material properties as the elastic modulus or the hardness. In the equations based on material 
failure mechanisms, more parameters related to failure modes as the fracture toughness or the shear 
stress are included depending on the type of wear. 

One of the most extended equation models is the previously mentioned Archard equation 
for adhesive wear which is based on the contact mechanics. Its application has been extended to 
other types of wear because some experiments have shown to adjust to this model. 

As it is difficult to harmonize the existing formulations to describe wear processes through 
a general model, wear maps were developed to assemble in some way these equations [103–105]. 
Models are derived for a particular system and they are generally not applicable to another system. 
Maps can be constructed by plotting wear data as a function of two or three parameters. The most 
dominant parameters of the process are preferable for this purpose. Regions of different wear 
mechanisms are assigned in the maps to their corresponding ranges of the selected variables [105]. 

 

Figure 1.9 Wear maps for the Al-8090 aluminium alloy and Al-8090-SiC (Al-Li/SiC) composites sliding 
against steel showing the transitions between mild and severe wear for both materials. The maps were 
constructed as a function of a) the normalized pressure and temperature and b) as a function of the 
normalized pressure and velocity [106]. 

A classic example of wear maps are the ones constructed by Lim and Ashby [104] to gather 
the dry sliding wear data for steel. The parameters selected as coordinate axes of their diagram are 
the normalized load and speed and the calculated asperity temperature was parameter used to 
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define the different wear mechanism regions. Figure 1.9 shows an example of wear maps which 
were constructed following a similar methodology to that proposed by Lim and Ashby [106]. The 
maps show the transitions between mild and severe wear Al-8090 aluminium alloy and an Al-8090-
SiC composite. The transitions between both wear failure modes were determined from the wear 
rates evolution as a function of the applied normal pressure, temperature and sliding velocity. 

Fretting wear maps have also been developed [86,107–109]. These maps are typically 
plotted as a function of the normal contact load or pressure and the displacement amplitude, which 
are important factors in fretting [108]. The transitions between stick, partial slip, and gross slip 
contact conditions are usually indicated in these diagrams as the one presented in Figure 1.10 
[107].  

 

Figure 1.10 Fretting wear map as a function of the applied normal force and displacement amplitude of Ti-
6Al-4V tested against a counterpart of the same alloy arranged according to a cylinder-plate contact 
configuration [107]. 

Another approach to develop a generalized wear model is based on the use of the dissipated 
energy concept. This approach was first introduced by R. M. Matveevsky [110] with the friction 
power intensity concept that represents the dissipated energy per unit area of contact between two 
rubbing surfaces. H. Mohrbacher et al. [111,112] proposed a method to incorporate the possible 
changes in friction behaviour during the test. For this purpose, the concept of cumulative frictional 
energy [111] was developed and it was related to the volumetric wear for fretting contacts [112]. 
Another concept introduced by Fouvry et al. was the energy density wear coefficient which was 
proven to be related to the wear depth in oscillating sliding contacts [101,113,114]. The concept of 
friction energy dissipation has also been demonstrated to be adequate for the analysis of 
unidirectional sliding tests [115,116]. Together, energetic modelling studies provide important 
insights to analyse wear processes that may be unstable and to compare tests conducted applying 
different parameters [116]. 

1.2.2.5 Design of experiments in wear analysis 

The design of experiments (DOE) consists on the elaboration of an experimental plan to obtain 
reliable information about a given objective [117]. The required information is obtained through an 
efficient process by applying statistical techniques. It has been generally applied in different fields 
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to evaluate the effect of the involved variables in a process and to optimize responses of a process. 
The DOE technique has been proposed as a useful tool to facilitate the study of wear systems [118]. 

There are different types of designs of experiments and each one is more suitable to 
achieve different goals. The main objectives that can be solved from the available designs of 
experiments are as follows [117]: 

- Comparative: Selecting the better choice between two alternatives. 
- Screening: Determining the effects and interactions of the factors of the process as well 

as their significance with regard to the response under study. 
- Response surface modeling: Modeling a response by considering quadratic effects to 

obtain an approximate shape of the surface of the response. These models are useful for 
determining the operation conditions that maximize or minimize the response or the 
conditions that are nearer to a desirable value, or for reducing the uncontrollable 
factors, i.e. making a process robust. 

- Regression modelling: fitting more precise models. 

A summary of the different designs that are more adequate for the different objectives is 
reported in Table 1.3. 

Table 1.3 Summary table for selecting a design of experiment as a function of the study target [117]. 

Number of factors 
Type of Objective 

Comparative Screening Response Surface 
1 1-factor completely 

randomized design 
- - 

2 to 4 Randomized block design Full or fractional 
factorial 

Central composite or 
Box-Behnken 

5 or more Randomized block design Fractional factorial or 
Plackett-Burman 

Screen first to reduce 
number of factors 

 

A number of researchers have employed DOEs in wear investigations to determine the 
dominant parameters in wear processes by analysing the significance of the studied factors and also 
their interactions [119–125]. An example of this is the study carried out by J. Esteban Fernández 
[120] in which a factorial design of experiments (with two levels and four factors, 24) is 
implemented to investigate the impact of four variables on the abrasive wear. 

Response surface designs have also been applied to develop models for wear or coefficient 
of friction responses and to determine critical system conditions by optimization processes [125–
127]. For example, B. P Chang et al. [127] used a Box-Behnken design to compare the wear 
performance of two ultra-high molecular weight polyethylene polymers reinforced with two 
different fillers. The study evaluates the factors that have most significant effects on the responses 
being evaluated, which were the volume loss and the average coefficient of friction. The DOE was 
also used in the work to obtain a model for the evaluated responses and to calculate the values that 
minimized the responses, i.e. the conditions that led to a better wear response. 
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1.3 Repair and maintenance of aircraft Ti components 

Damaged aircraft components can be restored by replacing or repairing the component. The 
replacement of the entire element is always more reliable although this operation results more 
expensive and involves a greater negative impact on the environment. Maintenance, repair and 
overhaul (MRO) operations are especially important in the aeronautical industry to guarantee the 
safety during the flight. The aeronautical components are continuously checked to ascertain that the 
required properties for their working conditions are retained. Any damaged component must be 
repaired by applying the adequate maintenance or repair operation. 

Repair operations consist of procedure development to restore the damaged parts of a 
component so that it can be reused. A component can be repaired many times, what extends its life 
and thus, it leads to a more resource-efficient and environmentally-friendly process. Moreover, the 
application of repair technologies can also reduce material waste by implementing this operations 
to restore defective as-fabricated parts [15]. The reduction of waste is essential for a sustainable 
implementation of any raw material, and especially for materials as Ti for which the production and 
machining process results difficult and expensive [128]. Repair operations can be performed either 
in-situ, on the site were the component is located, or ex-situ. As an ex-situ operation implies the 
increase in costs of the process, in-situ repair technologies are more attractive [16]. 

However, a repairing technology must be extensively studied before approving its 
application. Such a technology will be adequate when the performance of the remanufactured 
structure under working conditions is equal or better than that of the material being repaired.   

The repair solutions that are mostly offered by the current industries dedicated to the MRO 
of aircraft components include: electron beam or tungsten inert gas (TIG) welding, machining (such 
as milling, turning or grinding), heat treatments, vacuum brazing, electroplating, laser machining or 
cladding, thermal spray, or corrosion resistant painting [17–21]. Among them, welding, laser 
deposition and thermal spray technologies have been the most used as dimensional restoration 
technologies of Ti components. 

Welding is a technique that joins metals through a melting or forging process. This 
technology is commonly used to manufacture as well as to repair aircraft structures [18]. However, 
there are some problems in relation to the welding of high reactive metals as Ti or aluminium. 
Imperfections such as porosity, embrittlement or contamination cracking can arise in the fusion 
welds leading to the deterioration of the material properties [18,129,130]. Ti welds are viable by 
using inert gas atmospheres as in TIG welding however great care must be taken to avoid 
contamination [18,130]. 

The laser cladding process, also named as direct metal deposition, has been used for 
repairing aerospace components and also as a method of coatings deposition for corrosion and wear 
protection [15]. This technology utilizes a tightly controlled laser beam to fuse a filler material 
(metal powder or wire) with the base material. The filler material can either be the same or 
different from the work piece in order to develop functional coatings. As a laser clad is deposited 
layer-by-layer in a controlled manner, the development of near-net-shape parts is enabled. Laser 
clad coatings have been used for repairing Ti-6Al-4V aerospace components using materials such 
as Triboalloy T-400, Inconel 100, or different Ti-6Al-4V composites adding Cr2O3, Cr3C2, CW, or 
Mo2C [15,131]. In laser cladding, the applied heat input of this technology is lower comparing with 
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other techniques as TIG what reduces the heat affected zone. Despite the problems of porosity, 
cracking and deformation of the substrate are reduced with reference to other conventional coating 
techniques, the presence of these defects is still significant due to the high residual stresses caused 
by the high heating and cooling rates during the process. The use of a shielding gas coverage is also 
required to avoid Ti oxidation or contamination during the process [15,132]. 

Thermal spray coatings have been widely used in the aircraft industry, especially for 
coating engine parts [15]. These coatings are applied to improve materials characteristics as, for 
example, their wear or corrosion resistance, high temperature resistance or for thermal barrier 
effects as well as for repairing purposes. In thermal spray, a coating is build up by the impact of 
successive particles which are sprayed through a gas stream [17]. Particles have traditionally been 
sprayed in a molten or partially molten state although latest developments have included the 
deposition of coatings by impacting particles in a solid or semisolid state. 

Thermal spray techniques may be classified in terms of the method of generation of the 
energy input to the gas streams [17]. One of these classes involves the systems that use combustion 
generation sources, as flame spraying, detonation-gun and high velocity oxy-fuel (HVOF) spraying. 
A second one is constituted by the techniques using an electric energy source as plasma spraying or 
arc spraying. Another technology that has emerged more recently is characterized by generating the 
energy input to the gas stream via a decompression of the gas and it is known as cold gas spray 
(CGS), also referred as cold spray (CS). CS has introduced a change in philosophy within thermal 
spray technologies because instead of melting the feedstock powder to generate a coating, the 
coating is developed by the stacking of solid-state particles. In this system, given the lower thermal 
energy input provided to the particles, the particle deformation and bonding is facilitated by 
supplying higher kinetic energies. The powder is sprayed at high velocities so that the particles are 
subjected to a severe plastic deformation at the impact with the substrate. The powder adhesion to 
the substrate is facilitated by the plastic deformation process. Warm spray (WS) technology [133], 
which consists on a modified HVOF system, is the most similar process to CS in terms of the 
process gas temperatures and particle velocities that are used in the process. The process gas 
temperature in WS is lowered by mixing an inert gas with the combustion gas. WS was designed to 
fill the gap between CS and HVOF process in terms of the process gas temperatures. The feedstock 
powder in WS is also sprayed in a solid-state phase in order to reduce oxidation reactions during 
deposition with regard to HVOF coatings. However, the use of a combustion gas in WS leads to 
higher oxygen contents in the coatings as compared to that fabricated by CS [133,134]. 

The different energy source systems result in different temperature and velocity inputs to 
the particles [17]. Figure 1.11 shows an illustrative comparison between different thermal spray 
technologies as a function of the flame temperatures and particle velocities. Regarding the 
temperature ranges, plasma spray utilizes significantly higher gas temperatures (~4200-24000 °C) 
than the other thermal spray technologies, whereas CS is the process that works with the lower 
temperatures (<1200 °C). Indeed, CS is defined as a coating technology in which the feedstock 
particles are heated below their melting temperature. Other spraying processes employ intermediate 
temperatures. With respect to the velocities, the higher particle velocities are related to CS (~300-
1200 m/s) and to WS technology (~650-1200 m/s). 

Although there are several types of thermal spray technologies, the process of coating 
formation is similar for all of them [17]. CS presents the most dissimilar deposition process because 
it does not involve melting of the powder and thus it will be described later in more detail. The 
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general deposition process of a thermal sprayed coating could be described as follows. In a first 
stage, the feedstock particles are accelerated and heated by an energy source. The molten particles 
travel through the air or a controlled atmosphere to reach the substrate. During the particles flight 
towards the substrate, the reaction of the particles with the surrounding gas may cause their 
oxidation or compositional changes. For this reason, the deposition of Ti coatings by means of high 
temperature thermal spray techniques have only been feasible by using controlled atmospheres 
surrounding the gas jets or flames [22–25]. On the impact with the substrate, particles are deformed 
and solidified generating a characteristic lamellar microstructure formed by splats, this means the 
deformed particles that have become attached to the surface. [17] The adhesion mechanism of the 
particles to the substrate usually consists in a mechanical anchoring and, less probably, in a 
metallurgical bonding. The solidification and deformation processes have a significant influence on 
the coatings microstructure such as the determination of possible compositional changes, grain 
sizes, porosity, or the formation of microcracks. During the cooling down of the splats, effects such 
as oxidation or the formation of residual stresses which restrict the coatings thicknesses are also 
important. 

 

Figure 1.11 Comparative graph of thermal spray technologies according to their typical flame temperatures 
and particle velocities [135]. 

From the previous discussion, it can be seen that the processing temperature is of great 
importance in the coatings deposition of high reactive materials as Ti. For this reason, CS appears 
to be an adequate solution to avoid the detrimental effects of high processing temperatures in the 
coatings characteristics. 

CS is a solid-state process and thus chemical or microstructural changes during the coatings 
deposition are avoided [136]. As oxidation reactions are limited at these temperatures, no 
significant oxidation occurs during particles flight or after the impact of the particles with the 
substrate. The low temperatures also reduce the thermal input to the substrate what enables the use 
of temperature sensitive substrate materials. High deposition rates and high deposition efficiencies 
have been reported for CS processes leading to high dense coatings. Moreover, as the coating is 
developed by the plastic deformation of the particles, compressive stresses are generated along the 
coating, and this stress state is beneficial for the fatigue performance. On the other hand, the 
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generation of compressive stresses together with the reduction of tensile stresses due to the minimal 
substrate-coating thermal difference, enhance the coating bond strength and thicker coatings can be 
developed. CS coatings characteristics lead to a high corrosion resistant behaviour and to enhanced 
mechanical properties, such as higher ultimate tensile strength and higher hardness regarding to the 
bulk material. 

Concerning the disadvantages of CS process, the main drawback is the loss of ductility of 
the sprayed material due to plastic deformation [136]. In addition, the use of low ductile materials 
as feedstock powders or substrates is also limited. Reduced ductility of the substrate lead to low 
bond strength, and the spraying of no ductile materials is only achievable by mixing with another 
ductile material. 

Several studies have investigated the application of CS coatings for repairing damaged 
components. Some studies have studied the repair of damaged parts [137–139], while other studies 
have investigated the properties of the coatings in order to assess the possible application for 
repairing aircraft components [135,140–144]. These works have led to the implantation of this 
technology for some procedures and the development of standard procedures for CS application 
[145]. 

1.3.1 Cold Spray Technology 

CS coatings are generated by the impact of solid state particles that become adhered to the surface 
by plastic deformation [26,27]. For this purpose, particles are accelerated by means of the drag 
force exerted by a high-velocity gas jet. A compressed gas is brought to a pre-chamber and then it 
is conducted through a De Laval nozzle, i.e. a converging-diverging nozzle, which accelerates to 
gas. After passing through the throat of the nozzle, the gas is exhausted into the air achieving 
supersonic velocities while its temperature and pressure decrease. To increase the particle and gas 
flow velocity, the gas can be pre-heated at a range of temperatures from room temperature up to 
1200 °C. Given the simplicity of the CS process with regard to other thermal spray technologies, 
numerous investigations have been made that describe the fluid dynamic model of the process 
[143,146–150]. 

Particles are injected into the gas stream either in the divergent part of the spray nozzle or 
prior to the converging section [27,140]. These two different configurations have resulted in two 
distinct CS commercial equipment: low-pressure CS (LPCS) [151] and high-pressure CS (HPSC) 
[152] respectively. 

In a LPCS, the process gas pressure and heating temperature are limited to approximately 
4-34 bar and 600 °C respectively and thus, lower gas flow velocities, in the range of 300-900 m/s, 
are available by means of this system [27]. The process gas in LPCS is accelerated by passing 
through the converging-diverging nozzle, while the powder is injected in the downstream section of 
the nozzle, the divergent part of the nozzle (Figure 1.12a). On the other hand, HPCS allows for a 
wider range of process gas pressures and heating temperatures, up to ~70 bar and ~1200 °C 
respectively, leading to gas velocities up to ~1200 m/s, and it enables the deposition of a wider 
variety of materials [27]. The gas is also accelerated through the converging-diverging nozzle in 
HPCS, while the powder is injected axially into the upstream section of the nozzle and then it is 
mixed with the gas flow in the pre-chamber (Figure 1.12b). This configuration requires the use of a 
high-pressure powder feeder because the carrier gas of the powder needs to be injected at a higher 
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pressure than that of the process gas to avoid the backflow of the powder. The HPCS system has 
the advantage of favouring the particle acceleration because the powder is carried by the gas 
through a larger path [140]. On the other hand, LPCS system has the advantage of being more 
compact and lightweight than the HPCS allowing its portability. This aspect is particularly 
interesting in order to perform in-situ reparations of aeronautical components. In addition, the 
nozzle is prevented from effects as wear or clogging in LPCS equipment due to the system 
configuration. 

 

Figure 1.12 Schematic diagram of a) a low-pressure cold spray and b) a high-pressure cold spray systems 
[153]. 

CS technology has also evolved into other system configurations such as pulsed gas 
dynamic spraying [154], which is based on the pre-heating of the particles in order to facilitate 
particles deposition, or vacuum CS in which the particles are sprayed into a lower pressure 
environment to promote particles acceleration [155]. 

The main parameters that can be adjusted in CS deposition may be divided into four 
categories [27]: 

- Process gas type and conditions (gas pressure and temperature). 
- Spray setup, which is referred to the spray distance and angle with reference to the 

substrate surface, gun transverse speed and the spray gun and nozzle types or the number 
of passes. 

- Feedstock material composition, structure, size and morphology which can be controlled 
through the choice of the powder processing method. 

- Substrate material and its preparation prior to spraying and the temperature during 
deposition. 

The velocity of the particles depends mainly on the type of process gas and on the gas 
temperature and pressure [27,143,146,147,156,157]. The common process gases that are used for 
spraying are helium, nitrogen, air or a mixture of them, being the lower-weight gases the ones that 
allow reaching higher flow velocities. On the other hand, the higher inlet gas temperatures and 
pressures lead to higher gas flow velocities. Other parameters as the nozzle geometry or the 
characteristics of the feedstock particles also have an influence on the in-flight velocities. For 
example, smaller and lower density particles generally lead to higher particle velocities. With 
reference to the temperature of the particles, it mainly depends on factors as the process gas 
temperature, nozzle geometry and the size and heat capacity of the particles. Particles are heated in 
contact with the gas before passing through the throat of the nozzle and they begin to cool down 
after the throat. 
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CS deposition is successful when particles impact on the substrate between a lower limit 
velocity, named as critical velocity (vcritical), and an upper limit which is known as erosion velocity 
(verosion) [143,147,158]. This velocity range is known as the window of deposition. The vcritical is the 
velocity required by the particles to create a bound with the substrate and with previously deposited 
particles to generate the coating. On the other hand, when particle velocities exceed the verosion, they 
are rebounded and there is no deposition, but they perform an erosive effect on the substrate. The 
impact of particles travelling at lower speeds than the vcritical also exert an erosive effect on the 
substrate, but this effect is more severe when the particles acquire speeds equal or higher than the 
verosion. Figure 1.13 shows the evolution of the deposition efficiency (DE) as a function of the 
particle velocity. The vcritical is usually defined as the velocity required to achieve a DE of a 50%, 
and it has been shown to be a function of the sprayed and substrate material characteristics as well 
as of the particles temperature. Properties such as the particle size, density, porosity, ultimate 
tensile strength or melting temperature have been reported to influence on the determination of the 
vcritical [159]. DE is further increased to nearly 100% within the window of deposition and then DE 
begins to fall for higher velocities due to erosive effects [143,147,158]. 

 

Figure 1.13 Material deposition efficiency as a function of particle velocity. The window of deposition is 
indicated by the range between the critical velocity (vcritical) and the erosion velocity (verosion). The inserted 
images illustrate the different stages of deformation of a particle impacting onto a substrate (adapted from 
[147]). 

Figure 1.14 shows the velocity ranges determining the CS window of deposition for 
different materials as reported by T. Klassen et al. [160]. The calculi were conducted by 
considering particles of 25 μm in diameter and for an impact temperature of 20 °C. 

Particles are plastically deformed when they impact onto the substrate, and when their 
velocity is within the window of deposition, a contact between the particle and the surface is 
created. However, how this contact is created is still not clear. Experimental studies have shown the 
presence of material jets protruding at the contact interface between the particle and substrate 
[27,161]. This effect has been associated to an adiabatic shear instability occurring at the interface 
due to high strain localization, similar to the mechanism occurring in explosive welding [27]. The 
intense strain concentration at a high strain rates, leads to plastic deformation and heating of the 
material. A sudden temperature rise occurs at the region where the strain localization develops and 
thus, thermal softening in this area is promoted leading to a localized shear flow [27,162]. 
Experimental observations and particle impact simulations have indicated that the deformation of 
the particle upon impact is inhomogeneous and that the strain is mainly localized at the contact 
interface between both surfaces. The high deformation at the interface explains the protruding of 
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material jets at the splats peripheries. Despite the heat dissipation, the investigation in this issue has 
revealed that the increase in temperature usually does not melt the material in the contact and that 
there is no diffusion. However, some studies have identified a fluid-like mixing at the interface 
contacts of some materials and evidence of melting for certain materials systems [27]. 

 

Figure 1.14 Calculated particle velocity ranges within the window of deposition for selected metals. 
Calculations were performed assuming particles of 25 μm in diameter and impact temperatures of 20 °C 
[160]. The shaded area indicates the typical particle velocities which are acquired by means of commercial 
cold spray equipment. 

The bonding mechanism has been explained as mechanical and metallurgical bonding [27]. 
First mechanism is based on the anchorage effect of the particle in the substrate due to the high 
velocity impact. This effect is known to be facilitated by the surface asperities. Two materials are 
bonded in metallurgical bonding because the contaminants and oxides on their surfaces have been 
cleaned. This effect has been associated to CS since the deformation at the contact was shown to be 
breaking these external layers. It is worth noting here that, because of the erosion effects caused by 
the particles travelling at high velocities, there is no need of substrate preparation in CS [136]. This 
effect promotes the generation of asperities on the surface to facilitate the particle interlocking as 
well as the activation of the surface by removing the passive films. 

In the particle-substrate bonding, both of the materials are deformed [27]. As an example of 
this, a study conducted by Bae et al. [163] reflects the different manners in which the pair 
particle/substrate is deformed with reference to their hardness: soft/soft, soft/hard, hard /soft, hard/ 
hard. As it is shown in the simulated particle impacts in Figure 1.15, the morphology of the 
surfaces shows different splat flattening ratios and dissimilar developments of the material jets. 
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Figure 1.15 Simulated high velocity impacts of particles on substrates presenting different hardness: soft/soft 
(Al particle onto Al substrate at 775 m/s), hard/hard (Ti particle onto Ti substrate at 865 m/s), soft/hard (Al 
particle onto mild steel substrate at 365 m/s), hard/soft (Ti particle onto Al substrate at 655 m/s). The 
contours represent temperature distributions. Figure adapted from [163]. 

The suitability of a material to be deposited by CS depends on the physical and chemical 
characteristics of the feedstock powders [26,27,140]. The first materials that have been used for CS 
coatings deposition were ductile metals because the easier deformability of these materials favours 
the bonding and build-up of dense coatings. However, the range of suitable materials for cold 
spraying has been extended with the improvement of CS equipment that enables the use of higher 
process gas pressures and temperatures. Currently, CS coatings may be deposited using different 
feedstock materials such as metals (Cu, Al, Ni, Zn, Ti), alloys (stainless steel 316, Al alloys, 
MCrAlY), cermets, intermetallics or ceramics (TiO2, SiC on Inconel 625 substrate). Recently, the 
use of polymeric materials and the deposition of nanostructured powders by CS have also been 
investigated. 

As in every coatings deposition technology, the optimization of the process is aimed on 
achieving the better coatings quality [27]. As it has been previously noted, the adhesion of the 
particles to the surface is related to the vcritical which is unique for each pair of materials (feedstock 
powder and substrate). Therefore, the quality of the CS coatings is controlled by the proper 
selection of the process parameters. Numerical methods are currently used in order to reduce the 
efforts to find the optimized parameters. 

1.4 CS Ti coatings 

The purpose of this section is to review the literature on CS coatings of Ti and Ti alloys. 
Throughout the text, the term Ti will be used to refer to Ti and Ti alloys. The section begins by 
discussing the influence of the CS parameters on the deposition and quality of Ti coatings. The 
second part moves on to describe the characteristics and main findings on CS Ti coatings. Finally, 
the third and fourth parts give a review of the research on the mechanical and tribological 
properties of CS Ti coatings respectively. 

1.4.1 Effects of deposition parameters on CS Ti coatings 

As was mentioned in the previous section, the adjustable parameters in a CS process are mainly 
referred to the process gas, to the spray setup and to the feedstock powder and substrate 
characteristics. Over the past two decades, dense CS Ti coatings deposited with high DEs have 
been successfully developed. DEs near 100% have been reported for CS Ti deposited onto different 
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substrates [36,41,46,164–166].The following discussion will be related to the parameter selection 
that leads to optimize deposition conditions. 

1.4.1.1 Feedstock powder and substrate characteristics 

The coatings properties and bonding mechanisms in CS are more dependent on the powder 
characteristics than other thermal spray methods. This is because this technology consists on a low 
temperature process in which no melting of the feedstock powder occurs. Different processing 
techniques have been developed to fabricate particles of different characteristics such as 
atomization, agglomeration, hydride-dehydride or mechanical alloying [27]. Several studies 
investigating powder properties and its influence on the coatings features have been carried out on 
Ti powders processed by different methods [28,29,168–171,30–35,43,167]. 

The powder characteristics that can affect the coatings quality may be referred to physical 
properties, as the particle size or particle size distribution (PSD), the external or internal 
morphology, the flowability or the thermal properties, as well as to chemical properties  that 
include their composition or the crystallographic information [27]. Contamination due to impurities 
has also a significant effect on the coatings build up. For example, the oxidation reactions in metals 
that generate thin oxide layers on their surfaces have been found to increase the vcritical for 
successful particle deposition. To promote the particle bonding a higher energy impact is required 
in order to break the oxide layers at the contact interface [168]. Moreover, oxygen diffusion may 
increase the hardness of the particles and thus limit their deformability [29]. 

Ti powders with different PSDs have been cold sprayed [28,34,167,169]. Wide PSDs have 
been reported to generate CS Ti coatings with less homogeneous properties such as porosity, 
thickness and hardness [169] Regarding the size of the particles, not clear consensus about the 
optimum size for enhancing the CS Ti coatings properties has been established. The size of the 
particles which are typically used in CS are in the range of 5-45 μm [27]. Zahiri et al. found that 
particle distributions with a smaller average size are accelerated up to higher impact velocities and 
thus they cause higher plastic deformation facilitating the packing of the particles [34]. By contrast, 
Marroco et al. explained the lower porosity obtained for coatings sprayed with particle distributions 
of larger average size because of a peening effect of the larger particles that, not reaching the 
vcritical, they are rebounded after impacting with the substrate [167]. In an analysis of three coatings 
sprayed using different powders with distinct PSDs, the properties of the coatings were shown to be 
enhanced for the medium PSD which presented an average particle size around 29 μm [28]. Thus, 
it seems that intermediate particle sizes between that usually employed in CS (5-45 µm) and 
particle size distributions not too wide will led to higher quality CS Ti coatings. 

Other studies have considered the relationship between the morphology of the particles and 
the CS Ti coatings quality [28,33,38,170,171]. Previous research has indicated that irregular shaped 
particles are generally accelerated up to higher velocities because the drag forces on their surfaces 
are higher [38,172,173]. The increase in velocity is expected to increase the DE and reduce the 
porosity because it facilitates the plastic deformation of the particles [27]. However, the effect of 
powder morphology on coatings quality is still not clear. Some studies have reported dense Ti CS 
being processed by means of irregular feedstock powders [170,174]. Particularly, a recent work 
conducted by V. N. V. Munagala [174] indicated that Ti-6Al-4V irregular powder (fabricated 
through Armstrong process) generated less porous coatings than that obtained using spherical 
particles (processed by plasma atomization). In contrast, other studies have shown that Ti spherical 
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particles fabricated through atomization processes have shown better DE and porosity than sponge 
or irregular particles [28,33]. Critical velocity calculus were also shown to be lower for spherical 
particles [28]. Despite these controversial results, it seems that coatings processed using spherical 
particles generate better quality coatings if adequate process gas parameters are applied. 
Disadvantages have been observed when processing coatings with irregular particles such as the 
development of porosity gradient along the coating thickness [28,166] or the fabrication of coatings 
presenting lower hardness values than the corresponding bulk material to that of the feedstock 
powder [170]. Figure 1.16 illustrates an example of a CS coatings sprayed using irregular-shaped 
particles [166]. 

 

Figure 1.16 SE image from a coating processed by spraying a Ti irregular powder using nitrogen as process 
gas working at a temperature of 268 °C. The porosity gradient from the top to the inner part of the coating is 
indicated in the figure [166]. 

The composition and properties of the various Ti alloys have also an effect on the CS 
coatings deposition. Ti-6Al-4V coatings have been shown to lead to higher porous coatings as 
compared with CS Ti coatings processed with the same deposition parameters. This fact has been 
attributed to the higher strength of Ti-6Al-4V with reference to pure Ti [32,35]. In an analysis of 
the properties of coatings fabricated with different mixtures of pure Ti with Ti-6Al-4V powder, H. 
Aydin et al. [32] found that the presence of Ti-6Al-4V particles up to a certain amount mixed on Ti 
powder led to lower porous coatings. The higher hardness of Ti-6Al-4V particles might have 
caused a tamping effect by inducing more plastic deformation on to the previously deposited soft 
Ti particles [32]. Developed models for estimating vcritical have indicated that it is directly 
proportional to the yield strength of the material [159]. Consequently, Ti-6Al-4V powder requires a 
higher input energy in order to obtain dense coatings as compared to Ti powder, what may be done 
by using higher process gas pressures and temperatures. In addition, powder preheating of Ti 
feedstock prior to spraying has been shown to promote a thermal softening effect on the particles 
that reduced the yield strength of the material and thus, the vcritical [35]. Regarding to the oxygen 
content on Ti powder, an investigation conducted by Wong et al. [28] showed that the oxygen 
content was lower in spherical particles when comparing with sponge or irregular shaped ones. 
Despite the importance of powder flowability to avoid feeding problems or clogging, this 
parameter was shown to have little effect on CS Ti coatings properties [28]. 

The nature of the substrate material is another important parameter for conspiring in CS 
technology [26,27]. M. V. Vidaller et al. [31] comparative study found that bond strength was 
higher for material combinations (powder and substrate) that presented more similar properties as 
was the case of Ti-6Al-4V powders sprayed onto Ti or Ti-6Al-4V substrates. Preheating of the 
substrate has been reported to enhance the bonding of Ti and Ti-6Al-4V splats onto substrates of 
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the same respective materials by increasing over 100 MPa their adhesion strength [43]. Therefore, 
higher bond strengths are expected on coatings deposited into a substrate material presenting 
similar properties to that of the powder. 

1.4.1.2 Process gas effects 

Air [49,175,176], nitrogen [34–40,52] or helium [34–36,38–40,52] gases have been used for Ti 
coatings deposition by CS. The use of helium has been reported to promote higher DE, reduction in 
porosity, increase in hardness and bond strength [34,35,37–40]. The utilization of process gas 
mixtures has also been investigated. One study by A. M. Birt et al. [52] compared the 
microstructure and nanohardness properties obtained by spraying Ti-6Al-4V powder with nitrogen 
and a mixture of nitrogen and helium gases and the coatings properties were shown to be enhanced 
for the coating processed with the nitrogen-helium gas. These results are explained due to the 
higher gas velocities that are achieved with lower density gases what leads to higher particle 
velocities and thus facilitate the plastic deformation of the particles [27]. A study conducted by S. 
H. Zahiri et al. [177], in which particle image velocimetry technique was used to characterize the 
Ti supersonic jet, illustrates this point clearly. On the other hand, coatings processed with air have 
shown to develop higher porous microstructures due to the high reactivity of Ti with oxygen 
[49,175]. 

The range of process gas temperatures and pressures that have been applied for Ti CS 
depositions are 25-1000 °C and 1- 5 MPa respectively [35,36,40,43,51,53,175,178]. Previous 
studies have shown that higher temperatures and pressures favour the gas acceleration and 
consequently the increment in particles velocity [27,147,177]. Increments in DE, reductions in 
porosity and increments in hardness have been observed when increasing the process gas 
temperature and pressure [28,35,36,38,43,166,175,178]. Conversely, in an analysis of the influence 
of the process gas temperature and pressure and the feeding rate on CS Ti coatings deposited on Al 
substrates, N. Cinca et al. [169] found that the increment of gas pressure may be detrimental to the 
coatings porosity. This result was explained because the particle velocities could be reaching 
impact velocities above the window of deposition [169]. 

The use of helium as process gas is usually avoided because of its high economical costs. 
Therefore, work has been done in order to find adequate process gas parameters for increasing 
particle impact velocities when spraying with nitrogen as process gas. One study by Wong et al. 
[36] examined the effect of increasing the nitrogen pre-heating temperature. The study showed that 
dense coatings having a porosity lower than a 2% could be achieved by setting a process gas 
temperature of 800 °C and a pressure of 4 MPa. Similar results were obtained in an investigation 
conducted by H.-R. Wang et al. [175] in which the porosity of CS Ti coatings, using nitrogen as 
process gas, was reduced from a 10.3% to a 1.6% by increasing the gas temperature from 350 to 
650 °C. The bond strength of the coatings was also enhanced. 

The evidence presented in this section suggests that the adequate process gas temperature 
and pressure will depend on the type of gas being used. CS Ti coatings have been shown to present 
better properties when they are deposited with helium gas because of the higher particle velocities 
which are acquired by means of this gas. However, the use of helium implies an increase in costs of 
the CS process. The use of compressed air appears to be inadequate because it has been shown to 
lead to higher porous coatings and, if gas temperatures are increased, oxidation reactions would be 
favoured. On the other hand, nitrogen gas is shown as a suitable alternative to helium, although this 
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gas requires to be supplied at higher pressures and temperatures in order to acquire high particle 
velocities. 

1.4.1.3 Spray setup parameters effects 

CS Ti coatings have usually been sprayed using stand-off distances (SODs), i.e. the distance from 
the nozzle exit to the substrate, ranging from 5-100 mm. In an investigation into Ti coatings 
porosity as a function of process parameters, Zahiri et al. [34] found that the porosity was lower for 
shorter SODs. The range of SOD analysed was between 20 and 100 mm. This result was explained 
because of the decay of particle velocities for longer distances from the nozzle exit. However, 
previous research has indicated that at shorter SODs, particles may be decelerated by the bow 
shock generated by the impact of the gas jet into the substrate plate [179]. In another investigation 
into this topic, Prisco et al. [42] studied the trends described by the porosity levels, the DE and the 
coatings thickness with the SOD. This work examined a range of SOD between 10 and 16 mm. The 
results showed that porosity presented a minimum value at a SOD of 12 mm, while DE and 
thickness showed a maximum coinciding with the position of the minimum in porosity [42]. These 
trends were explained by the particle impact velocity and temperature evolution with the SOD. 
Particle impact velocity is reduced at short SODs because of the bow shock, and then increases up 
to a maximum from which it starts to decrease for larger SODs. Additionally, the particle 
temperature is continuously decreased with increasing the stand of distance [166]. 

The effect of increasing the gas process temperature should also be considered in order to 
choose the appropriate stand of distance [27]. Higher standoff distances should be required when 
increasing the gas temperature in order to reduce the thermal input into the substrate. The 
monitoring of the thermal input into the substrate is important in order to avoid oxidation, to 
minimize residual stresses and to promote the particles plastic deformation when they impact into 
the substrate. Therefore, to select the standoff distance it should be considered the process gas 
temperature and the influence of the bow shock along with the travel distance of the particles on 
the particles velocities. 

The spray angle is usually set at higher values than 70° for CS Ti coatings deposition. The 
effect of spray angle on DE of Ti powder was investigated by C.-J. Li et al. [41] and found that a 
maximum DE was obtained for near normal angles with reference to the substrate (from 70 to 90°), 
and that, between 50-70°, the DE decreased rapidly leading to no deposition for angles lower than 
50°. In their work, the effect of spray angle on the microstructure of CS Cu coatings was also 
examined and it was observed that the particles in the coating were oriented perpendicularly to the 
deposition direction [41]. In addition, the level of porosity in Ti coatings has been shown to 
decrease when the impact angle during spraying was approaching normal incidence [180]. 

Gun traverse speeds between 5-500 mm/s have commonly been implemented to spray CS 
Ti coatings. Wong et al. [36] found that a decrease in the gun traverse speed during CS Ti coating 
onto a mild carbon steel substrate led to an increase in substrate temperature and that a dense 
coating was generated. However, the hardness of the coating was decreased by approximately a 
22% indicating that a possible static recovery had occurred. The traverse speeds that were 
compared in this investigation were 5 and 150 mm/s and the process gas was nitrogen working with 
stagnation temperature and pressure of 800 °C and 4MPa. Conversely, another study on the effects 
of traverse scanning speed on the microstructure of CS Ti-6Al-4V coatings [44] found that, when 
the velocity was decreased, lower porous and harder coatings were generated. The traverse 
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velocities analysed in that work were ranged from 100 mm/s to 500 mm/s, and nitrogen was used 
as process gas with a process gas temperature of 1000 °C and a pressure of 4.5 MPa [44]. 
Therefore, it seems that lower traverse speeds would generate improved CS Ti coatings. In 
addition, general CS investigation indicates that lower speeds generate thicker coatings [27]. 
However, the effect of temperature on the microstructure and mechanical properties should also be 
considered in order to select an appropriate gun traverse speed. 

The shape and material of the spraying nozzle is another factor to consider to optimize CS 
coatings deposition. Previous research findings into particle velocity distributions have shown that 
some nozzle designs create non-uniform particle velocity distributions [26]. Goldbaum et al. [43] 
measured the adhesion strength of Ti splats that have impacted on the substrate at the edges of the 
gas jet and found that they were lower adhered to the substrate than that located at the centre. The 
result was related to the non-uniform distribution of particles velocities through the nozzle [43]. 
Bhattiprolu et al. [33] found that increasing the length of the nozzle used for spraying Ti-6Al-4V 
powders with helium gas, the particles velocity was increased and lower porosity coatings were 
produced. Other major problems related to nozzles are the clogging or the damage of the nozzle by 
erosive wear caused by the impact of the particles travelling at high velocities on the nozzle walls 
[27]. Designs of nozzles have been developed using high-temperature resistant materials such as 
SiC or WC in order to avoid clogging. This problem has also been avoided by adapting water-
cooling systems to the nozzles. This was evident in the case of the abovementioned study 
conducted by Bhattiprolu et al. [33] in which a two-piece nozzle formed by a tungsten-carbide 
converging section and a polybenzimidazole (PBI) diverging section was used for the higher 
temperature depositions instead of the entire PBI nozzle utilized for the lower temperature (<500 
°C) sprays. The use of nozzles manufactured from high-temperature resistant materials should be 
considered to deposit optimized CS Ti coatings using nitrogen as process gas, since it appears that 
gas preheating temperatures above 800 °C lead to enhanced coatings. 

1.4.1.4 CS Ti coatings post-spray treatments 

Ti and its alloy are characterized by being high strength metals and thus, the higher yield strength 
reduces the plastic deformability [4]. The limited plastic deformation of Ti has been shown to lead 
to higher porous coatings with regard to other ductile metals deposited by CS as Cu or Al [26,27]. 
This is exemplified in the work undertaken by Schmidt et al. [147] in which a particle multi-impact 
simulation of a CS process is presented for Cu, steel and Ti-6Al-4V depositions under the same 
impact conditions (Figure 1.17). The simulation shows the evidence of the lower splat packing and 
higher porosity of the Ti-6Al-4V coating followed by the steel deposit and the Cu coating, which 
was the densest [147]. 

In order to achieve higher dense Ti coatings, besides the work on process parameter 
optimization, post-spray treatments have also been applied. Several studies investigating the effect 
of heat treatments (HTs) [51,171,181,182], laser treatments [183] and hot isostatic pressing (HIP) 
[171] have been carried out on CS Ti coatings. The effect of increasing bond strength between 
particles after HT was reported, while the effect on the coatings porosity has been shown to be 
insignificant [49,51]. J. –S. Yu comparative study [182] found that the evolution of the 
microstructure and properties of heat-treated CS Ti coatings was different for distinct 
environments. The use of a vacuum environment produced a lower porous and harder coating 
(3.8% porosity, 156.7 HV) as compared to the coatings treated under Ar gas or 5 %H2 + Ar mixture 
gas [182]. Evidence of recrystallised grains after annealing CS Ti coatings have been observed 
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[181] and the particle interfaces have been reported to generate metallurgical bonds by diffusion 
processes during HT [51,184]. In an investigation into the application of laser treatment on CS Ti 
coatings, T. Marrocco et al. [183] found that the interconnected porosity at the top layer of the CS 
coating, approximately 140 μm with reference to the whole thickness (~500-600 μm), was 
eliminated. A HIP conducted on CS Ti-6Al-4V coatings created a nearly 100% dense coating 
showing hardness values similar or enhance with reference to the bulk material [171]. 

 

Figure 1.17 Two-dimensional simulation of particle multi-impacts conducted for different material systems 
under the same impact conditions in which particle impact velocities are ranged between 400 and 650 m/s: a) 
Cu on steel 316L, b) steel 316L on steel 316L, c) Ti-6Al-4V on steel 316L [147]. 

1.4.2 CS Ti coatings characteristics 

1.4.2.1 Chemical and structural composition 

No structural phase variations have been detected by XRD analyses on CS Ti coatings with 
reference to the feedstock material [28,40,52,181,185,186]. Only effects as peak broadening [28] or 
shifts on relative intensities of the three main diffraction peaks of α-Ti phase indicating the 
formation of texture have been identified in various studies [40,52,181]. In a study about plasma 
spray and CS deposited Ti coatings, J. Cizek et al. [185] conducted an XRD analysis of the as-
sprayed coatings and found that the structural phase of the cold sprayed coating was equal to that of 
the feedstock powders, while the composition of the plasma deposited coating was completely 
transformed to Ti oxides and nitrides. Thus, it has been shown that the low feedstock powder 
temperatures in CS allow the deposition of Ti coatings with the same structural phase as the initial 
powder. 

Several studies have reported oxidation and nitridation reactions during CS Ti process 
[36,48,49,178,182,186,187]. Previous studies have reported that oxidation of the feedstock powder 
was promoted by higher temperature processes [36,182,187]. Oxidation reactions have been shown 
to be promoted when increasing the gas process temperature [187]. Higher oxidation was detected 
by X-ray photoelectron spectroscopy (XPS) analysis when the gun traverse speed was decreased. 
The decrease in gun velocity was reported to increase the surface temperature, and therefore the 
oxidation reaction was promoted [36]. This effect can be avoided by increasing the gun traverse 
speed, particularly when higher process gas temperatures are used. Detailed examination of the 
oxygen content by EDX and XPS on CS Ti coating by J. –S. Yu [182] showed that the oxygen 
content at the particle interfaces was higher than that in the particles interior where there was 
almost no oxygen content. The coating was fabricated with nitrogen as process gas which was 
heated at temperature of 600 °C and preheating the feedstock powder at 500 °C [182]. However, 
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the studies presented thus far provide evidence that the chemical reactions are lower in CS Ti 
coatings than the ones occurring in other high-temperature thermal spray techniques. For example, 
an increment from 0.31 wt.% of oxygen in the powder to a 0.60 wt.% in oxygen in the coating was 
observed in CS Ti coatings [48], whereas in a warm spray process an increment from 0.14 to ~1% 
was observed [188]. 

1.4.2.2 Particle bonding and microstructure of CS Ti coatings 

The bonding mechanisms of Ti particles that have been discussed in literature are similar to the 
general mechanisms proposed in CS processes [27]. Detailed examination by SEM of Ti and Ti-
6Al-4V splats morphologies has identified the presence of material jets at the splats peripheries 
indicating the occurrence of adiabatic shear instabilities at the contact interfaces [43,45–47]. A 
study conducted by D. Goldbaum et al. [43] showed that the splat deformation and material jetting 
was larger when increasing the particle impact velocity. In the cross sectional views of the splats, 
the bonding was observed  to be disrupted at the base centre of the contact interface between the 
splat and the substrate [43]. Similarly, in a TEM investigation into Ti splats cross-sections 
deposited onto a Ti plate, P. C. King et al. [47] found that intimate interface bonding along the 
entire contact region was not necessary for Ti particles successful deposition. A void region was 
observed on the base of the different sized deposited particles, whereas melding was observed at 
the periphery regions. In this work, evidence of material jetting at the particle periphery was 
observed [47]. 

The low thermal conductivity of Ti appears to retain for some time the heat generated 
during the severe plastic deformation that occurs at the splat interfaces. This phenomenon has 
given rise to different features at the splat interfaces with the substrate. King et al. [47] 
investigation identified that two types of ejected material were formed at the particle periphery: 
some ejected particles showed similar morphologies to the material jet, while other spherical 
particles were also found. The latter were associated to interface melting during the adiabatic shear 
instability occurrence [47]. In an investigation into the particle interfaces of CS Ti coatings by G. 
Bae et al. [35] showed that a viscous flow was generated at the interfaces due to the temperature 
rise during the adiabatic high strain rate deformation. In the same study, evidence of melting at the 
contact interfaces has also been observed on CS Ti coatings fabricated using helium as process gas 
because spheroid particles were observed dispersed over the surface coatings by SEM investigation 
[35]. This melting effect at the splat interfaces was attributed to the high velocities acquired when 
using helium as process gas. The high velocity of the particles has promoted a temperature increase 
localize at the interface which was near the melting point of the material as it was shown by 
numerical predictions. However, particle velocities are significantly lower when nitrogen is used as 
process gas, and thus these melting processes are not expected. 

Interfacial bonding between particles has been shown to be generated between Ti particles 
even when particles were observed to be slightly deformed [35,48]. This effect has been attributed 
to the lower thermal conductivity of Ti that leads to a higher rise in temperatures at the interfaces 
promoting thermal diffusion of Ti. It has been reported that a metallurgical bonding might be 
formed between particles due to the higher temperatures. This result has also been contrasted with 
the fact that the calculated impact velocities were lower than the predicted critical velocities what 
suggests that another mechanism might be involved in CS Ti bonding [35,48]. W.-Y. Li et al. [48] 
attributed the bonding formation between Ti particles without significant deformation to the surface 
reactivity of the particles. 
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Schmidt et al. have reported critical velocity predictions for CS coatings of Ti ranging from 
700 to 890 m/s [147]. Experimental studies refer commonly to suitable velocities to achieve dense 
CS Ti coatings and with high bond strengths [36,38,45,46]. An example of this is the study carried 
out by D. Goldbaum et al. [38] in which velocities of 910 m/s and 950 m/s, for spraying spherical 
and non-spherical particles respectively, are reported to generate CS Ti coatings with a behaviour 
near to that of the bulk material. 

The microstructure of CS Ti coatings shows the typical splat structure observed in CS spray 
deposits [26,27] in which the splat appears less or more deformed depending on the particle impact 
conditions. Several studies have shown that the flattening of the particles was higher for higher 
particle velocities generating less porous coatings [35,45]. Figure 1.18 shows two CS Ti-6Al-4V 
coatings, one processed with nitrogen as process gas (Figure 1.18a) and the other with helium 
(Figure 1.18b) and both of them using the same process gas temperature and pressure of 950 °C 
and 5 MPa respectively [40]. The particle velocities were estimated at 700-850 m/s when spraying 
with nitrogen and 1200-1300 m/s when spraying with helium. On the other hand, different splat 
deformation behaviours have been observed for different Ti alloys because of their distinct 
properties [43]. For example, the degree of deformation and bonding of Ti-6Al-4V splats was 
observed to be lower than that of Ti sprayed under the same deposition conditions due to their 
different strengths. 

 

Figure 1.18 OM images of CS Ti-6Al-4V coatings showing different splat deformation when being deposited 
at distinct particle velocities which were estimated as a) 700-850 m/s when spraying with nitrogen as process 
gas and b) 1200-1300 m/s when the process gas was helium at the same spraying conditions (950 °C and 5 
MPa of process gas temperature and pressure respectively) [40]. 

The lower ductility of Ti with reference to other metals as Cu or Al requires the use of 
higher particle velocities to generate dense coatings. Bonding of the Ti particles can occur with 
relatively low deformation and thereby, with a reduced packing of the splats as it has been 
previously noted. However, optimized conditions have been applied to deposit dense CS Ti 
coatings without apparent porosity [36]. These coatings were sprayed using He gas with stagnation 
temperature and pressure of 350 °C and 4 MPa respectively. The optimal conditions for spraying 
are not applicable to other Ti alloys because of the differences in mechanical properties. For the 
same helium process gas parameters as the ones mentioned, Ti-6Al-4V coatings showed slightly 
higher porosity, around a 1% of porosity [51]. More significant differences have been observed 
when nitrogen is used as gas temperature. For a process gas temperature of 800 °C and a pressure 
of 4 MPa, percentage of porosities of ~2% and ~7% were reported for CS coatings of Ti [36] and 
Ti-6Al-4V [51] respectively. Similar differences have also been reported when spraying with 
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compressed air as process gas [49]. The use of nitrogen as process gas is preferred than He because 
of its lower cost. However, further optimization appears to be necessary in order to reduce the 
porosity level of CS Ti coatings, especially for high strength alloys, as Ti-6Al-4V. Over the last 
two years, some studies have reported reductions in porosity in the range of 0.5 to 3.5% when 
spraying Ti-6Al-4V powder with nitrogen as process gas that was preheated at temperatures of 
950-1000 °C and supplied at pressures of 4.5 or 5 MPa [40,44,53,54]. This has been made possible 
because of the CS equipment improvement that now allow the use of higher process gas 
temperatures and pressures. Therefore, it seems that the higher gas temperature and pressure 
generates denser coatings. 

The microstructure generated within the splats has been investigated by optical and 
electron microscopy. SEM examination of the etched cross-sections of CS Ti coatings have 
revealed that, while the centre of the splats maintain the microstructure of the initial feedstock 
powder, no clear structures are observed at the particle/particle interfaces [33,37,52,186]. An 
example of this is shown in Figure 1.19 in which the impact affected regions of the microstructure 
are indicated by an arrow in Figure 1.19b [33]. 

 

Figure 1.19 a) SEM image of a CS Ti-6Al-4V coating deposited with helium as process gas working a at a 
temperature of 400 °C and at 4.14 MPa of pressure using plasma atomized (PA) powder; b) detail of a splat 
from the same coating. The double-sided arrow indicates the highly deformed microstructure at the impact 
interface. The interior of the splat preserved the martensitic microstructure of the initial feedstock powder 
[33]. 

In an analysis of CS Ti-6Al-4V coatings microstructure, A. M. Birt et al. [52] found that 
two different regions were distinguished on the deposited splats. The microstructure of the initial 
powder was characterized as martensitic Ti. After spraying, a region referred as smooth was 
formed at the bottom side of the splats which consisted on a recrystallised and reoriented α-Ti 
phase, while a textured region was observed at the upper side of the splats which was formed by 
broken martensite (Figure 1.20). A TEM examination through the coatings splats and interfaces 
showed the presence of previous martensite laths, broken laths and the nanosized grain region 
where twins were also observed [52]. 

Another TEM investigation into the shear deformation zones of Ti splats conducted by G. 
Bae et al. [189] showed that equiaxed nanograins were formed at these regions. The mechanism of 
formation of this structure was associated to dynamic recovery and rotational dynamic 
recrystallization during the high deformation on the impact. The presence of grains almost free of 
dislocations was related to a possible thermally activated static recovery due to the low thermal 
conductivity of Ti [189]. 
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Figure 1.20 a) OM image of the etched microstructure of a CS Ti coating deposited using nitrogen as process 
gas which was preheated at 760 °C and supplied at a pressure of 38.5 bar; b) a SEM image of the same 
sample acquired at a higher magnification. Regions of textured and smooth regions are distinguished within 
the splats of the coating [52]. 

One study by Goldbaum et al. [46] examined the hardness variations within Ti splats by 
conducting a nonoindentation map and found that three different regions on each splat were 
distinguished by its hardness. These regions were correlated with the microstructure examinations 
from previous studies. In the impact site of the splat, higher hardness values with reference to the 
feedstock material were measured, indicating the plastic deformation localization at the interface 
between contacting materials. On the other hand, the upper region of the splats showed similar 
hardness to that of the feedstock powder because of the lower strains developed upon impact on 
this region [46]. 

Together these studies provide important insights into the bonding mechanisms occurring 
during CS Ti deposition. Bonding has been shown to be created by adiabatic shear instabilities 
caused by the severe plastic deformation of the particles when they impact into the substrate. This 
has been evidenced by the observation of material jets at the splat interfaces. The high strain 
localization at the interface has also been corroborated by the microstructural observations. SEM 
investigations show a distinct microstructure at the splat interfaces while the centre of the splats 
usually exhibit similar microstructural appearance to that of the feedstock powder. In addition, 
dynamic recovery processes have been found by TEM studies because of the presence of nanosized 
and equiaxed grains at splat interfaces. 

In contrast to other CS deposited materials, metallurgical bonding seems to occur in 
addition to mechanical interlocking at the splat interfaces when Ti powder is deposited by CS. This 
fact is attributed to the low thermal conductivity of Ti which induces a localized rise in temperature 
at the interfaces. The formation of CS Ti coatings with low deformed splats is a result of this 
phenomenon. Moreover, the vcritical predictions, which valid for other materials, seem to be 
inadequate for Ti because successful bonding can be created when the particles velocities are below 
the predicted vcritical. However, despite bonding can occur at lower velocities, higher particle 
velocities than that necessary to create bonding are needed to develop dense coatings. Particularly, 
the above presented studies suggest the need for further optimization of Ti-6Al-4V coatings 
deposited with nitrogen process gas by increasing the gas flow velocity in order to obtain denser 
coatings. 
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Bond strengthTable 1.4 presents a data compilation conducted by T. Hussain [141] that shows 
typical values of the bond strength (adhesion) of commercially pure CS Ti coatings deposited onto 
different substrates: mild steel, Ti-6Al-4V, carbon steel and stainless steel 
[35,164,167,175,176,190]. The measurements were done either using tensile-testing machines in 
accordance with ASTM C633-01 standard [191] or using pull-off adhesion testing machines 
(ASTM D4541) as indicated in the first column of the table. Bae et al. investigation [35] showed 
that the bond strength is enhanced when particles are preheated and even more when spraying with 
helium rather than nitrogen as process gas. This result indicates that the increase in particle impact 
velocity and the thermal softening of the powder leads to bond strength improvements. Grit 
blasting has been usually applied in order to facilitate the mechanical interlocking of the particles 
with the substrate. However, studies conducted by Marroco et al. [167] and Price et al. [190] 
reported higher bond strength values for depositions conducted onto an as-received substrate plate, 
with no grit blasting. 

Table 1.4 Pull-off bond strength values of commercially pure CS Ti coatings (adapted from [141]). 

References and 
testing method 

Bond 
strength 
[MPa] 

Substrate 
Substrate 
Preparation 

Gas pressure, 
temperature & 
powder type 

Equipment 

Wang et al. [175] 
WDW-20 Tensile-
testing machine 

8-16 

Mild steel 
Grit blasted 
(24 mesh 
alumina) 

350-650°C N2 at 2 
MPa, 500°C air at 
1.5-2.0 MPa, angular 
Ti 

Xi’an 
Jiaotong 
University 

Li et al. [176] 
ASTM C633-01 

15 ± 4 
Mild steel Grit blasted 

520°C air at 2.8 
MPa, angular Ti 

CGT/LERMP
S 

Bae et al. [35] 
Romulus stud-pull 
coating adherence 

50 

Mild steel 
Grit blasted 
(350 μm 
alumina) 

600°C N2 at 2.5 MPa 
(with preheating), 
spherical Ti 

CGT 3000 
65 600°C N2 at 2.5 MPa 

(without preheating), 
spherical Ti 

>85 600°C He at 1.5 
MPa, spherical Ti 

Marrocco et al. 
[167] 
Pull-off adhesion 
testing machine, 
DFD instruments 

23 

Ti-6Al-4V 

Polished 

Room temperature 
He, angular Ti 

University of 
Nottingham 
(in-house 
design) 

22 Ground 

7 Grit blasted 

Price et al. [190] 
Pull-off adhesion 
testing machine, 
DFD instruments 

37 

Ti-6Al-4V 

As received 
Room temperature 
He, angular Ti 

University of 
Nottingham 
(in-house 
design) 

32 Grit blasted 

Hussain et al. [164] 
ASTM C633-01 
using a universal 
tensile-testing 
machine 

71 ± 6 Carbon 
Steel In-situ grit 

blasting of 
steels and as 
received     Ti-
6Al-4V 

800°C N2 at 4 MPa, 
spherical Ti 

CGT 4000 57 ± 8 Stainless 
Steel (304) 

64 ± 27 Ti-6Al-4V 
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Regarding CS Ti-6Al-4V coatings, a recent study conducted by M. Perton [50] showed a 
bond strength value >80 MPa for CS Ti-6Al-4V coatings on mirror finished Ti-6Al-4V plates (Ra= 
0.05 μm). Bond strength was measured following ASTM C633 standard using a universal tensile 
testing machine. The deposition was conducted using nitrogen as process gas setting a temperature 
of 800 °C and a pressure of 4 MPa [50]. 

Chromik et al. have recently applied a modified shear test [45] to measure the adhesion 
strength of splats with the substrate material. This test is performed by means of a micro scratch 
tester with a semi-circular tip. The adhesion strength is calculated as the peak tangential force 
which is recorded when the tip passes through a splat at fixed normal load and speed. In an 
investigation into CS Ti coatings deposited onto Ti plates using nitrogen as process gas, D. 
Goldbaum et al. [38] found that the adhesion strength of the Ti splats, measured by means of this 
modified shear tests [45], had increased with increase in the deposition velocity. Another study 
have shown that the adhesion strength, as measured by Chromik et al. [45], of Ti splats was higher 
than that of Ti-6Al-4V particles deposited under the same spraying conditions [43]. This result has 
been explained due to the higher yield strength of the Ti-6Al-4V alloy with reference to pure Ti 
material that leads to an increase on the critical velocity for particle deposition. A slight increase in 
adhesion strength of Ti-6Al-4V splats was observed by increasing the process gas temperature 
because of the reduction on the yield strength of the material with the increase in temperature [43]. 

Together, these studies outline that bond strength of CS Ti coatings is improved when the 
particles acquire higher velocities and promoting the thermal softening of the particles by 
increasing their temperature. On the other hand, bond strength does not appear to improve by grit 
blasting or grinding the substrate. 

1.4.2.3 Residual stresses 

Residual stresses in a coating may be created by the processing technique and by thermal stresses 
during cooling down. Higher thermal stresses are generally developed on coatings processed via 
high temperature thermal spray technologies. Residual stresses are mainly compressive in CS 
because thermal stresses are reduced. In addition, the deposition mechanisms, generated by the 
high impact velocity of the particles on the substrate, lead to the formation of compressive stresses. 
While tensile stresses in a coating result in detrimental effects on fatigue behaviour and may cause 
cracking or local delamination in a coating, compressive stresses enhance the fatigue strength and 
the resistance to stress-corrosion fatigue of coatings [27]. This is one of the advantages of this 
technology which is also related to the possibility of generating thicker coatings than in other high 
temperature thermal spraying techniques. 

Several studies have reported predominance of compressive stresses on CS Ti coatings 
[178,190]. One study by S. Gulizia et al. [178] examined the trend in residual stresses on CS Ti 
coatings as a function of gas process temperature and pressure. The study showed that tensile 
stresses were nearly absent in the coatings and that the degree of compressive stresses developed 
on the coatings was increased for higher gas temperatures and pressures [178]. 
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1.4.3 Mechanical properties of CS Ti coatings 

Hardness 

Hardness have been measured on CS Ti coatings by microindentation [37,38,51,53,54,184,192] and 
by nanoindentation techniques [37,38,46,184,186]. It has conclusively been shown that the CS 
coatings hardness was similar or increased with regard to that of the corresponding wrought 
material of the powder being utilized [37,38,46,51,53,54,184,186]. This result is characteristic of 
CS coatings which is explained due to the work hardening effect caused by the high velocity impact 
of the particles [26,27]. The hardness of the deposited particles has also been determined to be 
higher comparing with the hardness measurements conducted on the cross sections of the feedstock 
powder [46,184]. 

However, a study conducted by N. W. Khun et al. [192] of mechanical properties on Ti and 
Ti-6Al-4V indicated that lower microhardness values than the ones of the bulk material were 
obtained due to the high degree of porosity in the coatings. Likewise, X. -T. Luo et al. [39] found 
that the microhardness values of CS Ti or Ti-6Al-4V coatings deposited using helium gas showed 
higher hardness and porosity values than the ones processed with nitrogen gas, which were more 
porous. CS Ti-6Al-4V coatings presented a Vickers hardness of 363 (HV0.3) and 2.7% of porosity 
when processed with helium gas, whereas a Vickers hardness value of 214 (HV0.3) and 15.5% of 
porosity were obtained for the coating processed using nitrogen gas [39]. Both coatings were 
deposited using process gas temperature and pressure of 500 °C and 2.8 MPa. 

J. Ajaja et al. investigation [37] into CS Ti coatings by means of both indentation methods 
showed lower hardness values when measuring by microindentation techniques. This result was 
attributed to microscopic defects such as porosity and de-bonding of particle-particle interfaces 
[37]. 

A number of studies have examined the evolution of hardness along the coatings thickness, 
either by microhardness [53] or nanoindentation [38,46,186] measurements, and no significant 
variations have generally been observed. 

Other studies have considered the influence of HTs on the coatings hardness and different 
trends have been observed depending on the applied HT [51,184,193]. N. W. Khun et al. [193] 
examined the hardness evolution on CS Ti-6Al-4V coatings after heat treating at temperatures 
between 400 and 1000 °C for 6 h in air followed by a cool down until room temperature inside the 
oven. Results showed the highest hardness after HT at 400 °C and the lowest at 800 °C. For the HT 
coatings, increments in hardness were observed with increasing HT temperatures at the interface 
with the substrate [193]. 

Overall these studies highlight the need for denser CS Ti coatings in order to increase their 
hardness. CS deposition appears to generate harder coatings with regard to the initial feedstock 
powder or the corresponding bulk material, but high degrees of porosity may restrict this hardening 
effect. 

Tensile strength 

Ti metal is characterized by its high strength, which combined with its low density, results very 
attractive for many applications as aeronautics. The strength of a material is usually quantified by 
means of the ultimate tensile strength (UTS). A number of studies have reported UTS 
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measurements conducted on CS Ti coatings. Table 1.5 shows the highest reported values for tensile 
strength and elongation of CS Ti coatings in different conditions: as-sprayed, HT and HIP 
[51,171,180,181,194]. Measurements were done following ASTM E8 standard [195] unless one 
which was performed by tubular coating tensile test (TCT) [196] which is indicated in the table. 
This information was gathered by P. Vo [142] after reviewing the literature available up to 2015. 
The ASTM B265 [197] minimum tensile values required for both materials have also been 
included in the table for comparison. The coatings sprayed with helium gas presented enhanced 
properties with regard to the depositions carried out with nitrogen, and the tensile strength has been 
shown to improve significantly after HIP treatment. CS Ti coatings have shown to exhibit adequate 
tensile values when comparing with the ASTM B265 standard, especially when spraying with 
helium gas. In the case of CS Ti-6Al-4V coatings, the required minimum value of tensile strength is 
achieved only after HIP treatment (Table 1.5). 

Table 1.5 Highest reported values of ultimate tensile strength (UTS) and ductility (El. %) of CS Ti and Ti-
6Al-4V coatings sprayed with He or N2. Measurements conducted in as-sprayed conditions, after heat 
treatment (HT) and after hot isostatic pressure (HIP) area presented [142]. 

Coating* Condition 
He-spray N2-spray 

HT/HIP 
parameters UTS 

(MPa) 
El. 
(%) 

Ref. UTS 
(MPa) 

El. 
(%) 

Ref. 

CP Ti As-spray  800 0 [181] 450**  –  [180] – 

HT  600 8 [181] 250 8 [194] 550˚C/2 h (He) 
800˚C/1 h (N2) 

HIP  920 3 [171] –  –  –  900˚C/2 h/103 MPa 

Ti-6Al-4V As-spray  450 4†  [51] 150 2†  [51] –  

HT  760 6†  [51] 460 6†   [51] 600˚C/2 h (He) 
1000˚C/4 h (N2) 

HIP  900 13 [171] –  –  –  900˚C/2 h/103 MPa 

Bulk  ASTM B 265  

CP Ti  Min  240–550 15–24  [197] 
Ti-6Al-4V Min  895 10 [197] 

* All coatings with <1% porosity except N2-sprayed Ti-6Al-4V. 
** Tubular costing tensile test (TCT-test). 
† Elongation at failure values reported in Ref. [51]. 
 

The evidence presented in this section suggests that spraying with helium generate higher 
strength coatings. This fact might be explained due to the higher coatings quality achieved by 
means of this gas which is facilitated by the higher particle velocities. Therefore, it seems that 
higher strength coatings deposited using nitrogen as process gas would be obtained by increasing 
the gas preheating temperature and pressure to increment the particles velocity. On the other hand, 
post-spray treatments have also been shown to enhance the UTS. 

Elastic modulus 

The elastic modulus of CS Ti coatings have been measured by means of different methods such as 
nanoindentation [46,184,186], Knoop microhardness [198], four-point bend test methodology  
[190] or through the values of resonance frequency obtained from fatigue experiments [185]. 
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Nanoindentation is an extended technique to evaluate the elastic modulus on coatings [75]. The 
elastic modulus values measured by nanoindentation technique on CS Ti coatings sprayed using 
helium [186] or nitrogen have shown similar values to that of the Ti bulk material (~120 GPa) [4]. 
Since the structural phase composition of the coatings is not altered during cold spray, the elastic 
modulus of CS Ti coatings has been shown to be similar to that of the used feedstock powder. 

1.4.4 Tribological properties of CS Ti coatings 

Until the date, there has been little research on CS Ti coatings wear behaviour because of the 
relatively recent development of CS technology. The following is a brief report on the main 
findings on this topic. 

In 2010, S. Kataria et al. published a paper [199] in which they described the tribological 
performance of a CS Ti coating deposited onto a steel substrate under ball-on-disc experiments 
using different counter materials: steel, silicon nitride and alumina balls. The experiments 
conducted against the steel ball were shown to exhibit the lowest coefficient of friction [199]. The 
highest wear rate corresponded to the coatings tested against the alumina ball, followed by that 
tested against the steel ball and the silicon nitride ball. 

 Several studies thus far have evaluated the tribological performance of CS Ti or Ti-6Al-4V 
coatings by ball-on-disc experiments using 100Cr6 steel balls [40,53,54,192,193,200]. N. W. Khun 
et al. have carried out several of these investigations in different CS Ti-6Al-4V coatings sprayed 
onto Ti-6Al-4V substrates [40,53,193]. In an investigation into the influence of process gas used 
for spraying on the tribological behaviour, N. W. Khun et al. [40] found that the coatings that have 
been sprayed with helium presented lower wear rates. Moreover, he observed that, while the 
coating processed using nitrogen gas exhibited fatigue microcraks after the tests, these cracks were 
not observed on the one sprayed with helium gas. These results were related to the denser 
developed coatings when using helium as process gas. Another analysis into the wear performance 
of CS Ti coatings sprayed onto Ti-6Al-4V substrates showed that the wear behaviour was improved 
by applying the coating with reference to the substrate material [192]. It has been shown that 
denser coatings present improved wear behavior. Since CS Ti coatings optimization is still under 
study, further studies will be needed. 

A. A. Alidokht et al. [201] have recently published a paper in which they examined the role 
of third bodies in friction and wear of CS Ti and Ti-TiC coatings by conducting dry sliding wear 
experiments using a ball-on-flat tribometer. Local transfer films were observed on the surfaces of 
the worn Ti coatings that have been formed through compaction of oxidized debris on the wear 
track and they were cracked and regenerated during the test. While these transfer layers provided 
no protection against wear, the incorporation of TiC on the coatings was shown to improve the 
wear behaviour by generating compact tribofilms on the coatings surface [201]. 

Overall, these studies highlight the need for a more extensive investigation into the 
tribological behavior of CS Ti coatings. In addition, the strong influence of the tribological system 
(involving materials, test configuration and environment) suggest the need for studying the wear 
response for different tribosystems. The above described studies were related to dry sliding wear 
using ball on disc configurations which still require further study. Moreover, other wear modes 
such as oscillating or erosion should also be investigated. 
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2 Objectives 

The main goal of this work is to evaluate the application of CS coatings deposition technology for 
repairing and maintaining aeronautical Ti-6Al-4V components. This general target is specified 
through the following objectives: 

1. To optimize the quality of the Ti-6Al-4V coatings processed by CS technology. For this 
purpose, different coatings will be studied which had been fabricated using nitrogen as 
process gas working with state of art deposition parameters and another with non-
conventional ones. In addition, the effect of a subsequent heat treatment will be 
investigated. The coatings microstructure and properties will be related with the CS 
deposition parameters. 
 

2. To characterize the microstructure and mechanical properties of CS Ti-6Al-4V coatings. 
The microstructure will be studied by means of optical and electronic microscopy, while 
the mechanical properties will be investigated by indentation techniques to determine the 
hardness and elastic modulus. 
 

3. To evaluate the tribological behaviour of the CS Ti-6Al-4V coatings. The tribologicall tests 
will be conducted simulating the actual working conditions of aeronautical components 
made of this Ti alloy. Experiments will be conducted to evaluate the abrasion resistance by 
scratch tests and the resistance to oscillating tangential forces by pin on disc wear tests. Pin 
on disc wear tests were programmed following a Box-Behnken design of experiments. 
 

4. To analyse the wear mechanisms occurring in the tribological tests performed in the 
coatings. The relation between the microstructure and the wear response will be related for 
this purpose. Furthermore, a wear model will be searched through this analysis. 
 

5. To evaluate the applicability of these coatings for repairing purposes of Ti-6Al-4V parts in 
the aeronautical industry based on the findings obtained from this work. The applications 
are centred in the aeronautical components subjected to vibrations. 
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3 Materials and Methods 

This chapter describes the materials and experimental procedures used in this investigation. It 
begins by presenting the studied materials which consisted of three different Ti-6Al-4V coatings 
processed by CS. The substrate and feedstock powder that have been used for spraying are first 
described. The coatings deposition parameters and the subsequent heat treatment are then reported. 
Finally, information from the counterbody material utilized for the wear tests is given. 

The following sections describe the techniques and methodologies that have been utilized 
to conduct the characterization of the materials. The materials were first characterized in terms of 
the microstructure and mechanical properties. The methods that were employed to analyse the 
microstructure were X-ray diffraction, optical microscopy and electron microscopy. The micro and 
nanoindentation techniques were used to determine the elastic modulus and hardness of the 
materials. Finally, the tribological characterization was conducted using different test 
configurations to simulate different applications. The test configurations and procedures used to 
perform the scratch tests and the continuous sliding and oscillating tests are described. 

3.1 Materials 

3.1.1 CS Ti-6Al-4V coatings 

3.1.1.1 Initial material 

 SUBSTRATE 

The coatings were deposited onto a commercial Ti-6Al-4V (aeronautical grade) substrate. The 
material was supplied as square plates, with a side length of 5 cm and a thickness of 3.15 cm. Prior 
to the coatings deposition, the surfaces of the substrates were prepared by abrasive grinding with 
SiC grit (120 mesh). 



56 
 

 PARTICLES 

The feedstock powder used for spraying was a commercial Ti-6Al-4V powder supplied by LPW 
(United Kingdom). The chemical composition and nominal size as specified by the provider are 
reported in Table 3.1. The powder was fabricated by gas atomization. 

Table 3.1 Chemical composition and nominal size of the Ti-6Al-4V feedstock powder as specified by LPW. 

Ti-6Al-4V Powder  

Element (wt%) 
Nominal 
Size (µm) Ti C O N H Fe Al V 

Other 
(each) 

Other 
(total) 

Balance 0.01 0.16 0.02 0.002 0.2 6.5 3.9 <0.1 <0.4 -25+15 
 

3.1.1.1 CS coatings deposition parameters 

CS coatings were deposited with an Impact 5/11 cold spray system at The Welding Institute (TWI, 
United Kingdom) using nitrogen as the process gas.  Two different set of parameters were selected 
for the coatings deposition. The first one was based on the CS conditions which have been 
previously reported for CS deposition of Ti [31,43,46,51,52], while the second one was a non-
conventional set of parameters to improve the quality of the CS Ti coatings. The parameters which 
were investigated for developing the non-conventional coating were the process gas temperature 
and chamber pressure. 

The first run of coatings was conducted using a process gas temperature of 800 °C and a 
gas pressure of 40 bar. For the second run, a process gas temperature of 1100 °C and a gas pressure 
of 50 bar were selected. The other parameters were maintained equal to the ones selected for the 
standard deposition, as it is reported in Table 3.2. Throughout this text, the acronyms Ti64-800 and 
Ti64-1100 will refer to the coatings deposited using process gas temperatures of 800 and 1100 °C 
respectively. 

Table 3.2 CS coatings deposition parameters. 

CS parameters 
Value 
CS standard coating 
(Ti64-800) 

CS non-standard coating 
(Ti64-1100) 

Substrate Surface Preparation Ground (120 grit) Ground (120 grit) 
Gas utilized Nitrogen Nitrogen 
Process Gas Temperature 800 ºC 1100 ºC 
Process Gas Pressure 40 bar 50 bar 
Spraying distance 50 mm 50 mm 
Traverse speed 500 mm/s 500 mm/s 
Number of Passes 4 4 
Track spacing 1 mm 1 mm 
Spraying angle 90º 90º 
Nozzle Type WC, water-cooled WC, water-cooled 
Feedstock Powder Ti-6Al-4V (Table 3.1) Ti-6Al-4V (Table 3.1) 
Powder feeder wheel rotational speed 3 rpm 3 rpm 
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3.1.1.1 Heat Treatment 

A thermal heat treatment was conducted on some of the Ti64-1100 coating samples in order to 
investigate the effect of this process on the non-conventional CS Ti-6Al-4V coating. The heat 
treatment consisted on two stages. Firstly, a solution heat treatment was performed at ~1000 °C for 
1h in high vacuum (lower than 10-7 torr), with a heating rate of 10 °C/min and followed by Ar 
quenching to room temperature. The second stage was a precipitation heat treatment which was 
conducted at 537 °C for 4 h, heating with a rate of 10 °C/min and followed by furnace cool. This 
heat-treated coating will be referred as Ti64-1100-HT throughout this thesis. 

The choice of this heat treatment was based on the need of high strength materials for 
aeronautical industry. The response of this solution treating and aging cycle is reported to increase 
the strength of α-β alloys, as the Ti-6Al-4V alloy [56,202]. The strength enhancement is associated 
to the change in the microstructure, which is usually constituted by primary α-phase and α´-phase 
or a mixture of α and β phases after the heat treatment. 

3.1.1 Counterbody material for macroscopic wear tests 

The counterbody material used for the wear tests was a commercial 100Cr6 bearing steel. The 
material was provided as cylindrical plates measuring 60 cm in diameter and 15 cm in thickness. 
The chemical composition provided by the supplier is specified in Table 3.3. A hardening heat 
treatment was conducted on the material for increasing the hardness up to 760 ± 17 HV. 

Table 3.3 Chemical composition and hardness of the 100Cr6 steel as specified by the provider. 

100Cr6 Steel 

Element (wt%)  

Fe C Mn Si P S Cr Mo Ni Cu Ti Al V Sn Nb 

Balance 0.960 0.350 0.300 0.009 0.003 1.480 0.055 0.140 0.150 0.003 0.009 0.005 0.020 0.003 

 

The average value of the roughness measurements acquired from the surfaces of three 
different steel discs is shown in Table 3.4. The meaning of Ra, Rq and Rz is described in the 
subsection 3.2.5. 

Table 3.4 Roughness values of the Ra, Rq and Rz parameters evaluated on the 100Cr6 steel. 

Roughness values of the 100Cr6 steel discs 

Ra (μm) Rq (μm) Rz (μm) 

0.62 ± 0.07 0.78 ± 0.08 4.15 ± 0.44 
 

3.1 Microstructural characterization 

3.1.1 X-ray diffraction analysis 

X-ray diffraction (XRD) analyses were conducted to identify the crystalline structures of the 
materials under study and to investigate the possible structural changes caused by the CS 
deposition. 
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The experiments were conducted on the three different Ti-6Al-4V CS-coatings as well as 
on the initial materials (the Ti-6Al-4V powder and substrate). The diffraction patterns were 
obtained from the surfaces of the coatings and substrate and no previous preparation of the samples 
was needed. To prepare the powder for the XRD analysis, a small amount of particles were 
deposited over a specimen holder and they were pressed and smoothed with a glass plate. 

The analysis was performed by means of a Philips PW3040/00 X’Pert MPD/MRD 
diffractometer using a Cu (Kα) radiation with λ= 1.54 Å. The diffraction patterns were recorded 
with angle amplitude from 10 to 115° for the substrate and coatings and from 15 a 90 ° for the 
powder particles. The step of angle for recording was of 0.02 °. The diffraction patterns were then 
analysed using the WebPDF 4+ software which contains the database of the International Centre 
Diffraction Data (ICDD). 

3.1.2 Roughness 

Roughness measurements were conducted to quantify the height of the surface irregularities of the 
materials under study. This measurement was related to the coatings deposition parameters, 
because the roughness of thermal sprayed coatings is known to be dependent on the particle 
velocity and temperature at impact, as well as on its size [17]. The roughness of the surfaces also 
gives an estimation of the asperities heights of the materials which are put in contact at the initial 
stage of the pin on disc experiments. 

The roughness was measured from the three CS-coatings, the Ti-6Al-4V substrate and from 
the counterbody material. 

A Mitutoyo SJ-301 surface roughness tester was used to determine the roughness. The 
measurements were evaluated from a profile of 4 mm in length with a sampling length of 0.8 mm. 
At least three measurements were acquired at different positions of each sample to calculate the 
average values and standard deviations. Three different parameters were obtained: 

- Arithmetical mean roughness value (Ra): average of the absolute values of the surface 
deviations from the mean line through the profile length. 

- Root mean square roughness (Rq): average value of the root mean square deviations of the 
profile from the mean line. 

- Mean roughness depth (Rz): average of the absolute values of the highest peaks and the 
deepest valleys from the sampling lengths through the profile. 

3.1.3 Optical microscopy 

Optical microscopy (OM) was used to measure the thickness and the porosity of the coatings. The 
percent area of the secondary phase observed on the substrate and on the heat-treated coating was 
also quantified using OM images. 

A conventional metallographic preparation of the samples was necessary for the analysis. 
Samples were prepared to examine the plan view and the transversal cross-sections of the coatings 
and substrate. The substrate plates and coated plates were cut with a diamond cut-off wheel and the 
cuts were mounted in a low-stiffness resin. The samples were then grinded and polished up to a 
mirror finish using an OP-U suspension (colloidal silica suspension, 0.04 μm). 
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The samples were examined by means of a Motic BA310 Met-T optical microscope. The 
MoticPlus image analysis software was then used for measuring the thickness and porosity of the 
coatings and the percent area of the secondary phase observed on the substrate and the heat-treated 
coating. 

The average values and standard deviations of the coatings thicknesses were obtained from 
at least fifty measurements from each coating. The measurements were obtained using five 
different images per coating acquired at x10 magnification. The thickness was measured on both 
perpendicular cross sections for comparison. On the other hand, porosity was measured from 
images acquired at x20 magnifications from the samples before being etched. Ten images were 
used to determine the mean average porosity and standard deviation from each cross section and 
from the plan view section. 

The percentage areas of the secondary phases observed were quantified using at least four 
images from each material acquired at x50 magnification. The mean and standard deviation of the 
percentage area were calculated. A chemical etching was previously conducted by immersion in 
Kroll´s reagent (suspension consisting of 3 mL HF and 5 mL HNO3 in 100 mL H2O) during 30 s to 
reveal the microstructure of the samples. 

3.1.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to analyse the microstructure of the coatings. The 
microstructural variations between the coatings were studied to relate them with the fabrication 
process and with the mechanical and tribological properties obtained from the subsequent 
experiments. The microstructure of the initial material, the substrate and the powder particles, was 
also examined for comparison. 

Transversal cross sections of the coatings and substrate were prepared following the 
metallographic preparation and chemical etching previously described in section 3.1.3. The powder 
was also mounted in a low stiffness resin and then grinded and polished following a similar 
procedure to the one used for the other samples. 

A Hitachi S3400N scanning electron microscope was used for the analysis. Secondary 
electron (SE) and backscattered electron (BSE) images were used. Chemical composition analysis 
was conducted by means of energy dispersive x-ray (EDX) microanalysis using a Bruker XFlash 
5010 detector attached to the microscope. 

In the SEM study of the coatings, the interfaces between the substrate and coating and 
between the splats were examined. Adhesion and cohesion strength measurements of this coatings 
were performed within CORSAIR project. The adhesion tests were conducted following ASTM 
C633 standard by TWI, while the cohesive strength tests were performed by the Politecnico di 
Milano following the tubular coating tensile test (TCT) developed by HSU University [158].The 
chemical composition and morphology of the splats were investigated. A quantification of the 
splats deformation was determined using the flattening ratio (FR) parameter [43,46]. The FR was 
calculated as the ratio of the splat maximum diameter (width) to its minimum diameter (height). 
When the FR value is near to 1, the splats will show a rounded morphology. Thus, this value 
indicates the degree of deformation of the particles from its initial spherical shape. The 
measurements were conducted on SE images from the as-sprayed coatings (Ti64-800 and Ti64-
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1100) using image analysis. The mean and standard deviation of the FR were calculated from at 
least 100 splats taken from two different areas in each coating. 

SEM was also used to study the wear mechanisms by means of the characterization of the 
worn surfaces of the samples tested by scratch and dry sliding and oscillating wear experiments. 
After the continuous sliding and oscillating tests, the surface plan view and a cross sectional view 
(perpendicular to the sliding direction) of the worn samples were also examined. The cross-
sectional samples were prepared by the same metallographic procedure followed for the 
characterization of the coatings (without chemical etching). The debris generated from the most 
relevant experiments was also investigated. The scratch wear tracks were investigated by 
examining the plan view surface of the samples. 

3.1.5 Transmission electron microscopy 

Transmission electron microscopy (TEM) was used to analyse the fine microstructure and to relate 
the microstructure with the fabrication process of the coatings. 

The microstructures of the Ti64-1100 and the Ti64-1100-HT coatings and from the 
substrate were studied by TEM. 

The sample preparation was done by means of mechanical polishing and a subsequent ion 
milling. Mechanical polishing was used to obtain disc-shaped samples of 3 mm in diameter and 
100 μm in thickness from each material. The samples were obtained from plan view sections 
located at a middle point of the coatings. The central region of the discs was then pre-thinned up to 
a thickness of ~20 μm with a dimple grinder (Gatan Dimple Grinder, Model 656). Finally, the 
central region was ion milled using a Leica EM RES102 with argon ions to obtain a thinner area up 
to electron transparency. Ion milling conditions were set at a voltage of 7 kV, a beam intensity of 
2.5 mA at angle of incidence of 5°. After a hole was performed in the sample, a final step was 
performed applying a voltage of 2 kV, a beam intensity of 1.2 mA at an incidence angle of 5° for 
20 minutes. 

The transmission electron microscope used for the analysis was a Philips Tecnai 20. The 
study was conducted using different imaging methods as bright field (BF), dark field (DF) and 
high-resolution transmission electron microscopy (HRTEM). Besides these, information from EDX 
microanalysis, and the analysis of electron diffraction patterns (DP) obtained by selected area 
(SADP) and nano-beam electron diffraction (NBDP) was also used. 

This technique was also used for studying the tribo-layers generated after dry sliding and 
oscillating wear tests of selected samples. The TEM specimens were obtained from cross sections, 
perpendicular to the sliding direction, at the surface of the worn samples to investigate the 
subsurface structure and composition. For the purpose of preparing these site-specific specimens, 
the use of the focused ion beam (FIB) technique was required. A first set of specimens were 
prepared with Zeiss FIB/SEM systems (NVision 40 and Auriga) and were then studied using a Jeol 
JEM-2100 TEM (Department of Materials, University of Oxford). A second set of specimens were 
prepared using a FEI Helios Nanolab G3 UC FIB/SEM and were then investigated with a Jeol 
2010F and a Jeol JEM -Z3100R05 TEMs (Materials Science and Engineering Department, 
University of Sheffield). Similar techniques as the above mentioned related to the TEM 
characterization of the coatings were used for the TEM study of the worn samples. In addition, 
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scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS) 
techniques were also used for this analysis. 

FIB sample preparation consisted on the extraction of specimens by ion milling the 
material around and underneath the region of the sample to be lifted-out. Prior to commencing the 
milling, a carbon or platinum rectangular strap (~ 25 µm x 2.5 µm x 2.5 µm) was deposited on the 
region of interest to protect the specimen (Figure 3.1a). After that, trenches were milled in the 
material around the region of interest (Figure 3.1b), expect on one side, using ion beam current 
around 10 nA (Figure 3.1b). The sample was also tilted to remove the material at the region 
underneath the sample by striking with the ions. The final size of the FIB sample allowed to 
examine the microstructure from the top surface of the worn sample up to 5 μm in depth. 

  

 

Figure 3.1 SE images of a) the area of the worn surface of one of the samples after the Pt deposition to 
protect the selected site for the FIB specimen, b) of the sample after milling trenches along the long sides of 
the specimen to be lifted-up, and c) of the FIB specimen after the lift-up and final thinning. 

Once the milling was completed, the specimen was lifted-up. For this purpose, the sample 
was attached to a micromanipulator needle using carbon or platinum deposition. The region of the 
material that was holding the specimen to the sample was then milled to complete the lift-up. 
Following this, the specimen was attached to a cupper grid using carbon or platinum deposition and 
the needle was detached from the sample by ion milling. Finally, the final thinning of the specimen 
was conducted by milling at both sides of the specimen until a thickness <100 nm was achieved 

(Figure 3.1c). The milling current was decreased (from ~ 0.5 nA to ~10 pA) as the thickness of the 
sample was being reduced to obtain a smooth surface. 
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3.2 Mechanical characterization 

A mechanical characterization was conducted to determine the hardness (H) and the elastic 
modulus (E) of the studied materials. This characterization was performed by means of Vickers 
microhardness (HV) measurements and by nanoindentation tests.  

Both indentation experiments were conducted on the plan view surface of the coatings and 
substrate. The sample preparation was similar to the metallographic preparation used for the 
microstructural study. 

To measure the mechanical properties of the particles, the nanoindentation technique was 
used. For this purpose, the particles were embedded and mechanically polished. Two different 
embedding matrixes were used: a low-stiffness resin and a rigid matrix based on a tin alloy. 
Traditionally, particles have been mounted using epoxy resins to assess their mechanical properties. 
The tin alloy matrix was used here to reduce the particle-dominated indentation depth by reducing 
the ratio between the stiffness of the particles and that of the matrix [203]. To mount the particles 
in the tin alloy, the alloy was melted by heating up to 250 ºC. Once the alloy was melted, the 
particles were added, and then the aggregate was air cooled. The embedded particles were polished 
following a similar metallographic preparation to that applied to the coatings. 

A Buehler 2101 microdurometer was used to obtain the HV measurements. The micro-
indentations were conducted applying a load of 50 gf during 12 s. The measurements were done 
according to the ASTM E-92 standard requirements [204]. At least 10 measurements were 
conducted to calculate an average value of the HV and the standard deviation. 

Nanoindentation tests were performed by means of an Agilent G200 nanoindenter using a 
new Berkovich diamond indenter. Its geometry is depicted in Figure 3.2. This type of indenter is a 
three-sided pyramidal tip with a face angle with the central axis of the indenter of 65.27 ° and a tip 
radius around 50-100 nm. The Berkovich tip with this face angle is characterized by generating the 
same ratio of projected area of contact to depth as the Vickers indenter. 

 

Figure 3.2 Schematic representation of the projected and surface area of the Berkovich indenter geometry. 
The characteristic parameters of the indenter are indicated in the image [75]. 

The nanoindenter performs indentation tests in which the applied load (P) is constinuously 
recorded as a function of the penetration depth (h) of the indenter into the material being analysed. 
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Through this continuous recording data, it is possible to obtain an indirect measurement of the area 
of contact. For this reason, the nanoindentation test is commonly used to determine the mechanical 
properties at small scales, where the direct measurement of the size of the residual impression is 
more complicated [75]. 

Oliver and Pharr methodology was applied to calculate the mechanical properties 
[205,206]. This method is based on the one developed by Doerner and Nix [207] that determines 
the size of the contact area from the unloading curve considering a flat punch indenter. H and E are 
then calculated by means of the projected area at the maximum indentation load (Ac). In the Oliver 
and Pharr approach, the flat punch approximation is not applied. Instead, it is determined the initial 
slope of the unloading branch and it takes in account two simplifying assumptions. First, the 
unloading process of the indenter is considered to be purely elastic. And second, that the shape of 
the pyramidal indenter is considered as an axial-symmetric cone. The equivalent cone for the 
Berkovich indenter has a cone semi-angle of 70.3° [75]. 

Oliver and Pharr method uses the slope of the initial data region of the unloading curve of 
the indenter (Figure 3.3a) to calculate the contact depth (hc) between the indenter and the specimen. 
The hc is defined as the distance from the maximum penetration depth of the indenter to the depth 
of the last contact point between the indenter and the specimen surface. This parameter is indicated 
in Figure 3.3b, that shows a schematic representation of the geometry of the specimen surface at 
full load (Pmax) and of the residual impression after unload. 

 

Figure 3.3 a) Schematic representation of a typical load (P) vs. penetration depth (h) curve showing 
significant parameters for indentation analysis. hmax is defined as the depth at the maximum applied load 
(Pmax), hr is the depth of the residual impression, he is the distance of the elastic recovery, hc is the contact 
depth, and ha is the distance from the contact of the indenter with the specimen surface to the initial surface. 
b) Illustration showing the position of the indenter and the specimen surface geometry at full load and after 
unloading the indenter indicating the significant measure parameters [75]. 

The determination of the hc is obtained through the following relation, which is derived 
from the elastic contact equations for a cone and the shape of the indenter: 

ℎ = ℎ − 𝜖
⁄

         (3.1) 
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where hmax is the maximum penetration depth of the indenter at full load (Pmax) being measured 
from the specimen surface, and ε is a constant that depends on the geometry of the indenter. A 
standard value of ε = 0.75 has been reported for Berkovich indenters [206]. In the previous 
equation, dP/dh represents the slope of the unloading curve of the indenter which is defined as the 
contact stiffness (S) of the material: 

𝑆 = 𝑑𝑃 𝑑ℎ⁄           (3.2) 

A continuous stiffness measurement (CSM) module was used to obtain a continuous 
recording of the S as a function of the h. This CSM technique applies multiple loading-unloading 
cycles superimposed to the main loading branch. The stiffness is determined for each cycle. 
Consequently, this technique provides an evolution of the contact stiffness as a function of the 
contact depth. Some of the advantages derived from this method are to facilitate calibration 
procedures, to reduce the effect of thermal drift, as well as to obtain the measurement of 
mechanical properties as a function of depth [206]. 

From the hc determination, the Ac is calculated. The Ac as a function of the hc for an ideal 
Berkovich indenter is given by: 

𝐴 = 3√3ℎ tan 65.27 = 24.5ℎ        (3.3) 

and the calculated Ac is used to determine the H: 

𝐻 =           (3.4) 

where Ac represents here the contact area at the maximum load. E is calculated through the 
following relation: 

𝐸∗ = 𝑆           (3.5) 

where β is a dimensionless parameter to correct the deviations in the stiffness because of the 
approximation of the indenter pyramidal shape to an axial-symmetric cone, and E* is the effective 
elastic modulus. β for a Berkovich indenter has been reported as 1.034 [75]. E* includes the elastic 
deformation occurring in both the sample (with elastic constants E and Poisson´s ratio 𝜈) and the 
indenter (with elastic constants Ei and 𝜈 ), and it is given by: 

∗ = +          (3.6) 

Nanoindentation test data are affected by several experimental errors [75]. Two models 
have been applied in this investigation to correct deviations due to the non-ideal shape of the 
indenter and the indentation size effect. 

Correction factors have been added to the Ac function to correct the deviations from the 
non-ideal geometry of the indenter. The real area function is obtained through a calibration 
procedure performed on a material of known elastic constants. The calibration is obtained by 
conducting indentations at different loads and penetration depths to acquire a data set of hc and Ac 
values.  hc is determined through equation 3.1 and Ac is obtained as a function of the dP/dh 
measurements through the relation obtained from equation 3.5 [75]: 
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𝐴 = 𝜋 ∗          (3.7) 

Once Ac and hc are determined, the real area function is obtained by regression analysis. 
The form of the function that has been applied in this work to determine the correction factors was 
the one proposed by Oliver and Pharr [206]: 

𝐴 = ∑ 𝐶 (ℎ )
( )

= 𝐶 ℎ + 𝐶 ℎ + 𝐶 ℎ
/

+ 𝐶 ℎ
/

+ ⋯ + 𝐶 ℎ
/      (3.8) 

where the equation coefficients (Cn) are determined by curve-fitting procedures. The calibration is 
preferable to be conducted on a material similar to the one being studied to correct the possible 
deviations in Ac due to the pile-up effect [208,209]. 

Indentation size effect (ISE), i.e. the variation of H with the applied P phenomenon, was 
observed on the indentation results. This effect has been corrected applying the modified 
proportional specimen resistance (PSR) model proposed by Gong et al. [210]. In this treatment, the 
value of the H independent of the P, named as true or asymptotic hardness H0, was determined 
through the following relation: 

𝐻 = 𝑎           (3.9) 

where hc and Ac are here the contact depth and area at full load, and a2 is a characteristic parameter 
of the material which is calculated from the slope of the {P/hc vs. hc} curve: 

𝑃 ℎ⁄ = 𝑎 + 𝑎 ℎ          (3.10) 

The models described above were used to analyse the nanoindentation tests on the powder, 
coatings and substrate. CSM measurements were done applying an oscillation amplitude of 2 nm 
and a frequency of 45 Hz for all the tests. A commercial Ti-6Al-4V alloy (E= 110 GPa) was used 
for the calibration procedure to determine the Ac function. Two different calibrations were obtained 
for different penetration depths: 300 and 1300 nm. 

The nanoindentation tests on the powder were performed on the cross sections of the 
particles. A total of thirty tests were conducted performing each test on a different particle. The 
larger particles in diameter were selected for conducting the tests to avoid edge effects. Although 
the maximum depth of penetration was set at 500 nm, only the data where the contact stiffness 
showed a linear trend with the penetration depth were used for calculating E and H [211]. The data 
from the lower h were discarded to avoid measurement errors for the initial contact between the 
indenter and the surface and measurements affected by the embedding matrix were also discarded. 
The area function calibration obtained at 300 nm was used to calculate the Ac. The PSR model was 
applied to calculate the H0 of the powder. 

To calculate E and H averages and standard deviations of the coatings and substrate, eighty 
indentation tests were carried on each material. A matrix of 8x10 indentations was programmed on 
their surfaces, leaving a space between each indent of 100 μm to avoid interaction between them. 
The maximum penetration depth was set at 1200 nm. The Ac was calculated using the calibration 
obtained for 1300 nm. The H0 of the coatings was obtained by applying the PSR model. 
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3.3 Tribological characterization 

The tribological characterization was conducted to investigate the wear behaviour of the materials 
under study in different tribo-systems related to aircraft applications. Scratch tests were performed 
to evaluate the wear behaviour at the microscale. To assess the wear occurring in oscillating 
contacts, continuous sliding and oscillating wear experiments were performed. A set of continuous 
sliding tests were also performed for comparison. 

3.3.1 Scratch tests 

Scratch tests at the microscale were conducted to study the abrasion wear by hard particles sliding 
along the surface. The scratch wear behaviour was investigated on the three coatings under study 
and on the substrate for comparison. 

The tests were performed on the plan view surfaces of the materials. The surfaces were 
polished before conducting the tests following the same procedure as the one used for the 
metallographic investigation. 

The scratch tests were performed by means of an Agilent G200 nanoindenter. This 
equipment performs scratch tests by applying a load with the indenter while the specimen is moved 
sideways regarding to the indenter position. The applied load can be held steady or describing a 
ramp. The height displacement (z) of the indenter is recorded as a function of the position (x,y) of 
the tip on the plane of the specimen. 

The tests were performed according to the procedure used by D. Verdi et al. [212]. A 
Berkovich indenter was used to conduct the experiments, working with a flat face looking forward 
along the scratch profile direction. The experimental method of each scratch test consisted on a 
four-step procedure which is described as follows: 

1. Topography profile (z0(y)): A measurement of the topography of the surface was acquired 
before conducting the wear scratch. The indenter was held at a constant and light load (50 
μN) while scanning a profile along the line where the scratch was going to be performed. 
The height displacement (z0) of the indenter as a function of the position along the travel 
direction (y) was recorded. 

2. Wear profile, (zs(y)): The wear test was performed by applying a constant load (P) and 
velocity (vs). The length of the wear track (l) was set at 400 μm. The maximum 
displacement of the indenter into the specimen surface (zs) as a function of the scratch 
distance was acquired. 

3. Residual profile, (zr(y)): After conducting the scratch profile, the indenter returned to the 
initial position scanning the surface at constant and light load (50 μN). The depth of the 
residual groove (zr) was obtained as a function of the position along the travel direction (y). 

4. Cross-profile, (zc(x)): the cross-profile topography (zc) of the residual groove was acquired 
by scanning the groove through a line perpendicular to the scratch direction (x). This 
profile was scanned from the middle position of the wear path (y= l/2= 200 μm). 

Figure 3.4 shows an example of the profiles acquired from a scratch test. A pre- and post-
profile of the 20% the length of the wear path was performed at light load in the first three steps. 
The purpose of these profiles consisted on having a reference of the line surface of the specimen 
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regarding the scratch groove depth. In the cross-profile, the topography of the surface was also 
scanned at both sides of the groove. 

 

Figure 3.4 a) Graphic representation of the topography profile, the wear profile and the residual profile as a 
function of the scratch distance, and b) cross profile as a function of the cross-profile distance from a test 
conducted on the Ti64-1100 coating. 

The described procedure was followed to conduct each of the tests. Several test conditions 
were used which were characterized by the application of different loads and scratch velocities to 
realize the wear profile. The selected wear loads were 10, 50, 100 and 150 mN. For each load, three 
different experiments were conducted applying three different wear velocities: 10, 20 and 40 μm/s. 
Five replicates of each experimental condition were performed. 

The acquired data was used to calculate the volume of the residual groove per unit of 
scratch distance (vr) as: 

𝑣 = ∫ 𝐴 (𝑦)𝑑𝑦         (3.11) 

where Ar(y) is the transversal area of the residual groove at the position y along the wear path. The 
method used to determine this Ar(y) is presented below. This volume represents the displaced 
volume of material during the wear test, which could have been removed from the material as wear 
debris or moved sideways by plastic deformation. 

Figure 3.5 shows a scheme of the transversal area of the groove geometry during the wear 
profile performance and of the residual groove after the test. The depth parameters hs and hr that are 
indicated in the figure do not correspond to the direct data acquired from the tests. The real 
displacement of the indenter while performing the scratch (hs) and the real residual depth (hr) were 
calculated by subtracting the initial topography of the surface, z0, to the zs and zr data respectively: 

ℎ = 𝑧 − 𝑧           (3.12) 

ℎ = 𝑧 − 𝑧           (3.13) 
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Figure 3.5 Schematic representation of the transversal section of the groove showing the wear profile during 
loading the indenter (continuous curve) and the residual profile after unloading (dotted curve). 

The geometry of the transversal area of the residual groove after the elastic unloading was 
considered to be triangular, with a semi-angle θr. Given this assumption, the Ar(y) was estimated 
from: 

𝐴 (𝑦) = 𝑡𝑔 𝜃 (𝑦) ℎ (𝑦)        (3.14) 

where the θr was calculated as a function of the semi-angle of the scratch groove during the wear 
profile (θs) and the displacements into surface. While the indenter is performing the wear profile, 
the groove should show a θs equal to that of the projected area of the face of the indenter, 75.13°. 
Given the triangular geometries of the transversal cross-sections of the grooves during loading and 
after unloading, the following relations were observed: 

𝐿 = ℎ 𝑐𝑜𝑠𝜗⁄           (3.15) 

𝐿 = ℎ 𝑐𝑜𝑠𝜗⁄           (3.16) 

where Ls and Lr are the sides of the groove during the wear profile and of the residual groove 
respectively. For simplicity, the distance Lr was approximated by the following relation: 

𝐿 ≈ 𝐿 − 𝑑          (3.17) 

where the distance d was defined as: 

𝑑 = (ℎ − ℎ )𝑐𝑜𝑠𝜃          (3.18) 

Finally, if the equations 3.15, 3.16 and 3.18 are inserted in equation 3.17, the following 
relation to calculate θr can be derived: 

𝜃 = 𝑎𝑐𝑜𝑠(ℎ (ℎ 𝑡𝑔𝜃 𝑠𝑒𝑛𝜃 + ℎ 𝑐𝑜𝑠𝜃 )⁄ )      (3.19) 
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3.3.2 Continuous sliding and oscillating pin on disc tests 

Oscillating experiments were conducted to study the wear behaviour of the CS Ti-6Al-4V coatings 
in contact with 100Cr6 bearing steel (described in section 3.1.1) when experiencing oscillating 
tangential movements. These oscillating contacts are present on aircraft components as a 
consequence of vibrations during the flight. In addition, a small set of experiments with continuous 
sliding movement were performed as a reference because this type of movement has been more 
used to evaluate the wear behaviour of materials. 

The wear behaviour of all the considered coatings and that of the substrate material was 
investigated. The studied samples were cut to obtain pins with a surface section (s) of 2.5 x 6 mm. 
Prior to testing and at the end of the test, the pins were cleaned for 10 min in an ultrasound bath 
with acetone and weighted. The 100Cr6 steel discs were also cleaned with soap and water and with 
acetone before conducting the test. 

A Wazau TRM 1000 tribometer was used to perform the continuous sliding experiments in 
accordance with ASTM standard G99 [67]. This equipment is a pin on disc system that enables 
wear tests to be performed under sliding movement. Prismatic pins are put in contact with flat 
discs. The pin is mounted on a stationary rig, where the normal load (Fn) is applied through a lever 
arm. The disc is attached to a drive spindle and rotates over the pin with a controlled speed. The 
normal pressure on the pin (P) is calculated as the ratio of the applied Fn by the surface area of the 
pin which is put in contact with the counterbody, s. 

The applied normal load and sliding velocity are parameters which can be controlled 
during the tests. The control of the ambient temperature (T) is also available using a furnace that 
has a limit temperature of 450 °C. To conduct the tests at high temperatures, the specified 
temperature for the experiment was established before starting the test. To ensure that the system 
had reached a steady thermal state, the test was started after a time period of ten minutes after 
reaching the specified temperature. 

The T, the friction coefficient (COF) and the measure of the displacement of the pin from 
the position of the initial contact with the counterbody (h) are recorded during the tests. The T was 
measured using a thermocouple which is installed on the pin rig. The measurement of the h was 
acquired by means of a linear variable differential transformer (LVDT), while the COF was 
obtained through the measurement of the tangential force (Ft) from the experimental values of the 
applied torque to the spindle: 

𝐶𝑂𝐹 = 𝐹 𝐹⁄           (3.20) 

The information acquired from each test consisted on the measurements of the weight loss 
of the pin (Δm), the h, and the COF as a function of time, as well as a microstructural analysis of 
the worn surfaces of the pins. Two different wear rates, named as δm and δh, were calculated from 
the Δm and h data which were calculated as follows: 

𝛿𝑚 = ∆𝑚/∆𝑡          (3.21) 

𝛿ℎ = 𝑑ℎ/𝑑𝑡          (3.22) 

Where Δt is the total testing time and dh/dt is the slope of the {h vs. time} plot. On the other hand, 
the microstructure was analysed on the plan view and on the cross-sections perpendicular to the 
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sliding direction using SEM and EDX microanalysis. The subsurface microstructure of some 
samples was also investigated by TEM. The TEM sample preparation was performed using a FIB in 
order to reduce the damage of the sample. 

The Wazau TRM 1000 tribometer was also used to evaluate the wear rate under oscillating 
conditions. To simulate the oscillating movement, the most suitable type of motion allowed by the 
tribometer was a combined movement of rotation and vibration of the disc as illustrated in Figure 
3.6. The parameters that have been chosen as variables in this type of motion were the Fn, the 
amplitude of oscillation (A) and the T. The rotational speed was set at the lower available value to 
minimize its contribution and the frequency of the oscillating movement was fixed at 40 Hz. The 
experimental information which was collected during these tests was the same as that collected 
from the continuous sliding experiments which has been described above. 

 

Figure 3.6 Schematic representation of the pin on disc configuration showing a) a cross-sectional view and 
b) the plan view of the system. The oscillating type of movement is indicated in the figure by the 
combination of rotational and superimposed vibration motions. 

An arrangement of preliminary tests was conducted to select the coatings which showed a 
better wear performance. Table 3.5 shows a summary of the experimental parameters used for 
conducting these tests. The experiments were done with two types of motion: continuous sliding 
and oscillating. The continuous sliding experiments were performed as a reference as it has been 
mentioned above. On the other hand, the oscillating type of motion was selected to evaluate the 
wear near fretting conditions. 

Table 3.5 Values of the parameters of the preliminary experiments. 

Preliminary pin on disc tests         

Test 
number 

Type of 
motion 

Temperature 
(°C) 

Sliding 
Velocity 
(m/s) 

Normal 
Pressure 
(MPa) 

Oscillation 
Amplitude 
(μm) 

Oscillation 
Frequency 
(Hz) 

1 Continuous 
Sliding 

25 0.26 30 - - 

2 450 0.26 30 - - 

3 Rotation+ 
Vibration 

25 0.0026 30 596 40 
4 450 0.0026 30 596 40 
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In the follow-up phase of the study, a more detailed investigation on the wear behaviour 
under oscillating conditions was conducted on the coatings presenting the better wear performance 
in the preliminary tests and on the substrate as reference material. The criteria for selecting the 
coatings was based on the comparison of the wear behaviour of the Ti-6Al-4V coatings with that of 
Ti-6Al-4V bulk material (the substrate material). The testing conditions for this further 
investigation were define according to a design of experiments (DOE). 

A DOE allows the study of the effect of each studied factor on the response, either 
individually or interacting with other factors, by means of the statistical analysis of an organised 
arrangement of experiments. The statistical significance is usually studied by means of an analysis 
of variance (ANOVA). In addition, response surfaces can be constructed by adjusting the data to 
models. The construction of response surfaces is useful to analyse the type of surface, to optimize 
the response and to graphically investigate the conditions of interest, such as those leading to a 
more severe wear. In this work, the use of optimization techniques was performed to have a better 
knowledge of the types of surfaces, rather than to optimize the response. For example, if a 
maximum was present within the region of study of the wear rate response, this could provide 
valuable information in order to avoid the wear conditions that would cause a more severe wear. In 
the case of the COF, the study of the type of surface was done to investigate possible relations with 
the wear rate. 

The selection of a DOE is based on the desired objectives of the study and the variables of 
interest. The stated hypothesis for the present analysis was that CS coatings wear behaviour under 
oscillating movement was similar to that of the material being repaired, and the specific goals of 
the investigation were as follows: 

- To measure the wear rate of the materials under study 
- To select the more suitable coating for the specified application 
- To determine the more critical factors influencing the dry sliding and oscillating wear 
- To obtain a wear model 
- To define critical conditions for the tribo-system under study 

The variables of interest in the present investigation were the temperature, the normal 
pressure and the oscillation amplitude. The oscillation amplitude and normal pressure were selected 
because these variables are known to present a strong influence on the fretting wear behaviour of 
materials [86,108,213], while the temperature variable was chosen because aircraft components can 
be subjected to high temperature environments during service. Table 3.6 shows the experimental 
parameters and the assessed ranges of interest. The minimum allowable amplitude of oscillation 
with a high frequency of 40 Hz was 108 µm and it was selected to study the wear behaviour near to 
fretting conditions. The range of the amplitude of oscillation was extended until 1083 µm to study 
the effect of the amplitude of oscillation on the wear rate. These higher amplitudes were 
investigated because one of the drawbacks of fretting wear is the loosening of the joints that leads 
to the increase on the amplitude of vibration [214]. The temperature range was selected to evaluate 
the wear response until the temperature at which the properties of the alloy are reported to 
deteriorate [4]. The number of cycles was set at 100 000 which was in accordance to the number of 
cycles used in other works related with fretting wear in aircraft components [215,216]. The number 
of cycles was controlled by setting a time limit to stop the test of 2500 s, that was calculated in 
terms of the stablished frequency. Another limit to stop the test was established for the d at 600 
µm. This limit was set to ensure that the wear was not surpassing the coatings thickness. 
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Table 3.6 Experimental parameters for the oscillating pin on disc tests. 

Experimental parameters for the oscillating pin on disc tests 

Type of contact Flat-on-Flat 
Type of motion Rotation+vibration 
Rotation velocity (m/s) 0.0026 
Normal Pressure, Fn (MPa) 3-30 
Frequency of oscillation (Hz) 40 
Amplitude of oscillation, A (μm) 108-1083 
Temperature, T (°C) 25-450 
Lubricant - 

 

A Box-Behnken DOE of three factors was finally chosen since this design allows the 
assessment of the significant and non-significant effects of the variables as well as the construction 
of a response surface by means of a reduced number of experiments [217]. The design of 
experiments was constructed to analyse the responses of a single material. 

Table 3.7 Selected factors and levels for the Box-Behnken design of experiments. 

Factors Levels 

-1 0 1 

Temperature, T (°C) 25 240 450 
Normal pressure, P (MPa) 3 16.5 30 
Amplitude of oscillation, A (µm) 108 596 1083 
 

Table 3.8 Experiments of a Box-Behnken design of three factors and three centre runs. The shaded 
experiments correspond to the testing parameters performed in the preliminary tests under oscillating 
movement. 

Test number T P A 

1 -1 -1 0 

2 1 -1 0 

3 -1 1 0 

4 1 1 0 

5 -1 0 -1 

6 1 0 -1 

7 -1 0 1 

8 1 0 1 

9 0 -1 -1 

10 0 1 -1 

11 0 -1 1 

12 0 1 1 

13 0 0 0 

14 0 0 0 

15 0 0 0 
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The wear rate and the COF were selected as the response variables of interest. The levels 
of the design, that is, the values that are assigned to each factor, were determined according to the 
ranges indicated in Table 3.6. Three levels were studied for each factor (Table 3.7) as specified by 
the Box-Behnken design [117]. The levels of the factors were used in their coded units to facilitate 
the analysis of the DOE. The transformation to coded units assigns the value of +1 to the highest 
level, -1 to the lowest level and 0 to the centre value. 

The fifteen corresponding experiments of a Box-Behnken design of three factors with three 
centre runs are listed in Table 3.8. Two replicates were conducted for each experiment in this work, 
that multiplying by the number of experiments gives a total of thirty experiments to be conducted 
per analysed material. The experiments were run randomly. The Minitab statistical software was 
used to analyse the results of the DOE. 

The first step in the DOE analysis was to adjust the values of the responses to a 
mathematical model. In response surface methodology, the experimental data is usually adjusted to 
a second order model having the following general form: 

𝑦 = 𝑏 + ∑ 𝑏 𝑥 + ∑ 𝑏 𝑥 + ∑ ∑ 𝑏 𝑥 𝑥 + 𝜀    (3.23) 

Where y is the response, xi are the independent variables which correspond to the studied factors, 
and bi, bii and the bij are the linear, quadratic and interaction coefficients respectively.  

The model of a Box-Behnken design of three factors is obtained by fitting the data 
according to the equation presented below: 

𝑦 = 𝑏 + 𝑏 𝑥 + 𝑏 𝑥 + 𝑏 𝑥 + 𝑏 𝑥 + 𝑏 𝑥 + 𝑏 𝑥 + 𝑏 𝑥 𝑥 + 𝑏 𝑥 𝑥 + 

+𝑏 𝑥 𝑥 + 𝜀          (3.24) 

The bi, bii and bij coefficients of the model were calculated by the least squares method using the 
Minitab statistical software. The coefficients were presented in coded units, this means that the data 
was transformed in order to use the coded levels of the factors: -1, 0, 1. 

The fit of the regression models was checked through the analysis of variance (ANOVA) 
using a level of confidence of 95%. In this analysis, the total variability of the data is split into each 
of the sources that are contributing to the response changes. The significance of the regression 
terms is investigated through this analysis as well as the significance of the lack of fit of the model 
using the F-test and p-value statistical hypothesis tests. The null hypothesis in the regression terms 
test was that they were not significantly contributing to the model while the null hypothesis of the 
lack of fit was that the model was adequately adjusted to the experimental data. The null hypothesis 
was therefore accepted when p-value<0.05. The correlation coefficient (R2), the adjusted 
correlation coefficient (R2

adj) and the standard error of the estimation (S) were also used to assess 
the quality of the fitted regression models. 

The effects and interactions were then investigated from the regression coefficients of the 
adjusted model. The values of the bi coefficients represent the shift in the response value per unit 
change in xi factor holding fixed the other factors, and the bij represent the interactions between the 
different factors. The significance of these terms in the response has been statistically evaluated 
using the Student’s t-test and the p-value with a 95% level of confidence. The null hypothesis in 
these tests is that the value of the estimated coefficients is null. The study of the significance of the 
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coefficients in the model was also used to reject them from the equation in order to construct 
simpler models. In addition, the main effects and interaction plots were used to graphically evaluate 
the most important factors and interactions on the response when the models were not satisfactorily 
adjusted to the data. 

The ANOVA assumes that the response variable is normally distributed, presents a constant 
variance and if the measurements are independent from each other. These assumptions were 
verified by the study of the residual plots: the normal probability plot, the histogram of the residual, 
and the distribution of the residuals as a function of the fitted values and the observation order. 

Finally, the type of response surface was investigated. In order to identify possible 
maximums or minimums of the response within the region of study the canonical analysis was 
employed [217]. If such a point is present within the region of study, the favourable or critical 
conditions related to the wear behaviour of the system could be determined. The canonical analysis 
is useful to identify the type of response surface defined by the adjusted model. The method is 
based on the transformation of the model in its canonical form which consists on a rotation and a 
translation of the coordinate axis to locate the origin of the axis at the stationary point. The 
stationary point is that where the slope of a plane which intersects tangentially to the surface is null. 
Thus, a stationary point might be a maximum, a minimum or a saddle point. The canonical form is 
defined as follows: 

𝑦 =  𝑦 + 𝜆 𝑤 + 𝜆 𝑤 + 𝜆 𝑤        (3.25) 

where y0 is the response at the stationary point, λi are the coefficients of the model and wi are the 
canonical variables. The λi are the eigenvalues of the matrix of coefficients of the second order 
model and the type of stationary point is inferred thought the signs of the eigenvalues of the 
canonical model. A minimum will exist when all the eigenvalues are positive, while a maximum 
will be present when all of them are negative. If the eigenvalues are a combination of positive and 
negative values, then the type of surface will be a saddle or minimax system. Regarding to the 
stationary point, it can be determined by performing the derivate of the model and setting it equal 
to zero [217]. For this purpose, it is useful to express the model in matrix notation. 

From the obtained models, contour and surface plots for the response were constructed. 
These plots were useful to qualitatively deduce severe wear rate conditions within the region of 
study and the trend of the COF within the region of study. 

  



75 
 

 

 

 

 

 

Chapter 4: 

Results 
  



76 
 

 

  



77 
 

Chapter 4: 

Results 
 

 

 

4 Results 

4.1 Microstructural characterization 

This section describes the microstructural characterization conducted on the CS coatings and the 
raw materials used for spraying. The relations between the different microstructures generated on 
the coatings with the varying CS deposition parameters and post-treatments were investigated. On 
the other hand, this study was also conducted to correlate the microstructure with the mechanical 
and tribological behaviour. Firstly, the microstructure was examined by XRD technique to 
determine the main structural phases composing the materials. The surfaces of coatings were 
evaluated by SEM and roughness measurements were performed. The chemical composition and 
the morphology of the materials cross sections was then examined by SEM and EDX microanalysis. 
The fine microstructure of the substrate and Ti64-1100 and Ti64-1100-HT coatings was analysed 
by TEM. This last analysis reported information about the phase structures observed in the coatings 
as well as the grain structure and deformation structures generated by the different fabrication 
processes.  

4.1.1 Raw materials 

4.1.1.1 Substrate 

The Ra, Rq, and Rz roughness measurements evaluated on the surface of the substrate plates are 
presented in Table 4.1. XRD analysis (Figure 4.1) showed that two major phases were present in 
the substrate material: α-Ti (hcp, P63/mcm space group, a=b= 2.920 Å and c=4.700 Å) and β-Ti as 
a minor phase (Ti0.8V0.2, bcc, Im-3m space group, a= 3.232 Å). The relative intensities of the 
diffraction peaks were shown to differ from that of the true diffraction pattern [218]. The three 
main peaks of the diffraction patterns obtained from the substrate corresponded, in decreasing 
order, to the (103), (101) and the (002), while in the indexed diffraction pattern the three main 
peaks are referred to the (101), (002) and the (100). 
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Table 4.1 Roughness values of Ra, Rq and Rz parameters evaluated on the Ti-6Al-4V substrate plates. 

Roughness measurements of Ti-6Al-4V substrate plates 

Ra (μm) Rq (μm) Rz (μm) 

0.46 ± 0.04 0.63 ± 0.08 4.03 ± 0.72 

 

 

Figure 4.1 XRD patterns of the Ti-6Al-4V substrate. 

 

Figure 4.2 presents the microstructure of the substrate examined by OM and SEM. An OM 
image was included because the type of microstructure was more clearly identified in this 
micrograph. The formation of a duplex microstructure [219–221] was revealed in which primary α 
grains and lamellar α+β regions were distinguished (Figure 4.2a). α-Ti phase corresponded to the 
light contrasted areas in the OM figures, while the dark areas corresponded to β-Ti, which was 
found surrounding the α grains. The percent area of the β phase was 35 ± 1 % with reference to the 
α. 

Image contrast of the BSE images also indicated the presence of two different phases on the 
microstructure. The phase contrasts in BSE images were the opposite from the optical micrographs. 
Figure 4.2b and Figure 4.2c compares the plan and cross view sections of the substrate plates. In 
the plan view section, the nucleated primary α grains showed equiaxed and elongated morphologies 
measuring several microns in size (Figure 4.2b). The images acquired from the cross section of the 
plates revealed that the grains were elongated and oriented parallel to the lamination direction 
(Figure 4.2c). The EDX analysis revealed that the composition of the α-Ti phase was similar to that 
of a Ti-6Al-4V alloy, while the β-Ti phase was enriched in V and Fe elements (Figure 4.2d). 

Further investigation by TEM (Figure 4.3) confirmed that the crystallographic structures of 
the α-Ti grain and the retained β-Ti phase were the same as the ones identified by XRD. Figure 4.3a 
shows a TEM micrograph of the grain structure which is formed by large α-Ti grains measuring 
several microns in size. The SADP obtained from the grain indicated as G1 in the figure is inserted 
in the image and it was indexed as the hcp α-Ti. β-Ti grains of ~100 nm in size were observed at 
the α grain boundaries and triple points. One of these grains, S1, is showed at higher magnification 
in Figure 4.3b. The corresponding NBDP, which is inserted in Figure 4.3b, was identified as the 
bcc β-Ti. 
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Figure 4.2 Micrographs of the Ti-6Al-4V substrate after being chemically etched a) acquired by OM from 
the plan view section and by means of a BSE detector b) from the plan view and c) from the cross-sectional 
view; and d) the EDX spectrum from the Ti-6Al-4V matrix and from the secondary phase at the grain 
boundaries. 

 

   

Figure 4.3 a) BF image from the grain structure of the Ti-6Al-4V substrate and SADP of the grain 
designated as G1; b) detail of the retained β-Ti phase between the nucleated α grains, which is 
indicated in (a) as S1, and the corresponding NBDP of S1. 
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4.1.1.2 Powder 

The powder particles used for spraying were spherical in shape (Figure 4.4 a). The particle size 
distribution obtained by image analysis (Figure 4.4 b) showed a mean particle size and standard 
deviation of 19.14 ± 6.01 μm, what agreed with the values reported by the provider. 

 

Figure 4.4 a) SEM image of the Ti-6Al-4V feedstock powder and b) histogram plot of the particle size 
distribution. 

 

The structural composition of the powders was determined as hcp α-Ti with space group 
P63/mcm and lattice parameters values of a=b= 2.92 Å and c=4.7 Å (Figure 4.5). On the other 
hand, the SEM observation of the cross section of the particles revealed an acicular α´ martensitic 
phase on the microstructure (Figure 4.6a and b).The α´ martensite also presents a hcp crystal 
structure with space group P63/mcm [222]. The similarity between α-Ti and α´-Ti crystallographic 
structures suggested that the diffraction pattern peaks obtained from the particles corresponded to 
both of the hcp phase. EDX microanalysis also determined that the chemical composition of the 
particles was similar to that of the Ti-6Al-4V alloys (Figure 4.6 c). The voids observed on the BSE 
image from the cross section of a particle were considered as artefacts caused by the chemical 
etching. 

 

 

Figure 4.5 XRD patterns of the Ti-6Al-4V powder. 
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Figure 4.6 a) SE image from the cross section of a representative particle which has been chemically etched; 
b) a BSE image showing a detail of the martensitic microstructure from the particle cross section; and c) the 
EDX analysis from the same particle. 

4.1.2 CS coatings microstructure 

4.1.2.1 As-sprayed coatings 

CS coatings were successfully built up using both of the parameter sets used for spraying: the 
conventional deposition process (Ti64-800 coating) and the higher temperature and pressure 
deposition (Ti64-1100 coating). 

 

Figure 4.7 SEM images from the external surface of a) the Ti64-800 and b) the Ti64-1100 as-sprayed 
coatings. 
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The surfaces of the coatings were shown to be irregular. The rounded morphology of the 
particles which had become adhered at the impact with the substrate could be appreciated on the 
coatings surfaces by SEM investigation (Figure 4.7). In the surface of the Ti64-1100 coating, some 
of the particles were shown to be deformed as it has been indicated by arrows in Figure 4.7. A 
quantification of the roughness was done by measuring the roughness parameters Ra, Rq and Rz 
(Table 4.2). Roughness values were shown to be reduced by a ~22% for the Ti64-1100 with 
reference to the Ti64-800 coating. 

Table 4.2 Measurements of the superficial roughness of the coatings. 

CS Ti-6Al-4V coatings 
Roughness (µm) 

Ra Rq Rz 

Ti64-800 10.10 ± 0.94 12.5 ± 1.2 56.1 ± 4.4 

Ti64-1100 7.92 ± 0.51 9.75 ± 0.66 44.5 ± 2.9 

Ti64-1100-HT 8.11 ± 0.48 10.08 ± 0.69 46.8 ± 3.3 

 

A first investigation of the phase’s structural composition by XRD (Figure 4.8) showed 
that, for both of the coatings, the diffraction pattern was similar to that of the powder. The 
diffraction peaks were associated to α-Ti and α´-Ti phases. From the comparison of the diffraction 
patterns it is apparent that the peaks of the Ti64-1100 coating were wider than the ones obtained 
from the Ti64-800 coating.  

 

Figure 4.8 XRD patterns of the Ti-6Al-4V coatings processed at 800 °C (Ti64-800) and at 1100 °C (Ti64-
1100). 

The SEM examination of the cross section of the coatings (Figure 4.9) showed that the 
deposited coatings presented a thickness ~700 μm (Table 4.3) and no delamination was observed at 
the interface with the substrate or between particles. Some voids were observed at the interface of 
the Ti64-800 coating with the substrate (Figure 4.9b). As Table 4.3 shows, the thickness and the 
porosity of the Ti64-1100 coating were reduced by a 5.6% and a 79% respectively with regard to 
the Ti64-800 coating. Thus, this result indicates that a denser coating was obtained by increasing 
the process gas temperature and pressure. The adhesive and cohesive strength were measured in the 
enhanced coating (Ti-64-1100) within CORSAIR project as described in methods. The adhesion 
was shown to be equal or higher than 70 MPa because the failure occurred at the adhesion limit of 
the glue, while the cohesive strength was found to be ~350 MPa. 
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Table 4.3 Measurements of the coatings thicknesses and porosities. 

CS Ti-6Al-4V coatings Thickness (µm) Porosity (%) 

Ti64-800 725 ± 74 18.1 ± 1.3 

Ti64-1100 684 ± 27 3.83 ± 0.39 

Ti64-1100-HT 677 ± 25 1.37 ± 0.62 

 

  

  

Figure 4.9 BSE images of the cross section of the coatings and high magnification images of the interfaces 
with the substrate acquired from the as-sprayed coatings processed at 800ºC (a and b) and at 1100ºC (c and 
d). 

A splat microstructure was revealed in the chemically etched cross sections of the coatings 
(Figure 4.10). Each splat corresponded to a single feedstock powder particle which had become 
adhered to the substrate by plastic deformation after impacting onto the substrate at high velocities. 
The splats were shown to be more distorted in the Ti64-1100 coating. The different degree of splat 
deformation was also deduced from the calculated FR (as described in materials and methods 
section) which was 0.34 ± 0.02 for the Ti64-1100 coating, while the FR of the Ti64-800 coating 
was 0.50 ± 0.03 (Table 4.4). A FR value closer to 1 indicates that the shape is more rounded. 
Therefore, the higher FR of the Ti64-800 coating suggests that the particles were less deformed 
during the deposition of this coating because the initial shape of the particles was spherical. 

A martensitic structure was observed within the splats (Figure 4.10c and d), similar to the 
microstructure observed on the cross section of the particles (Figure 4.6a and b). A comparison 
between the EDX microanalysis obtained from the coatings (Figure 4.10e and f) and the EDX 
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acquired from the feedstock powder (Figure 4.6c) indicated that the chemical composition of the 
particles was retained after spraying. 

  

  

  

Figure 4.10 SE images showing the splat microstructure from the etched cross section of the a) Ti64-800 and 
b) the Ti64-1100 coatings; c) and d) a higher magnification image from the same area of the Ti64-800 and 
Ti64-1100 coatings respectively; and the EDX microanalysis acquired from an area within the splats of e) the 
Ti64-800 and f) Ti64-1100 coatings. 

Table 4.4 Measurements of the splat width, height and the FR from the as-sprayed coatings fabricated using 
800 and 1100 °C gas process temperatures. 

Coating Splat width (μm) Splat height (μm) FR  

Ti64-800 23.31 ± 0.88 11.35 ± 0.55 0.50 ± 0.03 
Ti64-1100 24.12 ± 0.87 7.86 ± 3.47 0.34 ± 0.02 
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The analysis from the Ti64-1100 coating conducted by TEM showed that the grains were 
mostly acicular in shape (Figure 4.11a). This grain structure was in accordance with the martensitic 
microstructure distinguished by SEM observation (Figure 4.10d). The size of the grains was about 
100 nm in thickness and no larger than one micron. The structural phase of these grains was 
identified by electron diffraction as α-Ti with the same structure as the identified by XRD, as it was 
analysed on a grain named as G1 in Figure 4.11a by means of nanobeam electron diffraction 
(NBED). The EDX analysis also identified a chemical composition similar to the one of Ti-6Al-4V 
alloys (Figure 4.11b). Some deformation was observed within these grains by the presence of 
dislocation structures (Figure 4.11c). The observed dislocations arrangements were slip bands, as 
observed by the formation of parallel dislocation lines oriented along a preferential direction 
through the grain. In another area of the same TEM sample, a different microstructure was found 
consisting on equiaxial α-Ti grains of few hundred nanometres in size (Figure 4.11d). 

  

  

Figure 4.11 a) BF image of the masrtensitic microstructure from the Ti64-1100 coating and NBDP from the 
grain designated as G1; b) EDX espectrum from G1; c) detail of the dislocation structure from region R1 
indicated in (a); and d) fine-grain area of the Ti64-1100 coating microstructure and the NBDP of the grain 
named as G2. 

4.1.2.2 Heat-treated coating 

A solution and aging HT was conducted after spraying on some of the plates which were coated 
using the non-conventional deposition parameters. The external appearance of the coating was 
similar to that of the as-sprayed coating but showing a darker colour. The HT did not produce 
significant changes in the surface roughness (Table 4.2). 
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The structural phases formed on the surface of the heat-treated coating were examined by 
XRD analysis in its as-received state and after removing several microns by mechanical polishing 
(Figure 4.12). The XRD pattern from the coating in its as-received state revealed the formation of 
various structural phases on the most superficial surface. The α-Ti structural phase previously 
identified on the as-sprayed coatings was maintained as the main phase. But additional secondary 
phases were formed after the HT which were identified as TiO (face centred cubic (fcc), Fm-3m 
space group, a= 4.293 Å) and as the α2-Ti phase (Ti3Al, hcp, P63/mmc space group, a=b= 5.793 Å 
and c= 4.649 Å). The diffraction peaks obtained from the polished surface of the coating were 
indexed as α-Ti phase and β-Ti phase (Ti0.7V0.3, bcc, Im-3m space group, a= 3.211 Å). The β-Ti 
identified on this coating differed from that found on the substrate material. The positions of the 
peaks were correlated to a β-Ti phase having a higher content in V and a slightly smaller lattice 
parameter. 

 

Figure 4.12 XRD patterns of the Ti-6Al-4V coatings processed at 1100 °C and heat treated (Ti64-1100-HT) 
conducted on the as-received surface and on the polished surface. 

Figure 4.13 presents the cross-section general view of the Ti64-1100-HT coating and 
higher magnifications of the etched cross section showing different areas of the coating from the 
top surface to the interface with the substrate. The investigation of the cross-sections showed 
features clearly different from the ones generated on the as-sprayed coatings. As reported in Table 
4.2, a reduction in porosity by around the 60% with regard to Ti64-1100 coating was estimated. 

Regarding the microstructure, SEM examination revealed that the splat structures were 
disappeared (Figure 4.13c). Instead, the microstructure was formed by equiaxed grains surrounded 
by a secondary phase which corresponded to the α-Ti and β-Ti phases respectively. An acicular 
microstructure was also formed within the larger β-Ti grains as could be observed in a higher 
magnification image of the grain structure (Figure 4.14a). The percent area of the β-Ti phase was 
23.0 ± 0.5 % with reference to the α. The EDX analysis revealed that the chemical composition at 
the interior of the grains was similar to that of the Ti-6Al-4V alloys, while in the phase located at 
the grain boundaries a higher content on V and Fe elements was detected (Figure 4.14b). 
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Figure 4.13 a) SE image showing a general view of the cross section of the Ti64-1100-HT coating and SE 
images of the same cross section after chemical etching showing higher magnifications of the top surface of 
the coating (b), the grain structure (c)and the interface with the substrate (d). 

 

Figure 4.14 a) SE image from the etched cross section of the Ti64-1100-HT coating showing a detail of the 
grain structure from which b) EDX microanalyses were obtained at the interior of the grains and at the grain 
boundaries. 

A thin layer measuring 1.9 ± 0.6 μm was generated at the top surface of the coating (Figure 
4.13b). This layer was related to the TiO phase which was detected by XRD analysis in the as-
received sample, without polishing. In addition, the presence of retained β-phase was shown to be 
reduced at the upper region of the coating, below the above-mentioned layer. This feature is usually 
observed when oxygen diffusion occurs during Ti oxidation near the surface and it is known as α-
case [56]. The reduction in β-phase is caused because oxygen is an α-stabilizing element.  
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The interface of the coating with the substrate was also modified with regard to the coating 
without HT (Figure 4.13d). A metallurgical bonding was generated by diffusion with no 
distinguishable interface line. The metallurgical bonding is expected to present notable 
improvements in adhesive strength. Although no adhesion measurements of the HT coating are 
available, the TCT experiments performed in this coating showed an increase up to ~1200 MPa. 
This result indicates that the HT had promoted an enhanced cohesive bonding as compared to that 
of the as-sprayed Ti64-1100 coating (~350 MPa). 

  

   

 

Figure 4.15 a) BF image of the microstructure observed on the heat treated 1100 °C CS Ti-6Al-4V coating 
and SADP of the grain designated as G1; b) detail of the secondary phase segregated at the grain boundary 
with the corresponding NBDP; c) EDX microanalysis from G1 and from the secondary phase; and d) and e) 
are detail of dislocation arrangements observed in the grains named in (a) as G2 and G3 respectively. 

Further analysis by TEM of the heat-treated coating revealed the formation of large α-Ti 
grains (Figure 4.15a). Similarly found in SEM examination, the grains were surrounded by a 
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secondary phase which was identified by diffraction as the bcc β-Ti structure (Figure 4.15b). The 
EDX microanalysis also revealed the presence of some Fe at this secondary phase (Figure 4.15c). 
Slip bands, parallel linear dislocations, were formed within the equiaxed grains (Figure 4.15d and 
e). The grains appeared to present lower energetic dislocation configuration as compared to that 
observed in the Ti64-1100 coating because they appeared to be more localized. 

4.2 Mechanical characterization 

The following is a report of the main results of the mechanical properties measurements. E and H 
of the three coatings under study were evaluated by nanoindentation and microindentation 
techniques. To evaluate the changes in the mechanical properties of the particles during CS 
deposition, nanoindentation tests were first conducted on the feedstock powder. The mechanical 
properties of the substrate material were also investigated for comparison. Prior to performing the 
tests, the indenter was calibrated as described in methods. As it is mentioned in the methodology, 
the calibration was done up to different penetration depths, 300 and 1300 nm. 

4.2.1 Mechanical properties of the feedstock powder 

Nanoindentation tests on particles cross sections were first conducted on the powder 
metallographic preparation in which a low-stiffness resin was used as mounting material. As it was 
mentioned in the methods section about the mechanical characterization, the selection of the 
indentation data range which was not affected by measurement errors was based on the evolution 
of the contact stiffness as a function of the penetration depth. As shown in Figure 4.16a, a range of 
linear correlation between the contact stiffness and the penetration depth variables was only 
observed from 10 to 50 nm. The graph shows that there has been a gradual decrease in the contact 
stiffness for further penetration depths. This effect was associated to the low stiffness value of the 
epoxy resin with regard to the Ti alloy. On the other hand, error measurements like the initial 
penetration depths or the indenter tip roundness may affect to the data at shallow penetration depths 
[75], and thereby the obtained linear data range provided a low level of reliability. For this reason, 
a second experimental characterization was conducted in order to extend the linear region on the 
powder mounted in a Sn based alloy which was stiffer than the resin. 

 

  

Figure 4.16 Contact stiffness vs. penetration depth data from a representative indentation test conducted on 
the Ti-6Al-4V powder a) embedded in a low stiffness resin and b) embedded in a Sn alloy, with a SE image 
inserted showing an indentation carried on one of the particles. 
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The plot of the contact stiffness versus the penetration depth from a representative test 
conducted on the particles embedded in Sn is presented in Figure 4.16b. The graph shows that there 
was a marked increase in the linear data range not affected by measurement errors in comparison 
with the one obtained for the powder embedded in resin (Figure 4.16a). The data within 50 and 150 
nm of penetration depth was therefore used to calculate the mechanical properties. The Ac values 
were corrected following the procedure reported in methods by means of the calibration performed 
at 300 nm before calculating the mechanical properties. The inserted image in Figure 4.16b is a SE 
micrograph which shows one of the particles embedded in the Sn matrix as an example. The 
residual indent which was generated after performing a test on it can be distinguished at the particle 
interior. The embedding process of the particles in Sn did not appear to alter the particles 
microstructure. 

 

  

Figure 4.17 Graphic representation of the evolution of a) E and b) H as a function of penetration depth of an 
indentation test conducted on a Ti-6Al-4V particle embedded in a Sn alloy matrix. c) Presents the linear fit of 
the ratio of the load by the contact depth versus the contact depth plot, {L/hc vs. hc}, of the same indentation 
test, verifying the applicability of the PSR model. 

E and H were evaluated as a function of the penetration depth by applying the Oliver-Pharr 
methodology for each test as described in methods (section 3.2). Figure 4.17a and Figure 4.17b 
present the calculated E and H versus the penetration depth of one of the indentation tests. The E of 
the powder was estimated as 94.5 ± 5.4 GPa by calculating the mean of the set of E values within 
the penetration depth range previously determined. As can be seen in Figure 4.17a, the E within 
this range appeared to be constant what validated the followed criteria to select the data range to 
perform the calculi. Figure 4.17b shows that there was a slow decline in H with the penetration 
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depth within the selected data range. This result indicated that the data was affected by the ISE. 
Therefore, the PSR model was applied and the estimated value of the asymptotic H, H0, was 3.01 ± 
0.40 GPa. The PSR model was shown to be suitable for calculating H0 as it is exemplified in Figure 
4.17c that presents the linear fit of the ratio of the load by the contact depth versus the contact 
depth curve ({L/hc vs. hc}) from one of the tests. The linear fitting of the curve was adjusted with a 
correlation of 0.996. 

4.2.2 Mechanical properties of the coatings and substrate 

Nanoindentation tests were conducted on the plan view of the coatings and substrate. Figure 4.18 
provides the graphical representation of the experimental data of the contact stiffness versus the 
penetration depth of the three studied coatings and of the substrate. The range of values for 
calculating the mechanical properties was selected following the same criteria as the one used for 
the powder characterization. 

 

 

Figure 4.18 Graphic representation of the experimental data of the contact stiffness vs. penetration depth 
from a representative nanoindentation test conducted on a) the Ti-6Al-4V substrate, b) the Ti64-800 coating, 
c) b) the Ti64-1100 coating, and on d) the Ti64-1100-HT coating. 

The graphs showed that there was a linear evolution of the contact stiffness as a function of 
the penetration depth. The linear trend was observed to be extended up to the maximum depth that 
had been applied in the tests for all the materials except for the Ti64-800 coating. Figure 4.18 b 
reveals that there was a linear evolution in the contact stiffness as a function of the penetration 
depth from 30 to 150 nm in the nanoindentation measurements of the Ti64-800 coating, but a 
gradual decrease in the contact stiffness was observed for further displacements. This effect was 
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attributed to the high porous microstructure of this coating. Therefore, the data range selected to 
calculate the mechanical properties was between 30 to 150 nm for the Ti64-800 coating and, for the 
substrate and the other coatings, between 100 to 1000 nm. The Ac was corrected using the 
calibration conducted up to 300 nm for the Ti64-800 coating while the one performed up to 1300 
nm was used to correct the Ac values of the other materials. The range of values at shallow 
penetration depths was discarded to avoid error measurements related to tip rounding and initial 
penetration depth. 

The followed procedure to calculate the mechanical properties was the same as the one 
used for the powder characterization in which Oliver-Pharr methodology was applied, as described 
in methods (section 3.2). The ISE was revealed from the H evolution with the penetration depth in 
the coatings measurements, while no ISE was found in the substrate material measurements. The 
applicability of the PSR model was verified for all the coatings. An example of this is illustrate in 
Figure 4.19 which presents the {E vs. penetration depth} and {H vs. penetration depth} plots of an 
indentation test conducted on the Ti64-1100 coating and the {L/hc vs. hc} plot of the same test that 
shows a correlation of 0.999. 

 

 

Figure 4.19 Graphic representation of the evolution of a) E and b) H as a function of the penetration depth of 
an indentation test conducted on the Ti64-1100 coating, and c) presents the linear fit of the {L/hc vs. hc} plot 
of the same indentation test, verifying the applicability of the PSR model. 

The obtained results for all the materials are summarised in Table 4.5. It is apparent from 
this table that the E of the Ti64-1100 coating was slightly increased as compared to the Ti64-800 
coating. This result could be attributed to the lower porosity of the coating processed with the 
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higher process gas temperature and pressure. Regarding to the Ti64-1100-HT coating, the E was 
further increased as compared with the as-sprayed coating and its value was comparable to that of 
the substrate. This result could be explained because of the lower porosity and due to the 
microstructural changes. 

Table 4.5 Results that were obtained from the microhardness measurements (HV) and the calculated elastic 
modulus (E) and asymptotic hardness (H0) from the nanoindentation tests for all the studied materials. The 
mean value of the correlation coefficient (R2) of the linear fit of the {L/hc vs. hc} curve from each test is also 
reported to account for the application of the PSR model. 

Sample 
Nanoindentation Microindentation 

E (GPa) H0 (GPa) R2{L/hc vs. hc} HV Hmicro (GPa) 
Ti-6Al-4V Particles 94.5 ± 5.4 3.01 ± 0.40 0.990 ± 0.006 - - 
Ti-6Al-4V Substrate 110.8 ± 3.6 3.61 ± 0.09 - 340 ± 6 3.60 ± 0.06 
Ti64-800 Coating 99.3 ± 5.9 3.53 ± 0.26 0.998 ± 0.001 329 ± 25 3.47 ± 0.26 
Ti64-1100 Coating 104.6 ± 3.1 4.08 ± 0.31 0.999 ± 0.001 361 ± 9 3.82 ± 0.10 
Ti64-1100-HT Coating 112.7 ± 4.7 3.72 ± 0.26 0.996 ± 0.004 333 ± 18 3.52 ± 0.19 
 

A different trend was observed in the H measurements. The H0 measurements showed that 
there was a marked increase in the hardness of the CS coatings with reference to the feedstock 
powder. The H0 reached a maximum in the Ti64-1100 coating which was even higher than that of 
the Ti-6Al-4V substrate. The increase in hardness of the Ti64-1100 coating with regard of the Ti64-
800 indicated that the increase in the process gas temperature and pressure led to an enhanced 
hardness of the coatings. 

The calculated H0 were compared to the microhardness measurements performed in the 
substrate and coatings which are presented in Table 4.5. The HV measurements showed similar 
trends to the ones described for H0, however the values obtained for the coatings were slightly 
lower as compared to the H0 values. To compare the hardness values calculated by micro and 
nanoindentation techniques, HV was converted to a hardness value (Hmicro) in GPa and with 
reference to the projected area of the indenter as [75]: 

𝐻 =
∙ .  ( )⁄

∙ °
          (4.1) 

Despite being measured by means of different indenters, the H0 and Hmicro values can be compared 
because the Berkovich and Vickers indenters present the same projected area-to-depth ratio. 

 

4.3 Tribological characterization 

The main findings of the tribological characterization are described in this section. First, the 
microscale experiments performed by means of scratch tests are presented. Secondly, the pin on 
disc tests outcomes are reported. The obtained results from the continuous sliding and oscillating 
preliminary tests are first described, followed by a further study of the oscillating wear behaviour 
through a DOE. The wear properties and the microstructural characterization of the samples are 
reported for each wear mode that has been evaluated. 
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4.3.1 Scratch tests 

To evaluate the wear rate at the micro scale, scratch tests were conducted. The displaced volume 
during the scratch was calculated using geometrical relations from the experimental measurements 
of the depth profiles and the indenter geometry as it has been described in the methods section. The 
obtained results from the calculated displaced volume per unit distance, vr, of each one of the 
studied materials are presented in Figure 4.20. The vr was determined for each load-scratch velocity 
condition that had been performed. These figures show that the vr was increased with increasing 
applied load, whereas no significant differences between the obtained vr for different scratch 
velocities at a constant load were observed. There was a marked difference between the vr results 
that were obtained for the Ti64-800 coatings with regard to the vr of the other materials. This 
coating showed vr values which were about three times the vr values of the other materials. 

 

 

 

Figure 4.20 Graphic representation of the calculated displaced volume per unit distance, vr, for each tested 
load-scratch velocity condition on the a) Ti-6Al-4V substrate, and the b) Ti64-800, c) Ti64-1100 and d) Ti64-
1100-HT CS coatings. 

The correlation between the vr and the ratio of the applied load (Fn) by the hardness of the 
scratched material was checked because of the apparent linear trend observed in the {vr vs. Fn} 
plots (Figure 4.20). Table 4.6 presents the statistics summary for the linear fit of the {vr vs. Fn/H} 
curves at constant scratch velocities for each one of the studied materials. The applied load was 
divided by the hardness of the material being scratched in order to obtain a dimensionless wear rate 
(Ks) from the slope of the {vr vs. Fn/H} graphs according to: 
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𝐾 =            (4.2) 

A positive correlation was found between the two quantities and the adjusted R2 (R2
adj) indicated 

that the correlation of the data with the linear trend was higher than 95 %. 

Table 4.6 Results of the slope (Ks) and the adjusted R2 (R2
adj) parameters obtained from the linear fit of the 

{vr vs. Fn/H} curves for constant scratch velocities of the Ti-6Al-4V substrate, and the Ti64-800, Ti64-1100 
and Ti64-1100-HT CS coatings. The calculated average wear rates (𝐾 ) are also included. 

Sample 

Scratch velocity 

𝑲𝒔 (*10-2) 10 μm/s 20 μm /s 40 μm /s 

Ks (*10-2) R2
adj Ks (*10-2) R2

adj Ks (*10-2) R2
adj 

Ti-6Al-4V Substrate 3.52 ± 0.37 0.958 2.74 ± 0.20 0.980 3.01 ± 0.22 0.978 3.09 ± 0.40 

Ti64-800 Coating 8.47 ± 0.66 0.976 11.04 ± 0.25 0.998 9.56 ± 0.67 0.981 9.69 ± 1.3 

Ti64-1100 Coating 3.73 ± 0.14 0.995 2.65 ± 0.16 0.986 3.20 ± 0.10 0.996 3.19 ± 0.54 

Ti64-1100-HT Coating 3.81 ± 0.08 0.998 4.61 ± 0.11 0.998 3.70 ± 0.21 0.988 4.04 ± 0.50 

 

The calculated Ks at the different scratch velocities are plotted in Figure 4.21 for each one 
of the materials. As illustrated in the histogram plot, the Ks values were ranged between 0.02 and 
0.04 for all the studied materials except for the Ti64-800 coating that presented Ks in the range of 
0.10. The Ti64-800 coating was also shown to be more sensitive to scratch velocity variations. To 
compare the wear behaviour of the different materials, an average wear rate (𝐾 ) was calculated for 
each material (Table 4.6). 𝐾  was estimated as the mean value and standard deviation of the Ks data 
obtained from the tests conducted at different scratch velocities. It has been considered that the vr 
was not affected by the scratch velocity because no clear trends were observed in Ks as a function 
of the scratch velocity. The Ti64-800 coating reported significantly lower wear resistance than the 
other coatings and substrate. The higher wear resistance corresponded to the substrate material 
followed by the Ti64-1100 and Ti64-1100-HT coatings with slightly higher wear rate values. The 
wear rates of the Ti64-1100 and Ti64-1100-HT coatings were about a 3 % and a 31 % higher than 
the substrate, while the wear rate of the Ti64-800 coating was three times higher than that of the 
substrate (a 214 % higher than the substrate). 

 

Figure 4.21 Comparative graph of the estimated wear rates (Ks) at different scratch velocities (vs) for the Ti-
6Al-4V substrate and the Ti64-800, Ti64-1100 and Ti64-1100-HT CS coatings. 
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Figure 4.22 OM images of a scratch test performed on the substrate and on the three CS coatings under 
study. The scratches correspond to tests performed by applying a load of 100 mN and a sliding speed of 10 
μm/s. 

OM images from the scratches performed at 100 mN of normal load and 10 μm/s of sliding 
velocity are reported in Figure 4.22. Evidence of detached material from the surfaces was noted by 
the formation of debris particles. At the end of some of the grooves, the presence of chips or 
accumulated material was also observed. Spalling and cracks were observed along the scratch 
grooves of the coatings, which were more pronounced in the Ti64-800 coating. These features were 
found at sites where material defects such as pores or splats boundaries were present. This result 
might be explained because the strain tends to concentrate near material discontinuities. Therefore, 
the initiation and propagation of cracks is facilitated by the presence of defects. 

From the images, it can be seen that the characteristic ridges of the ploughing mode of 
abrasive wear were generated at the edge of the scratches of all the materials. However, the ridges 
were found to present distinct features. In the grooves of the substrate and the Ti64-1100-HT 
coating, the ridges were shown to be greater and more inhomogeneous. By contrast, the as-sprayed 
coatings presented less remarkable ridges and with more uniform appearance what suggested a 
higher contribution of cutting wear in these materials. SEM micrographs from the substrate and the 
Ti64-800 coatings (Figure 4.23) also revealed these differences on the ridges morphologies of the 
grooves. As can be seen in these figures, the surfaces of the grooves presented abrasion scratches 
parallel to the sliding direction. Small debris particles measuring few microns were also observed 
within the grooves. 
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Figure 4.23 SE images of the scratch tests performed on the a) Ti-6Al-4V substrate and on the b) Ti64-800 
coating; c) and d) high magnification images from the squared regions in (a) and (b) respectively. The 
scratches correspond to tests performed by applying a load of 100 mN and a sliding speed of 10 μm/s. 

 

4.3.2 Continuous sliding and oscillating pin on disc tests 

The obtained results of the pin on disc experiments that were conducted on the three CS coatings 
under study and on the substrate, are presented below. As it has been mentioned in the 
methodology, a first array of experiments was performed to determine which of the materials 
presented similar or improved wear behaviour with regard to the substrate. The samples were tested 
under two different types of motion: continuous sliding and oscillating movements, which were 
described in methods. The Ti64-800 CS coating was shown to exhibit the poorer wear performance. 
The other coatings and substrate were further investigated by conducting a set of experiments 
according to a Box-Behnken design of experiments. These tests were only performed under 
oscillating movement. 

4.3.2.1 Preliminary tests 

 COF AND WEAR RATE RESULTS 

The evolution of the COF and the depth of material removed with time (h, the LVDT measurement) 
were obtained as direct results from the pin on disc equipment. Figure 4.24 shows representative 
graphs of both of the measurements which correspond to the tests conducted on the Ti64-1100 
coating. Average COFs were calculated, and the results are plotted in Figure 4.25a. Two different 
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wear rates were estimated from two different data sources from the tests: the weight loss of the 
pins, Δm, and the LVDT measurement, h. As it was introduced in methods, the first wear rate, δm, 
was calculated as the ratio of the weight differences of the pins by the test duration (Figure 4.25b) 
and the second one, δh, was estimated using the slope of the {h vs. time} curve from these data 
(Figure 4.25c). It should be noted that the first one is associated to the material loss of the pin 
while, the second one, accounts for the wear rate of the entire wear system, i.e. the pin and the 
counterbody wear. 

 

  

Figure 4.24 COF and wear depth evolution as a function of the number of cycles for the oscillating 
experiments (a and b) and as a function of the sliding distance for the tests conducted under continuous 
sliding conditions (c and d) during the tests conducted on the Ti64-1100 coating as an example. 

As it can be seen in Figure 4.24 the order of magnitude of the COF and h variables were 
shown to differ markedly between the oscillating and continuous sliding tests. This difference was 
observed in all the tested materials. The plots also showed that there were some tests in which the 
COF was changed with the corresponding alteration on the h evolution. This effect was associated 
to a wear transition. In such a case, the average COF was calculated from the later transition. It is 
worth noting the sharp transition observed in Figure 4.24c corresponding to the continuous sliding 
tests at RT. This abrupt change suggested that the coating had failed as it was later proven in the 
microstructural characterization of the worn samples. A similar result was observed in the Ti64-800 
coating for the same testing conditions. By contrast, in the continuous sliding test at RT of the 
substrate and Ti64-1100-HT coating the wear process occurred in a more controlled manner 
although the wear rate was quite high.  
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Figure 4.25 Comparative graphs of the obtained results of a) the COF, b) the wear rate calculated from the 
weight loss measurements of the pins, δm, and c) the wear rate calculated from the slope of the {wear depth 
vs. time curve}, δh, of the oscillating and continuous sliding preliminary tests conducted on the three CS 
coatings and on the substrate. 

The COF values of the oscillating tests were clearly different from the ones of the 
continuous sliding tests. The COF obtained from the oscillating experiments was around 0.015 for 
all the tested materials during the RT tests and ~0.1 when testing at 450 °C. On the other hand, in 
the continuous sliding experiments, the COF was ~0.3 and ~0.45 for the tests conducted at RT and 
450 °C, respectively. In both conditions of movement, the increase in temperature was shown to 
increase the COF value. An exception of this observation was found in the heat-treated coating 
when it was tested with the oscillating movement in which the COF values were similar, ~0.1, for 
both temperatures.  

The δm values showed similar trends to those of the δh. In the continuous sliding 
experiments, the tests conducted at RT presented significantly higher wear rates as compared with 
the tests at 450 °C, while the effect of the temperature on the wear rates of the oscillating 
experiments was not clear. The wear rates were shown to be lower for the oscillating experiments 
at RT on the substrate and the Ti64-1100 coating, however this trend was not observed in the case 
of the other coatings. The wear rates of the Ti64-800 coating under oscillating conditions were 
similar for both testing temperatures and in the tests conducted on the Ti64-1100-HT coating, the 
wear rates were shown to be negative when testing at 450 °C. This last result was attributed to a 
high contribution of material transference from the counterbody material to the pin what led to an 
increase in weight of the pin, rather than a reduction. The wear rates values of the oscillating tests 
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at 450 ºC of the Ti64-1100-HT samples are not included in the plots because the data were plotted 
in logarithmic scale and it is not possible to calculate the logarithm of negative values. 

The comparison between the wear rates under oscillating movement of the different 
materials revealed that the Ti64-1100 in its as-sprayed and heat-treated states presented similar or 
enhanced wear performance with regard to the substrate, while the wear resistance of the Ti64-800 
coating was lower. On the other hand, the Ti64-800 and Ti64-1100 coatings were shown to fail 
under continuous sliding conditions, while the Ti64-1100-HT coating presented a wear behaviour 
similar to the substrate material. 

 CHARACTERIZATION OF THE WORN SURFACES OF THE SAMPLES 

The results of the characterization of the continuous sliding tests will be described first, followed 
by the characterization of the oscillating tests. A description of the morphology and chemical 
composition of the plan view and cross-sectional view of the samples surfaces and of the collected 
debris from the tests will be given for each testing condition. 

CONTINUOUS SLIDING TESTS AT RT 

Substrate 

The worn surface of the substrate sample tested under continuous sliding conditions at RT 
presented abrasive grooves (Figure 4.26a). Counterbody material has been transferred to the pin 
during the test as can be seen in the BSE image (Figure 4.26b) where the brigtest spots 
corresponded to Fe rich particles. Adhesive signs between the pin and the counterbody were also 
deduced by the observation of broken surfaces where material appeared to have been detached 
(Figure 4.26c). Large particle agglomerates were observed on the surface measuring hundreds of 
microns in size as well as micron sized particles which appeared dispersed over th surface (Figure 
4.26a). The EDX microanalysis study of the particles that were constituting the agglomerates 
(Figure 4.26c and Figure 4.26d) revealed the presence of oxidized Ti-6Al-4V particles (EDX 1) 
and counterbody material (EDX 2). 

Figure 4.27a presents an image from a cross sectional cut of these sample in which a 
roughly continuous MML was observed. The thickness of the MML was not equal along the entire 
cross section. A maximum MML thickness of ⁓81 µm was measured on the examined cross 
section. The composition of the MML consisted on a mixture of Ti-6Al-4V alloy with traces of 
counterbody material as revealed by EDX microanalyses (Figure 4.27b). The transferred 
counterbody material corresponded to the brightest phases distinguished on the BSE image (Figure 
4.27a). The particles composing the MML presented elongated shapes indicating that they have 
been plastically deformed. 
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Figure 4.26 a) SE and b) BSE images from the worn surfaces of the substrate tested under continuous sliding 
conditions at RT, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s; c) a higher 
magnification image from the central region of the same sample area and d) EDX microanalysis acquired 
from the sites indicated in (c). 

 

   

Figure 4.27 a) BSE image showing the cross section of a worn sample of the substrate after a sliding test 
conducted at RT, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s and b) EDX 
microanalysis from the sites indicated in (a). 

 

The collected debris from the test was mainly formed by Ti-6Al-4V particles which 
presented plate-shaped morphologies and measured few hundreds of microns. Some of the particles 
were constituted by compacted Ti-6Al-4V debris which was mixed with transferred counterbody 
particles. Counterbody debris was also found as ribbon shaped particles of few microns in length. 



102 
 

   

Figure 4.28 BSE images showing representative debris particles with different shapes and chemical 
composition which were collected from a continuous sliding test conducted on the substrate at RT, applying a 
normal pressure of 30 MPa and a sliding velocity of 0.26 m/s. 

Ti64-800 CS coating 

The appearance of the sample surface was similar to that observed on the substrate (Figure 4.29), in 
which abrasive grooves were distinguished. Debris particles were observed on the surface as loose 
particles and composing agglomerates. The size of the loose particles was also in the range of 
several microns and the agglomerates were extended up to a few hundred microns. EDX 
microanalyses (Figure 4.29d) revealed that counterbody material had also been transferred to the 
pin which corresponded to the brightest contrasted spots in the BSE images (Figure 4.29.b and c). 

  

   

Figure 4.29 a) SE and b) BSE images from the worn surfaces of the Ti64-800 coating tested under 
continuous sliding conditions at RT, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s; 
c) a higher magnification image from the central region of the same sample area and d) EDX microanalysis 
acquired from the sites indicated in (c). 

The study of a cross sectional cut of the pin showed that the coating had been worn because 
the microstructure of the substrate was observed (Figure 4.30a). A thin layer of MML was observed 
at the near surface areas in some regions of the sample which had a thickness of several microns. 
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This layer was shown to be constituted by Ti-6Al-4V with traces of counterbody material as 
revealed by EDX microanalysis (Figure 4.30b). Delamination signs were observed as can be seen in 
Figure 4.30c. 

 

  

 

Figure 4.30 a) BSE image showing the cross section of a worn sample of the Ti64-800 coating after a sliding 
test conducted at RT, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s and b) EDX 
microanalysis from the site indicated in (a). c) BSE image from the same sample showing delamination. 

   

Figure 4.31 a) and b) BSE micrographs showing wear debris collected from the test performed on the Ti64-
800 coating under continuous sliding movement at RT, applying a normal pressure of 30 MPa and a sliding 
velocity of 0.26 m/s; c) higher magnification image of the squared region in (b). 

Figure 4.31 shows representative micrographs of the wear particles generated during the 
test. The collected debris was constituted by Ti-6Al-4V. The particles exhibited plate-shaped and 
irregular morphologies (Figure 4.31a and b). The size of the particles which were ejected during 
the test conducted on the Ti64-800 coating was larger as compared to that of the particles collected 
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from the test performed in the substrate. Particles measuring ⁓3 mm in length were found. No 
counterbody particles were found within the collected sample of debris, but counterbody material 
was observed adhered on the surface of the Ti-6Al-4V particles (Figure 4.31b). 

Ti64-1100 CS coating 

Figure 4.32 presents representative micrographs of the worn surface of the Ti64-1100 coating after 
a continuous sliding test performed at RT in which abrasive grooves can be distinguished. Debris 
particles were observed on the surface as loose chips and generating agglomerates as has been 
observed in the other materials. The particle agglomerates were also a mixture of Ti-6Al-4V and 
counterbody material as indicated by EDX microanalyses (Figure 4.32d). 

  

  

Figure 4.32 a) SE and b) BSE images from the worn surfaces of the Ti64-1100 coating tested under 
continuous sliding conditions at RT, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s; 
c) a higher magnification image from the central region of the same sample area and d) EDX microanalysis 
acquired from the sites indicated in (c). 

An MML was observed at the near surface of the studied cross sectional cut of the sample 
(Figure 4.33a). The formation of this layer was roughly continuous along the cross section with a 
maximum thickness of ⁓36 µm. The composition of this layer was examined by EDX 
microanalyses (Figure 4.33b) and it consisted on a mixture of Ti-Al-4V (EDX 2) and counterbody 
particles (EDX 1, brightest contrasted spots). Delamination signs were observed (Figure 4.33c) as it 
has been observed after the same testing conditions on the Ti64-800 coating. 
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Figure 4.33 a) BSE image showing the cross section of a worn sample of the Ti64-1100 coating after a 
sliding test conducted at RT, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s and b) 
EDX microanalysis from the site indicated in (a). c) BSE image from the same sample showing delamination. 

The collected debris from this test consisted on plate-shaped particles measuring few 
hundreds of microns (Figure 4.34). In addition, other smaller particles of less than 100 µm in size 
were found. Transferred material from the counterbody was found adhered to both types of 
particles. 

  

Figure 4.34 a) BSE micrograph and b) a higher magnification of the squared region in (a) of representative 
debris particles collected from the test performed on the Ti64-1100 coating under continuous sliding 
movement at RT, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s. 
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Ti64-1100-HT CS coating 

The worn surface of the Ti64-1100-HT coating tested under continuous sliding conditions at RT 
presented abrasive grooves and debris particles (Figure 4.35) as it has been observed in the other 
materials. The debris was also found as loose particles and generating agglomerates which could 
measure several hundreds of microns in size. An example of this particle agglomerates is shown in 
Figure 4.35c which was formed by a mixture of Ti-6Al-4V and counterbody particles as revealed 
by EDX microanalyses (Figure 4.35d). Counterbody particles were also found adhered to the 
surface. 

  

  

Figure 4.35 a) SE and b) BSE images from the worn surfaces of the Ti64-1100-HT coating tested under 
continuous sliding conditions at RT, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s; 
c) a higher magnification image from the central region of the same sample area and d) EDX microanalysis 
acquired from the sites indicated in (c). 

The investigation of a cross sectional cut of the sample revealed that an MML was 
generated which was similar to that formed under the same experimental conditions in the other 
materials (Figure 4.36). The MML consisted on a quite compact mixture of Ti-6Al-4V alloy with 
traces of counterbody particles as revealed by EDX map microanalyses. No oxides were found in 
the MML. The layer was developed discontinuously and with a variable thickness along the cross 
section. A maximum thickness of ~40 μm was measured along the studied cross section. 

The debris was mainly constituted by Ti-6Al-4V particles which presented plate-shaped 
morphologies and a size in the range of a few hundreds of microns (Figure 4.37a). Some particles 
were formed by particle agglomerations as can be seen in Figure 4.37a in which details of the 
particles microstructure have been included. Counterbody debris particles with ribbon shapes were 
found (Figure 4.37b) as it was observed on the debris collected from the test performed on the 
substrate. 



107 
 

  

Figure 4.36 a) BSE image showing the cross section of a worn sample of the Ti64-1100-HT coating after a 
continuous sliding test conducted at RT, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 
m/s; b) a detail of the MML and the c) Ti Kα, d) O Kα and e) Fe Kα EDX maps from the TTL. 

 

Figure 4.37 BSE micrographs of a) Ti-6Al-4V and b) counterbody debris particles collected from the test 
performed on the Ti64-1100-HT coating under continuous sliding conditions at RT, applying a normal 
pressure of 30 MPa and a sliding velocity of 0.26 m/s. 

CONTINUOUS SLIDING TESTS AT 450 °C 

Substrate 

As it can be seen in Figure 4.38, the surface of the substrate material after a sliding test performed 
at 450 ºC seemed to be smoother as compared to the worn surface of the same material performed 
at RT (Figure 4.26). On the other hand, the surfaces appeared broken at some sites pointing that 
adhesive wear occurred. Oxide phases were shown to be generated during the tests as revealed by 
EDX microanalyses (Figure 4.38c and d). The chemical composition of the oxides was based on 
mixtures of Ti, Al, V and Fe elements. It has not been possible to determine the generated type of 
oxides through these analyses. The appearance of the microstructure showing the oxides mixtures, 
which is shown in Figure 4.38c, pointed that the material might have been melted during the wear 
process. 
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Figure 4.38 a) SE and b) BSE images from the worn surfaces of the substrate tested under continuous sliding 
conditions at 450 ºC, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s; c) a higher 
magnification image from the central region of the same sample area and d) EDX microanalysis acquired 
from the sites indicated in (c). 

  

Figure 4.39 a) BSE image showing the cross section of a worn sample of the substrate after a sliding test 
conducted at 450 ºC, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s and b) EDX 
microanalysis from the sites indicated in (a). 

The study of a cross sectional cut of this sample indicated that a roughly continuous MML 
had been originated during the test (Figure 4.39). The MML exhibited a variable thickness and its 
magnitude was less than ⁓54 µm. The microstructure of this layer differed from that created during 
the sliding tests at RT. This MML was comprised by layers of oxidized and non-oxidized material. 
The non-oxidized layers consisted on Ti-6Al-4V alloy with some Fe contamination, as indicated by 
EDX 1. On the other hand, the oxidized layers were formed by oxides containing Ti, Al, V and Fe 
elements. 
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Figure 4.40 displays a sample of the debris collected from this test. The debris consisted on 
oxidized particles composed by mixtures of Ti, Al, V and Fe elements. The morphology of the 
particles was plate-shaped, and they presented sizes of few hundreds of microns. Small debris 
particles of micrometric size were also formed as the ones shown in Figure 4.40b, which presents a 
detail of the surface of a large particle. 

  

Figure 4.40 a) BSE image showing a sample of the collected debris from the sliding test conducted at 450 ºC, 
applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s on the substrate; b) higher 
magnification image from the squared region in (a). 

Ti64-800 CS coating 

  

  

Figure 4.41 a) SE and b) BSE micrographs showing a plan view area of a worn sample of the Ti64-800 
coating after a continuous sliding test conducted at 450 °C, applying a normal pressure of 30 MPa and a 
sliding velocity of 0.26 m/s; c) a higher magnification image from the central region of the same sample area 
and d) the EDX microanalysis acquired from the sites indicated in (c). 
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The features observed on the worn surface of the Ti64-800 coating after a sliding test at 450 ºC 
were similar to that observed on the substrate material after a wear test performed under the same 
experimental conditions which have been described above. A smooth surface exhibiting adhesion 
signs were observed (Figure 4.41). In addition, the presence of oxides was found on the surfaces 
and their composition also consisted on different amounts of Ti, Al, V and Fe elements combined 
with oxygen (Figure 4.41c and d). 

Figure 4.42 shows a micrograph of the near surface of the studied cross sectional cut of this 
sample as well as EDX elemental maps that were aquired from a detail of the MML. A continuous 
MML was generated during the test. Its microsstructure can be distinguished in the figure. The 
thickness of this layer was below 66 µm along the studied cross section. The microstructure was 
also similar to tat generated in the substrate material. Layers of oxides were mixed within Ti-6Al-
4V material. The composition of the oxides was mainly Fe oxide, as revealed by the EDX maps, 
but it was not possible to infer the oxide formula. The formation of Ti oxides was not clear. 

  

Figure 4.42 a) BSE image showing a cross section of a worn sample of the Ti64-800 coating after a 
continuous sliding test conducted at 450 °C, applying a normal pressure of 30 MPa and a sliding velocity of 
0.26 m/s; b) a detail of the MML and the c) Ti Kα, d) O Kα and e) Fe Kα EDX maps from the MML. 

   

Figure 4.43 a) BSE image showing a sample of the collected debris from the continuous sliding test 
conducted at 450 °C, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s on the Ti64-
800 coating; b) a higher magnification image from the region indicated in (a) and c) the EDX microanalysis 
acquired from the sites indicated in (b). 

The debris was also comprised by large plate-shaped particles and small micrometric 
particles, both of them constituted by oxides (Figure 4.43a and b). The plate-shaped particles 
seemed to be greater in dimension with reference to the ones generated in the test performed in the 
substrate. In the studied debris sample, some particles measuring near 1 mm in size were found. 
The composition of the oxides was based on Ti, Al, V and Fe elements (Figure 4.43c). 
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Ti64-1100 CS coating 

Figure 4.44 shows micrographs of the worn surface of the Ti64-1100 coating after a sliding test at 
450 ºC. The features observed on the surface were similar to that described above for the substrate 
and the Ti64-800 coating. The lower rugged appearance as compared to the scratched surfaces 
observed after the sliding tests at RT were also distinguished. Sites were the surface seemed to have 
been broken by adhesion were noticed as well. Oxide phases were also found on the surface, and 
their elemental composition was also formed by a combination of oxygen with Ti, Al, V and Fe 
elements in different amounts (Figure 4.44c and d). The oxides mixtures in the surface generated a 
microstructure which appeared to have been melted in addition to the mechanical mixing as can be 
seen in Figure 4.44c.  

  

  

Figure 4.44 a) SE and b) BSE micrographs showing a plan view area of a worn sample of the Ti64-1100 
coating after a continuous sliding test conducted at 450 °C, applying a normal pressure of 30 MPa and a 
sliding velocity of 0.26 m/s; c) a higher magnification image from the central region of the same sample area 
and d) the EDX microanalysis acquired from the sites indicated in (c). 

A roughly continuous MML was observed at the top surface of the studied cross section of 
this sample. Figure 4.45a presents a representative image of the microstructure of this layer. The 
MML presented a cracked appearance which was extended up to about 8 µm within the sample. 
The EDX microanalysis acquired from this region revealed the presence of a small but appreciable 
amount of oxygen and Fe elements (Figure 4.45). Because of the low oxygen content, it was not 
clear that oxide phases were generated during the test. Oxygen and Fe might had been introduced 
in the MML by diffusion as an impurity of the Ti-6Al-4V alloy. 
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Figure 4.45 a) BSE image showing the cross section of a worn sample of the Ti64-1100 coating after a 
continuous sliding test conducted at 450 ºC, applying a normal pressure of 30 MPa and a sliding velocity of 
0.26 m/s and b) EDX microanalysis from the sites indicated in (a). 

The debris particles consisted mainly on oxidized Ti-6Al-4V particles which were covered 
by small oxide particles (Figure 4.46) as it has been observed in the debris of the other tested 
materials. Ti and Fe oxides could be present. The size of the particles was in the range of few 
hundreds of microns. Oxidized counterbody particles were also observed showing irregular shapes 
(Figure 4.46c). 

   

Figure 4.46 a) BSE image showing a sample of the collected debris from the continuous sliding test 
conducted at 450 °C, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s on the Ti64-
1100 coating; b) a higher magnification image from the squared region in (a); c) a higher magnification 
image of the counterbody debris particle which is shown in (a). 

 

Ti64-1100-HT CS coating 

The morphology of the worn surface of the Ti64-1100-HT coating after a sliding test at 450 ºC was 
similar to the one observed in the other materials (Figure 4.47). The same smooth appearance was 
exhibited. EDX microanalysis also revealed that oxides were formed on the surface. The surface 
appeared to be particularly oxidized at the sites were a higher content of Fe from the counterbody 
was present (Figure 4.47c and d). These sites can be distinguished in the BSE micrographs as the 
dark contrasted areas. 
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Figure 4.47 a) SE and b) BSE micrographs showing a plan view area of a worn sample of the Ti64-1100-HT 
coating after a continuous sliding test conducted at 450 °C, applying a normal pressure of 30 MPa and a 
sliding velocity of 0.26 m/s; c) a higher magnification image from the central region of the same sample area 
and d) the EDX microanalysis acquired from the sites indicated in (c). 

 

A continuous MML was observed at the top surface of a studied cross section (Figure 
4.48a). Its microstructure was similar to that created in the worn samples of the substrate and the 
Ti64-800 coating. The MML was around 20 µm thick and it was extended up to 50 µm in some 
regions. A mixture of Fe oxides and Ti-6Al-4V material was composing the MML generating 
layers parallel to the surface as can be seen in the EDX maps in Figure 4.48. 

 

Figure 4.48 a) BSE image showing a cross section of a worn sample of the Ti64-1100-HT coating after a 
continuous sliding test conducted at 450 °C, applying a normal pressure of 30 MPa and a sliding velocity of 
0.26 m/s; b) a detail of the MML and the c) Ti Kα, d) O Kα and e) Fe Kα EDX maps from the MML. 
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The collected debris sample was mostly constituted by small oxide particles of few micros 
in size (Figure 4.49). Other larger particles were also found dispersed within the sample. The small 
particles were mainly composed by oxidized counterbody material, while the large particles were 
composed by oxidized Ti-6Al-4V particles with oxidized counterbody material adhered on their 
surfaces. 

  

Figure 4.49 a) BSE image showing a sample of the collected debris from the continuous sliding test 
conducted at 450 °C, applying a normal pressure of 30 MPa and a sliding velocity of 0.26 m/s on the Ti64-
1100-HT coating; b) a higher magnification image from the squared region in (a). 

 

OSCILLATING TESTS AT RT  

Substrate 

Figure 4.50 shows micrographs of the plan view surfaces of a substrate pin sample tested under 
oscillating conditions at RT. Scratches were generated by abrasion as it can be observed in the 
micrographs. In addition, debris was observed on the surface as loose particles and compacted with 
others generating greater particles. EDX microanlysis revealed that counterbody debris material 
was also found adhered to the surface (Figure 4.50c and d) which can be distinguished in the BSE 
images as the brightest contrasted phase (Figure 4.50b and c). As can be seen in the EDX 1 
microanalysis, some oxyegen was also present in some debris particles but in a small quantity. This 
result indicated that Ti or Fe oxides (or some compound based on both elements) might have been 
created during the wear test, or that oxygen has been incorporated as an impurity. 

An MML was distinguished after the test on the studied cross sectional cut as it is shown in 
Figure 4.51a. The MML was roughly continuously distributed along the cross section and presented 
a maximum thickness of 27 µm. The composition of this layer was based on a compact mixture of 
Ti-6AL-4V and counterbody particles. The EDX of a transferred particle is shown in Figure 4.51b. 
this microstructure was similar to that developed during the sliding tests at RT. 
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Figure 4.50 a) SE and b) BSE micrographs showing a plan view area of a worn sample of the substrate after 
an oscillating test conducted at RT, applying a normal pressure of 30 MPa and an oscillation amplitude of 
596 µm; c) a higher magnification image from the central region of the same sample area and d) the EDX 
microanalysis acquired from the sites indicated in (c). 

 

  

Figure 4.51 a) BSE image showing the cross section of a worn sample of the substrate after an oscillating test 
conducted at RT, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm. A detail of 
the MML is presented on the inserted image and b) shows the EDX microanalysis acquired from a transferred 
particle from the counterbody. 

 

The collected debris from the test consisted on plate-shaped particles measuring hundreds 
of microns in size (Figure 4.52). In addition, smaller particles of few microns in size were also 
observed adhered on the surface of the larger particles. The chemical composition of the particles 
was mainly the Ti-6Al-4V alloy with traces of counterbody material. 
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Figure 4.52 a) BSE image of the debris particles generated during an oscillating wear test performed on a pin 
sample of the substrate at RT, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm; 
and b) a detail of the particle surface indicated in (a). 

 

Ti64-800 CS coating 

  

  

Figure 4.53 a) SE and b) BSE images from the worn surface of a Ti64-800 coating tested under oscillating 
conditions at RT applying normal pressure of 30 MPa and an oscillation amplitude of 596 µm, c) a higher 
magnification of the central region of the same sample area and d) EDX microanalyses from the sites 
indicated in (c). 

 

The surface of a Ti64-800 coating after an oscillating test performed at RT appeared scratched by 
abrasive action (Figure 4.53). Wear particles and particle agglomerates were trapped in the contact 
and remained adhered to the surface as it has been observed in the substrate. However, the amount 
of debris appeared to be grater on the Ti64-800 coating worn surface. This result suggested that the 
wear process was more severe in this coating. The debris particles were both generated from the Ti-
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6Al-4V and the counterbody sample as revealed by EDX microanalyses (Figure 4.53c and d). EDX 
2 revealed the presence of a higher oxygen content in some debris particles. These could be as a 
consequence of oxygen contamination or because of the formation of oxides during the test which 
could be Fe or Ti oxides or a compound of both of them. 

A discontinuous MML was formed at the near surface of the sample. The MML 
microstructure (Figure 4.54) was similar to that generated in the substrate under the same testing 
conditions (Figure 4.51). The MML presented a thickness of several microns (<10 µm) along the 
studied cross section. 

 

Figure 4.54 BSE image showing the cross section of a worn sample of the Ti64-800 coating after an 
oscillating test conducted at RT, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 
μm. A detail of the MML is presented on the inserted image. 

 

The SEM study of the collected debris from this test showed that plate-shaped particles 
were generated measuring few hundreds of microns in size (Figure 4.55). Some particles were 
formed by compacted Ti-6Al-4V and counterbody particles as the one shown in Figure 4.55b. 
Counterbody particles with irregular shapes were also found within the debris sample as the one 
presented in Figure 4.55c. 

 

   

Figure 4.55 a) BSE image of a sample of debris collected after an oscillating wear test performed on a pin 
sample of Ti64-800 coating at RT, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 
μm; b) a detail of the particle surface indicated by a doted square in (a); c) a detail of a counterbody debris 
particle indicated by a square in (a). 
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Ti64-1100 CS coating 

Figure 4.56 shows micrographs of the plan view surface of a Ti64-1100 coating after an oscillating 
test at RT. The worn surface was similar to that generated on the other materials showing abrasion 
scratches and debris particles on it. However, in contrast to the results found on the previous 
materials, a greater amount of oxidized debris (Fe and Ti oxides) (Figure 4.56c and d) was also 
present on the surface of this coating. 

  

  

Figure 4.56 a) SE and b) BSE images from the worn surfaces of the Ti64-1100 coatings tested under 
oscillating conditions at RT applying normal pressure of 30 MPa and an oscillation amplitude of 596 µm; c) a 
higher magnification image of the central region of the same sample area and d) EDX microanalysis from the 
oxidized particles generated on the surface. 

  

Figure 4.57 a) BSE image showing the cross section of a worn sample of the Ti64-1100 coating after an 
oscillating test conducted at RT, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 
μm; b) a detail of the MML and the c) Ti Kα, d) O Kα and e) Fe Kα EDX maps from the MML. 
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An MML was found discontinuously distributed along the cross section of the sample. A 
micrograph of this MML and an EDX map analysis of a detail of it are shown in Figure 4.57. The 
microstructure of this layer was different from the ones observed on the substrate and the Ti64-800 
coating. This layer presented Fe oxides which were mixed with Ti-6Al-4V particles. The Ti-6Al-
4V particles did not appear to have been oxidized. The thickness of the MML was extended up to a 
maximum depth of 20 µm. The study of the cross section revealed that the formation of Ti oxides 
was not clear because the oxygen content was more appreciable at the same sites where Fe was 
detected. 

The debris particles were also plate-shaped (Figure 4.58) as the ones observed in the 
substrate (Figure 4.52) and the Ti64-800 coating (Figure 4.55). Some of the particles were also 
formed by compacted debris particles of Ti-6Al-4V and counterbody material, as the one shown in 
Figure 4.58b. The microstructure of this particle can be seen at a higher magnification in Figure 
4.58c. 

   

Figure 4.58 a) and b) BSE images of debris particles generated during an oscillating wear test performed on a 
pin sample of the Ti64-1100 coating at RT, applying a normal pressure of 30 MPa and an oscillation 
amplitude of 596 μm; and c) a detail of the microstructure of the particle shown in (b). 

 

Ti64-1100-HT coating 

Figure 4.59 presents micrographs of the worn surfaces generated after an oscillating test at RT on 
the Ti64-1100-HT coating. The observed features on the surface were similar to that observed on 
the substrate and the Ti64-800 coating. These features were the abrasion grooves and debris 
particles (loose or agglomerated) dispersed on the surface. Some debris particles also presented a 
higher content in oxygen indicating the possible formation of Ti or Fe oxides during the process or 
oxygen contamination (EDX 1, Figure 4.59). The presence of transferred material from the 
counterbody was also observed on the surfaces (EDX 2, Figure 4.59). 

The MML generated in this sample was discontinuously distributed along the cross section 
and it presented a maximum thickness of ⁓8 µm. As it can be seen in Figure 4.60b, delamination of 
the MML was found at some regions of the cross sectional cut. The microstructure of the layer was 
similar to that generated in the worn substrate (Figure 4.51) and Ti64-800 coating (Figure 4.54) 
samples. The EDX maps presented in Figure 4.60 showed that the content of oxygen was mainly 
associated to the Fe rich phases from the counterbody. 
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Figure 4.59 a) SE and b) BSE images from the worn surface of a Ti64-1100-HT coating tested under 
oscillating conditions at RT applying normal pressure of 30 MPa and an oscillation amplitude of 596 µm; c) a 
higher magnification image of the central region of the same sample area and d) EDX microanalysis from the 
sites indicated in (b). 

 

Figure 4.60 a) BSE image showing the cross section of a worn sample of the Ti64-1100-HT coating after an 
oscillating test conducted at RT, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 
μm; b) a detail of the MML and the c) Ti Kα, d) O Kα and e) Fe Kα EDX maps from the MML. 

The debris particles showed plate-shaped morphologies and they measured several 
hundreds of microns in size, as it can be seen in Figure 4.61a. This debris was more similar to the 
one generated during the test performed on the substrate material under the same experimental 
conditions (Figure 4.52). The debris particles ejected during the tests performed on the as-sprayed 
Ti64-800 and Ti64-1100 coating appeared smaller in size. The composition of this particles was 
based on the Ti-6Al-4V alloy. In addition, counterbody debris was also found with ribbon 
morphologies as indicated in the micrograph. The microstructure of the Ti6-Al-4V particles is 
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shown in Figure 4.61b. The particles were covered by other micrometric Ti-6Al-4V or counterbody 
paticles. 

  

Figure 4.61 a) BSE image of a sample of debris collected after an oscillating wear test performed on a pin 
sample of Ti64-1100-HT coating at RT, applying a normal pressure of 30 MPa and an oscillation amplitude 
of 596 μm; b) a detail of the Ti-6Al-4V particle surface indicated by a square in (a). 

 

OSCILLATING TESTS AT 450 °C  

Substrate 

Figure 4.62 shows micrographs of the worn surface of a substrate pin sample that had been tested 
under oscillating conditions at 450 ºC. Abrasion grooves were less marked as compared with that 
observed in the same sample after an oscillating test at RT (Figure 4.50). On the other hand, the 
surface was shown to be covered by small debris particles in a significantly higher amount. The 
chemical composition of this particles was based on the Ti-6Al-4V alloy with some Fe and oxygen 
as indicated by EDX microanalysis (EDX 1, Figure 4.62c and d) and thus, Ti or Fe oxides could 
have been formed. In addition, the surface of the sample appeared oxidized (EDX 2) while the 
chemical composition of the Ti alloy remained unchanged at other areas (EDX 3). 

The microstructural study of a cross sectional cut of this sample showed that oxide layers 
were formed at the most superficial surface of the sample and that the material presented a brittle 
appearance at this region (Figure 4.63a). This MML was found almost continuously distributed 
along the cross section. The brittle appearance was related to the formation of cracks. While the 
oxide layers presented thickness of few microns, the cracks were shown to penetrate up to a 
maximum depth of ⁓12 µm. The EDX microanalyses (Figure 4.63) indicated the presence of Ti, Fe 
and O at the oxidized phases, but it was not possible to determine the particular type of oxide that 
has been formed from this information. 
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Figure 4.62 a) SE and b) BSE micrographs showing a plan view area of a worn sample of the substrate after 
an oscillating test conducted at 450 ºC, applying a normal pressure of 30 MPa and an oscillation amplitude of 
596 µm; c) a higher magnification image from the central region of the same sample area and d) the EDX 
microanalysis acquired from the sites indicated in (c). 

  

Figure 4.63 a) BSE image showing the cross section of a worn sample of the substrate after an oscillating test 
conducted at RT, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm. A detail of 
the MML is presented on the inserted image and b) shows the EDX microanalysis acquired from a transferred 
particle from the counterbody. 

The collected debris from this test consisted on plate-shaped particles of oxidized Ti-6Al-
4V (Figure 4.64). Their size was ranged from few to several hundreds of microns. The size and 
morphology of the particles were similar to the ones collected from the RT oscillating test of the 
substrate (Figure 4.52). However, these ones appeared oxidized and, in addition to these particles, 
there were also found a large amount of micrometric oxide particles. The small oxide particles 
could be both, Ti or Fe oxides. 
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Figure 4.64 a) BSE image of the debris particles generated during an oscillating wear test performed on a pin 
sample of the substrate at 450 ºC, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 
μm; and b) a detail of the particle surface indicated in (a). 

Ti64-800 CS coating 

The appearance of the Ti64-800 coating surface after an oscillating test performed at 450 ºC is 
shown in Figure 4.65. The inferred results from these micrographs were similar to that observed on 
the worn substrate material under the same testing conditions. The surface morphology seemed to 
be smoother than that generated after the oscillating tests at RT conducted on the same coating 
material. In addition, a larger amount of oxidized debris was observed covering the sample surface 
and some areas of the surface were oxidized, as indicated by the EDX microanalyses in Figure 
4.65d. 

  

  

Figure 4.65 a) SE and b) BSE micrographs showing a plan view area of a worn sample of the Ti64-800 
coating after an oscillating test conducted at 450 ºC, applying a normal pressure of 30 MPa and an oscillation 
amplitude of 596 µm; c) a higher magnification image from the central region of the same sample area and d) 
the EDX microanalysis acquired from the sites indicated in (b) and (c). 
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Figure 4.66 a) BSE image showing the cross section of a worn sample of the Ti64-800 coating after an 
oscillating test conducted at 450 ºC, applying a normal pressure of 30 MPa and an oscillation amplitude of 
596 μm; b) a detail of the MML and the c) Ti Kα, d) O Kα and e) Fe Kα EDX maps from the MML. 

Figure 4.66 shows a micrograph of the MML and the EDX map microanalysis acquired 
from a detail of this layer. The MML consisted on a roughly continuous layer of cracked and 
oxidized Ti-6Al-4V. The presence of Fe within the MML also indicated that some counterbody 
material had been transferred to the pin. In fact, despite the low resolution of the presented EDX 
maps, it is apparent that the presence of oxygen was mainly concentrated at the sites in which Fe 
was present. This observation suggested that Fe oxides might have been formed. The maximum 
thickness of the layer was measured at ⁓12 µm. This MML was similar to the one formed in the 
substrate material. 

Figure 4.67 shows micrographs of a sample of the debris generated during the wear test. 
The collected debris consisted on plate-shaped particles which were composed by oxidized Ti-6Al-
4V and Fe. The particular oxide compounds could not be determined. The particles were also 
covered by other micrometric particles as can be distinguished in Figure 4.67b. The size of the 
large particles was in the range of several hundreds of microns. 

  

Figure 4.67 a) BSE image of the debris particles generated during an oscillating wear test performed on a pin 
sample of the Ti64-800 coating at 450 ºC, applying a normal pressure of 30 MPa and an oscillation amplitude 
of 596 μm; and b) a detail of the particles surfaces indicated in (a). 
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Ti64-1100 CS coating 

The features observed on the worn surfaces of the Ti64-1100 coating under oscillating conditions at 
450 ºC, which are shown in Figure 4.68, were comparable to the results derived from the substrate 
and the Ti64-800 worn surfaces. Similarly, the surfaces were smoother than the ones generated at 
RT and the presence of oxide debris was more important. 

  

  

Figure 4.68 a) SE and b) BSE micrographs showing a plan view area of a worn sample of the Ti64-1100 
coating after an oscillating test conducted at 450 ºC, applying a normal pressure of 30 MPa and an oscillation 
amplitude of 596 µm; c) a higher magnification image from the central region of the same sample area and d) 
the EDX microanalysis acquired from the sites indicated in (b) and (c). 

 

  

Figure 4.69 a) BSE image showing the cross section of a worn sample of the Ti64-1100 coating after an 
oscillating test conducted at 450 °C, applying a normal pressure of 30 MPa and an oscillation amplitude of 
596 μm; b) a detail of the MML and the c) Ti Kα, d) O Kα and e) Fe Kα EDX maps from the MML. 
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The MML generated at the near surface of the Ti64-1100 coating was also similar to the 
ones observed in the worn substrate and the Ti64-800 coating under the same testing conditions. A 
layer measuring up to around ⁓8 µm was formed in which the coating material appeared cracked. 
The MML was created almost continuously along the cross section. The chemical composition of 
this layer consisted on the Ti-6Al-4V alloy, counterbody material elements and oxygen. Oxygen 
was again mainly concentrated at the sites were Fe from the counterbody was present suggesting 
the formation of Fe oxides. 

A sample of the collected debris from the test is shown in Figure 4.70a. Plate-shaped 
particles were observed measuring several hundreds of microns. The morphology and composition 
of the particles was similar to the ones generated from the tests performed on the substrate and 
Ti64-800 coating. Oxidized micrometric particles were also shown covering the surfaces of the 
large particles (Figure 4.70b). 

  

Figure 4.70 a) BSE image of the debris particles generated during an oscillating wear test performed on a pin 
sample of the Ti64-1100 coating at 450 ºC, applying a normal pressure of 30 MPa and an oscillation 
amplitude of 596 μm; and b) a detail of the particles surfaces indicated in (a). 

 

Ti64-1100-HT CS coating 

Regarding to the worn surfaces of the Ti64-1100-HT coating (Figure 4.71), a relatively large 
quantity of counterbody material was found adhered on its surface covering areas of hundreds of 
microns. This result indicated that the material transfer from the counterbody was important during 
the oscillating test performed at 450 ºC in this coating. 

The MML which was observed on the studied cross sectional cut of this sample is presented 
in Figure 4.72. In a similar way to the features observed in the plan view surface, a great layer of 
transferred material was created at the top surface of the sample. The layer was continuous, and its 
thickness was ⁓25 µm and at some regions it was extended up to ⁓36 µm. The EDX maps that 
have been included in the figure indicated that a thick layer of oxidized counterbody material was 
adhered to the coatings surface. On the other hand, as it can be seen in the figure, almost no wear of 
the coating was observed. Instead, a significant counterbody material was adhered to the surface. 
Moreover, it can be distinguished a thin layer of about 2 µm in thickness between the Ti-6Al-4V 
coating and the oxidized transferred material which appeared to be constituted by Ti oxide. 
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Figure 4.71 a) SE and b) BSE micrographs showing a plan view area of a worn sample of the Ti64-1100-HT 
coating after an oscillating test conducted at 450 ºC, applying a normal pressure of 30 MPa and an oscillation 
amplitude of 596 µm; c) a higher magnification image from the central region of the same sample area and d) 
the EDX microanalysis acquired from the sites indicated in (b). 

  

Figure 4.72 a) BSE image showing the cross section of a worn sample of the Ti64-1100-HT coating after an 
oscillating test conducted at 450 °C, applying a normal pressure of 30 MPa and an oscillation amplitude of 
596 μm; b) a detail of the MML and the c) Ti Kα, d) O Kα and e) Fe Kα EDX maps from the MML. 

Figure 4.73 presents micrographs of the debris which was generated during the test. The 
debris particles which were collected from this test were smaller in size than the ones collected 
from the tests of the other materials. They presented sizes of less than 100 µm and a larger number 
of micrometric particles were observed. The larger particles were mainly counterbody particles, 
while some Ti-6Al-4V debris was also observed within the micrometric particles. It was not 
possible to determine whether the Ti-6Al-4V particles were oxidized or not. 
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Figure 4.73 a) BSE image of the debris particles generated during an oscillating wear test performed on a pin 
sample of the Ti64-1100-HT coating at 450 ºC, applying a normal pressure of 30 MPa and an oscillation 
amplitude of 596 μm; and b) a detail of the particles surfaces indicated in (a). 

 

 SUMMARY OF THE PRELIMINARY TESTS RESULTS: 

Table 4.7 presents a summary of the features that have been found on the samples microstructure 
and the wear mechanisms that have been identified. In addition, a schematic diagram showing the 
main results is presented in Figure 4.74. The type of MML microstructure has been indicated in this 
schematic diagram because it was found to be related to the wear mechanism occurring during the 
different testing conditions. From the characterization of the worn samples after the oscillating tests 
it could be concluded that the major wear mechanism was generally abrasion and adhesion in all 
the samples along with oxidative wear when the samples were tested at 450 °C. However, some 
peculiarities were found associated to the different types of motion (continuous sliding and 
oscillating) or to the different materials, which will be specified below. 

 

Table 4.7 Summary table reporting the features that have been inferred from the microstructural examination 
of the plan and transversal view sections and the debris from the tested samples as well as the associated 
wear mechanisms to each testing conditions. The approximate value of the COF is indicated at the top of the 
table and the samples presenting the highest and the lowest δh wear rates, as ↑ δh and ↓ δh respectively, are 
also indicated in the corresponding test. The different MML microstructures were identified as follows: 
MML1 (compact mixture of Ti-6Al-4V with counterbody particles which appeared to have been plastically 
deformed), MML2 (layers of Fe or Ti oxides and non-oxidized Ti-6Al-4V material), MML3 (cracked Ti-6Al-
4V particles and O contamination), MML4 (trapped debris of oxidized counterbody and Ti-6Al-4V 
particles), MML5 (thick layer of oxidized counterbody). 
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  Continuous sliding Oscillating 
Material Source RT  (COF ⁓ 0.3) 450 °C  (COF ⁓ 0.45) RT  (COF ⁓ 0.015) 450 °C  (COF ⁓ 0.1) 
Substrate PV 

microstructure 
rough surface, debris, broken 
surfaces 

smooth, oxides debris, adhesion, 
broken surfaces 

rough surface, debris smooth, oxides debris, adhesion 

TV 
microstructure 

MML1, continuous, <81 µm MML2, continuous, <54 µm MML1, continuous, <27 µm MML3, continuous, <12 µm 

Debris 
microstructure 

plates + ribbon from 
counterbody, ⁓100 µm 

oxidized plates (⁓100 µm) + small 
oxidized debris 

plates, ⁓100 µm oxidized plates (⁓100 µm) + 
small oxidized debris 

Wear 
mechanisms 

abrasive + adhesive abrasive + oxidative + adhesive abrasive + adhesive abrasive + oxidative + adhesive 

Ti64-800 PV 
microstructure 

rough surface, debris smooth, oxides, adhesion, broken 
surfaces 

rough surface, debris (large 
agglomerates) 

smooth, oxides debris, adhesion 

TV 
microstructure 

MML1, discontinuous, <10 
µm, delamination 

MML2, continuous, <66 µm MML1, discontinuous, <10 µm MML3, continuous, <12 µm 

Debris 
microstructure 

plates and irregular, <3 mm oxidized plates (<1 mm) + small 
oxidized debris 

plates, ⁓100 µm + irregular 
debris from counterbody 

oxidized plates (⁓100 µm) + 
small oxidized debris 

Wear 
mechanisms 

abrasive + adhesive + 
delamination (↑ δh) 

abrasive + oxidative + adhesive  
(↑ δh) 

abrasive + adhesive  
(↑ δh) 

abrasive + oxidative + adhesive 
(↑ δh) 

Ti64-1100 PV 
microstructure 

rough surface, debris smooth, oxides, adhesion, broken 
surfaces 

rough surface, oxidized debris  smooth, oxides debris, adhesion 

TV 
microstructure 

MML1, continuous, <36 µm, 
delamination 

MML3, continuous, <8 µm MML4, discontinuous, <20 µm MML3, continuous, <8 µm 

Debris 
microstructure 

plates and irregular, ⁓100 µm oxidized plates (⁓100 µm) + small 
oxidized + irregular Fe rich particles  

plates, ⁓100 µm oxidized plates (⁓100 µm) + 
small oxidized debris 

Wear 
mechanisms 

abrasive + adhesive + 
delamination 

abrasive + oxidative + adhesive abrasive + adhesive + oxidative 
(↓ δh) 

abrasive + oxidative + adhesive 

Ti64-1100-HT PV 
microstructure 

rough surface, debris smooth, oxides, adhesion rough surface, debris  smooth, high transference of 
oxidized counterbody material  

TV 
microstructure 

MML1, discontinuous, <40 µm MML2, continuous, <50 µm MML1, discontinuous, <8 µm MML5, continuous, <36 µm 

Debris 
microstructure 

plates and irregular, ⁓100 µm 
+ ribbon counterbody debris 

oxidized plates (⁓100 µm) + small 
oxidized debris 

plates, ⁓100 µm + ribbon-shaped 
debris from counterbody 

small debris of oxidized 
counterbody material 

Wear 
mechanisms 

abrasive + adhesive 
(↓ δh) 

abrasive + oxidative + adhesive 
(↓ δh) 

abrasive + adhesive adhesive + abrasive + oxidative  
(↓ δh) 



 

 

Figure 4.74 Schematic diagram reporting the main results that were obtained from each testing conditions. 
The different MML microstructures were identified as follows: MML1 (compact mixture of Ti-6Al-4V with 
counterbody particles which appeared to have been plastically deformed), MML2 (layers  of Fe or Ti oxides 
and non-oxidized Ti-6Al-4V material), MML3 (cracked Ti-6Al-4V particles and O contamination), MML4 
(trapped debris of oxidized counterbody and Ti-6Al-4V particles), MML5 (thick layer of oxidized 
counterbody; the associated wear process involved higher adhesive wear). 

As it has been pointed above, the COF values were different for each testing condition 
(Figure 4.25a). However, the COF values were shown to be similar when comparing the tested 
materials under the same experimental condition. This observation suggested that the occurring 
wear mechanisms in each testing condition were similar for all the materials. For example, it has 
been shown that the samples had been subjected to more severe abrasive wear processes in the 
continuous sliding tests with regard to the oscillating experiments. This result has been concluded 
from the observation of fractured surfaces, cracks, thicker MMLs and larger debris particles. 
Adhesive wear and delamination appeared to have a major role in the sliding experiments leading 
to fractured surfaces and higher COF values. The more severe wear conditions might explain the 
marked difference observed in the order of magnitude of the COF and the wear rates between the 
oscillating and continuous sliding experiments. 

The involved wear mechanisms during the continuous sliding tests at RT were shown to 
be abrasion and adhesion. Moreover, the as-sprayed coatings (Ti64-800 and Ti64-1100) appeared 
to fail under these testing conditions because delamination wear was important in these samples. 
These observations could be correlated to the observed higher wear rates of these samples (Figure 
4.25b and c). The samples tested with continuous sliding movement at 450 °C were shown to be 

subjected to abrasive, adhesive and oxidative wear. The higher temperatures environment appeared 
to have led to localised welds between the two counterparts leading to fractured surfaces due to the 
adhesion between both counterparts. This higher contribution of adhesive wear at 450 °C explains 
the higher COF measured at high temperatures (Figure 4.25a). 

Preliminary 
tests

Sliding
↑ T => ↑COF; ↓ δh

RT

Mechanisms: 
Abrasion, adhesion, 

delamination
Microstructure:

MML1

450 °C
Mechanisms:

Abrasion, adhesion, 
oxidation

Microstructure:

MML2
MML3 (Ti64-1100)

Oscillating

Subs., Ti64-1100: ↑ T=> ↑COF; ↑ δh

Ti64-800: ↑ T=> ↑COF; = δh
Ti64-1100-HT: ↑ T=> = COF; ↓ δh

RT
Mechanisms: 

Abrasion, adhesion

Microstructure:

MML1

MML4 (Ti64-1100)

450 °C
Mechanisms:

Abrasion, adhesion, 
oxidation

Microstructure:

MML3
MML5 (Ti64-1100-HT)
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On the other hand, it has been found that the wear rates obtained from the continuous 
sliding tests were diminished when increasing the testing temperature samples (Figure 4.25b and 
c). The oxides that have been generated on the surfaces of the samples were shown to provide a 
higher wear resistance. This could be due to the higher hardness values of the oxides as compared 
to the bulk material. It should be noted that the microstructure of the MML of the Ti64-1100 
coating that was created during the continuous sliding tests at 450 °C was different to the one 

formed in the other tested materials. This MML exhibited cracked Ti-6Al-4V particles with oxygen 
contamination, while the other materials presented an MML formed by layers of oxidized Ti-6Al-
4V and counterbody and non-oxidized material. In addition, the COF of this coating was shown to 
be slightly higher as compared to that of the others (Figure 4.25a). The different wear behaviour of 
this coating could be as a consequence of the higher hardness of this coating. The other materials 
MML microstructure indicated that the surface was modified by plastic deformation generating 
those layers, while in the Ti64-1100 coating was mainly modified by fracture. 

Regarding to the oscillating tests at RT, the main wear mechanisms were abrasion and 
adhesion. The presence of a larger amount of debris products in the Ti64-800 sample suggested a 
poorer wear resistance of this coating under this testing conditions. This fact could be correlated to 
the higher wear rate of this coating as has been shown in the histogram plots in Figure 4.25b and c. 
In the case of the Ti64-1100 coating, oxidative wear was also found during the oscillating tests at 
RT by the presence of oxide particles on its surface. This feature could explain the lower COF and 
wear rate obtained for this coating (Figure 4.25). A possible explanation of this behaviour could be 
again the higher hardness value of this coating as compared to the other materials. The oxide debris 
appeared to be debris that was trapped within the asperities of the coating surface which were not 
completely deformed under these experimental conditions. In addition, it is worth pointing out that 
the Ti64-1100 coating tested under oscillating movement at RT exhibited the lower wear rate 
comparing to the other materials. 

Moreover, the wear mechanisms that were detected in the oscillating tests at 450 °C were 

abrasion, adhesion and oxidation. The MML microstructures were shown to differ to that generated 
during the continuous sliding tests at 450 °C. In this case, an MML formed by cracked Ti-6AL-4V 

particles was generated in all the samples which was similar to that observed after the sliding tests 
at 450 ºC in the Ti64-1100 coating. This result could be associated to the action of different strain 
fields in each movement. The continuous sliding movement appeared to produce a higher plastic 
deformation in the near surfaces. On the other hand, it is interesting to note that the occurrence of 
oxidative wear in the oscillating experiments led to higher COF and wear rates in the experiments 
that were performed in the substrate and the Ti64-1100 samples at high temperature as compared to 
the ones performed at RT (Figure 4.25b and c). A possible explanation for this could be that the 
surfaces might have been hardened and became more brittle by oxygen diffusion or by the presence 
of oxides. However, this effect was not observed in the Ti64-800 and the Ti64-1100-HT coatings. 
The inverse relationship, lower wear rate at high temperature than that at RT, and similar COF at 
both temperatures were found in the experiments conducted on the Ti64-1100-HT coating. This 
finding could be related to the material transference from the counterbody, which was shown to be 
particularly important in this coating tested at 450 °C. This effect could be related to the TiO layer 
which was observed at the most superficial surface of this coating in the microstructural 
characterization (section 4.1.2.2). 

Another important finding was that the higher wear rates were always the ones measured 
from the tests performed in the Ti64-800 coating, while the lowest were generally found in the 
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Ti64-1100-HT samples tests (Figure 4.25b and c). This result indicates that the Ti64-800 coating 
presents a poor wear resistance and thus it should not be adequate for repairing proposes. In 
addition, the Ti64-1100 coating presented higher wear rates with regard to the substrate during the 
sliding tests, but its wear resistance was shown to be comparable or even better to that of the 
substrate under oscillating movement applying the preliminary test conditions. However, a further 
study is needed to prove this coating through a wider range of testing parameters. 

 

4.3.2.2 Design of experiments: 

The preliminary tests were used to select the materials in which a more detailed tribological 
investigation under oscillating conditions was going to be implemented. This further study was 
performed following a Box-Behnken DOE design. The choice of the DOE and the studied factors 
and levels has been explained in the methods chapter. 

As it has been described in the preliminary tests results, the Ti64-800 coating appeared to 
present the poorer wear behaviour regarding the other coatings. Despite the Ti64-1100 coating has 
been shown to fail under the tests conditions with the sliding movement, the wear behaviour under 
oscillating conditions appeared to be satisfactory when compared with that of the substrate. Since 
the main goal of the macroscopic wear experiments was to prove the materials for repairing 
components subjected to near fretting conditions, the design of experiments was performed on the 
Ti64-1100 and HT coatings and all the tests were conducted under oscillating movement. The 
design was also run for the substrate material in order to compare the study carried out on the 
coatings with that on the bulk. 

The DOE was constructed to study the effects of three factors, which are the temperature 
(T), the normal pressures (P) and the oscillation amplitude (A), on the COF and wear rate 
responses. Two wear rates were calculated from each test: δh and δm. However, for this study, it 
will be used the δh wear rate because of the interest in the performance of the whole system. As it 
has been mentioned before, the δh wear rate is a measure of the material loss of the system, i.e. the 
sum of the pin and counterbody material loss, while the δm was calculated considering only the 
material loss of the pin. In addition, it has been found that both wear rate results (δh and δm) were 
correlated when the wear of the counterbody was negligible. 

In order to understand the δh measurements, it is interesting to note first the major events 
which may occur at the contact between the pin and the counterbody. In a first stage, one or both of 
the materials may be worn. Then, the worn material may be ejected from the contact or it may 
remain trapped there. Regarding to the trapped material, it could become adhered to the surfaces of 
the counterpairs or it could remain acting as third body particles during the test. Therefore, a 
positive δh, which means that the pin holder has moved up during the test, could be explained 
because a certain amount of the pin and/or the counterbody material has been worn and ejected 
from the contact. On the other hand, a negative δh, which is caused when the pin holder has moved 
down from the initial reference, could be interpreted as if a significant part of the pin and/or the 
counterbody worn material has remained trapped in the contact (being transferred to a surface or 
acting as third body particles). 
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Table 4.8 Experimental results of the COF and δh of the wear tests of the Box-Behnken design. The obtained 
results of two replicas of the design are included. The first three columns denote the temperature (T), normal 
pressure (P) and oscillation amplitude (A) of each test. 

T 
(°C) 

P 
(MPa) 

A 
(μm) 

Substrate Ti64-1100 Ti64-1100-HT 

COF δh (μm/s) COF δh (μm/s) COF δh (μm/s) 

RT 3 596 0.046 0.246 0.003 0.017 0.141 0.093 0.004 0.002 0.026 0.136 0.009 0.005 

450 3 596 0.076 0.048 0.046 0.010 0.057 0.117 0.004 -0.002 0.112 0.065 -0.001 -0.012 

RT 30 596 0.018 0.016 0.012 0.032 0.017 0.004 0.014 0.022 0.109 0.087 0.043 0.039 

450 30 596 0.080 0.083 0.053 0.092 0.045 0.070 0.075 0.056 0.127 0.075 -0.003 -0.019 

RT 16.5 108 0.102 0.133 0.008 0.004 0.179 0.113 0.008 0.003 0.452 0.396 0.023 0.017 

450 16.5 108 0.241 0.272 0.021 0.020 0.290 0.290 0.041 0.026 0.387 0.351 0.003 0.000 

RT 16.5 1083 0.028 0.039 0.209 0.191 0.063 0.036 0.352 0.354 0.059 0.061 0.209 0.195 

450 16.5 1083 0.027 0.075 0.169 0.085 0.060 0.050 0.147 0.098 0.123 0.078 -0.004 0.000 

240 3 108 0.122 0.240 0.017 0.009 0.094 0.089 -0.002 0.003 0.083 0.122 0.007 -0.011 

240 30 108 0.357 0.306 0.021 0.031 0.273 0.277 0.071 0.053 0.422 0.315 0.035 0.020 

240 3 1083 0.174 0.106 0.038 0.053 0.063 0.094 0.071 0.092 0.088 0.059 0.000 -0.009 

240 30 1083 0.035 0.028 0.103 0.395 0.042 0.031 0.531 0.568 0.035 0.028 0.181 0.303 

240 16.5 596 0.072 0.020 0.042 0.081 0.021 0.024 0.130 0.119 0.036 0.034 0.003 0.021 

240 16.5 596 0.025 0.020 0.082 0.073 0.025 0.028 0.148 0.122 0.038 0.022 0.006 0.010 

240 16.5 596 0.026 0.022 0.053 0.053 0.022 0.046 0.108 0.094 0.027 0.023 0.021 0.018 

 

Table 4.8 presents the experimental results of the COF and δh responses of the 
corresponding tests of the Box-Behnken design for the three studied materials: the substrate and the 
Ti64-1100 and Ti64-1100-HT coatings. As it can be seen in the table, the most part of the δh values 
were positive, while some of them were negative. This negative wear rates could be explained 
because part of the counterbody worn material was transferred to the pin generating debris 
agglomerations during the test at the contact interface. The presence of transferred material was 
shown to be more significant than the wear loss of the pin in such cases.  

The responses were first investigated by means of graphic representations of the data in 
order to contrast this qualitative information with the quantitative information inferred from the 
statistical analysis of the DOE. 

Figure 4.75 presents comparative graphs of the average values of the COF as a function of 
the experimental conditions for each one of the studied materials. From these graphs, the effect of 
the testing variables on the COF was investigated. Some general trends were shown to be followed 
by the COF of all the materials:  

- The COF appeared to increase at higher temperatures. Comparing the experiments 
conducted at RT and the ones at 450 °C, it was noted that the COF was higher at higher 
temperatures holding fixed the other two variables. 

- The increase in oscillation amplitude led to a reduction of the COF. Comparing the 
experiments conducted at 240 °C and 3 MPa, the COF was shown to decrease for 
increasing oscillation amplitudes. A similar statement could be concluded for other pair of 
experiments performed with oscillation amplitudes of 108.3 and 1083 μm while holding 
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fixed the temperature and normal pressure: 240 °C and 30 MPa, RT and 16.5 MPa and 450 
°C and 16.5 MPa.  

- Regarding to the effect of the normal pressure, no clear trend could be concluded from the 
tests. 

- The COF was shown to increase over the average values for two testing conditions: 450 
°C-16.5 MPa-108.3 μm and 240 °C-30 MPa-108.3 μm. The COF ranged between 0.02 and 
0.2 for most of the experiments and the increase in COF for these two peak conditions was 
about two times over the COF that was measured from the other testing conditions. The HT 
coating presented notably higher COF values in the experiments performed with these 
conditions. These observations indicate that the effects of interaction between different 
factors may have a more important influence on the response than the effect caused by a 
single factor. For this reason, it is necessary to study the interaction effects in addition to 
the effects of the single factors. The statistical analysis of the DOE provides this 
information. 

A comparison of the COF of the different materials revealed that the overall COF values of 
the Ti-64-1100 coating were lower than that of the substrate or the Ti64-1100-HT coating. 

 

 

 

Figure 4.75 Graphic representation of the average COF from the two replicas of each one of the tests 
performed at the different experimental conditions specified by the Box-Behnken design. 
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Figure 4.76 Graphic representation of the δh from the two replicas of each one of the tests performed at the 
different experimental conditions specified by the Box-Behnken design. 

The influence of the different test variables on the δh was also qualitatively studied from 
the plots presented in Figure 4.76. The comparison was realized in a similar way as described for 
the COF. The following trends were observed: 

- The δh appeared to increase with increasing temperature in the substrate and Ti64-1100 
coating. The effect of temperature in the tests performed on the HT coating was not clear 
but the δh was significantly reduced at higher temperatures. 

- The increment in amplitude appeared to lead to higher δh. 
- The δh also was increased at higher normal pressures. 

In addition, it can be seen that the wear rates were significantly higher when oscillation 
amplitudes of 1083 µm and normal pressures above 16.5 MPa were applied. The comparison of the 
δh values of the different materials indicated that the wear behaviour of the HT coating was 
improved regarding to the substrate, while the Ti64-1100 coating presented a poorer wear 
behaviour. 
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The diagram presented in Figure 4.77 illustrates the main trends that have been identified 
from the COF and wear rates results of the oscillating tests. However, the following analysis of the 
results will show that these trends differ in some of the materials. 

 

Figure 4.77 Schematic diagram of the main general conclusions deduced from the observed trends in the 
histogram plots of the COF and the wear rates of the oscillating tests performed on the substrate, and the 
Ti64-1100 and Ti64-1100-HT CS coatings in Figure 4.75 and Figure 4.76. 

 

 ANALYSIS OF THE COF RESPONSE OF THE BOX-BEHNKEN DESIGN 

SUBSTRATE 

Table 4.9 presents the ANOVA as well as the S, the R2 and the R2
adj of the fit conducted by adjusting 

the COF data to the full quadratic model for a Box-Behnken design which is referred in the table as 
“full model”. The R2 and the R2

adj values, both higher than 70%, indicated that the model was 
shown to predict the variability of the data in an acceptable level. On the other hand, the lack of fit 
was insignificant (p-value>0.05), meaning that the data was adequately adjusted to the model. 
Evidence of curvature in the model was indicated by the significant p-value of the square 
regression terms as shown in the ANOVA results. 

The main effects and interactions of the COF had been evaluated from the values of the 
coefficients estimated by adjusting the data to the full quadratic model. The estimated coefficients 
are listed in Table 4.10. As can be seen in the table, the amplitude of oscillation was the only 
significant effect on the COF variability among the three studied factors. The increase in amplitude 
was shown to decrease the COF value as indicated by the negative value of the coefficient. About 
the interactions, the most significant was shown to be the interaction of the amplitude with the 
normal pressure. The terms which presented a non-significant influence in the model, from minor 
to greater significance were: the temperature quadratic, the normal pressure and temperature linear 
terms along with the temperature-amplitude interaction.  

The obtained results from the study of the significance of the different terms were used to 
find a simpler model and with a better fit. An improved fit was obtained when the data was 
adjusted to a model in which the temperature quadratic term (the least significant term) was 
removed. Table 4.9 presents the ANOVA of the corrected model that showed a reduction in the 
error due to the lack of fit, an increase in R2

adj and a decrease in the S with reference to the full 
model. 
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Table 4.9 ANOVA of the adjusted full and corrected models of the COF of the substrate. The standard error 
of the estimation (S), the correlation coefficient (R2) and the adjusted correlation coefficient (R2

adj) of the 
models are included. 

  Source DF Adj MS F p-value S R2 (%) R2
adj (%) 

Full Model      0.04969 82.5 74.6 
 Regression 9 0.025783 10.44 0.000    
 Linear 3 0.035071 14.20 0.000    
 Square 3 0.024962 10.11 0.000    
 Interaction 3 0.017316 7.01 0.002    
 Residual Error 20 0.002469      
 Lack-of-Fit 3 0.004715 2.27 0.117    
 Pure Error 17 0.002073      

  Total 29             

Corrected Model      0.04859 82.4 75.7 
 Regression 8 0.028980 12.27 0.000    
 Linear 3 0.035071 14.85 0.000    
 Square 2 0.037339 15.81 0.000    
 Interaction 3 0.017316 7.33 0.002    
 Residual Error 21 0.002361      
 Lack-of-Fit 4 0.003588 1.73 0.190    
 Pure Error 17 0.002073      

  Total 29             
 

Table 4.10 Regression coefficients in coded units of the full quadratic model adjusted of the COF of the 
substrate. The standard error of the coefficients (SE), the Student’s t-test statistic (T) and the p-value of the 
coefficients are included. 

Term Coefficients SE  T p-value 

Constant 0.0308333 0.02029 1.520 0.144 
Temperature 0.0171250 0.01242 1.379 0.183 
Normal Pressure -0.0084375 0.01242 -0.679 0.505 
Amplitude -0.0788125 0.01242 -6.344 0.000 
Temperature*Temperature -0.0052917 0.01829 -0.289 0.775 
Normal Pressure*Normal Pressure 0.0510833 0.01829 2.794 0.011 
Amplitude*Amplitude 0.0890833 0.01829 4.872 0.000 
Temperature*Normal Pressure 0.0371250 0.01757 2.113 0.047 
Temperature*Amplitude -0.0303750 0.01757 -1.729 0.099 
Normal Pressure*Amplitude -0.0647500 0.01757 -3.686 0.001 

 

The residual plots presented in Figure 4.78 indicated that the response variable distribution 
fulfilled the assumptions of the ANOVA. It is worth noting that the ANOVA is a robust method and 
thus, the analysis will tolerate slight variations from the ideal distribution. The normal distribution 
of the residuals was proven by the approximate trend of the points to a linear curve in the normal 
probability plot of the residuals (Figure 4.78a) and the nearly normal distribution shown in the 
histogram of the residuals (Figure 4.78c). Moreover, there was no defined trend on the plots of the 
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residuals versus the fitted values (Figure 4.78b) and neither versus the observation order (Figure 
4.78d) what verified the constant variance and independence of the data. One of the residuals was 
studied as a possible outlier, a point which presented a larger residual value with reference to the 
others. The experimental value of this test was checked, and it was shown to be in accordance with 
its data source. This point was not discarded because there was no clear reason to reject it and to 
maintain the balance of the model. However, a new replica would have been preferable. 

The following equation corresponds to the corrected model in coded units which was 
adjusted without the temperature quadratic term for the COF of the substrate: 

𝐶𝑂𝐹 = 0.028 + 0.017𝑥 − 0.008𝑥 − 0.079𝑥 + 0.051𝑥 + 0.089𝑥 + 0.037𝑥 𝑥 −

0.030𝑥 𝑥 − 0.065𝑥 𝑥          (4.3) 

Where x1, x2, and x3 are the temperature, normal pressure and oscillation amplitude factors 
respectively.  

 

Figure 4.78 Residual plots for the corrected model of the COF of the substrate. 

The canonical form of the second order model was obtained and it is formulated as follows: 

𝑦 =  −0.017 − 0.006𝑤 + 0.112𝑤 + 0.035𝑤       (4.4) 

Since the eigenvalues, which are the coefficients of the canonical variables wi, were positive and 
negative, the type of surface was a saddle. The stationary point was found with the following 
coordinates: a temperature of 483 °C, a normal pressure of 18 MPa and oscillation amplitude of 
921 μm. However, the stationary point does not provide a useful information in this case because 
the type of surface is a minimax and thus there are no absolute extreme values. 
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Figure 4.79 Surface and contour plots of the COF of the substrate as a function of the combinations of the 
three factors of the model: a) temperature and normal pressure, b) temperature and amplitude and c) normal 
pressure and amplitude. The missing factor on each plot was fixed at the intermediate level: the temperature 
at 237.5 °C, the normal pressure at 16.5 MPa and the amplitude at 596 μm.  

Figure 4.79 presents the contour and surface plots of the COF which were constructed with 
the corrected model. The response surface was shown to fall to a lower value for high amplitude 
and normal pressure values as can be seen in the falling ridge contour or surface graph of the COF 
vs. amplitude and normal pressure in Figure 4.79 c and d. However, the minimum stationary point 
could be outside the region of study because the contour plot is a falling ridge. The colour of the 
contour area near the lower value corresponded to a COF lower than 0.02, as indicated by the 
legend. On the other and, the maximum value within the region of study was found at low 
oscillation amplitudes and high normal pressures. The response surface plots of the other two pair 
of factors, temperature-normal pressure (Figure 4.79a and b) and temperature-amplitude (Figure 
4.79c and d) showed minimax systems. The higher significance of the amplitude, which was 
previously concluded from the regression model, was also illustrated in the surface plots because 
the slopes of the curves were higher along the amplitude variable axis. Similarly, the minimizing 
effect of the amplitude and normal pressure indicated by the negative regression coefficients values 
of their corresponding linear terms was shown. 
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In summary, the amplitude factor and the amplitude-pressure and temperature-pressure 
interactions were shown to be the most significant terms on the COF response. The type of the 
response surface was a minimax and thus, no absolute extreme values were found within the region 
of study. However, it could be concluded that the COF was lowered when increasing the A and P 
and decreasing the T, as indicated by the signs of the regression terms and by the surface and 
contour plots. On the other hand, the interaction of low oscillation amplitudes and high normal 
pressures and temperatures was shown to lead to higher COF values. 

TI64-1100 COATING 

The obtained results from the ANOVA of the model of the COF of the Ti64-1100 coating are 
summarised in Table 4.11. From this data, we can see that the fit presented acceptable R2 (84.9 %) 
and R2

adj (78.1 %) but the lack of fit was notably significant (<0.000). These results indicated that 
there was over fitting in the model. A high percent of the variability in the response variable was 
explained by the model, but the error due to the lack of fit was quite significant. A bad lack of fit 
usually indicates that higher order terms should be added in the model. As the Box-Behnken design 
does not allow third order terms, these results point to the need of including new experiments in the 
design as it is explained in more detail below. 

Table 4.11 ANOVA of the adjusted model for the COF of the Ti64-1100 coating. The standard error of the 
estimation (S), the correlation coefficient (R2) and the adjusted correlation coefficient (R2

adj) of the models 
are included. 

  Source DF Adj MS F p-value S R2 (%) R2
adj (%) 

Model of the COF     0.04013 84.9 78.1 
 Regression 9 0.020073 12.47 0.000    

   Linear 3 0.030627 19.02 0.000    

   Square 3 0.016960 10.53 0.000    

   Interaction 3 0.012632 7.85 0.001    

 Residual Error 20 0.001610      

   Lack-of-Fit 3 0.008411 20.51 0.000    

   Pure Error 17 0.000410      

  Total 29             
 

The found difficulty in fitting the model could be explained because the wear model might 
be more complex. The fitting of the model for the substrate could have been facilitated due to the 
higher experimental error (pure error) that was obtained from the tests as compared to the residual 
error (Table 4.9). The residual error of the fit is divided into the two error sources in the ANOVA: 

𝑆𝐶 = 𝑆𝐶  + 𝑆𝐶          (4.5) 

Where SCError, SCPure Error and SCLack of Fit are respectively the square sums of the residual error, the 
pure error and the error due to lack of fit. Therefore, when the pure error is low as compared to the 
residual error, the error contribution of the lack of fit will be higher. As the pure error in the Ti64-
1100 was lower, it facilitated to increase the lack of fit. This result was unexpected, as it was 
apparent that the higher porous microstructure of the Ti64-1100 coating might have led to a higher 
pure error. However, these findings might be understood from the point of view of the complexity 
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of the model. They indicate that further work should be required to add higher order terms in the 
model in order to construct more appropriate models for these complex wear processes. 

Several trials were proven in order to improve the fit such as removing non-significant 
terms from the model, transforming the response variable or identifying outliers. None of the tests 
led to a better fit. The lack of fit only was shown to improve when adjusting the model to the data 
from one of the experimental runs, to one of the replicas. However, the use of this model was not 
thought to be adequate because there was no particular reason to discard the data from the other 
replica. Thus, the Box-Behnken information will be used to present the findings regarding to the 
significance and effects of the different factors and variables on the response.  

The significance of the effects and interactions was investigated from the estimated 
coefficients and the p-values that were obtained for the different terms in the model (Table 4.12) 
and from the main effects and interaction plots (Figure 4.80 and Figure 4.81). 

Table 4.12 Regression coefficients in coded units estimated for the adjusted model of the COF of the Ti64-
1100 coating. 

Term Coefficients SE Coef T p-value 

Constant 2.76E-02 1.64E-02 1.686 0.107 
Temperature 2.09E-02 1.00E-02 2.079 0.051 
Normal Pressure 7.71E-04 1.00E-02 0.077 0.940 
Amplitude -7.29E-02 1.00E-02 -7.262 0.000 
Temperature*Temperature 2.75E-02 1.48E-02 1.861 0.077 
Normal Pressure*Normal Pressure 1.28E-02 1.48E-02 0.864 0.398 
Amplitude*Amplitude 8.00E-02 1.48E-02 5.420 0.000 
Temperature*Normal Pressure 1.93E-02 1.42E-02 1.358 0.189 
Temperature*Amplitude -3.46E-02 1.42E-02 -2.436 0.024 
Normal Pressure*Amplitude -5.63E-02 1.42E-02 -3.969 0.001 
 

The p-values of the regression coefficients (Table 4.12) indicated that the amplitude was 
statistically the most significant effect, and the normal pressure was shown to be non-significant in 
the response variability. The negative value of the amplitude linear coefficient noted that an 
increase on this factor led to lower COF values as have been deduced from the main effects plot. 
Despite the regression model did not present an acceptable lack of fit, the study of the significance 
of the regression coefficients appeared to be reasonable because the significant terms were similar 
to those found in the COF model of the substrate.  

Similar results were obtained from the study of the main effects and interaction plots. 
Figure 4.80 presents the main effects plot of the temperature, normal pressure and the oscillation 
amplitude on the COF. As can be seen, the effects of the different factors on the response were 
different. The factor which presented a higher deviation from the mean value in each one of the 
levels was the amplitude, followed by the temperature; while the normal pressure was shown to 
present nearly the same mean of COF in every level. In these plots, the degree of the factors effects 
is deduced from the larger or smaller change in the response value when moving from one level to 
another and can be inferred from the slopes of the lines. The effects of the amplitude and the 
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temperature were observed to be the opposite because, while an increase in amplitude led to lower 
COF values, the higher temperatures led to an increase in COF.  

 

 

Figure 4.80 Main effects plots of the temperature, normal pressure and amplitude on the COF response of 
the Ti64-1100 coating. 

The interaction plots for the COF are presented in Figure 4.81. A higher variability 
between the slopes of the lines was observed on the interaction plot of the amplitude with the 
normal pressure indicating a higher level of interaction between these factors. In the interaction 
plot of these factors, it can be seen that the means of the COF were mostly found between 0 and 
0.2, but it appeared to increase significantly when oscillation amplitudes of 108 μm were applied. 
In addition, the COF variability with the amplitude was markedly lower when a normal pressure of 
3 MPa was applied. Therefore, the level of the normal pressure variable was shown to influence the 
change of the behaviour of the response as a function of the amplitude. The temperature-normal 
pressure interaction plot also indicated that the variability of the response with the normal pressure 
was changed for different environmental temperatures during the tests. However, while the p-
values of the interaction terms of the regression model (Table 4.12) indicated that the amplitude-
normal pressure interaction was the most significant, the temperature-normal pressure interaction 
term was statistically non-significant. It should be noted that the most significant interaction 
influencing the COF of the substrate was also the amplitude-normal pressure term. 

These results suggested that the COF of the Ti64-1100 coating was highly influenced by 
the effect of the oscillation amplitude and the amplitude-normal pressure interaction. The COF was 
found to increase at low amplitudes, but this increment was shown to be lowered when the normal 
pressure presented the lower level, 3 MPa. The lower temperature environments were also shown 
to decrease the COF although with a lower effect. On the contrary, similarly to the inferred 
findings from the substrate study, the value of the COF exhibited a greater rise when the oscillation 
amplitude was the lowest (108.3 µm) and the system was subjected to high normal pressures and 
temperatures. 
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Figure 4.81 Interaction plots for the COF of the Ti64-1100 coating. 

TI64-1100-HT COATING 

The COF data of the Ti64-1100-HT were first adjusted to the full quadratic model. Table 4.13 
reports the ANOVA results along with the parameters to evaluate the quality of the model. The 
adjusted model of the COF, despite having satisfactory values of R2 and R2

adj, presented a 
significant lack of fit. The removal of non-significant terms from the model did not improve the 
lack of fit. To improve the lack of fit the response variable, the COF, was transformed through this 
conversion: 

𝐶𝑂𝐹´ = √𝐶𝑂𝐹           (4.6) 

where COF´ is the transformed variable of the COF. As shown in Table 4.13, the lack of fit was 
improved in the model adjusted to the transformed variable presenting a p-value of 0.127. The R2 
and R2

adj of the model were also slightly increased. The estimated coefficients for this model are 
reported in table. Moreover, the lack of fit of the model and the R2

adj were further improved up to 
0.285 and 90.1 % respectively, by adjusting the transformed data (COF´) to a model without the 
normal pressure quadratic term and the temperature-normal pressure interaction, which were the 
least significant terms (Table 4.14). Similar to the observations deducted from the study of the 
COF of the substrate and the as-sprayed Ti64-1100 coating, the amplitude was shown to be the 
most significant factor having a negative correlation with the COF´ values. However, in the heat-
treated coating it has been shown that the effect of the normal pressure was also significant 
showing a positive correlation. The temperature exhibited a positive correlation with the COF´, 
although the effect of its effect was shown to be statistically non-significant on the response 
variability. The normal pressure-amplitude interaction was the strongest, as it has also been 
observed on the substrate and the as-sprayed Ti64-1100 coating, while the effects of the other 
interactions appeared to be non-significant. The equation of the corrected model of the COF´ was 
formulated as follows: 

𝐶𝑂𝐹´ = 0.177 + 0.007𝑥 + 0.033𝑥 − 0.147𝑥 + 0.117𝑥 + 0.163𝑥 + 0.028𝑥 𝑥 −

0.095𝑥 𝑥            (4.7) 
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Table 4.13 ANOVA of the adjusted models for the COF and COF´ of the Ti64-1100-HT coating. The 
standard error of the estimation (S), the correlation coefficient (R2) and the adjusted correlation coefficient 
(R2

adj) of the models are included. 

  Source DF Adj MS F p-value S R2 (%) R2
adj (%) 

Model of the COF     0.04822 91.2 87.3 
 Regression 9 0.053757 23.12 0.000    
 Linear 3 0.088369 38.01 0.000    
 Square 3 0.055523 23.88 0.000    
 Interaction 3 0.017377 7.47 0.002    
 Residual Error 20 0.002325      
 Lack-of-Fit 3 0.009124 8.11 0.001    
 Pure Error 17 0.001125      

  Total 29             
Model of the COF´    0.05396 92.6 89.2 
 Regression 9 0.080443 27.63 0.000    
 Linear 3 0.120961 41.55 0.000    
 Square 3 0.094014 32.29 0.000    
 Interaction 3 0.026355 9.05 0.001    
 Residual Error 20 0.002912      
 Lack-of-Fit 3 0.005410 2.19 0.127    
 Pure Error 17 0.002471      

  Total 29             
Corrected model of the COF´   0.05175 92.5 90.1 
 Regression 7 0.103329 38.58 0.000    
 Linear 3 0.120961 45.17 0.000    
 Square 2 0.140874 52.60 0.000    
 Interaction 2 0.039336 14.69 0.000    
 Residual Error 22 0.002678      
 Lack-of-Fit 5 0.003383 1.37 0.285    
 Pure Error 17 0.002471      

  Total 29             

Table 4.14 Regression coefficients in coded units of the full quadratic model adjusted for the COF´ of the 
Ti64-1100-HT coating. The standard error of the coefficients (SE), the Student’s t-test statistic (T) and the p-
value of the coefficients are included. 

Term Coefficients SE Coef T P 

Constant 1.73E-01 2.20E-02 7.842 0.000 
Temperature 7.36E-03 1.35E-02 0.545 0.592 
Normal Pressure 3.27E-02 1.35E-02 2.422 0.025 
Amplitude -1.47E-01 1.35E-02 -10.884 0.000 
Temperature*Temperature 1.18E-01 1.99E-02 5.940 0.000 
Normal Pressure*Normal Pressure 6.30E-03 1.99E-02 0.317 0.754 
Amplitude*Amplitude 1.64E-01 1.99E-02 8.250 0.000 
Temperature*Normal Pressure -6.99E-03 1.91E-02 -0.366 0.718 
Temperature*Amplitude 2.84E-02 1.91E-02 1.490 0.152 
Normal Pressure*Amplitude -9.50E-02 1.91E-02 -4.980 0.000 
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The ANOVA assumptions were also proven for this model. Figure 4.82 presents the residual 
plots for the corrected model of the COF´. The normal distribution and independence of the 
residuals was confirmed. The largest residuals were studied as possible outliers. Both of them were 
checked with the experimental data sources but no error was found. Thus, they were maintained in 
the model. 

 

Figure 4.82 Residual plots for the corrected model of the COF´ of the Ti64-1100-HT coating. 

The canonical form of the model of the COF´ was obtained and it is formulated as follows: 

𝑦 =  −0.032 + 0.114𝑤 + 0.179𝑤 − 0.013𝑤       (4.8) 

Since the eigenvalues, which are the coefficients of the canonical variables wi, were positive and 
negative, the type of surface was a saddle. Thus, the type of surface was similar to that of the COF 
response surface of the substrate model. The coordinates of the stationary point were at a 
temperature of 222 °C, a normal pressure of 11 MPa and oscillation amplitude of 763 μm. 
However, as it has been previously noted, the stationary point in a saddle system is a relative 
extreme value, not absolute. 

Figure 4.83 presents the contour and surface plots which were constructed for the corrected 
model of COF´. The COF´ as a function of the normal pressure and temperature behaved as a 
falling ridge (Figure 4.83a) in which the response value diminished for decreasing normal pressures 
and intermediate temperatures within the region of study. The observed type of surface in the 
temperature-amplitude graphs was a minimum in which the minimum value was located at 
intermediate temperatures and high oscillation amplitudes (Figure 4.83b). However, as noted by the 
canonical analysis, the tree-dimensional surface did not present any minimum. On the other hand, 
the plot of the COF´ as a function of the amplitude and normal pressure showed a saddle point 
(Figure 4.83c). The slopes of the surfaces involving the amplitude factor were more pronounced 
along the amplitude axis. The contour and interaction plots pointed that the COF was lower at 
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intermediate temperatures, low normal pressures and high amplitudes and it was increased at high 
normal pressures and low amplitudes. 

 

Figure 4.83 Surface and contour plots of the COF´ of the Ti64-1100-HT coating as a function of the 
combinations of the three factors of the model: a) temperature and normal pressure, b) temperature and 
amplitude and c) normal pressure and amplitude. The missing factor on each plot was fixed at the 
intermediate level: the temperature at 237.5 °C, the normal pressure at 16.5 MPa and the amplitude at 596 
μm. 

In summary these results pointed that the COF was decreased when increasing the 
oscillation amplitudes and/or lowering the normal pressure, while the effect of the temperature was 
negligible. However, from the response surface plots, it has been noted that the value of the COF´ 
was lower at temperatures between 200 and 300 °C. On the contrary, the highest COF values were 
found at low oscillation amplitudes and high normal pressures within the region of study. The type 
of response surface was shown to be a saddle and thus there were no absolute extreme values. The 
results were similar to the ones obtained from the analysis of the COF response of the substrate and 
the Ti64-1100 coating, although the effect of the normal pressure had a higher effect on the 
response in the tests performed on the Ti64-1100-HT coating. 
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 ANALYSIS OF THE WEAR RATE RESPONSE OF THE BOX-BEHNKEN DESIGN 

SUBSTRATE 

The wear rate (δh) response of the substrate was first adjusted to the full quadratic model. The 
ANOVA of the model and the parameters to evaluate the fit of the model are presented in Table 
4.15. In spite of the lack of fit was acceptable, the correlation of the adjusted full quadratic model 
was not adequate to construct a reliable model for the response. Therefore, the response was 
transformed as follows: 

𝛿ℎ´ = √𝛿ℎ           (4.9) 

where δh´ is the transformed variable. The ANOVA of the model of δh´ is presented in Table 4.15. 
The correlation of this model was improved achieving adequate R2 and R2

adj values. The lack of fit 
was also satisfactory. 

Table 4.15 ANOVA of the adjusted models for the δh and δh´ of the substrate. The standard error of the 
estimation (S), the correlation coefficient (R2) and the adjusted correlation coefficient (R2

adj) of the models 
are included. 

  Source DF Adj MS F p-value S R2 (%) R2
adj (%) 

Model of the δh     0.05500 68.8 54.8 
 Regression 9 0.014825 4.90 0.001    
   Linear 3 0.031958 10.57 0.000    
   Square 3 0.005002 1.65 0.209    
   Interaction 3 0.007515 2.48 0.090    
 Residual Error 20 0.003025      
   Lack-of-Fit 3 0.003618 1.24 0.326    
   Pure Error 17 0.002920      

  Total 29             
Model of the δh´    0.07093 79.4 70.1 
 Regression 9 0.042973 8.54 0.000    
   Linear 3 0.102479 20.37 0.000    
   Square 3 0.013689 2.72 0.072    
   Interaction 3 0.012751 2.53 0.086    
 Residual Error 20 0.005031      
   Lack-of-Fit 3 0.007878 1.74 0.197    
   Pure Error 17 0.004528      

  Total 29             
Corrected model of the δh´   0.06983 79 71 
 Regression 8 0.048122 9.87 0.000    
   Linear 3 0.102479 21.02 0.000    
   Square 3 0.013689 2.81 0.065    
   Interaction 2 0.018237 3.74 0.041    
 Residual Error 21 0.004876      
   Lack-of-Fit 4 0.006353 1.40 0.275    
   Pure Error 17 0.004528      

  Total 29             
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Table 4.16 Regression coefficients in coded units of the full quadratic model adjusted for the δh of the Ti64-
Substrate. The standard error of the coefficients (SE), the Student’s t-test statistic (T) and the p-value of the 
coefficients are included. 

Term Coefficients SE Coef T p-value 

Constant 6.39E-02 2.25E-02 2.847 0.010 
Temperature 1.21E-03 1.38E-02 0.088 0.931 
Normal Pressure 3.42E-02 1.38E-02 2.486 0.022 
Amplitude 6.94E-02 1.38E-02 5.050 0.000 
Temperature*Temperature -1.29E-02 2.02E-02 -0.637 0.532 
Normal Pressure*Normal Pressure -1.78E-02 2.02E-02 -0.880 0.389 
Amplitude*Amplitude 3.74E-02 2.02E-02 1.846 0.080 
Temperature*Normal Pressure 8.21E-03 1.94E-02 0.422 0.677 
Temperature*Amplitude -2.19E-02 1.94E-02 -1.126 0.274 
Normal Pressure*Amplitude 4.77E-02 1.94E-02 2.451 0.024 
 

The significance of the estimated coefficients was similar to the ones of the model of δh as 
indicated by their p-values. The estimated coefficients of the model of δh are presented in Table 
4.16. The p-values indicated that the factors having a significant effect on the response were the 
amplitude and the normal pressure in order of significance, while the effect of the temperature was 
non-significant on the δh. All the factors were shown to have positive effects on the response, what 
means that the wear rate was increased when the value of the factors was increased. The amplitude-
normal pressure interaction was the only significant interaction term. Interestingly, all the quadratic 
terms were non-significant suggesting that the model did not present curvature although the fit of 
the model was worsened if these terms were removed. The model of the transformed response was 
further improved when removing the temperature-normal pressure term from the equation as can be 
seen in the ANOVA of this corrected model in Table 4.15. 

 

Figure 4.84 Residual plots for the corrected model of the δh´ of the Ti64-substrate. 
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The residual plots for the corrected model which are presented in Figure 4.84, verified the 
normal distribution, constant variance and independence of the adjusted data. The simplified model 
was formulated as follows: 

𝛿ℎ´ = 0.251 + 0.020𝑥 + 0.059𝑥 + 0.124𝑥 − 0.036𝑥 − 0.050𝑥 + 0.039𝑥 − 0.041𝑥 𝑥 +

0.054𝑥 𝑥            (4.10) 

The canonical form of the model of the δh´ was obtained and it is defined by the following 
equation: 

𝑦 =  0.19 − 0.038𝑤 + 0.051𝑤 − 0.059𝑤        (4.11) 

Since the eigenvalues were positive and negative, the type of surface was a saddle. Although the 
stationary point does not give the absolute extreme values, its coordinates have been calculated. 
The stationary point was found at a temperature of 430 °C, a normal pressure of 16 MPa and 
oscillation amplitude of 57 μm. 

 

Figure 4.85 Surface and contour plots of the δh´ of the substrate as a function of the combinations of the 
three factors of the model: a) temperature and normal pressure, b) temperature and amplitude and c) normal 
pressure and amplitude. The missing factor on each plot was fixed at the intermediate level: the temperature 
at 237.5 °C, the normal pressure at 16.5 MPa and the amplitude at 596 μm. 
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The contour plots of the response are reported in Figure 4.85. The plot of the response vs. 
the most significant terms, i.e. the amplitude and normal pressure, presented raising ridges in which 
the wear rate was incremented when increasing the amplitude and normal pressure. The plot of the 
normal pressure and temperature corresponded to a raising ridge, but its highest value was lower 
than the highest value that was found in the amplitude-normal pressure plot. On the other hand, the 
type of contour generated in the amplitude-temperature plot was a minimax system. 

Therefore, the response surface of the δh´ presents a minimax within the region of study, 
but it was found that high wear rates were created at the highest values of oscillation amplitude and 
normal pressure. The temperature appeared to have no important influence on the wear rate. In 
addition, it has been found an important interaction between the amplitude and normal pressure 
terms as it was shown by the greater variability of the response with the oscillation amplitude when 
the applied normal pressures were higher. Therefore, the wear rate was particularly increased at 
high amplitudes and normal pressures. 

TI64-1100 COATING 

The δh experimental values were adjusted to a full quadratic model. The ANOVA analysis is 
presented in Table 4.17 and the regression coefficients of the model in Table 4.18. The model 
presented a significant lack of fit, although the correlation was quite satisfactory having a R2 of 
88.3% and a R2

adj of 83.1%. The low lack of fit indicated that new terms should be included in the 
model and thus, new points should be added to the experimental design in order to find an adequate 
model. The assumptions of the ANOVA were fulfilled, as can be seen in the residuals plots in 
Figure 4.86. Nevertheless, the fit was not improved neither by removing terms nor by transforming 
the response variable. Thus, no reliable model could be constructed. It is worth noting that this 
problem of lack of fit was also found to construct the COF model of the same experiments, the 
ones performed on the Ti64-1100 coating. A possible explanation for this might be similar to that 
stated above in the results about the COF model for the same coating. The models for these wear 
process might be more complex. 

Table 4.17 ANOVA of the adjusted models for the δh of the Ti64-1100 coating. The standard error of the 
estimation (S), the correlation coefficient (R2) and the adjusted correlation coefficient (R2

adj) of the models 
are included. 

  Source DF Adj MS F p-value S R2 (%) R2
adj (%) 

Model of the δh     0.06117 88.3 83.1 
 Regression 9 0.062892 16.81 0.000    
   Linear 3 0.117061 31.29 0.000    
   Square 3 0.032557 8.70 0.001    
   Interaction 3 0.039058 10.44 0.000    
 Residual Error 20 0.003741      
   Lack-of-Fit 3 0.023496 92.03 0.000    
   Pure Error 17 0.000255      

  Total 29             
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The p-values of the regression coefficients (Table 4.18) indicated that the amplitude and 
normal pressure effects were significant in the response with a positive effect. These results were 
similar to that obtained for the wear rate response in the substrate tests. The temperature was also 
statistically non-significant, but it had a negative effect on the response in this case. With regard to 
the interactions, the temperature-normal pressure interaction was the only which was non-
significant. These results were in accordance with the main effects plots which are reported in 
Figure 4.87. 

Table 4.18 Regression coefficients in coded units of the full quadratic model adjusted for the δh of the Ti64-
1100 coating. The standard error of the coefficients (SE), the Student’s t-test statistic (T) and the p-value of 
the coefficients are included. 

Term Coefficients SE Coef T p-value 

Constant 1.20E-01 2.50E-02 4.813 0.000 
Temperature -1.96E-02 1.53E-02 -1.281 0.215 
Normal Pressure 7.61E-02 1.53E-02 4.975 0.000 
Amplitude 1.26E-01 1.53E-02 8.214 0.000 
Temperature*Temperature -7.15E-02 2.25E-02 -3.177 0.005 
Normal Pressure*Normal Pressure -2.68E-02 2.25E-02 -1.191 0.248 
Amplitude*Amplitude 8.00E-02 2.25E-02 3.554 0.002 
Temperature*Normal Pressure 1.23E-02 2.16E-02 0.567 0.577 
Temperature*Amplitude -6.47E-02 2.16E-02 -2.991 0.007 
Normal Pressure*Amplitude 1.02E-01 2.16E-02 4.696 0.000 
 

 

Figure 4.86 Residuals plots for the model of the δh of the Ti64-1100 coating. 

Figure 4.88 presents the interaction plots of the δh. The normal pressure-amplitude 
interaction plot showed that the trend of the wear rate with the amplitude changed when a normal 
pressure of 30 MPa was applied with reference to the other applied pressures. Interactions were 
also detected for the other two pair of factors. The behaviour at RT was shown to differ with that 
observed at higher temperatures. For example, the wear rate presented a maximum value at the 
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middle level of the normal pressure when testing at RT, while it increased with the applied pressure 
when testing at high temperatures. However, as indicated by the p-values of the regression 
coefficients (Table 4.18), the interaction of the temperature and normal pressure was negligible in 
the response variability. 

From these results it can be concluded that the amplitude and pressure had the highest 
significant effect in the wear rate. The wear behaviour was deteriorated at higher values of these 
factors and it was apparent that a critical severe condition occurred when the higher levels of the 
normal pressure and amplitude, 30 MPa and 1083 μm respectively, were applied. The temperature 
was shown to present a non-significant effect on the response. However, the variability of the 
response as a function of the other two factors (the amplitude and the normal pressure) appeared to 
differ when the tests were performed at high temperature as compared to the observed trend at RT. 

 

 

Figure 4.87 Main effects plots of the temperature, normal pressure and amplitude on the δh of the Ti64-1100 
coating. 

 

 

Figure 4.88 Interaction plots for the δh of the Ti64-1100 coating. 
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TI64-1100-HT COATING 

Table 4.19 and Table 4.20 report the results of the ANOVA and the regression coefficients of the 
adjusted model of the δh data to a full quadratic model. In a similar way to the results of the 
analysis of the δh response of the Ti64-1100 coating, the δh data of the HT coating did not 
satisfactorily adjust to a response surface. The lack of fit was significant for the adjusted models 
what pointed that new experiments should be conducted to add new terms in the model. A 
justification for the high lack of fit might be again based on the complex wear models of these wear 
processes. It should be noted that an acceptable fit of the COF data for this coating was only 
possible by transforming the data. The residuals plots for proving the ANOVA (Figure 4.89) 
assumptions indicated that the variance and independence of the data was not clearly right. A 
possible outlier was found, but it was maintained for adjusting the model because it could not be 
ascertained that it was a wrong test. 

Table 4.19 ANOVA of the adjusted models for the δh of the Ti64-1100 coating. The standard error of the 
estimation (S), the correlation coefficient (R2) and the adjusted correlation coefficient (R2

adj) of the models 
are included. 

  Source DF Adj MS F p-value S R2 (%) R2
adj (%) 

Model of the δh     0.03875 82.7 74.9 
 Regression 9 0.015931 10.61 0.000    
 Linear 3 0.027407 18.25 0.000    
 Square 3 0.006532 4.35 0.016    
 Interaction 3 0.013853 9.23 0.000    
 Residual Error 20 0.001501      
 Lack-of-Fit 3 0.007212 14.61 0.000    
 Pure Error 17 0.000494      

  Total 29             
 

 

Table 4.20 Regression coefficients in coded units of the full quadratic model adjusted for the δh of the Ti64-
1100-HT coating. The standard error of the coefficients (SE), the Student’s t-test statistic (T) and the p-value 
of the coefficients are included. 

Term Coefficients SE Coef T p-value 

Constant 0.013 0.015819 0.828 0.418 
Temperature -0.036 0.009687 -3.718 0.001 
Normal Pressure 0.038 0.009687 3.942 0.001 
Amplitude 0.049 0.009687 5.04 0.000 
Temperature*Temperature -0.008 0.014259 -0.554 0.586 
Normal Pressure*Normal Pressure 0.002 0.014259 0.17 0.867 
Amplitude*Amplitude 0.050 0.014259 3.517 0.002 
Temperature*Normal Pressure -0.010 0.013699 -0.703 0.49 
Temperature*Amplitude -0.046 0.013699 -3.384 0.003 
Normal Pressure*Amplitude 0.054 0.013699 3.967 0.001 
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As revealed by the significance of the quadratic regression term in the ANOVA, the 
response presented curvature. In contrast with the obtained results for the substrate and the Ti64-
1100 coating, the temperature was shown to have a significant effect along with the other two 
factors, the amplitude and normal pressure. The increase in temperature appeared to decrease the 
δh, while the amplitude and pressure led to higher δh. These outcomes were also deduced from the 
study of the main effects plots of the factors (Figure 4.90). 

 

Figure 4.89 Residual plots for the model of the δh of the Ti64-1100-HT coating. 

 

Figure 4.90 Main effects plots of the temperature, normal pressure and amplitude on the δh of the Ti64-
1100-HT coating. 
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All the interactions between the three factors were also significant as indicated by the p-
values of the regression coefficients (Table 4.20). The interaction plots of the δh (Figure 4.91) 
pointed that the discrepancies between the slopes of the lines were more marked between the 
middle and higher levels of the factors. The means of δh for the highest temperature level, 450 °C, 
were found to present a lower variability and lower wear rate values with regard to the other 
temperatures. On the other hand, the RT tests were shown to lead to higher wear rates. The δh was 
shown to increase markedly at the higher amplitude and normal pressure levels.  

 

 

Figure 4.91 Interaction plots for the δh of the Ti64-1100-HT coating. 

The analysis of the δh of the Ti64-1100-HT coating indicated that the wear rate was 
influenced by the individual effects of the three factors. The increase in amplitude and normal 
pressure appeared to lead to a higher wear of the system, while the temperature caused the opposite 
effect. The highest temperature led to significantly lower wear while the highest wear rate appeared 
to be associated to the RT wear. A more severe wear was found particularly under the combination 
of high normal pressures and amplitudes, as it was also obtained in the analysis of the δh response 
of the substrate and the as-sprayed Ti64-1100 coating. It is worth noting that the individual effect 
of the temperature appeared to be significant on the δh response only on the experiments performed 
on this material, the Ti64-1100-HT coating. 

 

A summary of the significant and non-significant effects and interaction of the three 
studied factors in the COF and δh responses is given in Table 4.21. The most significant effect and 
interaction were the amplitude and the pressure-amplitude respectively in all the samples. The 
Ti64-1100-HT was shown to present more differences as compared to the obtained results from the 
substrate and the Ti64-1100 coating. The effects of the normal pressure in the COF and the effects 
of the normal pressure and the temperature in the δh response were shown to be significant in this 
sample but not in the others. This result suggested that the wear mechanisms might have been more 
different in this sample. It is worth noting that these trends were correlated with that inferred from 
the observation of the histograms plots (Figure 4.77) in the case of the most significant factors on 
the responses (the amplitude and the normal pressure). 
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Table 4.21 Summary of the effects and interactions of the studied factors (temperature (T), normal pressure 
(P) and amplitude of oscillation (A)) on the COF and δh responses. The + and – sings indicate the positive or 
negative correlation of the corresponding factor with the response. The effects and interaction lists are given 
in descending order of significance. 

    Substrate Ti64-1100 Ti64-1100-HT 
COF  Significant effects A (-) A (-) A (-), P (+) 

Non-significant effects T (+), P (-) T (+), P (+) T (+) 

Significant int. PA, TP PA, TA PA 

Non-significant int. TA TP TA, TP 
δh  Significant effects A (+), P (+) A (+), P (+) A (+), P (+), T (-) 

Non-significant effects T (+) T (-) - 

Significant int. PA PA, TA PA, TA 

Non-significant int. TA, TP TP TP 
 

 PAIRED T-TESTS OF THE COF AND WEAR RESPONSES 

Paired t-tests allow evaluating the average value of the difference between paired observations. 
This test has been used in order to compare the friction and wear responses of the studied materials. 
The difference of the mean value between the differences of the response value obtained in each of 
the tested wear conditions will be assessed.  

The comparisons were realized by comparing the substrate responses with each one of the 
coatings in order to evaluate if the wear behaviour of the coatings was adequate to repair the bulk 
Ti-6Al-4V. The null hypothesis (H0) for the test was that the mean of the differences between the 
responses was null (μd=0), that is that the responses were statistically similar for both materials. 

Table 4.22 Paired t-tests results of the COF and δh responses between the substrate and the Ti64-1100 and 
Ti64-1100-HT coating. 

Response Material HA Mean St Dev SE Mean p-value Output 

COF Substrate   0.102767 0.098511 0.017986   
COF substrate ≈  
COF Ti64-1100 

Ti64-1100  0.091764 0.085674 0.015642  

Difference μd≠0 0.011002 0.057196 0.010443 0.301 

Substrate   0.102767 0.098511 0.017986   
COF substrate ≈  
COF Ti64-1100-HT 

Ti64-1100-HT 0.132607 0.135227 0.024689  

Difference μd≠0 -0.02984 0.095385 0.017415 0.097 
δh Substrate   0.067489 0.081774 0.01493   

δh substrate > 
δh Ti64-1100 

Ti64-1100  0.110434 0.148656 0.027141  

Difference μd<0 -0.042945 0.090334 0.016493 0.007 

Substrate   0.067489 0.081774 0.01493  
δh substrate < 
δh Ti64-1100-HT 

Ti64-1100-HT 0.03692 0.077327 0.014118  

Difference μd>0 0.030569 0.04823 0.008806 0.001 
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The H0 will be rejected if the p-value is lower than 0.05 because the level of confidence 
was established as 95%. The alternative hypothesis (HA) was that the mean of the difference was 
not null (μd≠0), what means that the difference between the responses was significant. In such a 
case, a second paired test was performed to evaluate if the responses of the coatings were lower or 
higher than the substrate by changing the alternative hypothesis (μd<0 or μd>0 respectively). 

A summary of the obtained results of the paired t-tests is reported in Table 4.22. The COF 
of the materials was shown to be equal because the H0 was accepted with 95% level of confidence 
for both pairs of materials. The δh of the Ti64-1100 coating was shown to be higher than the 
substrate indicating that the wear resistance was poorer than that of the bulk material, while the 
Ti64-1100-HT coating presented an improved wear behaviour. 

 

 SEM CHARACTERIZATION OF THE WORN SAMPLES 

The SEM characterization demonstrated that some changes in the microstructures could be 
associated to the variability of the three different variables of the wear tests. Therefore, the 
characterization of the worn samples will be described in the light of the effects of the temperature, 
normal pressure and oscillation amplitude on the microstructure. The morphology and chemical 
composition were examined in the plan view surfaces of the samples and in the near surface 
through the investigation of cross-sectional cuts. The microstructural results of each material will 
be described separately. 

SUBSTRATE 

The examination of the plan view surfaces of the worn samples revealed that abrasive grooves were 
generated after all testing conditions. The effect of the temperature in the wear surfaces was shown 
to be related to the degree of oxidation and to the morphology of the wear grooves. A higher 
oxidation of the samples after the 450 °C wear tests was indicated by the presence of oxide 
particles on their surfaces as well as to the brittle appearance of the surfaces. Figure 4.92 and 
Figure 4.93 show a representative example of these differences, which correspond to the tests 
performed at RT and at 450 °C, respectively. A normal pressure of 16.5 MPa and an oscillation 
amplitude of 108 μm were applied in those tests. The EDX map microanalyses revealed higher 
contents of oxygen in the sample tested at the highest temperature (Figure 4.93), although some 
oxidation was also noticed in the samples tested at RT (Figure 4.92). The oxygen content in the 
near surface of the sample tested at RT appeared to be related to the Fe containing phases, but no 
Ti-6Al-4V oxidation was observed. On the contrary, the Ti alloy appeared to have been oxidized in 
the samples tested at 450 ºC, in addition to the presence of oxidized counterbody particles. The 
brittle appearance of the samples tested at 450 °C was related to the observation of cracks on the 
surfaces (Figure 4.93b). Cracked particles were also noticed at the near surface of the samples 
(Figure 4.93c and d). 
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Figure 4.92 BSE micrographs of the a) plan view surface and b) of a cross sectional cut of a substrate sample 
tested at RT under a normal pressure of 16.5 MPa and an oscillation amplitude of 108 µm, and EDX map 
microanalyses of c) Ti-Kα, d) O-Kα and e) Fe-Kα lines acquired from the squared region in (b). 

The generated MMLs in the samples tested at RT and at 240 °C exhibited similar 
microstructures. The MMLs were constituted by a mixture of material from the bulk Ti-6Al-4V and 
from the counterbody in all the samples tested at these temperatures. Within this mixture, traces of 
non-oxidized Fe rich particles were also present. Moreover, the MML of the samples tested at 240 
ºC appeared to be oxidized because of the presence of a higher content of oxygen in this layer. The 
oxidation of the MML of the samples tested at RT was not significant. It was only found some 
oxidized counterbody in some of the samples tested at RT as it has been indicated previously. The 
presence of transferred material from the counterbody in the MML indicated the contribution of 
adhesive wear in the process. Representative examples of this MML microstructure are shown in 
the cross-sectional cuts in Figure 4.92b and Figure 4.94 in which the brightest traces revealed in the 
BSE images corresponded to Fe rich particles from the counterbody. The particles that were 
constituting the MML appeared to have been plastically deformed because they presented elongated 
shapes oriented parallel to the surface. 

Regarding to the effect of the temperature on the surface morphology, it was shown that 
smoother surfaces were formed at higher temperatures, as it has been previously noted in the 
investigation of the preliminary experiments samples. However, rough surfaces presenting wide 
wear grooves were observed, even in the samples tested at 450 °C, when an oscillation amplitude 
of 1083 µm was applied (Figure 4.95b). This finding suggested a significant effect of the amplitude 
of oscillation on the wear process. 
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Figure 4.93 BSE micrographs of the a) plan view surface, b) a detail of the central region in (a) and c) of a 
cross sectional cut of a substrate sample tested at 450 ºC under a normal pressure of 16.5 MPa and an 
oscillation amplitude of 108 µm, d) BSE image showing a magnification of the squared region in (c) and 
EDX map microanalyses of the e) Ti-Kα, f) O-Kα and g) Fe-Kα lines acquired from this area. 

The normal pressure variability did not reflect a clear effect on the microstructure of the 
worn samples. However, it was apparent that the MMLs were qualitatively thicker when the normal 
pressure was increased. This observation pointed out that the samples were subjected to more 
severe wear processes when increasing the applied normal pressure. The MMLs generated during 
wear tests performed applying two different normal pressures, 3 and 30 MPa, can be compared in 
Figure 4.94 for two different oscillation amplitudes. 

The amplitude of oscillation was shown to have an influence on the morphology of the 
abrasive grooves. Smoother surfaces were generated for lower amplitudes, while the width of the 
abrasive grooves was qualitatively shown to be greater for higher amplitudes. These features were 
proven for tests conducted at different temperatures and normal pressures. As an example of this, 
Figure 4.95 and Figure 4.96 present micrographs of the worn surfaces after tests performed at 450 
°C and 240 °C respectively and comparing for each temperature the surface morphology when 
oscillation amplitudes of 108 and 1083 µm were applied. This effect could be associated to the size 
of the debris particles that were created during the tests. When comparing the BSE images, it can be 
seen that the surfaces of the samples tested at the lower amplitudes presented oxidized debris, but 
the ones tested with the highest amplitudes appeared to be cleaner. It should be noted that the 
presence of adhesive signs as material detachment by fracture was also detected on the surfaces of 
all the samples. 
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Figure 4.94 BSE images acquired from cross sectional cuts of substrate samples after the wear tests 
conducted at 240 °C, applying a normal pressure of 3 MPa and oscillation amplitudes of a) 108 μm and b) 
1083 μm, and applying a normal pressure of 30 MPa and c) 108 μm and d) 1083 μm amplitudes of 
oscillation. 

 

Figure 4.95 SE micrographs of the plan view surface of substrate samples tested at 450 °C, applying a 
normal pressure of 16.5 MPa and oscillation amplitudes of a) 108 and b) 1083 µm, and c) and d) are the 
corresponding BSE micrographs of the same areas. 



161 
 

 

Figure 4.96 SE micrographs of the plan view surface of substrate samples tested at 240 °C, applying a 
normal pressure of 16.5 MPa and oscillation amplitudes of a) 108 and b) 1083 µm, and c) and d) are the 
corresponding BSE micrographs of the same areas. 

 

Figure 4.97 SE micrograph of the plan view surface of a substrate sample tested at 240 °C, applying a 
normal pressure of 16.5 MPa and an oscillation amplitude of 1083 µm showing a large agglomeration of 
worn material at the end of a groove. 

In addition, larger wear particles agglomerations were found on the surface samples tested 
at higher amplitudes. Figure 4.97 shows an example of this compacted debris formed on a sample 
tested at 240 °C, 30 MPa and 1083 μm. In the figure, it can be seen that debris agglomeration was 
found at end of one of the grooves, and its size was nearly the width of the groove as if it had been 
generated by ploughing.  

Another effect of the oscillation amplitude was related the change of the MML thickness 
that was observed when the samples were tested at RT or at 240 °C. The thickness of the MML 
appeared to be greater in the worn samples tested at higher amplitudes of oscillation. This effect 
was appreciable on the near surface microstructural study of the samples cross sections. Figure 4.94 
illustrates this point for the samples tested at 240 °C when two different oscillation amplitudes 
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were applied, 108 μm and 1083 μm, for two different normal pressures, 3 MPa (Figure 4.94a and b) 
and 30 MPa (Figure 4.94c and d). 

A schematic summary of the main microstructural features related to the increment in the 
value of the different factors (the temperature, the normal pressure and the oscillation amplitude) is 
reported in Table 4.23. The dominant wear mechanisms that have been identified through the 
microstructural analysis and the COF and δh results are also included in the table. 

Table 4.23 Summary table showing the main microstructural features and associated wear mechanisms with 
the variability of the amplitude (A), normal pressure (P) and temperature (T) in the oscillating wear tests 
performed on the substrate. The type of correlation, positive (+) or negative (-), with the COF and δh 
responses are also reported in the table. (*): indicate the factors having a significant effect on the response. 

Factor 
Effect on 
the COF 

Effect on 
the δh 

Microstructural features Associated wear mechanisms 

T +  +  ↑ T: smoother surfaces; higher 
degree of oxidation. 
-Different MMLs: 
RT and 240 °C: compact 
mixture of Ti-6Al-4V and 
counterbody particles 
450 °C: brittle appearance 
 

↑ T => ↑ oxidative wear 
 

P -  + (*) ↑ P: more severe wear process; 
thicker MML  

↑ P => ↑ abrasive wear 

A - (*) + (*) ↑ A: wider grooves; thicker 
MML; lower amount of 
oxidized debris on the surface 
 

↑ A => ↑ abrasive wear 
↓ A => ↑ adhesive wear 

 

TI64-1100 COATING 

The microstructural investigation of the worn surfaces of the Ti64-1100 samples revealed the 
formation of abrasive grooves for all the tested wear conditions. The effect of the temperature was 
shown to influence the morphology of the surfaces and the structure and composition of the near 
surface region of the samples. The morphology of the surfaces was observed to be smoother in the 
samples tested at higher temperature, as it has also been observed in the substrate samples. Figure 
4.98 presents comparative images of the plan view surfaces of samples tested at RT and at 450 °C 
as an example However, this effect was less pronounced in this samples because of the presence of 
oxidized debris in the surfaces of the samples tested at RT as can be seen in Figure 4.98c in which 
the darkest contrasted phase correspond to debris particles composed by Fe oxides. The fine debris 
appears to be the cause that performs a polishing action on the surfaces. Moreover, the abrasive 
action was shown to generate more marked ploughing sings even in the samples tested at 450 °C 

when high oscillation amplitudes were applied. 
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Figure 4.98 SE micrographs of the plan view surface of Ti64-1100 coating samples tested applying a normal 
pressure of 30 MPa and an oscillation amplitude of 596 µm at a) RT and b) at 450 °C; c) and d) are the 
respective BSE micrographs of the same areas of the samples. 

 

The formation of three different types of MMLs was observed in the investigation of the 
cross section of the samples. A first kind of MML, showing a mixture of oxidized counterbody 
particles and Ti-6Al-4V in a lower amount, was only found on samples which had been tested at 
RT. An illustrating example of this layer was the one formed on the samples tested at RT applying a 
normal pressure of 30 MPa and an oscillation amplitude of 596 μm (Figure 4.99), which has also 
been presented above in the results about the preselection wear experiments. 

 

 

Figure 4.99 BSE image of a cross sectional cut of a Ti64-1100 sample after being tested at RT, applying a 
normal load of 30 MPa and an oscillation amplitude of 596 µm; b) a higher magnification image of the 
squared region in (a) and the c) Ti-Kα, d) O-Kα and e) Fe-Kα EDX maps acquired from this area. 
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Another type of MML was that observed in all the samples tested at 450 °C. This layer has 
also been described in the results report about the preselection tests. Representative micrographs of 
this layer are shown in Figure 4.100. The near surface of these samples presented broken Ti-6Al-
4V and some Fe rich particles within the voids. A higher O content was detected in the area 
indicating that the material had been oxidized in that region, what suggested that Ti and Fe oxides 
might have been generated in the MML. When comparing this MML with that formed at RT, the 
difference stems on the fact that O was introduced into the surface samples tested at 450 °C (Figure 
4.100) while, in the coatings tested at RT, O was primarily detected in the Fe containing particles 
(Figure 4.99). This feature is illustrated in Figure 4.100a which shows a micrograph of a cross 
sectional cut and the EDX maps from the area in Figure 4.100c, d and e corresponding to a sample 
tested at 450 °C, 16.5 MPa and 100 μm. 

 

  

 

Figure 4.100 BSE images of cross sectional cuts of Ti64-1100 samples tested at 450 °C, applying a normal 
pressure of 16.5 MPa and oscillation amplitudes of a) 108 μm and b) 1083 μm; and the c) Ti-Kα, d) O-Kα 
and e) Fe-Kα EDX maps acquired from the squared region in (a). 

 

And a third MML structure consisted on a compact mixture of Ti-6Al-4V and counterbody 
material. The oxidation of this layer did not appear to be significant, although there was a slight 
increment of oxygen content within this layer. This MML was mostly found on the samples tested 
at the intermediate temperature, 240 °C. An example of this MML is shown in Figure 4.101, which 
presents the near surface of two samples that have been tested at 240 °C, applying 1083 μm of 
oscillation amplitude and two different normal pressures. The EDX map of Ti-Kα, O-Kα and Fe-
Kα elements that are included in the same figure (Figure 4.101c, d and e) correspond to the MML 
generated in the sample presented in Figure 4.101a. 
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Figure 4.101 BSE images of cross sectional cuts of Ti64-1100 samples tested at 240 °C, applying an 
oscillation amplitude of 1083 μm and normal pressures of a) 3 MPa and b) 30 MPa; and the c) Ti-Kα, d) O-
Kα and e) Fe-Kα EDX maps acquired from the squared region in (a). 

With regard to the effect of the normal pressure, higher pressures were shown to be related 
to a more severe wear because of the formation of thicker MMLs and the occurrence of 
delamination. The comparison between Figure 4.101a and b illustrate this point. 

The oscillation amplitude variation appeared to produce changes in the worn surface 
morphology. The surfaces of the samples tested applying the smallest amplitude were shown to be 
smoother and appeared to present a higher amount of small oxide debris particles on the surfaces. 
The surfaces of the samples tested with higher oscillation amplitudes presented wider grooves and 
cleaner surfaces and the generated debris particles were less oxidized. Figure 4.102a and b provide 
micrographs of the surface appearance of the samples tested at 240 °C applying 30 MPa with 
oscillation amplitudes of 108.3 and 1083 μm respectively. In the sample tested with 108 μm 
(Figure 4.102a and c), the surface was covered by small oxide particles. This effect was less clear 
in the samples tested at RT. 

On the other hand, it was noted that the MML structure of the samples tested at RT was 
shown to change when the highest oscillation amplitude was applied. Figure 4.103a and b show the 
MML generated after conducting wear tests with an applied normal pressure of 16.5 MPa and 
different oscillation amplitudes: 108 and 1083 μm. It is apparent from this images that the MML of 
the sample tested with the smaller amplitude (Figure 4.103a) presented the typical structure formed 
at RT that has been described above, while the one tested with the highest amplitude (Figure 
4.103b) was similar to that formed at intermediate temperatures. The microsctructure of this MML 
appeared to have been subjected to higher deformation processes by abrasion. 
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Figure 4.102 SE and BSE micrographs of the plan view surfaces of Ti64-1100 samples tested at 240 °C, 
applying a normal pressure of 30 MPa and oscillation amplitudes of 108 μm (a and c) and 1083 μm (b and d) 
and EDX microanalysis corresponding to the sites indicated as 1 and 2 (e) and 3 and 4 (f). 

  

Figure 4.103 BSE images of cross-sectional cuts of Ti64-1100 samples tested at RT, applying a normal 
pressure of 16.5 MPa and oscillation amplitudes of a) 108 μm and b) 1083 μm. 
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The above presented microstructural characteristics associated to the influence of the wear 
testing variables are summarized in Table 4.24. The wear mechanisms that have been identified 
through the microstructural study and the wear responses are also indicated in the table. It is 
interesting to contrast these results with the previous comment about the δh negative values that 
were obtained in some tests of the Ti64-1100 coating. These tests corresponded to the following 
conditions: 240 °C-3MPa-108 μm and 450 °C-3MPa-596 μm. The low pressure, low amplitude and 
high temperature conditions were found to be associated to the formation of oxide debris on the 
surfaces as concluded from the microstructural analysis. It is therefore likely that a significant 
amount of debris has remained trapped in the contact during the test. 

Table 4.24 Summary table showing the main microstructural features and associated wear mechanisms with 
the variability of the amplitude (A), normal pressure (P) and temperature (T) in the oscillating wear tests 
performed on the Ti64-1100 CS coating. The type of correlation, positive (+) or negative (-), with the COF 
and δh responses are also reported in the table. (*): indicate the factors having a significant effect on the 
response. 

Factor 
Effect on 
the COF 

Effect on 
the δh 

Microstructural features Associated wear mechanisms 

T +  -  ↑T: smoother surfaces; higher 
degree of oxidation. 
-Different MMLs: 
RT: mixture of Ti-6Al-4V with 
oxidized counterbody particles 
RT and 240 °C: compact 
mixture of Ti-6Al-4V and 
counterbody particles 
450 °C: brittle appearance 

↑ T => ↑ oxidative wear 

P +  + (*) ↑ P: more severe wear process ↑ P => ↑ abrasive wear 

A - (*) + (*) ↑ A: wider grooves; higher 
deformation of the MML; 
lower amount of oxidized 
debris on the surface 

↑ A => ↑ abrasive wear 
↓ A => ↑ adhesive wear 

 

TI64-1100-HT COATING 

In the experiments conducted on the Ti64-1100-HT coating, the material transfer from the 
counterbody to the pin was shown to be significantly important. The temperature was shown to 
present some influence on the degree of this material transference and on the oxidation of the 
materials. The adhesion of counterbody to the pin surfaces was particularly noticeable in the 
samples tested under the higher temperature environments (240 and 450 °C). Figure 4.104 presents 
the plan view of two worn samples, one after a RT test and the other from a sample tested at 450 °C 
and both of them were tested applying a normal pressure of 30 MPa and an oscillation amplitude of 
596 μm. In the sample of the RT test (Figure 4.104a), the surface of the coating presented a 
scratched morphology. By contrast, fragments of counterbody material were observed deposited on 
the coating surface of the sample tested at 450 °C (Figure 4.104b). In this last micrograph it can 
also be seen that some regions of the pin appeared to remain unworn. The EDX microanalyses in 
Figure 4.104c and d showed that the chemical composition of the transferred material and the 
unworn surface were both oxidized. 
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Figure 4.104 BSE micrographs of the plan view surfaces of Ti64-110-HT samples tested at a) RT and b) 450 
°C, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm; c) and d) are the EDX 
microanalyses acquired from the sites indicated in (b) as “1” and “2” respectively. 

 

 

Figure 4.105 BSE images of cross sectional cuts of Ti64-1100-HT samples tested at RT, applying an 
oscillation amplitude of 596 μm and normal pressures of a) 3 MPa and b) 30 MPa; and tested at 450 °C, 
applying an oscillation amplitude of 596 μm and normal pressures of c) 3 MPa and d) 30 MPa. 
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Figure 4.105 and Figure 4.106 present cross-sectional views of worn samples that had been 
tested under different wear conditions. As can be seen in the images, an MML was formed on the 
surfaces, which was composed by a mix of particles with the chemical composition of the pin and 
primarily from the counterbody. A large fraction of these particles composing the MML were 
oxidized. 

  

  

Figure 4.106 BSE images of cross sectional cuts of Ti64-1100-HT samples tested at 240 °C, applying a 
normal pressure of 30 MPa and oscillation amplitudes of a) 108 μm and b) 1083 μm; and c) and d) the Ti-Kα, 
O-Kα and Fe-Kα EDX maps acquired from the squared region in (a) and (b) respectively. 

An intermediate layer was observed in the samples tested at the highest temperature, 450 
°C, which was located between the coating material and the MML. Its chemical composition 
consisted basically on Ti and O elements as can be seen in Figure 4.72. This layer was associated to 
the external layer which had been generated during the HT of the coating. The layer was identified 
as TiO in the microstructural characterization section. The layer appeared to be marginally 
removed along the cross section. 

Regarding to the oxidation of the MMLs, there were only observed two samples in which 
the oxidation was negligible. These samples were both tested at RT, one of them was tested 
applying a normal pressure of 30 MPa and an oscillation amplitude of 596 µm, while the other was 
tested with 30 MPa and 1083 µm of normal pressure and oscillation amplitude respectively. Both 
experiments corresponded to the most severe mechanical conditions that were performed at RT. 

The increase in normal pressure appeared to develop more severe wear processes. This 
point is illustrated by the comparison of the micrographs presented in Figure 4.105. On the one 
hand, the samples tested at RT and 596 μm of oscillation amplitude can be compared in Figure 
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4.105a and b. The structure of the sample after the experiment performed with the lower normal 
pressure, 3 MPa, shows that small debris particles from the counterbody (oxidized and non-
oxidized) were observed adhered to the surface (Figure 4.105a) while, when the higher normal 
pressure was applied (30 MPa), it was observed that material from the pin surface had been 
removed probably by abrasion and delamination (Figure 4.105b). The MML in this latter was 
constituted by a mixture of the Ti alloy and Fe rich particles from the counterbody, and it was 
slightly oxidized. With regard to the samples tested at 450 °C and 596 μm of oscillation amplitude, 
the observed difference when increasing the normal pressure was that the amount of transferred 
material was markedly increased (Figure 4.105c and d). 

The increase in amplitude was shown to generate a higher degree of plastic deformation in 
the near surface of the coatings. This observation was deduced from the structure of the MML 
which was observed on the coatings tested with the highest oscillation amplitude, 1083 μm. Figure 
4.106 presents a representative example of this, which was observed on the samples tested at 240 
°C, 30 MPa of normal pressure and oscillation amplitudes of 108 and 1083 μm. The MML was 
formed by oxidized material from the counterbody and from the pin in both samples. In the sample 
tested with the highest amplitude, the material of the MML presented elongated shapes as if it had 
been stretched. This morphology was associated to a higher abrasion with plastic deformation. 

A summary of the main microstructural characteristics and the identified wear mechanisms 
related to the testing variables is presented in Table 4.25. From these results, it is interesting to note 
that the δh negative values that were obtained in the experiments of the HT coating were related to 
higher temperature tests and thus, to a higher formation of the Fe oxide transferred layer in the 
surface of the pin. Therefore, the adhesion of this layer to the pin might have caused the 
measurement of the negative δh and δm. 

Table 4.25 Summary table showing the main microstructural features and associated wear mechanisms with 
the variability of the amplitude (A), normal pressure (P) and temperature (T) in the oscillating wear tests 
performed on the Ti64-1100-HT CS coating. The type of correlation, positive (+) or negative (-), with the 
COF and δh responses are also reported in the table. (*): indicate the factors having a significant effect on the 
response. 

Factor 
Effect on 
the COF 

Effect on 
the δh 

Microstructural features Associated wear mechanisms 

T +  - (*) ↑ T: higher material transfer 
from the counterbody 
 

↑ T => ↑ counterbody transfer 
            ↑ adhesion 
            ↑ oxidation 

P + (*) + (*) ↑ P: more severe wear process  ↑ P => ↑ abrasion 
            ↑ adhesion  

A - (*) + (*) ↑ A: greater plastic 
deformation of the MML 
microstructure 

↑ A => ↑ abrasion 
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TEM STUDY OF THE WORN SAMPLES 

In order to obtain a more detailed analysis of the near surface microstructure, some samples were 
analysed by TEM. The scope of this further analysis was to examine the grain structure in the MML 
and to identify the types of oxides generated during the experiments because the lower resolution 
of the SEM resulted inadequate for this analysis. The samples were prepared with a focused ion 
beam and they were obtained from cross-sectional cuts perpendicular to the sliding direction. 

This study was only performed on some worn samples of the wear tests conducted on the 
Ti64-1100 and Ti64-1100-HT coatings. The worn samples that were selected for this further 
analysis were the ones tested with the preliminary tests conditions and with the wear conditions 
corresponding to the centre point in the Box-Behnken design. For each one of the mentioned worn 
samples, the obtained results from the TEM investigation will be described. A brief report of the 
main features inferred from the SEM study will be presented before the TEM results to indicate the 
starting point from which the TEM analysis is carried out to reveal the missing information that 
would be useful to complete the study. 

TEM INVESTIGATION OF THE NEAR SURFACE OF TI64-1100 WORN SAMPLES 

Figure 4.107, Figure 4.108 and Figure 4.109 present BSE images of Ti64-1100 samples showing 
the plan view and cross-sectional cuts of the worn samples and micrographs of the collected debris 
of the same samples. 

 

Figure 4.107 BSE images of plan view areas of the surfaces of Ti64-1100 samples tested at a) RT and b) 450 
°C, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm; and c) at 240 °C, applying 
a normal pressure of 16.5 MPa and an oscillation amplitude of 596 μm. 

 

Figure 4.108 BSE images of cross-sectional cuts of Ti64-1100 samples tested at a) RT and b) 450 °C, 
applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm; and c) at 240 °C, applying a 
normal pressure of 16.5 MPa and an oscillation amplitude of 596 μm. 
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Figure 4.109 BSE images of debris particles collected from the tests performed on Ti64-1100 samples at a) 
RT and b) 450 °C, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm; and c) at 
240 °C, applying a normal pressure of 16.5 MPa and an oscillation amplitude of 596 μm. 

Ti64-1100 sample tested at RT, 30 MPa and 596 μm 

The surface of the sample appeared rough and presenting abrasive grooves and ploughed material 
by abrasion (Figure 4.107a). Oxidized Ti-6Al-4V and steel particles were observed dispersed on 
the surface. In the studied cross-sectional cut (Figure 4.108a), the mixture of oxide products was 
observed penetrating the coating. As it was previously pointed from the EDX maps information of 
the MML, the presence of oxygen appeared to be associated to the counterbody material, suggesting 
that no Ti oxides were formed. This point could be better clarified through TEM in order to find out 
whether oxidation affected only to the counterbody or to both counterparts. The Ti-6Al-4V 
particles presented a larger size with regard to the steel oxides. The ejected particles as debris from 
this test presented irregular shapes and they were constituted by a mixture of Ti-6Al-4V particles 
and steel particles from the counterbody (Figure 4.109a). 

TEM micrographs showed that nanosized grains regions were formed at the most 
superficial region of the surface which were extended into the coating up to several microns 
(Figure 4.110). This feature can be observed in the magnified regions of the sites named as SADP2 
and SADP3 in Figure 4.110. The ring SADPs obtained from these areas also indicated the 
formation of nanocrystalline areas. On the other hand, the presence of larger grains was also 
observed at the near surface region as the one referred as SADP1 in the figure. These grains 
presented sizes in the order of a few microns and appeared to be deformed. A mixture of 
amorphous oxides with α-Fe rich phases from the counterbody (SADPs 4, 5 y 6) and α-Ti rich 
phases from the coating (SADP5) were found as revealed by electron diffraction (Figure 4.110) and 
STEM analyses (Figure 4.111). The amorphous oxides appeared to be Fe oxides as inferred from 
the STEM maps. STEM analyses also indicated that particles from the counterbody were mixed as 
traces within the upper nanocrystalline α-Ti rich area. 

Therefore, the TEM study have confirmed that the generated MML during the test was 
constituted by amorphous Fe oxides and some Ti-6Al-4V and Fe rich particles, as it has been 
observed by SEM. Moreover, the coating was shown to have been subjected to a severe plastic 
deformation at the most superficial surface as indicated by the nanosized grain microstructure. The 
origin of the Fe oxides could have been either due to an oxidation reaction during the test or it 
could have come from the naturally formed passive layer on the steel surface. 
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Figure 4.110 BF images of a cross sectional cut of a Ti64-1100 sample tested at RT, applying a normal 
pressure of 30 MPa and an oscillation amplitude of 596 μm. Higher magnification images from different 
regions in the sample are included in the figure as well as SADPs acquired from the regions indicated by 
arrows. 

 

 

Figure 4.111 DF and Ti-Kα, O-Kα and Fe-Kα STEM maps from the same area which corresponds to the 
Ti64-1100 worn sample presented in Figure 4.110. 
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Ti64-1100 sample tested at 450 °C, 30 MPa and 596 μm 

The plan view surface of this worn sample (Figure 4.107b) presented a smoother appearance than 
that observed in the samples tested at RT. Oxide products were found on the surfaces. Oxidized 
debris was also observed generating agglomerates that were constituted by particles from the 
coating and particles that have been transferred from the counterbody. 

The cross-sectional cuts revealed that the microstructure at the top of the coating was 
changed generating an MML (Figure 4.108b). Ti-6Al-4V particles appeared cracked in the MML 
and between them the presence of steel particles was observed. A higher content in oxygen was 
detected in this region by EDX microanalysis and it appeared to be concentrated mainly at the sites 
where Fe was present. In order to confirm the formation of oxides it is required to use TEM 
analysis. 

The debris particles consisted on plates of oxidized Ti-6Al-4V (Figure 4.109b). On the 
surface of the particles smaller oxide particles were observed and some of them presented the 
chemical composition of the counterbody. 

 

Figure 4.112 BF images of a cross sectional cut of a Ti64-1100 sample tested at 450 °C, applying a normal 
pressure of 30 MPa and an oscillation amplitude of 596 μm. Higher magnification images from different 
regions in the sample are included in the figure as well as SADPs acquired from the areas indicated as DP. 

Figure 4.112 presents a TEM micrograph of a cross-sectional cut prepared by FIB. A layer 
with an approximate thickness of ⁓1 μm was observed at the most superficial region of the sample 
which was constituted by Ti and Fe oxides generating a nanocrystalline grain microstructure 
(Figure 4.112 and Figure 4.113). The presence of TiO2 and Fe3O4 oxides was identified by electron 
diffraction analyses as can be seen in the SADPs named as DP2 and DP3 in Figure 4.112. Pores 
were also observed between the particles as can be seen in Figure 4.112 and Figure 4.113b. 
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Below these oxides layer, the grains of the coating presented equiaxed morphologies as can 
be seen in the magnified bright field image from the region referred as R2 in Figure 4.112. These 
grains presented the α-Ti structural phase and their elemental composition was the one of the Ti-
6Al-4V. Although the Al-Kα and V-Kα STEM maps are not reported in Figure 4.113 these 
elements were detected at the same points as the Ti-Kα. A diffraction pattern of one of these grains 
is reported in Figure 4.112. 

The TEM analysis revealed the formation of a nanocrystalline microstructure in the MML. 
TiO2 and Fe3O4 oxides were found to be generated during the wear test at the MML. This result 
supports the inferred idea from the SEM investigation proposing that the wear mechanisms 
occurring during the experiments performed at 450 ºC were mainly oxidative and abrasive. 

 

Figure 4.113 a) and b) DF images and Ti-Kα, O-Kα and Fe-Kα STEM maps acquired from two different 
regions of the top surface of the sample presented in the figure above. 

 

Ti64-1100 sample tested at 240 °C, 16.5 MPa and 596 μm 

As can be seen in Figure 4.107c the surface of this sample presented abrasion grooves. Fractured 
particles were observed over the surface along the entire sample. The composition of these particles 
consisted on the chemical composition of the Ti-6Al-4V alloy and oxidized particles from the 
counterbody.  

The formation of a MML at the top surface of the sample was observed by examining the 
cross-sectional view (Figure 4.108c). The layer was constituted by compacted material near the 
interface with the coating, and a more brittle morphology was observed at the outside surface. The 
chemical composition of the layer was based on a Ti-6Al-4V matrix mixed with steel particles. The 
presence of a higher content of oxygen at the surface of the sample suggested the formation of 
oxides at the MML. However, it has not been possible to distinguished whether if these oxides were 
Ti or Fe oxides. 

The debris was constituted by large plate like particles (few hundreds of microns in size) of 
oxidized Ti-6Al-4V (Figure 4.109c). Smaller particles were also formed generating agglomerations 
which were composed by Ti-6Al-4V and counterbody material particles with a high oxygen 
content.  
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Figure 4.114 shows the TEM micrographs of the near surface microstructure. At the most 
superficial region, nanosized grain areas were observed. Some regions presented a smoother 
appearance. A SADP acquired from a smooth region (Figure 4.114b) showed continuous rings 
revealing the presence of nanograin structure or maybe an amorphous structure. The diffraction 
rings were identified as Fe oxide phases. The morphology of the grains appeared to be equiaxed 
with a size at the nanometre scale. Some elongated grains oriented parallel to the surface were also 
observed within the tiny grain region (Figure 4.114c). EDX analysis indicated that they were 
mostly composed by Ti, Al and V (Figure 4.114d). Besides, grains composed primarily by Fe and 
little Cr were also distinguished as traces mixed on the tiny Ti-6Al-4V grain matrix (Figure 
4.114e). 

This result pointed out that the MML might have been created through the formation of 
transfer particles within the contact which were subsequently mechanically mixed. TEM analysis 
have shown that the Fe rich particles in the MML were intimately mixed within the Ti-6Al-4V 
coating material. In addition, some Fe oxides were observed within the MML which had not been 
detected through the SEM microstructural examination. These oxides could be nanocrystalline or 
amorphous and they could have come from the initial passive oxide layer of the counterbody or by 
an oxidational process during the test. 

 

Figure 4.114 a) BF micrographs of a Ti64-1100 sample tested at 240 °C, applying a normal pressure of 16.5 
MPa and an oscillation amplitude of 596 μm; b) a SADP acquired from the smooth region indicated by an 
arrow; c) DF image from the rounded region in (a) and d) an EDX microanalysis acquired from the same 
area; e) EDX microanalysis acquired the indicated dark grain in (a). 
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TEM INVESTIGATION OF THE NEAR SURFACE OF TI64-1100-HT WORN SAMPLES 

Figure 4.115, Figure 4.116 and Figure 4.117 present BSE images showing the plan view and cross-
sectional cuts of the worn samples and micrographs of the collected debris of the same samples. 

 

Figure 4.115 BSE images of plan view areas of the surfaces of Ti64-1100 samples tested at a) RT and b) 450 
°C, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm; and c) at 240 °C, applying 
a normal pressure of 16.5 MPa and an oscillation amplitude of 596 μm. 

 

Figure 4.116 BSE images of cross-sectional cuts of Ti64-1100-HT samples tested at a) RT and b) 450 °C, 
applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm; and c) at 240 °C, applying a 
normal pressure of 16.5 MPa and an oscillation amplitude of 596 μm. 

 

Figure 4.117 BSE images of debris particles collected from the tests performed on Ti64-1100-HT samples at 
a) RT and b) 450 °C, applying a normal pressure of 30 MPa and an oscillation amplitude of 596 μm; and c) at 
240 °C, applying a normal pressure of 16.5 MPa and an oscillation amplitude of 596 μm. 

Ti64-1100-HT sample tested at RT, 30 MPa and 596 μm 

The plan view of the surface showed a scratched surface with the presence of some wider grooves 
measuring about 20 μm in width (Figure 4.115a). Some agglomerations of debris particles were 
shown to be adhered to the surface and they were constituted by Ti-6Al-4V and counterbody 
particles. 

The study of a cross section of the sample showed that the grains of the coating had been 
deformed at the top surface. An MML was generated at the top surface composed by a compact 
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mixture of Ti-6Al-4V particles and of counterbody particles in a lower amount. The MML 
presented a loose bounding at some regions as can be seen in Figure 4.116a. A slight higher content 
of oxygen was detected in the MML. 

The debris particles were mostly identified as Ti-6Al-4V particles and some others as 
particles from the counterbody. The Ti particles showed plate like morphologies measuring 
hundreds of microns, while the steel particles presented ribbon shapes. 

Figure 4.118 shows a TEM micrograph of the top surface of the sample. At the most 
superficial region of the sample, the grains presented small sizes with equiaxed morphologies. The 
DP that was acquired from that region consisted on a ring diffraction pattern what indicated the 
formation of a nanostructured grain region. Below this nanometric grains region, it can be seen that 
the grains were larger in size. These larger grains presented equiaxed morphologies as well as 
elongated shapes oriented parallel to the surface indicating that they could have been deformed. 
The composition of the grains was identified as the Ti-6Al-4V alloy by EDX analysis along the 
entire sample. 

STEM map analysis showed the presence of the secondary phase enriched in V, the β-Ti 
phase which was identified in the microstructural characterization of this sample. This phase was 
observed generating bands with different morphologies and its formation in the coating was 
associated to the heat treatment. A large band of this phase measuring several microns in length 
was observed in the FIB sample (not shown). But there were also observed smaller bands of the V 
rich phase at the top region of the sample, within the nanograin structure (Figure 4.119). These 
smaller traces appeared to be fractions from the β-Ti phase which might have been broken during 
the test. 

 

Figure 4.118 BF micrograph of a Ti64-1100-HT sample that have been tested at RT, applying a normal 
pressure of 30 MPa and an oscillation amplitude of 596 μm. A SADP and the EDX microanalysis acquired 
from the region indicated as R1 are included in the figure. 

The microstructural study by SEM revealed the formation of an MML at the top surface of 
the sample consisting on a mixture of the Ti alloy of the coating with some traces of Fe rich phases 
from the counterbody. On the other hand, it has been shown through the TEM investigation of the 
near surface region of the sample that the microstructure of the MML was nanocrystalline. These 
results indicated that the MML had been created through the formation of transfer particles and 
their following mechanical mixing in a similar way as that described for the Ti64-1100 coating 
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tested at 240 ºC, 16.5 MPa and 596 µm. The only difference was that some β-Ti grains of the Ti64-
1100-HT coating microstructure were found broken in the near surface of the sample due to the 
plastic deformation process occurring at the contact. 

 

Figure 4.119 Annular dark-field (ADF) image and the Ti-Kα, Fe-Kα, Al-Kα, V-Kα, Cr-Kα, and Cr-Kβ 
STEM maps acquired from the area. The images were acquired from a Ti64-1100-HT sample tested at RT, 
applying a normal pressure of 30 MPa and an oscillation amplitude of 506 μm. 

 

Ti64-1100-HT sample tested at 450 °C, 30 MPa and 596 μm 

A major proportion of the surface of this sample was covered by transferred material from the 
counterbody while the areas of the sample which were not covered by transferred material showed 
the morphology of the unworn surface (Figure 4.115b). Both, the counterbody material that have 
become adhered to the surface and the surface of the pin, were oxidized after the test. 

The cross-sectional analysis of the sample showed the presence of a thick layer measuring 
about few tens of microns in length which was composed by oxidized material of the counterbody 

(Figure 4.116b). At the surface of the Ti-6Al-4V alloy, a thin layer (⁓2 µm) was distinguished and 
it was composed basically by Ti and O elements. This layer was identified as the initial surface of 
the coating which was observed in the microstructural characterization of the sample. However, 
this layer was observed to have been removed by the wear process at some regions. 

Figure 4.117c presents an image of a debris sample that was collected debris this test. The 
debris was formed mostly by oxidized counterbody particles. Some particles showed a plate like 
morphology and measured tens of microns in length. Smaller particles were observed generating 
agglomerations and covering the larger particles. A smaller proportion of Ti-6Al-4V particles were 
observed measuring few tens of microns as the one indicated in the figure. 

Figure 4.120 shows a TEM sample of the near surface microstructure. In the figure, it could 
be distinguished that an MML was generated at the upper region of the sample which was 
constituted by small grains. The thickness of this layer measured ~0.6 μm. The chemical 
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composition was identified as Fe, O and Cr and a smaller amount of Ti and Al elements as shown 
in the EDX microanalysis. In the EELS spectrum of the MML which is reported in Figure 4.121, the 
shape of the O-K edges and Fe-L2,3 edges appeared to be similar to the ones associated to the FeO 
or Fe3O4 [223]. On the other hand, the α-Ti matrix of the coating was identified under the oxide 
layer. 

The MML that was observed by SEM was also identified through the TEM study. This layer 
consisted on Fe oxides, transferred material from the counterbody which was oxidized. The 
formation of this layer is therefore related to an adhesive wear process in which the counterbody 
material is transferred to the pin. This result was not expected as it will be discussed in chapter 5, 
because the counterbody material was originally harder than the pin. In addition, the oxidized state 
of the transferred material also suggested that the oxidation wear mechanism was also involved in 
the process. It should be noted that the studied FIB sample did not show the TiO layer that was 
identified by SEM. As this layer was associated to the initial surface of the coating it is understood 
that the FIB sample was obtained from a region of the worn surface in which this layer had been 
worn. 

 

Figure 4.120 BF micrograph of the near surface of a Ti64-1100-HT sample tested at 450 °C, applying a 
normal pressure of 30 MPa and an oscillation amplitude of 596 μm. The EDX from the regions indicated by 
arrows are included. The EDX pattern on the right also showed peaks of Cu Kα, Cu Kβ and Pt Lα at higher 
energies. Pt was used for protecting the sample during the FIB preparation. Cu was the material of the grid 
where the FIB sample was stuck.  

 

   

Figure 4.121 EELS spectrum acquired from the MML generated in the upper region of the sample presented 
in the above figure and magnifications of the regions related to the O-K and Fe-L2,3 edges. 
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Ti64-1100-HT sample tested at 240 °C, 16.5 MPa and 596 μm 

The surface of the sample appeared scratched as can be seen in Figure 4.115c. The analysis of the 
plan view of the worn sample showed that the surface was covered by oxidized counterbody 
particles. 

The presence of large agglomerations of counterbody particles on the sample was also 
observed on the cross-sectional views of the sample (Figure 4.116c). The layer was constituted by 
compacted material and its chemical composition was based on an oxidized matrix of counterbody 
material mixed with a little proportion of Ti-6Al-4V particles. 

The debris was formed by small particles (<1 μm) of oxidized counterbody particles and 
Ti-6Al-4V particles in a lower amount which were generating agglomerations (Figure 4.117c). 

The MML structure was observed by TEM at the top of the sample which was composed by 
different layers. Figure 4.122 shows dark field images and STEM maps of two areas that have been 
acquired from a sample prepared by FIB. The upper layer was generated by differentiated particles 
of Ti-6Al-4V and oxidized steel material (Figure 4.122b). Al-Kα and V-Kα STEM maps were also 
acquired which indicated that the presence of these elements was located at the same points as Ti 
element. Cr was also observed dispersed within the Fe rich zones. On the other hand, a mixture of 
both materials generating a lamellar structure was shown at the area nearer to the Ti-6Al-4V 
coating (Figure 4.122c). The Fe rich particles from the counterbody were distinguished generating 
horizontal stripes (bright contrast on the dark field images) within a matrix of Ti-6Al-4V alloy. 

 

Figure 4.122 a) DF image from the top surface of a Ti64-1100-HT sample tested at 240 °C, applying a 
normal pressure of 16.5 MPa and an oscillation amplitude of 596 μm; b and c) STEM images from the 
regions indicated as R1 and R2 in (a) with the associated ADF images and Ti-Kα, Fe-Kα, O-Kα STEM maps 
acquired from the same areas. 
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The SEM investigation of the sample showed a similar MML to that generated at the above 
described sample from the test performed at 450 ºC. The MML consisted on oxidized counterbody 
material that had been transferred to the pin. However, in the sample this sample, there were also 
observed traces of oxidized Ti-6Al-4V particles. The TEM study revealed that the Ti-6Al-4V 
particles had been mixed and plastically deformed within the oxidized counterbody matrix of the 
MML. This result indicated that there was a high plastic deformation in addition to the adhesive and 
oxidative wear mechanisms. On the contrary, the contribution of adhesive and oxidative wear 
appeared to be more dominant in the above-presented sample, tested at 450 °C, due the higher 

temperature environment. 
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5 Discussion 

5.1 Microstructural characterization 

The microstructure of the substrate, which was Ti-6Al-4V of aeronautical grade, consisted on a 
duplex microstructure formed by primary α-Ti grains and lamellar α/β regions (Figure 4.2 and 
Figure 4.3). In addition, the images acquired from a transversal section of a plate showed that the 
α-Ti grains were oriented in the rolling direction because of the lamination process. The shifts 
observed on the relative intensities of the XRD peaks (Figure 4.1) with regard to the indexed 
diffraction pattern [218] revealed the formation of texture which is also typical in rolled plates [56]. 

Results from the SEM and EDX investigation of the powder showed that the particle size 
and chemical composition were in accordance with the information reported by the manufacturer. 
The powder consisted on Ti-6Al-4V spherical particles having an average particle diameter of 19 ± 
6 μm. The spherical morphology of the particles, as well as the martensitic microstructure observed 
on their cross sections, could be related with the manufacturing method which was gas atomization. 
In the powder processing method of gas atomization, the material is initially melted and the process 
ends with a fast cooling. The melting temperature of the Ti-6Al-4V alloy (~1660 °C) is above the 
β-transus temperature (~1000 °C), and a fast cooling treatment from these temperatures is known to 
generate a martensitic microstructure constituted by acicular α´-Ti or α´´-Ti grains [56]. The 
structural composition of the powder used for spraying was identified by XRD as α-Ti and α´-Ti 
which both present an hcp structure (Figure 4.1). 

An initial objective of this study was to optimize the quality of the CS Ti-6Al-4V coatings, 
in particular for depositions performed using N2 as process gas. In order to achieve denser coatings, 
a non-conventional set of deposition parameters was designed to increase the spraying particle 
velocities to facilitate the plastic deformation of the particles on impact with the substrate. Two 
different sets of parameters were investigated. Ti64-800 coatings deposition was based on the 
spraying parameters generally applied for Ti-CS coatings depositions, while in the deposition of the 
Ti64-1100 coatings, the use of higher process gas temperature and pressure, 1100 °C and 50 bar 
respectively, was implemented. The current study found that the coatings were adequately 
developed. CS coatings were obtained measuring about 600 μm in thickness with no cracks or 
delaminations.  
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The microstructural investigation conducted on the as-sprayed Ti64-800 and Ti64-1100 
coatings indicated that, even spraying with higher process gas temperature and pressure, the 
coatings showed the characteristic microstructure of CS coatings. First, the chemical and structural 
phase composition of the coatings was maintained equal to that of the feedstock powder. XRD 
results indicated that the α-Ti and α´-Ti hcp structural phases were the major phases present in the 
coatings (Figure 4.8), and the EDX microanalysis detected the chemical composition of the Ti-6Al-
4V alloys (Figure 4.10e and f). Besides, SEM investigations revealed that the acicular α´-Ti grains 
identified on the microstructure of the powder (Figure 4.6) were also appreciated on the coatings 
(Figure 4.10c and d).  

Moreover, the typical CS splat microstructure was observed on the examination by SEM of 
the etched cross section of the coatings and no molten particles were observed (Figure 4.10). In the 
contact interface between the coating and substrate almost no voids and no delamination were 
detected (Figure 4.9). The formation of voids was shown to be less significant in the Ti64-1100 
coating. Good interface bonding between splats was also observed. The interfaces between splats 
were clearly differentiated on the etched cross section of the coatings (Figure 4.10). It can thus be 
suggested that the bonding have been generated by mechanical interlocking. However, 
metallurgical bonding mechanisms at the contact boundary might also have contributed to create 
the bond by the development of adiabatic shear instabilities, as it has been previously reported on 
Ti-CS coatings studies [35,47,48]. Further investigation of the interfaces is required to fully 
understand the occurring bonding mechanisms.  

The as-sprayed Ti64-800 and Ti64-1100 coatings microstructure were compared in order to 
determine the effect of the process gas temperature and pressure on the CS Ti-6Al-4V coatings 
quality. The results indicated that the use of higher process gas temperature and pressure had a 
clear effect on the reduction of the coatings porosity. The Ti64-800 coating presented a porosity of 
18.1 ± 1.3 % while in the Ti64-1100 the porosity level was reduced to 3.83 ± 0.39 %. The splat 
morphology was also shown to be different between the coatings (Figure 4.10). SEM images 
showed that the splats were less deformed in the Ti64-800 coating because the shape of the splat 
was more near to that of the initial powder. Conversely, in the Ti64-1100 coating, the splats 
showed elongated morphologies oriented in the perpendicular direction to the spraying direction. 
The different level of deformation was also reflected on the FR measurements which indicated that 
the Ti64-800 splats were more rounded than the ones observed on the Ti64-1100 coating (Table 
4.4). The higher deformation of the particles during the spraying of Ti64-1100 coatings was shown 
to be favoured by the utilized higher temperature and pressure. This fact can be explained because 
of the key role of the particles plastic deformation on CS coatings build-up [26,27]. As mentioned 
in the introduction about CS technology in section 2.3.1, the increment in process gas temperature 
and pressure increases the particle velocity. Higher spraying velocities imply that impact energy of 
the particles onto the substrate will be higher and thus, the deformation of the particles will be more 
severe facilitating the bonding and packing of the splats. On the other hand, the increase in the gas 
temperature also favours the heating of the particles up to higher temperatures. The increment in 
temperature reduces the yield strength of the material and thus, the vcritical for a successful CS 
deposition is decreased. A strong relationship between the spraying particle velocities and 
temperatures and the development of coatings with low porosity and good bonding interfaces has 
also been previously reported in the literature [35,38,45]. 

The degree of splat deformation may have contributed to the differences in the roughness 
of the coatings surfaces. The reduction in roughness by a ~22% for the Ti64-1100 with reference to 



187 
 

the Ti64-800 coating could be explained due to the higher particles impact energy because of the 
increase in the process gas temperature and pressure. Similar results were observed for Ti-CS 
coatings by other authors [40]. In thermal spray coatings, the decrease in roughness when spraying 
at higher temperatures and pressures has also been reported [17]. The reduction in thickness of the 
Ti64-1100 coating could be attributed to the high packing of the splats. The thicknesses of the 
deposits are also influenced by the powder feed rate, the nozzle traverse speed and the DE [136]. 
However, these other three parameters were the same for both of the sprayed coatings in this work 
and thus, they probably did not have any influence on the thickness variations. 

Regarding to the TEM investigation conducted on the Ti64-1100 coating, results showed 
that two different grain morphologies were distinguished. Regions of acicular grains indicating the 
formation of Ti martensite (Figure 4.11a) as well as other areas in which nanosized grains 
presenting irregular morphologies (Figure 4.11c) were distinguished. The structural phase of the 
grains was identified by diffraction techniques as α-Ti or α´-Ti. To the authors knowledge, no TEM 
investigation has been previously done about the microstructure of CS Ti-6Al-4V coatings sprayed 
using a process gas temperature of 1100 ºC and a pressure of 50 bar. However, the different 
microstructural features found in the Ti64-1100 coating were in accordance to the findings reported 
by A. M. Birt et al. [30] on a CS Ti-6Al-4V coating similar to the Ti64-800 coating studied here. 
The coating studied by A. M. Birt et al. was deposited using N2 as process gas working at a 
temperature of 760 °C and a pressure of 38.5 bar. In their work, the formation of two distinct 
regions on the CS coating microstructure was observed. At the region near the first contact 
interface, a smooth microstructure was revealed which was associated to a fine-grain hcp 
microstructure. On the other hand, a textured microstructure showing martensitic laths was 
presented at the areas of the particles nearest to the coating surface. In addition, they observed the 
formation of fine grains at the lower side of the particle which was attributed to a breaking process 
of the martensitic grains due to the higher compressive strain concentration and shear deformation 
mechanisms perpendicular to the spraying direction that arise at these areas of the particles on the 
impact with the substrate. Despite no correlation could be done in the present investigation between 
the location of the microstructural regions observed on the TEM sample and the position of them 
within a splat, it is likely that the nanosized grain region was located near to a splat interface. 

With respect to the dislocation structures observed on the Ti64-1100 coating, slip bands 
were observed in this coating (Figure 4.11d). The formation of slip bands was consistent with that 
of P. Castany et al. [224] who investigated the dislocation mobility in a Ti-6Al-4V alloy. They 
investigated the deformation micromechanisms developed in a Ti-6Al-4V alloy in a lamellar 
microstructure and they found that the dislocations glide preferentially in prismatic and basal 
planes. Their experiments showed that high density arrangements of rectilinear dislocations aligned 
with the same direction were generated. 

The HT conducted on Ti64-1100 coatings provided the highest quality coatings from the 
microstructural point of view. Porosity was further reduced up to a 1.37 ± 0.62 %. The splat 
microstructure was disappeared after the HT and the interface lines between the deposited particles 
and between the splats and the substrate were no longer observed (Figure 4.13). This result 
indicated that a metallurgical bonding was promoted by atomic diffusion which is expected to 
improve the coatings adhesion and cohesion. In fact, as it was mentioned in the microstructural 
characterization results, the cohesive bonding was enhanced from a cohesive strength of ~350 MPa 
in the as-sprayed coating to ~1200 MPa in the HT coating. The microstructure generated by the HT 
consisted on equiaxed α-Ti grains surrounded by retained β-Ti phase (Figure 4.14) which is 
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characteristic of the solution treating and aging process in Ti-6Al-4V alloys [56]. The acicular α´-
Ti phase which was observed in the powder and in the as-sprayed coatings microstructure was 
shown to be transformed during the HT. However, some acicular grains were observed within the 
retained β-Ti grains what can be explained because of the Ar quenching at the final stage of the 
solution treatment which consisted probably on α´-Ti. The equiaxed microstructure was developed 
due to a recrystallization process during annealing. The micrographs of the TEM study also 
revealed the grain growth after the recrystallization of the microstructure. Regarding to the 
dislocation structures, they appeared to generate lower energetic configurations with regard to that 
observed in the Ti64-1100 coating. In this sample the arrangements consisted on slip bands formed 
within the primary α-Ti grains (Figure 4.15d and e). 

The reduction in porosity after the HT of the Ti64-1100 coating was in agreement with J. S. 
Yu et al. [182] findings which showed the same result in CS coatings of pure Ti. In the same way, 
in an investigation into the microstructure of annealed CS Ti-6Al-4V coatings at 1000 °C, P. Vo et 
al. [51] found that pore coalescence was produced at the specimen edge. A possible explanation of 
this might be that proposed by P. Vo et al. [51] who attributed the closing of weak interfaces 
through diffusion mechanisms similar to that acting in diffusion bonding. Another possible 
explanation for this could be that a mechanism similar to the densification process during sintering 
was reducing the porosity. In sintering processes, the driving force for densification is associated to 
the reduction of surface area and surface free energy [225]. 

The surface of the HT coating was shown to generate the characteristic “alpha case” which 
is usually formed on Ti surfaces during HT due to oxygen, carbon or nitrogen diffusion [56]. These 
elements are α phase stabilizers and thus, the retained β-Ti is reduced at the surface. In the obtained 
XRD pattern from the surface, diffraction peaks corresponding to α-Ti were found as well as α2-Ti 
phase and other peaks which could be associated to a face centred cubic structure of the TiO phase 
[226]. 

5.2 Mechanical characterization 

As mentioned in the introduction to Ti alloys, the mechanical behaviour of this material will 
depend on the microstructure and on the processing method [4]. Figure 5.1 presents a comparative 
graph of the E and H0 measurements performed by nanoindentation on the three CS coatings under 
study as well as on the feedstock powder and substrate used for the coatings deposition. 

The results of the mechanical characterization study indicated that the CS deposition 
process had an influence on the coatings hardness. First, regarding to the as-sprayed coatings 
hardness, it was shown that the higher process gas pressure and temperature increased the hardness 
of the coating, and that the CS deposition had increased the hardness of the particles with reference 
to the feedstock powder. These results match those observed in earlier studies of CS Ti coatings 
nanohardness [38,46]. This may be explained due to the higher plastic deformation caused by the 
higher impact velocities. In CS, the plastic deformation produces a work hardening effect in the 
deposited particles [26], and the hardness is increased during work hardening because there is an 
increment in dislocation density that limits their mobility [227]. These findings have important 
implications for developing CS Ti-6Al-4V coatings with enhanced hardness. 



189 
 

 

Figure 5.1 Comparative graph of the mechanical properties measured by nanoindentation (E and H0) on the 
Ti-6Al-4V particles, substrate and the Ti64-800, Ti64-1100, Ti64-1100-HT CS coatings. 

With regard to the Ti64-1100-HT coating, the H0 decreased as compared with the as-
sprayed Ti64-1100 coating. This difference can be explained as a consequence of the effect of the 
HT on the microstructure. The increase in temperature during the heating process may promote 
phase transformations as well as the atomic diffusion and dislocation mobility. The dislocations 
may be annihilated, and they will tend to generate lower energetic configurations during the HT 
and thus, the material is softened. The recrystallized microstructure generated by the HT, which 
consists on the nucleation of strain-free grains, is promoted by the lower internal energy of the 
strain-free condition of the material with regard to the deformed material [227]. This result is in 
accordance with the lower energetic dislocation arrangements observed in the HT coating as 
compared to the as-sprayed coating. 

The higher hardness values obtained by nanoindentation measurements, H0, with regard to 
the HV might be explained by the presence of different features in the coatings such as the porosity 
or the splat interfaces. These effects may be less significant in nanoindentation measurements 
because of the smaller scale of the indent. Despite the HV indentations were performed avoiding 
the porosity, the generated indentation stress field in HV tests is larger than that generated in 
nanoindentation because of the higher scale of the indenter and load. Therefore, HV measurements 
may be affected by porosity. On the other hand, the effect of intersplat boundaries on the HV 
measurements was also considered. The HV experimental values (~350 HV ≈ 3.7 GPa) correspond 
to diagonals of the indentation with lengths around 16.5 μm. And, considering the original size of 
the particles (-26+15 μm), the HV indentation surfaces probably involved some intersplats 
boundaries. Similar results have been reported in literature for CS Ti coatings in which the porosity 
and particle de-bonding were shown to decrease the microhardness measurements with regard to 
nanohardness [37,38]. For this reasons, nanoindentation measurements are more reliable than the 
HV measurements. 

Another important finding was that the E of the Ti64-1100 coating was slightly increased 
with regard to that of the Ti64-800 coating. This result was associated to the effect of porosity 
which was higher in the Ti64-800 coating, and thus it might have influenced the P-h curve and 
consequently, the E value. On the other hand, the E of the Ti64-1100-HT coating was further 
increase and its value was shown to be comparable to that of the substrate. This result could be 
attributed to the different microstructures. The as-sprayed coatings retained the martensitic 
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microstructure observed on the feedstock powder, whereas the HT was shown to generate a 
microstructure, formed by α-Ti grains and retained β-Ti at the grain boundaries, which was more 
similar to that of the substrate. The E is known to depend on the type of atomic bonding and thus, 
the different Ti crystallographic structures present different E values [4,227]. Moreover, the 
obtained value of E by nanoindentation depends on the S and Ac measurements and thus, it is 
influenced by the possible phenomena by which these other measurements may be affected. The 
texture, the presence of phases, the processing of the material, or the porosity may affect the S and 
Ac measurements, and thus, they may influence artificially on the calculated E value. For example, 
the higher porosity observed in the as-sprayed coatings might have influence on the E 
measurement. It is interesting to note that all the obtained E and H values were in accordance with 
the reported data in literature for Ti-6Al-4V alloys, which are in the range of 100-140 GPa and 
300-400 HV (≈ 3.17-4.23 GPa) respectively [4,219]. 

One unanticipated finding was the contact stiffness evolution with the penetration depth 
during the indentations carried on the powder embedded in the epoxy resin. The contact stiffness 
only showed a linear relationship with the penetration depth within a small range of data which was 
located at very shallow depths (Figure 4.16a). The contact stiffness began to decline for further 
depths. The use of a Sn alloy to mount the powder was successful as it provided a stiffer matrix for 
the powder and the linear region in the contact stiffness vs. penetration depth plot was extended to 
100 nm (Figure 4.16b). These results agree with the findings of an investigation conducted by W. 
Yan et al. [203] on nanoindentation of particles embedded in a matrix, in which they found that the 
Oliver-Pharr method was applicable only up to a maximum indentation depth named as particle-
dominated depth. The measured mechanical properties which are associated to the particle 
properties correspond to the data along the range of indentation depths from the surface until the 
maximum particle-dominated depth. If the indentation depth increases further than this maximum, 
the measured mechanical properties will be a combination of both the particle and the matrix. In 
their study they demonstrated by using a finite element model that the particle-dominated depth 
depends on the ratio of the particle’s elastic modulus (Ep) to the matrix modulus (Em) and on the 
yield strength of the particle. The model shows that the particle-dominated depth increases with the 
increase of Em when Ep/Em>1. The Sn matrix, that have been used in this study, presents a higher 
elastic modulus (E~45 GPa) with regard to the epoxy resin (E~3.5 GPa) and thus the particle-
dominated depth was enlarged as predicted by W. Yan et al. investigation [203]. A similar method 
to measure mechanical properties of particles using different embedding materials was reported by 
E. Hryha et al [228]. In their study they used resins of different hardness to measure the mechanical 
properties of steel particles. In another study on the elastic modulus of ceramic particles by 
nanoindentation, J. W. Leggoe [229] showed that the indentation data was affected by the matrix 
that was softer than the particles. They found that there was a reliable data range to calculate the 
mechanical properties which corresponded to a region of the elastic modulus that remained 
approximately constant with the penetration depth of the indenter into the surface. 

5.3 Scratch tests 

Scratch tests were performed to evaluate the wear behaviour of the materials under study at the 
micro scale. The most interesting finding was that the wear rate values obtained for the Ti64-1100 
in as-sprayed state and HT state were similar to that of the substrate. By contrast, the Ti64-800 
coating presented a significantly higher wear rate, about one order of magnitude over that of the 
other materials. 
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The effect of two parameters was investigated in this study: the applied normal load and 
the scratch velocity. A strong correlation between the residual wear volume and the applied normal 
load was found, while the effect of the scratch velocity appeared to have a negligible effect on the 
wear volume. 

The found correlation between normal load and wear volume indicated that the wear 
behaviour of the materials could be described by a dimensionless wear rate, Ks, which was directly 
proportional to the volume of the residual scratch groove, vr, and the hardness of the softer 
material, H, and inversely proportional to the applied Fn: 

𝐾 =           (5.1) 

This wear equation was in accordance with the known Archard equation or the similar 
model derived to quantify abrasive wear in ductile materials [55,66,214]. However, a difference 
should be noted between the wear coefficient defined by the Archard equation and the calculated Ks 
in this work. In the Archard wear model, the wear rate accounts for the actually removed material 
from the surface, while the here presented wear rate refers to the displaced wear volume by the 
abrasive (residual volume).  

The residual groove in a two-body abrasive wear process may be generated by the 
contribution of one or more wear mechanisms. The process have ben typically described by the 
action of different processes: microploughing, microcutting, microfatigue and microcraking 
[212,230,231]. Microploughing is referred to the displacement of the wearing material to the sides 
and the front of the abrasive while it is moving. No material is detached from the surface by 
ploughing, and a typical feature of this wear mechanism is the formation of pile-ups. On the other 
hand, the microcutting process tears the material from the surface and thus, it results in material 
loss. Regarding to the microfatigue mechanism, it is only involved in processes in which the 
abrasive slides repetitively over the surface causing material detachment by low cycle fatigue. 
Finally, microcracking is involved when the loss of material is caused by the formation and 
propagation of cracks. Therefore, the residual volume of a wear groove could be described as 
follows: 

𝑣 = 𝑣 + 𝑣 + 𝑣 + 𝑣        (5.2) 

Being vpd, vcut, vfatigue and vcrack the wear volume associated to the action of microploughing, 
microcutting, mocrofatigue and microcraking, respectively. 

It has been not possible to quantify in this investigation the worn material that had been 
actually removed from the surfaces during the scratch test. However, there has been identified the 
main wear mechanisms. As it has been noted in the microstructural characterization of the 
scratches, the abrasion scratches and pile-up structures suggested that abrasion occurred mainly by 
plastic deformation mechanisms, such as ploughing and cutting. The grooves presented clear pile-
ups suggesting that the displaced volume by plastic deformation should not be neglected. In 
addition, in the as-sprayed coatings, particularly in the Ti64-800 coating, it has also been shown 
that brittle fracture by spalling was involved near some microstructural defects such as pores or 
intersplat boundaries. Therefore, this result indicated the contribution of cracking in the wear 
volume generated in the as-sprayed samples. 
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In spite of the cutting and ploughing contributions were not distinguished, the morphology 
of the pile-up structures suggested that a higher contribution of cutting might have been involved in 
the wear of the as-sprayed coatings. The ridges in these coatings were more homogeneous and 
appeared to be less pronounced. The ratio H/E have been reported by several authors as a measure 
of the plastic flow resistance of a material [79,232,233]. Table 5.1 presents the calculated H/E 
ratios and the calculated wear rates for the studied materials. As the H/E ratio was higher for the as-
sprayed coatings, this result suggested that the ploughing mechanism could have been more limited 
in these materials as compared with the substrate and the HT coating. Therefore, the different pile-
up extent could be explained by the different mechanical properties of the coatings.  

Another possible explanation for the different pile-up morphologies might be the 
differences in microstructure. The microstructure of the substrate and Ti64-1100 –HT coating was 
heterogeneous because of the presence of retained β phase. Because of the distinct mechanical 
properties of both phases, the inhomogeneous distribution of the phases could have been created 
the inhomogeneous pile-up. 

Table 5.1 H/E ratios and average scratch wear rates of the Ti-6Al-4V substrate and the three CS 
coatings under study. 

Sample H/E 𝒌𝒔 (*10-2) 

Ti-6Al-4V Substrate 0.0033 3.09 ± 0.40 
Ti64-800 Coating 0.0036 9.69 ± 1.3 
Ti64-1100 Coating 0.0039 3.19 ± 0.54 
Ti64-1100-HT Coating 0.0033 4.04 ± 0.50 

 

The differences found in the wear rates could be also explained by the porosity of the 
materials. The notably higher porosity values of the Ti64-800 coating could be related to the greater 
wear in this material. This result might be explained because the ploughing of the material is 
facilitated when there are pores which do not exert any resistance to deformation. In a bulk, or in a 
lower porosity material, the ploughing is restrained by the material itself. Strong influence between 
the wear loss during scratch and the porosity of a material has been previously reported in other 
studies [234–236]. 

This study has shown first that the Ti64-800 coating presented a poor wear resistance as 
compared to the substrate and the other coatings, and that the wear behaviour of the Ti64-1100 
coating was enhanced with regard to the Ti64-800 coating. Therefore, the use of higher process gas 
temperatures and pressures for spraying was again proven to develop a higher quality coating. On 
the other hand, the identified wear mechanisms occurring during two-body abrasion were different 
between the substrate and the as-sprayed coatings (Ti64-800 and Ti64-1100), while he HT coating 
appeared to behave similar to the substrate. The contribution of cutting in the wear process 
appeared to be higher in the as-sprayed coatings.  This result implies that, in spite of the wear rates 
of the substrate and the Ti64-1100 coating were similar, a higher material loss might have resulted 
in the Ti64-1100 coating experiments. Therefore, although he Ti64-1100 coating was shown to 
present an improved wear behaviour, it appears preferable to apply the Ti64-1100-HT coating in 
order to repair a Ti-6Al-4V component. 
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5.4 Continuous sliding and oscillating pin on disc tests 

The main goal in the oscillating wear tests was to evaluate the wear performance of the fabricated 
CS coatings under similar wear conditions and a similar wear system to that occurring in Ti aircraft 
components subjected to oscillating contacts. The contact of the Ti coatings against bearing steel 
was investigated and the system was subjected to different wear conditions determined by three 
variables: the surrounding temperature, the applied pressure normal and the oscillation amplitude in 
the contact. The same experiments were conducted on the substrate material as a reference in order 
to investigate whether the coatings were adequate to repair Ti-6Al-4V bulk material parts. 

In a preliminary study, a set of experiments was conducted applying an oscillating 
movement as well as other experiments performed under a continuous sliding movement (section 
4.3.2.1). The testing conditions of the preliminary tests were selected taking into account the more 
severe conditions to which Ti aircraft components could be subjected in operation. The materials 
were tested under two temperature environments being fixed the other testing parameters. From 
this preliminary study it was concluded that the Ti64-800 coating presented the worst wear 
behaviour because the wear rate of the tests performed in this material was markedly higher with 
regard to that measured for the other coatings under the same wear conditions (Figure 4.76). The 
wear processes were shown to be more severe in the experiments conducted in this coating 
probably because of the lower hardness of this coating and due to its high porous microstructure. 
The main wear processes were shown to be abrasion in which the hardness of the material is an 
important parameter to provide wear resistance [66]. It should be noted that the Ti64-1100 coating 
also appeared to fail under the applied continuous sliding test conditions as compared to the 
substrate, but its wear behaviour under oscillating contacts appeared to perform satisfactorily. An 
implication of the better wear performance of the Ti64-1100 coating with regard to that of the Ti64-
800 coating is that the increase in process gas temperature and pressure in Ti-6Al-4V CS processes 
has led to an enhanced coating. 

The lower wear resistance of the as-sprayed coatings with regard to the substrate might be 
explained because of the presence of porosity in the coatings. Porosity has been generally reported 
to deteriorate the wear behaviour of materials [234,237,238]. As an example of this, A. Sinha et al. 
investigation into the influence of surface porosity on the wear resistance of Al and Al6061 under 
dry sliding reciprocating conditions [234] indicated that the wear rate and the COF were increased 
with increasing porosity. Thus, the degree of porosity may also explain the better wear performance 
of the Ti64-1100 coating which presented significantly less porosity than the Ti64-800 coating. 
This detrimental effect of porosity is attributed to the creation of stress concentration sites near the 
pores in which crack initiation may be favoured [239]. In another study, P. K. Deshpande et al. 
[237] suggested that the presence of pores increases the effective normal stresses because the pores 
do not bear any load. They also stated that this effective normal stress was a function of the 
geometry and distribution of pores as well as the applied normal load. It should be noted that the 
hardness of the Ti64-1100 coating was higher than that of the substrate, and thus it was expected to 
present a better wear behaviour. However, the presence of pores in the microstructure appeared to 
control the wear rate in the coatings. In a review of the delamination theory of wear, Suh [240] 
reported a similar effect of a wear rate controlled by microstructural features in the microstructure, 
such as precipitates or pre-existing cracks, rather than by the hardness. 

The subsequent tests were realized according to a Box-Behnken experimental design on the 
substrate and on the Ti64-1100 and Ti64-1100-HT coatings (section 4.3.2.2). These tests were 
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performed under the oscillating movement which is described in methods section. A statistical 
comparison of the obtained wear rates for each material by means of a paired T-test indicated that 
the wear behaviour of the Ti64-1100-HT coating was even better than that of the substrate, while 
the Ti64-1100 coating presented a poorer behaviour. The observed improvement in the wear 
behaviour of the Ti64-1100-HT could be attributed to the lower wear rates obtained in the 
experiments performed at high temperatures. This result was related to the TiO layer which was 
formed at the top surface of the coating during the HT but it was not observed in the as-sprayed 
coatings. This point will be discussed further on the text in more detail. 

Several findings have been inferred from the sets of experiments performed according to 
the Box-Behnken experimental designs. On the one hand, the most significant factors influencing 
the wear behaviour of the studied systems have been determined in addition to their effects and 
interactions. Moreover, these findings have been correlated with the observed changes in the 
microstructure as it is described in section 4.3.2.2 in the SEM characterization of the samples. And 
finally, the dominant wear mechanisms have been identified from the wear responses results and 
the microstructural information. Schematic summaries of these results are reported in tables 4.23, 
4.24, and 425 which correspond to the obtained outputs about the experiments conducted on the 
substrate, and the Ti64-1100 and Ti64-1100-HT coatings. 

The discussion will start with the obtained results from the experiments performed on the 
substrate and on the Ti64-1100 coating because their characteristics were quite similar although 
they presented different wear rate values. In the tests corresponding to these materials, the 
amplitude was found as the most significant effect for both the COF and δh responses, but the 
effect of the factors was opposite. While the COF was reduced for wear experiments with 
increasing oscillation amplitudes, the δh was increased when higher amplitudes were applied. The 
normal pressure was the following factor having a significant influence on δh, while its effect on 
the COF appeared to be very low. The increase in normal pressure was shown to lead to higher δh. 
These results are consistent with those of other studies in which oscillation amplitude and normal 
pressure parameters have been reported as important factors influencing the fretting wear behaviour 
[86,108,213]. The increase in oscillation amplitude is considered to increase wear because the 
debris particles may be removed from the contact easier [213]. In addition, the higher influence 
exerted by the oscillation amplitudes with regard to the normal pressure has been previously 
reported in literature [241]. 

The wear mechanisms involved in the experiments conducted on these samples were 
mainly abrasive, adhesive and oxidative. However, they were shown to be acting to varying 
degrees on the wear process depending on the levels of the wear variables as it is summarized in 
Table 5.2. 

Table 5.2 Summary table of the wear mechanisms associated to the effect of the different studied factors. 

Factor Ti64-Substrate Ti64-1100 Ti64-1100-HT 

A ↑ A => ↑ abrasive wear 
↓ A => ↑ adhesive wear 

↑ A => ↑ abrasive wear 
↓ A => ↑ adhesive wear 

↑ A => ↑ abrasion 
 

P ↑ P => ↑ abrasive wear ↑ P => ↑ abrasive wear ↑ P => ↑ abrasion 
            ↑ adhesion 

T ↑ T => ↑ oxidative wear 
 

↑ T => ↑ oxidative wear ↑ T => ↑ counterbody transfer 
            ↑ adhesion 
            ↑ oxidation 
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The significant effect of the amplitude on the COF response suggested that the wear 
mechanisms changed for different amplitude values. The increase in amplitude was shown to lead 
to a more dominant action of abrasive wear, while adhesive wear appeared to have a more 
significant role at low amplitudes. 

The higher abrasive action observed in the worn surfaces of the samples tested at high 
oscillation amplitudes might be attributed to a thermal softening effect. In the oscillating tests, the 
sliding velocity is increased with oscillation amplitude because the frequency was fixed at 40 Hz 
for all the tests. For example, the corresponding sliding speeds for the oscillation amplitudes of 108 
and 1083 μm would be 17.3 mm/s and 173.3 mm/s respectively. The increase in sliding velocity is 
expected to increase the temperature in the contact what may have led to a softening effect of the 
materials. A thermal softening is related to the dynamic recovery that occurs during hot working 
which facilitates the deformation of the material [242]. This means that the rise in temperature 
promotes a loss of dislocations that are introduced during a work hardening and thus, the 
deformation is easier. Since the hardness is decreased, the plastic deformation if facilitated as well 
as the material removal by abrasive mechanisms. The increase in temperature at the contact with 
increasing velocity has been experimentally proven in a study conducted by X. Jin et al. [243] in a 
stainless steel fretting contact. The velocity is increased in their work by varying the frequency at a 
constant displacement amplitude. 

The microstructural study indicated that oxidized debris was found in the surfaces of the 
samples tested at lower amplitudes. It is apparent that there was a higher contribution of adhesive 
wear because the COF was higher during the tests performed at lower oscillation amplitudes. It 
seems possible that the oxidized debris have had a protective effect in the wear system at lower 
amplitudes. This debris consisted on Fe oxides as well as Ti6-Al4V particles. The EDX performed 
in the SEM showed that this debris was oxidized as described in the SEM microsctructual 
characterization of the worn samples of the substrate and the Ti64-1100 coating. However, as Ti 
oxides have only been identified in the examined sample by TEM corresponding to a test 
performed at 450 ºC, it is suggested that Ti oxides were only generated at the highest temperature 
or that they were formed in a very low amount. On the contrary, larger amplitudes of oscillation 
appeared to favour the removal of debris from the interface between the counterparts and this 
feature was linked to higher wear rates. 

Several effects have been reported in literature with regard to the debris entrapment at the 
contact in the COF and wear rate. The main effects are related to an increase in abrasive wear 
because of the action of the hardened debris particles [244,245] or to a solid lubricant effect in 
which the debris performs a third body mechanism rolling between the counterpairs [96,213,244]. 
Therefore, the former case is related to COF increments, while in the latter, COF is reduced. 
However, the present results showed an increased COF when oxide debris appeared to prevent 
wear. This rather contradictory result may be due to the action of other wear mechanisms. In an 
investigation into the role of debris in fretting wear, M. Varenberg et al. described different effects 
as a function of the dominant wear mechanism acting in a steel-steel and a steel-bronze wear 
systems [244]. The presence of debris at the contact led to higher wear when abrasion was the 
major mechanism, while wear was prevented when adhesive wear was the dominant wear 
mechanism. Therefore, it seems possible that adhesive wear was dominant in the experiments 
performed at lower amplitudes in this investigation, as it has been mentioned above. On the other 
hand, the transition from mixed to gross slip fretting, which is known to be strongly influenced by 
the displacement amplitude, could also explain this change [86]. In the transition to gross slip 
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fretting wear, the wear processes become more severe and a reduction in the tangential force has 
been reported due to the change from static to kinetic friction. The adhesive junctions created 
during mixed slip fretting are strained and plastically deformed in the transition to gross slip 
fretting [98]. There is little research available about Ti wear processes under oscillating conditions 
to contrast the present results. However, interestingly, X.X. Li et al. observed a similar behaviour 
in Ti-6Al-4V sliding contacts [94]. They reported a maximum value of wear rate at a certain sliding 
velocity and the associated worn samples presented no tribo-oxides. The tribo-oxides were 
observed on the surfaces of the samples related to the experiments performed at the lower wear 
rates. However, in contrast to the obtained results in this investigation, in their work, they reported 
an increase in COF for increasing wear rates.  

Regarding to the normal pressure, the increase in this variable was shown to increase the 
effect of abrasive wear. The outcomes derived from the microstructural study suggested that the 
higher values of normal pressures were associated to more severe wear processes. This finding was 
in accordance with the association between higher wear rates with higher applied normal loads 
during wear processes in which plastic deformation is the major wear mechanism that has been 
reported in literature [246]. The higher normal pressures are expected to generate more intensive 
stress fields and thus, the material will be subjected to a more severe deformation [79]. Similar 
findings were observed in an investigation into the reciprocating wear of Ti-6Al-4V against steel in 
which higher material loss was measured when increasing the applied load due to a higher degree 
of plastic deformation [247]. It should be noted that the plastic deformation in the samples was 
probably extended up to deeper distances from the surface. This point was not observed in the 
microstructural investigation since, in order to avoid the modification of the MMLs, the samples 
were not etched, and thus plastic shear was not appreciable in the microstructure. However, in 
some samples of the substrate or the HT coating the grain microstructure was shown to be distorted 
below the MML, because the β-Ti phase which was surrounding the grains was revealed in this 
samples even before being chemically etched. An example of this observation can be seen in Figure 
4.106b. 

The effect of the temperature on the COF and δh responses appeared to be negligible 
although the microstructural study revealed clear differences on the samples tested at different 
temperatures. In addition, the preliminary tests, in which the studied variable was the temperature, 
the occurrence of varying wear mechanisms was identified at different temperatures. However, the 
action of these wear mechanisms has been shown to be less important than the abrasive action 
when high normal amplitudes were applied. This result, which has been derived from the statistical 
analysis, has also been confirmed in the SEM microstructural characterization. In spite of the lower 
effect of the temperature on the wear response, the different generated microstructures were shown 
to be interesting because they reveal the activation of different wear mechanisms with varying 
temperatures. 

There has been identified two main types of MML microstructures in the worn samples of 
the substrate and the Ti64-1100 coating. In the sample tested at 450 °C, the surfaces appeared 
smoother and the MMLs presented a brittle structure composed by oxidized particles. This MML 
differed from the MML observed in the other experiments which consisted on a compact mixture of 
Ti-6Al-4V particles and counterbody material particles and this layer appeared to have been 
plastically deformed. In addition, in the case of the Ti64-1100 coating, at RT another MML was 
observed consisting on a mixture of oxidized steel and Ti-6Al-4V particles. A discussion about 
these microstructures and their associated wear mechanisms is detailed as follows. 
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The MML structure generated at RT and 240 °C suggested that it could have been formed 
through a process which has been referred in literature as the formation of mechanically mixed 
layer or transfer layer [80,214]. This model consists on the initial detachment of a fragment of 
material by adhesion from one surface to the surface of the counterpart and the following 
detachment of more fragments which become adhered to the previously formed. If the particle 
aggregates -which are typically named as transfer particles- remain trapped in the contact, they are 
subsequently subjected to plastic deformation. This deformation has been compared to the 
mechanical mixing which occurs in a ball milling mechanical alloying [80]. Moreover, the trapped 
particles at the contact may exert an abrasive action on the sample surface generating abrasive 
grooves. The obtained results from the TEM study of the Ti64-1100 samples tested at RT and 240 
°C further support the idea of these mechanical mixing of transferred particles from both 
counterpairs. In these samples, nanosized grain regions were found at the near surfaces which were 
composed by mixtures of Ti-6Al-4V and Fe rich phases. Although no phases were found being 
composed as an alloy of elements from each counterpair, the particles appeared intimately mixed. 
Oxidized Fe phases were also found in the near surface while the oxidation of the Ti-6Al-4V alloy 
was no detected. The transfer particles can become adhered to the pin surface generating the MML. 
Therefore, as the chemical composition and mechanical properties of this layer differ from that of 
the bulk, the wear response is mainly dependent on the properties of this layer. Thus, it could be 
concluded that in the samples tested at RT and 240 °C the near surface of the sample is modified by 
the action of adhesive wear as well as material transference from the counterbody and plastic 
deformation. Oxidative wear has also been identified although in a minor contribution which led to 
the formation of oxidized wear particles of counterbody material that some of them were 
incorporated to the transfer particles. 

In the samples tested at 450 °C the brittle appearance and the presence of oxygen suggested 
a major role of oxidative wear in these samples. The brittle appearance of the coating at the near 
surface could be attributed to the inward diffusion of oxygen and to the formation of oxides at the 
near surface of the samples. Ti alloys have been reported to be hardened when oxygen is present in 
solid-solution and this effect results detrimental for ductility and fatigue strength [56]. For this 
reason, it is likely that the near surface of the Ti-6Al-4V alloy was more brittle and could have 
caused the cracking of the material. In addition, the phases of the near surface particles were mostly 
oxides such as the TiO2 or Fe3O4.oxide phases that have been identified by TEM. It should be noted 
that the oxidation of the pin has also been detected in this type of microstructure, suggesting that 
the oxidation of the pin has only been significant when the tests were performed at the highest 
temperatures. In addition, this finding has indicated that the oxidation of the steel was more 
favoured than that of the pin at lower temperatures. A possible explanation for this could be the 
higher oxidation resistance of the Ti alloy as regard to the 100Cr6 steel. However, no particular 
effect has been found in the COF or δh responses due to the presence of Ti oxides in the MML. 
Otherwise, the temperature would have been more significant on the responses variables. The TEM 
investigation also revealed that the grains within the particles located at the near surface presented 
nanometric sizes probably due to the higher plastic deformation or chemical transformations at the 
top surface. However, the presence of these particles with nanosized grains was found until 
shallower depths as compared to that observed in the samples tested at lower temperatures. 
Therefore, one of the major wear mechanisms occurring in the samples tested at 450 °C has been 
shown to be oxidative. However, other mechanisms as adhesion and abrasion have also been found 
which present higher or less importance depending on the testing variables. These findings contrast 
with that observed by Hager et al. [99] in a study about the effect of high temperature on the 
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fretting wear regime at Ti-6Al-4V interface. They show in this study that the high temperature 
environment had promoted oxidation and thermal softening. However, the observed embrittlement 
of the near surface of the samples in the present investigation could be explained because of the 
heating process before starting the test. The samples were placed iniside the furnace while heating 
and thus, oxygen diffusion might have occurred during this stage. 

The third type of MML is the microstructure that have been observed in the worn samples 
of the Ti64-1100 coating tested at RT (expect when testing at the highest amplitude) and at 240 °C 

when the lowest oscillation amplitude and normal pressure were applied. This MML consisted on a 
mixture of amorphous Fe oxides and α-Ti and α-Fe rich phases as identified by TEM analysis. In 
addition, the base Ti material presented nanosized grain regions at the near surface of the samples. 
Therefore, the formation of this layer appeared to be related to the action of oxidative wear on the 
one hand, by which the counterbody material was oxidized, as well as adhesive and abrasive wear 
as revealed by the wear debris particles from the Ti coating and the counterbody and the generated 
finer grain microstructure. However, the plastic deformation appeared to be lower as regard to that 
occurring in the other samples in which the transferred particles from the counterbody were 
intimately mixed with Ti-6Al-4V alloy material. As a higher plastic deformation of the surfaces has 
been shown to be associated to the amplitude of oscillation and normal pressure, this result is in 
accordance with the lower plastic deformation observed in this layer. In addition, it has been 
observed how the microstructure of the MML of the sample tested at RT applying the highest 
oscillation amplitude and normal pressure was the one constituted by the compact mixture of 
transferred particles. On the other hand, the formation of this MML in the Ti64-1100 coating but 
not in the substrate could be explained because of the higher hardness and the higher roughness of 
the Ti64-1100 coating surface. The MML appeared to be a consequence of debris entrapment 
within the asperities of the coating which had not been worn because they were hard enough to 
bear the shearing stresses during the test. 

Although the effect of the temperature on the COF was insignificant, the decreasing effect 
of the COF with temperature could be explained in the light of the different MML structures. In the 
tests performed at RT and 240 °C, the MML structure appeared to lead to a lower COF as compared 
to that measured during the tests at 450 ºC. As it has been explained above, it is possible that the 
oxidation detected at the near surface of the worn samples tested at 450 °C has hardened the 
material and thus, the deformation by shear could have been restrained in these samples increasing 
the COF. On the other hand, the rise in temperature can also contribute to the increase of adhesion 
because the thermal diffusion in favoured [8]. This interpretation contrasts with that generally 
accepted theory in which the oxidation processes at high temperature results in a reduction of the 
COF between two metals because the oxides prevent the adhesion between the pure metals, which 
is stronger [8]. 

Moreover, the normal pressure-amplitude interaction was the most significant in the 
responses. The significance of this interaction on the δh response has been shown to follow to that 
of the amplitude effect, while the isolated effect of the normal pressure resulted lower in 
significance than when it was combined with higher amplitudes. It has also been observed that the 
conditions which led to higher wear were the highest values of the amplitude and normal pressure. 
Particularly, as it has been inferred from the δh histogram plots examination (Figure 4.76), the wear 
rates were shown to be particularly higher when the system was subjected to normal pressures 
above 16.5 MPa and an oscillation amplitude of 1083 µm was applied. This implies that these 
conditions should be avoided in the application. The examination of the wear surfaces of the pins 
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that have been tested at 240 °C, 1083 μm and 30 MPa indicated that the wear was severe as 
indicated by the large debris particles observed on the surfaces and delamination signs on the cross-
sectional investigation of the pins. Because both of the variables, the amplitude and the normal 
pressure, has been shown to increase the activation of abrasive wear, the interaction of this 
variables has resulted in a more aggressive abrasion of the samples. 

In the wear behaviour of the Ti64-1100-HT coating, the effects of more factors were 
shown to be significant on the response variable. The amplitude was the most significant effect on 
the COF and, in contrast to the obtained results on the substrate and the as-sprayed Ti64-1100 
coating, the normal pressure effect was also significant. With regard to the δh, the effects of the 
three individual factors were significant. The wear mechanisms occurring in these samples were 
oxidative, adhesive and abrasive. The change in the wear variables were also shown to activate 
different wear mechanisms which are also summarized in Table 5.2.  

As revealed by the statistical analysis, the increase in amplitude led to lower COF and to 
higher δh. The investigation into the effect of the amplitude in the worn surfaces indicated that the 
application of higher amplitude appeared to favour abrasive wear with plastic deformation. This 
effect was deduced because the features of the MML microstructure appeared stretched and 
oriented parallel to the surface. 

The COF and δh responses were increased when higher normal pressures were applied. In 
the worn surfaces, the increase in normal pressure was associated to an increase in abrasive wear 
and higher adhesive wear processes which appeared to lead to either a higher wear of the pin (when 
the tests were conducted at RT) or to a higher wear of the counterbody (when the samples were 
tested at high temperature). This result might be explained by the direct correlation of the normal 
load on the wear rate, as it has been indicated above. 

The increase in temperature was shown to decrease the δh and reduce the COF. The higher 
temperature tests were associated to a higher oxidative and adhesive wear in which the transference 
of material from the counterbody was large, but the material loss of the pin sample was reduced. 
Oxidative wear was observed in the samples under every testing condition leading to the oxidation 
of counterbody material. There were only observed two samples without the presence of oxidized 
counterbody which corresponded to tests performed at RT, although counterbody particles were 
shown adhered to the surface. This samples were the one tested at RT-30 MPa-596 µm and at RT-
16.5MPa-1083 µm. The MML corresponding to one of this sample was also examined by TEM and 
it was revealed a nanocrystalline grain microstructure on the near surface. On the other hand, the 
other samples presented MMLs mainly composed by Fe oxides. Fe rich particles without oxidation 
were also observed within the Fe oxide layer, although their presence was reduced in the samples 
tested at 450 ºC, probably due to a higher oxidative wear in these tests. No oxidation of the Ti-6Al-
4V coating was observed although the initial TiO layer which was formed during the HT of the 
coating was shown to remain unworn in some experiments. 

The most surprising result to emerge from the Ti64-1100-HT data was that the wear 
process of the system at high temperatures was opposite to the expected. The coating appeared 
marginally worn but a thick layer which was primarily based on counterbody material was found 
on the surface of the pin. This result was also deduced from the negative weight differences 
obtained from the weight measurements of the pins before and after the tests. The pins were shown 
to increase in weight, and this fact could only be explained if material from the counterbody was 
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adhered to the pin’s surface. Since the counterbody material was harder than the coating, as it has 
been inferred from the mechanical characterization of the materials, it was expected that the 
coating should have been abraded by the counterbody asperities rather than the opposite [214]. 

A possible explanation for this result may be related to the external layer which was 
generated during the heat treatment of the coatings that was identified as TiO. The wear tests were 
conducted in the samples without being previously polished and thus this layer was the first contact 
with the counterbody asperities. This oxide layer was probably harder than the oxidized 
counterbody. In fact, EDX results have indicated that the surface of the coating that had remained 
unworn after the test was oxidized. Previous studies on Ti [248,249] or Ti-6Al-4V [250,251] wear 
behavior have reported an enhancement in wear resistance when the samples were oxidized. This 
result was associated to a hardness increment of the oxidized samples. For example, TiO2 presents 
a hardness value in the range of 1000 to 1500 HV [252], which is significantly higher than the 
untreated Ti. The oxidation of the counterbody was also considered. Some iron oxides, as the Fe3O4 
(450 to 550 HV)or FeO (250 to 350 HV) [253], are softer than the steel alloy used for the 
experiments. However, this effect was not observed on the other materials. Therefore, the findings 
point to a possible influence of the TiO layer which results harder than the Fe oxides. 

With respect to the effects of the interactions, it has been observed that the normal 
pressure-amplitude interaction was again the most significant, but the temperature-amplitude 
interaction was also shown to be significant on the δh response. The normal pressure-amplitude 
interaction effect on the δh response has been shown to be more significant than that of the 
amplitude in this case. And, even the temperature-amplitude interaction resulted more significant 
than the separated effect of the normal pressure. The increase in the values of normal pressure and 
amplitude parameters has resulted in higher δh, while the increase in oscillation amplitude at low 
temperatures was also responsible of higher wear processes. These results can be explained because 
of a protective effect of the Fe oxide transferred layer into the surfaces of the samples tested at high 
temperatures. This layer was not observed at low temperatures and high normal pressures and 
oscillation amplitude, that are the conditions in which the wear rate was increase. On the other 
hand, when high normal pressures and oscillation amplitudes were applied, even at high 
temperatures, the mechanical processes were more severe leading to higher wear. However, in 
overall, the wear rates at high temperatures have been shown to be lower than that obtained in the 
substrate and in the as-sprayed Ti64-1100 coating. This result was also observed in the histogram 
plots (Figure 4.76). The interaction of an oscillation amplitude of 1083 µm with normal pressures 
above 16.5 MPa which was shown to significantly increase the wear rate of the substrate and the 
Ti64-1100 coating was also found for the Ti64-1100-HT coating. However, this effect was not 
observed in the Ti64-1100-HT sample tesed at 450 ºC. 

Another interesting finding was that empirical models for the COF and δh responses were 
obtained for the substrate material and another model for the COF of the Ti64-1100-HT coating. 
The COF and δh responses of the Ti64-1100 coating and the δh data of the Ti64-1100-HT coating 
were not possible to fit adequately to a model because these responses appeared to be more 
complex. The second order terms available from the Box-Behnken DOE were not enough to 
describe them satisfactorily. The major problem that has been found to obtain the other models was 
related to lack of fit. Lack of fit in a model usually means that higher order terms should be 
included in the model to adequately describe the response variability. As it has been suggested, it 
would be necessary to add new experimental points in the design in order to construct a higher 
order model. 
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Regarding, to the investigation of the constructed contour and surface plots from the 
obtained models and the canonical analysis, the outputs have indicated that the type of surfaces 
generated within the region of study were minimax systems in the three obtained response surfaces. 
This result indicated that no extreme points were found within that region. As the region of study 
was established in accordance to the real system, there is no interest in following the search of the 
optimum creating a new experimental design. On the other hand, since no extreme points were 
found, i.e. maximums or minimums, the effects of the factors and their interactions were the only 
available predictor to determine extreme wear conditions for the systems under study. For example, 
one of the issues emerging from the DOE analyses conducted in this investigation is that the 
combination of high oscillation amplitude and high normal pressures in the contact should be 
avoided in the real system. 

Returning to the question posed at the beginning of this study, it is now possible to state 
that within the studied CS Ti-6Al-4V coatings, the only coating which showed similar or enhanced 
wear properties with regard to the substrate was the Ti64-1100-HT coating. Therefore, this coating 
could be proposed as a possible solution for repairing Ti-6Al-4V components which are subjected 
to oscillating wear against steel. On the other hand, this investigation has indicated that, regardless 
the applied coating and even the Ti-6Al-4V bulk material, the conditions to avoid in the wear 
system are related to high normal pressures (near 30 MPa) and high oscillation amplitudes (near 
1083 μm). In addition, the combined increment of both of them can cause more severe wear than 
the isolated effect of the normal pressure and even more than the amplitude in the case of the HT 
coating. These conditions may result in higher wear rates. Moreover, the Ti64-1100-HT coating 
was shown to be adequate for high temperature environments (240-450 °C) because the wear rates 
are lowered in these conditions. 
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6 Conclusions 

The main purpose of the current study was to evaluate the application of CS Ti-6Al-4V coatings for 
repairing aeronautical components. The study was focused on the implementation of this coatings 
to repair Ti-6Al-4V parts which may fail by wear because of oscillating movements. The first part 
of this investigation was designed to determine the optimal process parameters to obtain high 
quality CS Ti-6Al-4V coatings. Two different CS coatings were studied, one that had been 
deposited with state-of-the-art process parameters and the other one using higher process gas 
temperature and pressure. In addition, the application of a final HT was investigated. 

The results of the investigation into the effect of process parameters on the CS Ti-6Al-4V 
coatings quality indicated that: 

- CS Ti-6Al-4V coatings onto substrates of the same alloy were successfully obtained, using 
nitrogen as process gas, working at temperatures and pressures of 800 °C and 40 bar (Ti64-
800 coating) and of 1100 °C and 50 bar (Ti64-1100 coating). The coatings presented 
thicknesses about ~700 μm and acceptable interface bonding with the substrate and 
between particles was observed. 

- The increase in process gas temperature and pressure led to coatings with an enhanced 
microstructure. The porosity of this coating was markedly reduced. This result was related 
to a higher degree of plastic deformation of the particles as indicated by the higher 
flattening effect in the splats and the reduction in the coating roughness. In addition, the 
interfacial bonding with the substrate appeared to improve as indicated by the reduction in 
the presence of voids at the interface. 

- The HT performed in the Ti64-1100 coating improved its microstructure. A recrystallized 
microstructure was obtained after this HT in which the splat interfaces were not 
distinguished. The bonding at the interface with the substrate was also improved generating 
a metallurgical bonding. 

- The mechanical properties of the CS Ti-6Al-4V coating deposited using higher process gas 
temperature and pressure were markedly improved as compared to the one sprayed with 
conventional parameters. The coatings nanohardness was higher than that of the feedstock 
powder indicating that a work hardening effect occurred during the CS deposition. The HT 
was shown to reduce the mechanical properties. This effect was associated to recovery 
processes during the HT. 
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- The measurement of the mechanical properties of the powder has been shown to improve 
when a Sn alloy was used as embedding matrix for the particles. 

Turning now to the tribological characterization, the study of the wear behaviour at the 
microscale, which was done by performing scratch tests, has shown that: 

- The dominant wear mechanisms appeared to be abrasive by plastic deformation through 
ploughing and cutting when the surfaces of the substrate and coatings were scratched by an 
abrasive tip. The cutting contribution in the wear process appeared to be more important in 
the as-sprayed coatings as compared with the substrate and the HT coatings. In addition, 
the occurrence of spalling and cracking in the as-sprayed coatings was observed near the 
pores and intersplat boundaries, particularly in the Ti64-800 coating. These findings were 
attributed to the differences in the microstructures and to the H/E ratios. 

- The displaced wear volume by the abrasive during the scratch tests was shown to be 
directly proportional to the applied load. Therefore, a dimensionless wear rate was obtained 
for the materials. 

- The CS Ti-6Al-4V coating processed using higher gas temperature and pressure (Ti64-
1100) was shown to present an improved resistance to abrasive wear with regard to the 
conventional coating (Ti64-800). The HT further improved the wear behaviour of the 
enhanced coating. In addition, the higher contribution of cutting wear in the as-sprayed 
coatings indicated that the material loss of that coatings was higher. 

- The wear behaviour of the enhanced coating in its as-sprayed and HT states was improved 
with regard to the substrate. 

On the other hand, the wear properties were investigated at the macroscale by conducting 
pin on disc experiments. Pins of the Ti-6Al-4V substrate and the CS coatings were tested against   
100Cr6 steel discs. From this study, the following conclusions have been drawn: 

- Preliminary wear tests indicated that the conventional coating presented a low wear 
resistance under the applied wear conditions with continuous sliding as well as with 
oscillating movement. The enhanced coating was shown to fail under the continuous 
sliding movement but its behaviour under the oscillating conditions appeared to be 
comparable to the substrate. The HT coating appeared to present an improved wear 
resistance. 

- The detailed study of the wear behaviour in oscillating contacts, according to a Box-
Behnken DOE, showed that the wear resistance was poorer in the Ti64-1100 coating as 
compared to that of the substrate, while the Ti64-1100-HT coating presented an improved 
wear behaviour. 

- The most significant factor on the COF response was the oscillation amplitude, while the 
most significant factor on the δh response were the oscillation amplitude and normal 
pressure. 

- The wear process was more severe when high oscillation amplitudes and normal pressures 
were applied. 

- Three empirical models were obtained: two COF models (one for the substrate and another 
for the Ti64-1100-HT samples) and a model for the δh response of the substrate. 

- The oscillating wear process was found to occur due to the combination of abrasive, 
adhesive and oxidative mechanisms. However, their contribution appeared to differ for 
different testing conditions. Abrasive wear was the main mechanism which was 
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particularly important when high oscillation amplitudes and normal pressures were applied. 
A major contribution of oxidative wear was observed in the tests conducted at 450 °C. In 
the HT coating, adhesive wear was the main wear mechanism in the high temperature wear 
tests. 

This study has successfully demonstrated that the quality of the CS Ti-6Al-4V coatings was 
enhanced when spraying with higher process gas temperatures and pressure. However, it has shown 
that these coatings have certain limitations in terms of their wear resistance. This limitation means 
that the as-sprayed coatings appear to be inappropriate for repairing aircraft components. However, 
the oscillating wear against steel study indicated that the Ti-6Al-4V bulk material could be repaired 
by applying the enhanced coating with the HT when the tribosystem conditions remain within the 
studied range of temperatures, normal pressure and oscillation amplitudes. 
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7 Future work 

This research has thrown up some questions in need of further investigation: 

Further work needs to be done in order to obtain the empirical wear models of the coatings. 
The analysis of the DOE of the CS coatings indicated that the quadratic models that were adjusted 
from the Box-Behnken data were not adequate to describe the wear responses because of lack of 
fit. This result suggested that the models are more complex and that more experimental conditions 
should be added in order to construct higher order models. 

More research is needed to better understand the relationships between the wear response 
and the wear mechanisms. In addition, further microscopy analysis of the worn samples as well as 
hardness measurements would be interesting: 

- Regarding to microscopy, it would be interesting to examine the wear debris collected from 
the experimental tests in order to gather more information related to the wear mechanisms. 
In addition, the examination of the cross-sectional cuts of the samples after being 
chemically etched would be useful to examine the deformation structure and extension of 
the transformed microstructure near to the surface during the tests. This result could add 
information about the degree of plastic deformation and the extension of the strain fields. 

- The hardness measurements along the cross-sectional cuts of the samples could determine 
the possible hardening at the near surface of the samples after the wear tests, as it has been 
reported in literature. 
 

Another possible area of future research would be to investigate other types of wear such as 
erosion and corrosion. Some aeronautical parts, such as parts the airframe or the landing gear, may 
be subjected to erosive wear due to the impingement of sand particles, hail or rain. Therefore, this 
study is interesting in order to evaluate the possibility to repair components subjected to this type of 
wear. The corrosive wear study would be useful to evaluate the applicability of these coatings 
under aggressive environments that can affect to aeronautical components. 

Further experimental investigations are needed to estimate the contribution of microcutting 
and microploughing in the wear rates that have been measured from the scratch tests. This study 
could be performed by calculating the volume of the entire scratch groove and that of the pile-ups 
by means of a profilometer. 
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