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RESUMEN

Las tecnologias de fabricacion aditiva estan aumentando en importancia para las aplicaciones
aeroespaciales y médicas, donde la demanda de una comprensiéon fundamental y
previsibilidad de las propiedades estaticas y dindmicas de los materiales es alta. La fusion por
haz de electrones mds conocido por sus siglas en inglés como Electron Beam Melting (EBM)
es una tecnologia de fabricacion aditiva basada en lecho de polvo de metal que hace posible
la fabricacion de piezas tridimensionales partiendo directamente de modelos CAD. La
aleacion de titanio Ti-6Al-4V es la aleacion mas utilizada y estudiada para la tecnologia EBM.
En su condicién ELI (elementos intersticiales extra bajos), la aleacion Ti-6Al-4V es también el
material analizado en esta tesis. La fabricacion de componentes metdlicos capa por capa en la
tecnologia EBM crea una microestructura direccional tinica y en consecuencia, el material
tiene propiedades anisotrépicas. Los mecanismos de formacion de la microestructura y su
influencia en las propiedades mecanicas del material no han sido estudiados completamente
para el Ti-6Al-4V fabricado por EBM (EBM Ti-6Al-4V). Ademads, las propiedades y
mecanismos de crecimiento de grietas por fatiga para el EBM Ti-6Al-4V apenas se han
investigado, lo que constituye una barrera para su adopcion en aplicaciones estructurales de

alta integridad.

El trabajo mostrado en esta tesis agrega estudios mas sistematicos en estas areas, logrando
una mejor comprension de los efectos de las condiciones de procesamiento y la relacién
microestructura-propiedades. En este trabajo se han estudiado exhaustivamente la relacion
de algunas variables de fabricaciéon para el EBM Ti-6Al-4V (orientacion relativa y ubicaciones
de las muestras, tratamientos térmicos, etc.) y las caracteristicas y propiedades intrinsecas del
material resultante (topografia de la superficie, microestructura, porosidad, micro dureza y

propiedades estaticas y dindmicas).
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Este estudio establece que la porosidad es el principal factor que controla las propiedades
mecanicas en relacidén con las otras variables estudiadas. Por lo tanto, todos los desarrollos
con el objetivo principal de mejora de las propiedades mecanicas deben primero disminuir la
porosidad antes de avanzar en otros aspectos del material. Muestras, fabricadas con un
algoritmo de generacion de pardmetros de proceso optimizado han mostrado valores de
porosidades minimas, permitiendo el estudio de la influencia de otras caracteristicas tales

como la microestructura del material resultante.

Se ha mostrado como la microestructura esta influenciada por el tiempo de permanencia y la
temperatura del material en la cdmara de fabricacién durante el proceso EBM, influyendo ésta
a su vez en las propiedades mecanicas. La microestructura propia, obtenida por el proceso
EBM, ha sido modificada mediante tratamientos térmicos basados en tres enfoques. En el
primer enfoque, se ha estudiado el efecto de varias velocidades de enfriamiento después de
un tratamiento de recocido B. En el segundo enfoque, se ha estudiado el efecto de la
temperaturas y tiempos de recocido en los espesores de las [dminas a, estableciendo una serie
de correlaciones que relacionan el espesor de la ldmina a y las propiedades mecénicas del
material. El tercer enfoque ha consistido en un estudio de parametros de envejecimiento,

tiempo y temperatura, tras un proceso de solubilizacion y temple al agua.

Otro logro relevante de esta tesis es el desarrollo de una comprensién fundamental de los
mecanismos de crecimiento de grietas por fatiga en relacion con la microestructura
direccional del EBM Ti-6Al-4V. Para ello se ha estudiado la propagacion de grietas en
direcciéon paralela y perpendicular a la direccién de fabricacion del proceso EBM, para
diferentes relaciones de tensién y etapas del proceso de crecimiento de grietas. Se ha
investigado la interaccion entre la microestructura direccional EBM y se ha comparado con la
interaccion de la microestructura recocida 3 equiaxial obtenida tras un recocido por encima
de la temperatura  transus. Se ha creado un modelo analitico para el umbral de crecimiento
de grieta de fatiga, AKw, para las dos direcciones relativas de propagacion de grietas y para
diferentes relaciones de tension. Finalmente, también se ha realizado una comparacion de
microestructura, propiedades mecdanicas y propiedades de fatiga entre el proceso EBM y el
proceso LMD para el material Ti-6Al-4V.

En general, este trabajo puede ser considerado como una contribucion para el area de la
ciencia aplicada de los materiales y una parte valiosa en el desarrollo de componentes de Ti-
6Al-4V fabricados por EBM. Los resultados obtenidos en esta tesis aportardn un mayor
conocimiento a las bases de datos que utilizan los disefiadores en el proceso de desarrollo de
distintas aplicaciones, de manera que puedan ser empleados a la hora de considerar el Ti-6Al-
4V fabricado por EBM como un material y un proceso de fabricaciéon validos para la creacion

de dichos componentes.
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1 INTRODUCCION

1.1 Estructura de la tesis

Esta tesis estd fundamentada en un trabajo de investigacion sobre las propiedades del
material EBM Ti-6Al-4V. Fruto de ese trabajo de investigacion se han realizado cuatro
publicaciones cientificas que han servido como base para la redaccion de esta tesis. En
consecuencia, este documento estd estructurado y redactado en formato de tesis por

publicaciones.

En la parte introductoria del documento, se explica el contexto en el que se cimenta la
investigacion, enfocado en el auge del negocio de la fabricacion aditiva. A continuacién, se
explica la motivacion de la investigacion, planteando las necesidades a las que pretenden
responder los trabajos realizados y mostrados en este documento. La parte introductoria
termina con una revision bibliografica de caracter generalista sobe la fabricacién aditiva y las
tecnologias que se engloban en este &mbito, complementada con informacion sobre el titanio
y las principales caracteristicas de la aleaciéon Ti-6Al-4V. Esta revision bibliografica puede
resultar algo escueta y con una lista de referencias cientificas limitada teniendo en cuenta la
magnitud del trabajo de investigacion desarrollada en la tesis. Sin embargo, en las partes
introductorias de las cuatro publicaciones que vienen a continuacién, correspondientes a los
Capitulos 2, 3, 4 y 5 de esta tesis, se exponen revisiones bibliograficas elaboradas y mas

especificas, con referencias a publicaciones cientificas relevantes.

Cada uno de estos capitulos, correspondiente a cada una de las cuatro publicaciones en las
que se fundamenta la tesis, comienza con una breve exposicion de los datos de la publicacion,
incluyendo un resumen en castellano. A continuacion, se presenta el texto de la publicacion

en inglés, muy semejante al publicado, pero con un formato adaptado a la tesis.

La tesis termina con una serie de conclusiones y lineas futuras a desarrollar que se han

recopilado brevemente en el Capitulo 6.
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1.2 Contexto

Tras 30 afios de investigacion, desarrollo y aplicacidon de la fabricacién aditiva, la industria
contintia expandiéndose con la introduccidon de nuevas tecnologias, métodos, materiales,
aplicaciones y modelos de negocio. De acuerdo con Wohlers Associates Inc., el negocio de la
fabricacion aditiva ha ido creciendo ininterrumpidamente desde que comenz6 a finales de los
afios ochenta, exceptuando los afios 2001, 2002 y 2009. Se ha entendido como negocio de
fabricacién aditiva, aquel generado por fabricantes de equipos, componentes y materias
primas para fabricacion aditiva, tanto de equipos de sobremesa como industriales, asi como

de proveedores de servicios de fabricacion aditiva.

En el afio 2007 el negocio de la fabricacion aditiva alcanzo la cifra simbolica de 1.000 millones
de ddlares americanos tras 20 afios de vida. Cinco afios después el negocio lleg6 hasta los
2.000 millones de ddlares manteniendo una tendencia de crecimiento en torno al 25%. Se
estima que el volumen de negocio supere los 10.000 millones en 2019 y llegue a superar los
25.000 millones de dolares en 2023.

. Other
Architectural 7 oo Motor vehicles
1.9% 16.0%

Government/military
51%
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Medical/dental
11.3%

Consumer

products/electronics |ndUStria|/l_Jusiness
1.7% machines

20.0%

Figura 1. Reparto del volumen del negocio de la fabricacion aditiva por sectores industriales

[1].

El sector de la maquinaria lidera el reparto del negocio de la fabricacién aditiva, tal como se
muestra en la Figura 1. En este sector se incluyen fabricantes de maquinaria automatica
industrial y robots, asi como de equipos ofimaticos. El reparto estd seguido por el sector

aeroespacial, vehiculos a motor y productos de consumo/electroénica, en ese orden.

Los primeros sectores en aplicar tecnologias de fabricacion aditiva en sus procesos han sido
el sector aeroespacial y el sector médico-dental. Ambos sectores presentan nichos de
produccion que comparten algunas caracteristicas como pueden ser el alto valor afiadido del

producto, donde se podria justificar el incremento del coste de produccion de la fabricacion
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aditiva; o la fabricacion de series cortas o componentes unitarios, donde la fabricaciéon aditiva
tendria una ventaja competitiva debido a sus menores tiempos de desarrollo. Sin embargo, el
impulso de la fabricacién aditiva se ha visto ralentizado por los altos requerimientos de
calidad, homologacién y normativa para tecnologias innovadoras que exigen estos sectores,

sobre todo debido a la alta responsabilidad de sus productos.

En el caso del negocio de los vehiculos a motor y de los productos de consumo, normalmente
estan fundamentados en la fabricacion de grandes series de productos a costes reducidos,
sean automoviles, electrodomésticos, teléfonos moviles, etc. En estos sectores, la fabricacion
aditiva ha estado enfocado en el aceleramiento del desarrollo de producto mediante la
fabricacion de prototipos y disefios conceptuales, con el que se ha mejorado la optimizaciéon
y validacion de los disefios. Otros usos de las tecnologias de fabricacién aditiva en estos

sectores son la fabricacion de utillajes y repuestos.
1.2.1 Usos y aplicaciones

La fabricacion aditiva esta teniendo un impacto significativo en la forma o proceso de
fabricacion de diversos componentes. Muchas de las organizaciones que estan abordando este
tipo de cambios, estan aplicando estas tecnologias con éxito en la fabricacién de productos
finales. Esta tendencia de fabricar componentes finales con fabricacién aditiva puede crecer
hasta convertirse en tecnologias claves para algunas de las industrias mds beneficiadas por
las caracteristicas singulares de este tipo de fabricacion. Incluso en el futuro, las tecnologias
de fabricacién aditiva podrian tener un impacto mayor en los procesos de fabricacién que

cualquier otro proceso convencional.
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Figura 2. Proporcion de usos a los que se destinan los componentes de fabricacién aditiva [1].
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En la Figura 2 se puede observar los usos que se estdn dando a los componentes fabricados
mediante tecnologias de fabricacion aditiva para distintas aplicaciones y sectores. Como se
puede observar, s6lo un tercio de los componentes fabricados estan destinados actualmente
a partes funcionales. Se espera que, con la mejora de la capacidad productiva de las
tecnologias de fabricaciéon aditiva, la proporcién de los componentes destinados a partes

funcionales vaya aumentando.

Figura 3. (a) Implante craneal fabricado por EBM (Arcam); (b) Soporte de antena fabricado por
SLM (EOS); (c) Modelo de cuerpo humano fabricado por Polyjet (Stratasys); (d) Taza de
porcelana foto curable fabricado por SLA (Nervous System).
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Los sectores a los que van destinados los componentes funcionales fabricados por fabricacion
aditiva son muy diversos: bienes de consumo, sector industrial, transporte, biomédico,
aeroespacial, militar, etc. Se pueden citar varios ejemplos de componentes funcionales como
pueden ser, partes de camaras y teléfonos modviles, componentes de motores, partes interiores
de los coches, dispositivos e implantes médicos (Figura 3a), partes de conjuntos de aeronaves
y satélites (Figura 3b), herramientas de mano, material formativo (Figura 3c), obras de arte
(Figura 3d), etc.

La fabricacion aditiva también se puede entender como una herramienta para agilizar el
proceso de desarrollo de producto. Las compafias confian en la fabricacion aditiva para
acelerar este proceso reduciendo el tiempo de comercializaciéon, mejorando la calidad del
producto y disminuyendo los costes de desarrollo. Como herramienta de visualizacién, la
fabricacion aditiva también asiste a las empresas reduciendo la probabilidad de comercializar

productos defectuosos o incorrectos.

Dentro de los sectores industriales donde se trabaja con series largas o muy largas de
productos, se estan desarrollando sistemas métodos y procesos basados en fabricacion aditiva
para el sector de los moldes y utillajes, lo que se denominaria fabricacion aditiva indirecta. En
el pasado se realizaron varias tentativas para desarrollar un proceso de fabricacion de utillajes
acelerado que terminaron fracasando. Sin embargo, los desarrollos mas recientes se han
concentrado en mejorar las prestaciones de los utillajes como puede ser los insertos con
canales de refrigeracion adaptados a la geometria del molde para procesos de inyeccién de
plastico y metales, Figura 4 (a); o moldes y machos de arena para procesos de fundicién en
gravedad, Figura 4 (b). Algunas aplicaciones emplean las tecnologias de fabricacion aditiva
para obtener resultados que serian dificiles o imposibles con otros métodos o tecnologias de
fabricacion convencionales (canales de refrigeracion curvos frente a taladros rectos, u otras
geometrias no mecanizables). Otras de las aplicaciones que estan ganando popularidad estan
relacionadas con la fabricacién de componentes auxiliares para ensamblado como pueden ser
los centradores, guias, galgas y posicionadores que se utilizan en las cadenas de montaje de

automocion.
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Figura 4. (a) Insertos para moldes de inyeccién de aluminio fabricados por SLM

(www.texerdesign.it); (b) Molde de arena para fundicion fabricado por Binder Jetting (ExOne).
1.2.2 Negocio de la Fabricacion Aditiva

Las tecnologias de fabricacion aditiva han estado en uso desde la década de 1980. En la fase
inicial, la aplicacién de las tecnologias de fabricacion aditiva se limité basicamente a la
produccion de prototipos. El objetivo principal era ofrecer una forma asequible y rapida de
recibir opiniones tangibles durante el proceso de desarrollo del producto, aunque los
prototipos generalmente no eran funcionales. Hoy en dia, la creacion de prototipos mediante
fabricaciéon aditiva se ha convertido en una préctica comun en muchas empresas. Sin
embargo, la popularidad creciente de las tecnologias y la razén detras de su impulso actual,
es su potencial para reemplazar tecnologias de produccidn convencionales para la fabricacién
en serie de componentes o productos y las numerosas oportunidades que ofrece para la

innovacién del modelo de negocio [2].
1.2.2.1  Presente

Si bien las tecnologias de fabricacion aditiva estaban destinadas originalmente a un uso
industrial muy exclusivo, la disminucién constante del costo las ha puesto al alcance de las
pymes y los trabajadores auténomos, convirtiéndose en una tecnologia que cualquier
empresa, pequefia o grande, puede permitirse. Mds alld de ser utilizado por las empresas,
existe también una tendencia creciente a utilizar la fabricacion aditiva en los mercados de
consumo. Mientras que la fabricacién aditiva doméstica a menudo se consideraba una
actividad de aficionado, la entrada de los principales actores en este mercado tiende a
demostrar lo contrario. En mayo de 2013, Staples se convirtié en el primer minorista
importante de EE.UU. en vender impresoras 3D. Fue seguido unos meses mas tarde por
Walmart. El mismo afio, Amazon abrié una seccion de fabricacién aditiva, que vendia

impresoras, filamentos de plastico, libros, software, repuestos y suministros a nivel global [3].
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Ademas de las ventas de impresoras 3D, los principales actores también estan adoptando la
fabricacion aditiva como un servicio. En los tltimos afios, el negocio de los servicios de
impresién ha crecido de una manera considerable. Estos servicios incluyen modelos
convencionales que han estado en el negocio desde los comienzos de los afos 90, pero

también incluyen plataformas y comunidades de fabricacién aditiva online.

Las plataformas de servicios online conectan indistintamente a creadores de disefios 3D,
usuarios de tecnologias de fabricacion aditiva que fabrican componentes y clientes que
compran componentes. Shapeways por ejemplo, fue fundada en Holanda por el gigante Philips
en 2007, fabricando sobre todo componentes en maquinaria propia. 3D Hubs en cambio, es
una plataforma en crecimiento formada por mas de 7.000 proveedores de servicios online que

producen componentes por fabricacion aditiva y mecanizado por arranque de viruta.

A nivel nacional el nimero de empresas de servicios de fabricacion aditiva ha ido creciendo
en los ultimos afios. Optimus 3D, Addimen, Mizar Additive y Undo Prototipos son algunas de las
empresas espafolas que ofrecen servicios de fabricacion aditiva con distintas tecnologias [4].
Algunas de estas empresas a su vez, también participan en plataformas de servicios de

impresion a nivel global.
1.2.2.2  Futuro

Los avances tecnoldgicos son particularmente transformadores en los negocios. El
surgimiento de una tecnologia disruptiva que reemplaza una plataforma industrial existente
tiene implicaciones significativas porque permite el acceso a un producto o servicio, que
histéricamente solo era accesible para consumidores con una gran cantidad de dinero o

habilidad, a una poblacién de consumidores con recursos mas limitados [5].

Aunque la fabricacion aditiva ofrece una serie de beneficios significativos en comparacion
con la fabricacién tradicional (complejidad geométrica, relacion “buy to fly”, aligeramiento,
reduccion de piezas en ensamblajes a través de la integracion de componentes,
personalizacion masiva de las caracteristicas de disefio, etc.), actualmente existen una serie de
barreras para la adopcidn general de estas tecnologias: baja velocidad de produccidn; altos
costos de produccion; limitaciones y dispersion de las propiedades mecénicas; el acabado
superficial; los procesos de postprocesado necesarios, y dificultad para la garantia y
validacion de la calidad, asi como la falta de estandarizacion en el area del software, del

proceso y del material.

Aungque las tecnologias de fabricacion aditiva reemplazaran y complementaran a algunos de
los métodos de fabricacién convencionales a mediano plazo, esto solo serd posible una vez
que se hayan abordado las limitaciones del costo de los equipos y materiales y la capacidad
de fabricacién de altos voliimenes a precios y plazos razonables. A medida que las patentes
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de muchas de las tecnologias de fabricacién aditiva vayan caducandose, paises productores
de equipos de bajo costo, como China, se convertirdn en fuertes fabricantes de equipos de
fabricacioén aditiva. Esto podria llevar a un cambio dramatico en la distribucion global de la
industria, con entradas futuras al mercado a menor costo, elevando la accesibilidad y las
economias de escala de la produccién. Los fabricantes de maquinaria desarrollardn ain mas
ventajas competitivas en torno a la produccién de piezas de mayor tamaiio, la velocidad de
produccion y la integraciéon de otros procesos complementarios para competir. Como
consecuencia, los costos generales de los productos producidos en el futuro continuaran
disminuyendo a medida que el tiempo del ciclo y el coste de los materiales se reduzca. Se
estima que a medida que aumente la demanda de materiales, se desarrollardn mas
proveedores y los costos generales de los materiales también se reduciran debido a la

economia de escala.

Por el contrario, es probable que la aparicidn de tecnologias de fabricacién aditiva genere una
produccion a menor escala organizada a nivel de paises o regiones. La estructura de los flujos
de conocimiento y la ubicacion de las operaciones clave tendran un cardcter diverso y menos
concentrado. La propiedad y el control de la produccién tenderan a descentralizarse a hogares
o municipios individuales, y exhibirdn una internalizacion de las operaciones a escala global

relativamente menos centralizada [6].

De acuerdo con un estudio y prediccion realizado sobre la implicacion socioecondmica de la
irrupcién de la fabricacién aditiva [7], para el ano 2030 una cantidad significativa de
pequenas y medianas empresas compartiran recursos de produccion de fabricacién aditiva
especificos para la industria, logrando una mayor capacidad de provision de maquinaria.
Como ejemplo incipiente de este concepto se podrian citar los “hubs” o polos de fabricacién
que se han creado amparados por organismos publicos (Basque Digital Innovation Hub, IAM
3D Hub, etc.), donde se unifican servicios de fabricacién aditiva dispersos en una especie de

ventanilla tinica.

En todas las industrias, la produccion local cercana a los clientes facilitada por la fabricacion
aditiva aumentara significativamente, mientras que las cadenas de produccién a nivel
mundial disminuirdn, dando como resultado una desglobalizacién de las cadenas de
suministro. La distribucién de los productos finales se movera significativamente a la venta
de archivos digitales para fabricacion directa en lugar de vender el producto fisico (efecto
similar al formato MP3 en la distribucién de musica). Los modelos de negocios de las
empresas no se veran enormemente influenciados por la fabricacién aditiva, aunque
requeriran la adquisicion de conocimientos y habilidades especificos. En gran parte debido a
las tecnologias de fabricacién aditiva, las medidas convencionales de "tiempo de
comercializacion", "ciclo de vida del producto” y "aceleracién" habran disminuido, ya que los
productos digitales estardn en una fase beta continua y seran sometidos a frecuentes

iteraciones de disefio y constantes modificaciones. Se estima que para 2030, los articulos
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producidos de fabricacién aditiva (productos, componentes) representaran un 10% frente a
los articulos producidos de manera convencional en todas las industrias. Un ntmero
significativo de consumidores utilizard bases de datos online para comprar disefios de
productos o para acceder a disefios de codigo abierto para fabricacion aditiva. Para entonces,
la mayoria de los consumidores privados en los paises industriales tendran impresoras de

fabricacién aditiva en el hogar.

1.3 Motivacion

Los componentes de fabricacion aditiva tienen un gran potencial de aplicacion en la industria
aerondutica principalmente, impulsadas por un numero significativo de beneficios
comerciales y técnicos que se han mencionado previamente. Debido a su flexibilidad
inherente, la fabricacién aditiva se esta considerando para una variedad de dominios de
aplicacion que abarcan piezas nuevas, reparaciones y mercado de repuestos. Al mismo
tiempo, varios investigadores y organizaciones han identificado una serie de desafios de
implementacion, incluida la complejidad de los controles del proceso de fabricacion, la
aplicabilidad cuestionable de los métodos convencionales de NDI (inspeccién no destructiva)
y la falta de estandares industriales y de disefios.

Los procesos de fabricacion aditiva tienen una alta complejidad fisica, y generalmente
implican millones de ciclos de fusién y re-solidificacion altamente localizados (ver Capitulo
3 de esta tesis). Las microestructuras resultantes pueden ser anisotropicas y/o especificas de
la ubicacién y, en general, difieren de las microestructuras fundidas o forjadas para el mismo
material. Los procesos de fabricacién aditiva pueden introducir varios tipos de defectos en
los materiales, como la porosidad o la falta de fusion. Las formas complejas de piezas cercanas
a las geometrias finales, combinadas con atributos microestructurales de los materiales de
fabricacion aditiva, pueden desafiar las capacidades convencionales de NDI, en comparaciéon
con los sistemas de materiales forjados o fundidos. Estos desafios técnicos se ven exacerbados
por la actual falta de experiencia de campo con componentes de fabricacion aditiva, asi como

por la limitada experiencia de produccién a gran escala [8].

Las tecnologias de fabricacion aditiva de metales son consecuencia de desarrollos
relativamente nuevos. La tecnologia empleada para fabricar los materiales base de esta tesis,
el EBM, fue desarrollada por la empresa sueca Arcam en 1997. Hoy en dia Arcam, ahora siendo
parte del gigante americano General Electric, sigue teniendo el monopolio de la tecnologia [9].
En el tiempo transcurrido desde el comienzo del desarrollo de la tecnologia hasta hoy, los
esfuerzos de mejora de prestaciones han ido enfocados a la mejora de la integridad estructural
de los componentes minimizando los defectos, al aumento de la productividad de las
maquinas, a la automatizacién del proceso y al aumento de nimero de materiales disponibles

para su procesamiento por EBM. Uno de los primeros materiales empleados en el desarrollo
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de la tecnologia EBM fue la aleacién Ti-6Al-4V, estudiada en esta tesis. Pese a ser uno de los
materiales mdas “antiguos” fabricado con la tecnologia EBM, gran parte de sus atributos
mecanico-microestructurales no han sido estudiados. De la misma manera, tampoco existe
un historial de aplicaciones de estos materiales en componentes en funcionamiento, que nos
puedan dar informacién sobre sus mecanismos de fallo, hoy en dia indispensables para

disefiar componentes estructurales sin coeficientes de seguridad demasiado elevados.

Las piezas de fundicién estructural, por ejemplo, tienen muchas décadas de produccién
exitosa y experiencia de campo en aviacion. Al mismo tiempo, se acepta ampliamente que las
piezas fundidas son propensas a la variabilidad de fabricacion, las anomalias del material y
la variacion resultante en las propiedades del material, incluida la fatiga, tal como sucede en
los componentes de fabricacién aditiva. Existe una variedad de anomalias materiales
intrinsecas a las piezas fundidas en forma de varios tipos de porosidad, inclusiones,
microgrietas, etc. Histdricamente, y en parte debido a la falta de capacidades de proceso y
modelado de materiales, se desarrolléd un marco empirico para mitigar el riesgo de los factores

anteriores en fundiciones estructurales.

Esta experiencia atin no existe para el EBM y tal como se acaba de comentar, los procesos de
fabricacion aditiva pueden dar lugar a una serie de anomalias o defectos materiales, como la
porosidad del gas, la falta de fusion, las inclusiones, la anisotropia y las microgrietas. Cada
clase de anomalias tiene un mecanismo de formacién diferente y, en general, un impacto
diferente en las propiedades mecanicas y las propiedades criticas para la fractura. Por
ejemplo, el efecto de la porosidad del gas o los huecos sobre el inicio de la grieta por fatiga
puede ser aproximado por los factores Kt equivalentes, mientras que las faltas de fusion
pueden ser aproximada por grietas agudas preexistentes, de manera similar a la porosidad

de contraccién en las piezas fundidas.

La relacién entre algunas de estas anomalias (poros, faltas de fusién y estructura
anisotropica), incluyendo varias variables del proceso de EBM, como pueden ser la posicion
de material en la base de fabricacion, y las propiedades mecanicas del material resultante son

el principal motivo de investigacion plasmado en el Capitulo 2 de esta tesis.
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Tabla 1. Frecuencia de mecanismo de fallo en componentes de aviacién [10].

Failure mechanism % Failures (Aircraft Components) (%)
Fatigue 55

Corrosion 16

Overload 14

Stress corrosion cracking 7

Wear/abrasion/erosion 6

High temperature corrosion 2

Mas alla de los defectos del material, es necesario el conocimiento de los fallos de los
materiales en servicio para optimizar los disefios, mejorar el comportamiento del material y
en definitiva para minimizar el fallo del material. La Tabla 1 muestra las frecuencias de
mecanismos de fallo en componentes de aviacion, obtenido en un estudio realizado tras
analizar 6000 informes de fallos de aeronaves en el Reino Unido [10]. Segtin los datos de la
tabla, el 55% de los fallos se produjo por fatiga, por lo que una de las principales estrategias
para minimizar el fallo es la mejora de los componentes frente a la fatiga. Hay diferentes
enfoques para implementar esta mejora, como el disefio, la inspeccidn y por supuesto, el

material.

El analisis de las lecciones histdéricas aprendidas durante la introduccién de nuevas
tecnologias y materiales sugiere que la aplicacion adecuada de los principios de tolerancia al
dafio basados en la mecdnica de fractura, estudiada en el capitulo 4 de esta tesis, puede ofrecer
un mecanismo eficaz de mitigacion de riesgos contra los defectos inherentes del material, asi

como defectos de fabricacion y defectos inducidos por el servicio [8].
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1.5 Revision Bibliografica
1.5.1 Fabricacion Aditiva

En los ultimos afios, la fabricacion aditiva ha ido creciendo en popularidad, disparandose las
ventas de equipos de sobremesa e industriales, desarrollandose mejoras de prestaciones,
aumentando el volumen de negocio, nimero de empresas, titulos académicos, proyectos de
investigacion, normas, ferias, congresos y un largo etc. Como medicién de la popularidad del
ambito, se puede mencionar que la basqueda del término “additive manufacturing” en
Google, ha devuelto mas de 7 millones de resultados en enero de 2019. Incluso en espafiol, la

denominacién “fabricacion aditiva” produce 412.000 referencias.

Aunque parezca que la fabricacion aditiva es una tecnologia muy novedosa, hay que
remontarse hasta los afios 80 para encontrar sus origenes en los primeros sistemas que
mediante la solidificacion capa por capa de fotopolimeros, conocido como estereolitografia,
dieron pie a las primeras solicitudes de patentes en 1984. Pese a su larga trayectoria, la
fabricacion aditiva se considera una tecnologia disruptiva debido a su potencial para cambiar
sustancialmente o mejorar diferentes procesos de produccion. Dado que sus capacidades y

prestaciones atin estan evolucionando, la expectacién por su potencial no ha disminuido.

En los mas de 30 afios en los que la fabricacion aditiva ha estado desarrollandose, se ha
utilizado una gran variedad de términos para describir una serie de tecnologias que se
podrian englobar dentro del término de fabricacién aditiva. La norma de reciente creacién
sobre terminologia ISO/ASTM 52900 [11], define la fabricacién aditiva como un proceso de
fabricacion de objetos partiendo de ficheros 3D mediante unién de materiales normalmente
capa por capa y en oposicion a los métodos sustractivos. Otra de las denominaciones
utilizadas para la fabricacion aditiva es la impresiéon 3D, aunque este término ha estado mas
asociado a los equipos de sobremesa basados en la tecnologia FDM que utilizan filamentos

poliméricos como material de partida.

En resumen, el principio basico de esta tecnologia consiste en que un modelo, generado
inicialmente utilizando un sistema tridimensional de disefio asistido por ordenador (3D
CAD), puede fabricarse directamente sin la necesidad de planificar el proceso. Aunque esto
no es en realidad tan simple como parece, las tecnologias de fabricacién aditiva ciertamente
simplifican significativamente el proceso de produccion de objetos 3D complejos
directamente a partir de datos CAD. Otros procesos de fabricaciéon requieren un andlisis
cuidadoso y detallado de la geometria de la pieza para determinar cosas como el orden en
que se pueden fabricar las diferentes caracteristicas, qué herramientas y procesos se deben
usar y qué accesorios adicionales se pueden requerir para completar la pieza. Por el contrario,

la mayoria de las tecnologias de fabricacion aditiva solo necesitan algunos detalles

12



Introduccién

dimensionales basicos y una pequefia comprensiéon de cdmo funciona la maquina de

fabricacion aditiva y los materiales que se utilizan [12].

La clave de como funcionan las tecnologias de fabricacion aditiva es que las piezas se hacen
agregando material en capas; cada capa es una seccién transversal delgada de la parte
derivada de los datos CAD originales. Obviamente en el mundo fisico, cada capa debe tener
un grosor finito y, por lo tanto, la parte resultante sera una aproximacion de los datos
originales. Cuanto mas delgada sea cada capa, mds cerca estard la parte final del original.
Todas las maquinas de fabricacién aditiva comercializadas hasta la fecha utilizan un enfoque
basado en capas; y las principales formas en que difieren son los materiales que se pueden
usar, como se crean las capas y como se unen las capas entre si. Tales diferencias determinaran
factores como la precision de la parte final, sus propiedades materiales y propiedades

mecanicas.

Dentro de los distintos sectores en los que estas tecnologias han tenido entrada, la fabricacion
aditiva puede emplearse en la creacién de modelos fisicos, prototipos, partes de utillajes y la
fabricacion de componentes funcionales (Figura 3). En funcién de la tecnologia empleada, se
pueden fabricar componentes de una gran variedad de materiales: plastico, metales,

ceramicas, vidrio, composites, biomateriales, etc.

1.5.1.1 Tecnologias y materiales

La fabricacion aditiva engloba una serie de tecnologias que afio tras afio aumentan en niimero,
volumen y prestaciones. Segin la norma citada anteriormente [11], las tecnologias de
fabricacién aditiva se pueden clasificar en siete familias principales (ver Figura 6). Las cuales
a su vez comprenden varias tecnologias con las que se pueden fabricar componentes de
diferentes materiales, geometrias y tamafios. Generalmente, los componentes son fabricados
capa por capa con materias primas que se encuentran en varios formatos como pueden ser,

filamento, polvo, laminas, pellets, pastas o liquidos.
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(a)

(b)

Figura 5. (a) Ejemplo de tecnologia basada en deposicion directa (Modelado por deposicion fundida, FDM);
(b) Ejemplo de tecnologia basado en cama o lecho de polvo (Fundido mediante haz de electrones, EBM).
(Fuente: Aditively.com)

Siguiendo la definicién de la “fabricacién aditiva” planteada en el apartado anterior, con
atributos comunes como, la fabricacién “capa por capa”, se podrian destacar dos enfoques
distintos en cuanto a la metodologia de fabricacién. El primero consistiria en la deposiciéon
Unicamente del material que forma la pieza, incluyendo sustentaciones para sostener las
partes en voladizo (soportes), Figura 5 (a), deposicién directa. El segundo enfoque consistiria
en la deposicion de material en toda la superficie de cada capa, donde se solidificaria o ligaria
la parte correspondiente a la pieza, Figura 5 (b), cama de polvo. Al final del proceso de
fabricacion de esta segunda modalidad, habria que retirar la pieza del lecho de polvo o del

tanque de liquido correspondiente.
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Tal como se ha comentado anteriormente, el auge de la fabricacién aditiva esta posibilitando

el desarrollado de numerosas tecnologias con mas o menos repercusion en el mercado y en la

industria. A continuacidn, se explican brevemente las tecnologias o familias de tecnologias

mas notorias que se englobarian dentro del &mbito de la fabricacion aditiva:

Estereolitografia (SLA): Esta fue la primera tecnologia desarrollada de fabricacion
aditiva. La primera patente data de 1986 y su creador Chuck Hull es considerado el
precursor de la impresién 3D. La tecnologia se basa en la solidificacién capa por capa

de un fotopolimero contenido en un tanque mediante luz ultravioleta.

Modelado por deposicion fundida (FDM): En este proceso un material polimérico en
formato de filamento se funde en una boquilla y se va depositando en una
plataforma. Esta tecnologia es la utilizada por las impresoras 3D de sobremesa y bajo
coste. Existen también variantes industriales con mayores prestaciones (acabado,

precision, volumen, velocidad y materiales).

Binder Jetting: En este proceso se deposita un aglomerante sobre un lecho de polvo.
El aglomerante une los granos de polvo correspondientes a la seccién de la pieza
capa a capa para formar una parte solida. Los materiales comtinmente utilizados en

Binder Jetting son metales, arena y cerdmicas en forma granular.

Fusioén en lecho de polvo (PBF): Este método comprende varias tecnologias donde a
diferencia del Binder Jetting, las capas del lecho de polvo se funden o sinterizan
selectivamente mediante una fuente de energia. Existen diferentes tecnologias en
funcién de la materia prima o de la fuente de energia: sinterizado selectivo mediante
laser (SLS) para materiales poliméricos; fusidn selectiva mediante laser (SLM) y

fusién mediante haz de electrones (EBM) para metales.

Deposicion directa de energia (DED): Este método comprende varias tecnologias
donde el material, normalmente metales, se funde mientras se va depositando.
Existen distintas tecnologias, en funcién del formato de la materia prima y de la
fuente de energia: Deposicion fundida por laser para hilo y polvo (LMD), fabricacion
aditiva por soldadura de arco (WAAM) o haz de electrones (EBAM).
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1.5.1.2  El proceso de Fabricacién Aditiva

La fabricacién aditiva implica una serie de pasos que comprenden desde la descripcion del
CAD virtual hasta la obtencién de la parte fisica resultante. Diferentes productos implican un
proceso de fabricacion aditiva compuesto de distintas etapas y distinto peso en el proceso
general. Los productos pequefios y relativamente simples solo pueden utilizar la fabricacion
aditiva para los modelos de visualizacién, mientras que los productos mas grandes y
complejos con mayor contenido de ingenieria pueden involucrar a la fabricacion aditiva
durante numerosas etapas e iteraciones a lo largo del proceso de desarrollo. Ademas, en las
primeras etapas del proceso de desarrollo de productos las piezas pueden tener un acabado
rugoso donde la fabricacién aditiva es utilizada por los tiempos de fabricacidn relativamente
cortos. En las etapas posteriores del proceso, las piezas pueden requerir una limpieza
cuidadosa y un procesamiento posterior (incluido el lijado, la preparacion de la superficie y
la pintura) antes de su uso, con la fabricacién aditiva siendo ttil aqui debido a la complejidad
de la forma que se puede crear sin tener que considerar el uso de herramientas. Para resumir,
la mayoria de los procesos de la fabricacién aditiva implican, en cierto grado al menos, los

siguientes pasos [12]:

CAD: Todas las partes de la fabricacién aditiva deben comenzar desde un modelo de software
que describa completamente la geometria externa. Esto puede implicar el uso de casi
cualquier software profesional de modelado de sélidos CAD, pero la salida debe ser una
representacion 3D sélida o de superficie. También se pueden utilizar equipos de ingenieria

inversa como sistemas de escaneado laser para crear esta representacion.

Conversion a STL y manipulacién del archivo: Casi todas las maquinas de fabricacion
aditiva aceptan el formato de archivo STL, que se ha convertido en un estandar de facto, y
casi todos los sistemas CAD pueden generar dicho formato de archivo. Este archivo describe
las superficies externas cerradas del modelo CAD original y constituye la base para el calculo
de los cortes. El archivo STL que describe la pieza debe transferirse a la maquina de
fabricacién aditiva. Aqui, puede haber alguna manipulacién general del archivo para que
tenga el tamario, la posicion y la orientacion correctos para la construccién. En algunas de las
tecnologias es necesario afiadir unos soportes a superficies en voladizo, orificios e incluso a
zonas con tendencia a la deformacién debido a tensiones térmicas. Es necesario también
realizar un proceso de rebanado o “slicing” del soélido donde se extraen las secciones

transversales que constituiran las capas del componente fabricado por fabricacién aditiva.

Configuracion de la maquina: La maquina de fabricacion aditiva debe estar configurada
correctamente antes del proceso de fabricacién. Dichas configuraciones estarian relacionadas
con los parametros de fabricacién, como las restricciones de material, la fuente de energia, el

grosor de la capa, los tiempos, etc.
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Fabricacion: La fabricacién de la pieza es principalmente un proceso automatizado y la
maquina puede continuar en gran medida sin supervisiéon. En este momento, solo debe
realizarse un monitoreo superficial de la maquina para garantizar que no se hayan producido

errores como quedarse sin material, fallas de energia o software, etc.

Eliminacion: Una vez que la maquina de fabricacion aditiva ha completado la fabricacion, se
deben extraer las piezas. Esto puede requerir la interaccién con la maquina, que puede tener
enclavamientos de seguridad para garantizar, por ejemplo, que las temperaturas de
funcionamiento sean lo suficientemente bajas o que no haya partes méviles activas. En los
procesos de lecho de polvo, por ejemplo, es necesario quitar el polvo que no se ha solidificado.
En muchos casos también es necesario la separacién de la plataforma de fabricacion, que
puede comprender incluso una etapa de tronzado con disco abrasivo e incluso electroerosion

por hilo.

Postprocesado: Una vez retiradas de la maquina, las piezas pueden requerir una cantidad de
limpieza adicional antes de estar listas para su uso. Las piezas pueden ser débiles en esta
etapa o pueden tener caracteristicas de soporte que deben eliminarse. Por lo tanto, esto a
menudo requiere tiempo y manipulacién manual cuidadosa y experimentada. En el caso de
fabricacion aditiva metalica, la realizacion de tratamientos térmicos posteriores para alivio de

tensiones o para mejora de propiedades es habitual.

Aplicacion: Las piezas también pueden requerir un tratamiento adicional antes de ser
aceptables para su uso. Por ejemplo, pueden requerir imprimacién y pintura para dar una
textura superficial y un acabado aceptables. Los tratamientos pueden ser laboriosos y
prolongados si los requisitos de acabado son muy exigentes. También se les puede exigir que
se ensamblen junto con otros componentes mecanicos o electrénicos para formar un modelo

o producto final.

Si bien se han discutido las numerosas etapas en el proceso de fabricacién aditiva, es
importante darse cuenta de que muchas mdaquinas de fabricacion aditiva requieren un
mantenimiento cuidadoso. Muchas méquinas de fabricacion aditiva usan tecnologia laser o
de impresion muy fragiles que deben ser monitoreadas cuidadosamente y que
preferiblemente no deben usarse en ambientes sucios o ruidosos. Si bien las maquinas estan
disefiadas para operar sin supervision, es importante incluir controles regulares en el
programa de mantenimiento, y se debe tener en cuenta que las diferentes tecnologias
requieren diferentes niveles de mantenimiento. También es importante tener en cuenta que
los procesos de fabricacion aditiva estan fuera de la mayoria de los estandares de procesos. El
Comité Técnico ASTM F42 sobre Tecnologias de Fabricacién Aditiva estd trabajando para
abordar y superar este problema. Sin embargo, muchos proveedores de maquinas
recomiendan y proporcionan patrones de prueba que pueden usarse peridodicamente para

confirmar que las maquinas funcionan dentro de limites aceptables.

18



Introduccién

Ademas de la maquinaria, los materiales también pueden requerir un manejo cuidadoso. Las
materias primas utilizadas en algunos procesos de fabricacién aditiva tienen una vida ttil
limitada y también deben mantenerse en condiciones que eviten reacciones quimicas no
deseadas. Se debe evitar la exposicién a la humedad, el exceso de luz y otros contaminantes.
En otros casos los materiales pueden ser toxicos o peligrosos como en el caso de polvos de
aleaciones de niquel o polvos de aluminio respectivamente. La mayoria de los procesos
utilizan materiales que pueden reutilizarse para mas de un lote de fabricacion. Sin embargo,
puede ser que la reutilizacién pueda degradar las propiedades si se realiza muchas veces y,
por lo tanto, también se debe observar un procedimiento para mantener una calidad constante

del material a través del reciclaje.
1.5.1.3  Fabricacion aditiva de metales

Desde su inicio, se han realizado avances significativos en la comprensién de los procesos de
fabricacién aditiva y la estructura y propiedades de los componentes metalicos fabricados
mediante estas tecnologias [13]. Estos avances, que incluyen laseres industriales fiables de
menor costo, hardware y software de computacién de alto rendimiento y tecnologias basadas
en materias primas de polvo e hilo de metal, han permitido convertir a los procesos basados
en tecnologias de fabricacion aditiva para metales en procesos de vanguardia. Ciertas
aplicaciones han alcanzado niveles de preparacion tecnoldgica de produccién totalmente
certificada, la mayoria lo ha logrado a través de la certificacion de cada tipo de pieza, material
y proceso. Sin embargo, es deseable una comprension mas profunda de los materiales,
procesos, estructuras, propiedades y rendimiento de la materia prima para producir piezas

de fabricacién aditiva sin defectos, estructuralmente sélidas y fiables.

En un principio, las tecnologias de fabricacion aditiva para metales han ido desarrollandose
en laboratorios nacionales, universidades, centros tecnoldgicos y laboratorios de
investigacion industrial. Hoy en dia, las tecnologias mas maduras mejoran sus prestaciones
en las propias empresas que fabrican dichos equipos (Figura 8), si bien ain se siguen

desarrollando mas tecnologias.

Las tecnologias de fabricacion aditiva para metales pueden clasificarse / categorizarse en
términos de la materia prima, fuente de energia, volumen de fabricacién, etc. En la Figura 7
aparecen las principales tecnologias de fabricacion aditiva de metales divididas en tres
grandes categorias (aunque hay muchos mas): (i) sistemas de lecho de polvo, (ii) sistemas de
alimentacién de polvoy (iii) sistemas de alimentacién de hilo o alambre. En dicha clasificacion
también se distingue la fuente de energia (haz de electrones, laser, arco, etc.). El polvo de
metal es la principal materia prima de la fabricaciéon aditiva en metal. Aunque su
manipulacién es dificil y peligrosa en su estado bruto, sus caracteristicas inicas lo convierten

en el tipo de materia prima para fabricacion aditiva de metal preferido.
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Dentro de cada formato de materia prima, la principal diferencia entre distintas tecnologias

de fabricacion aditiva para metales se basa en la forma en que fusionan el polvo o el hilo para

formar piezas metélicas. Estos métodos varian mucho, desde el uso de laseres de alta energia

para fusionar el polvo suelto hasta la extrusion de filamento de polvo de metal contenido en

un polimero [15].

MAM
Technologies

Powder Bed Systems

Powder Feed Systems

Binder Jetting

PBF-L

Laser Beam Powder
Bed Fusion

PBF-EB

Electron Beam
Powder Bed Fusion

Wire Feed System

DED-PA

Plasma Arc Direct
Energy Deposition

DED-GMA

Gas Metal Arc Direct
Energy Deposition

Figura 7. Clasificacion de las tecnologias de fabricacion aditiva para metales segiin norma de

ASTM [16].

En la Figura 9, se puede ver una comparacién de los distintos aspectos de la fabricacion para

varias tecnologias de fabricacion aditiva de metales. Como se puede observar en dicha grafica,

mediante las tecnologias basadas en cama de polvo, se obtienen componentes mas precisos,

de geometrias complejas, pero con unas velocidades de fabricacion y dimensiones limitadas.

En cambio, procesos como el WAAM, permiten fabricar componentes grandes, a gran

velocidad, pero con geometrias relativamente sencillas y una precision limitada.
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Figura 9. Comparacién de tecnologias de fabricacién aditiva metdlica, donde LPBF y EBPBF
corresponden a SLM y EBM respectivamente [17].

A continuacion, se analizara las principales tecnologias de fabricaciéon aditiva metalicas:
Powder Bed Fusion (PBF)

Conocido por muchos nombres, la fusién en lecho o cama de polvo es actualmente el tipo mas
comun de fabricacion aditiva en metal. Estas maquinas distribuyen una fina capa de polvo
prealeado sobre una placa o base de fabricacién y funden selectivamente una seccién
transversal de la pieza en cada capa [18]. Existen dos tipos distintos de técnicas de fusion de
lecho de polvo en funcién de la fuente de energia: fusion selectiva por laser y fusiéon por haz

de electrones.

Fusién selectiva por ldser (SLM)

También conocido como: sinterizacion directa de metal por laser (DMLS), impresion directa
por metal (DMP), fusion de lecho en polvo con laser (LPBF). La mayoria de las maquinas
Powder Bed Fusion son maquinas de fusion selectiva por laser (SLM). Las maquinas SLM
usan laseres de alta potencia para fusionar capas de metal en determinadas partes de cada
plano de construccion (Figura 10). Después de una impresion, un operador retira el
componente (o componentes) del lecho de polvo, corta la pieza de la placa de construccién o

fabricacién y la procesa.
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Figura 10. Ilustracion general de proceso SLM [19].

El SLM es considerada como la tecnologia mas madura de fabricacion aditiva en metal y a
menudo se toma como referencia para la evaluacion de otras tecnologias. Los componentes
impresos en SLM son excelentes para piezas precisas y geométricamente complejas que de
otro modo no serian mecanizables. Se adaptan a una amplia variedad de aplicaciones: desde
el sector médico-dental hasta el sector aeroespacial. Los voliimenes de construcciéon varian
desde muy pequefios (cubo de 100 mm) a grandes (800 mm x 500 mm x 400 mm) y la
velocidad de impresion es moderada. La precision de estas maquinas esta determinada por
el ancho del rayo laser y la altura de la capa. La mayoria de los materiales disponibles para

fabricacién aditiva de metales hoy en dia se pueden usar en una maquina SLM.

Si bien estas maquinas son innovadoras, una amplia variedad de requisitos de instalaciones
y pos-procesamiento limitan estas tecnologias a usuarios industriales. Las maquinas SLM
requieren de operarios profesionales capacitados para operarlas. Debido a su intrincado
proceso, las impresiones deben repetirse y ajustarse varias veces para obtener resultados.
Después de la impresién, la mayoria de las piezas requieren un importante procesamiento
posterior y tratamiento térmico. Ademas, el polvo de metal que usan estas maquinas es
extremadamente peligroso y costoso de manipular: la mayoria de las maquinas SLM
totalmente equipadas cuestan mas de 1 millén de euros y al menos un técnico con dedicaciéon

completa para manejarlas.
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Fusién de haz de electrones (EBM)

La tecnologia EBM es un proceso de lecho de polvo que utiliza una fuente de energia basado
en un haz de electrones con el que se fusiona el polvo. Esta tecnologia fue desarrollada y
patentada por Arcam, empresa sueca adquirida mas tarde por GE Additive (Figura 11). En
general el haz de electrones produce componentes menos precisos que SLM, pero el proceso
en su conjunto es mas rapido para piezas mas grandes. Estas maquinas tienen similares
limitaciones, costos y problemas a las maquinas SLM. La tecnologia EBM es, ademas, la
tecnologia utilizada para la fabricacion del material estudiado en esta tesis. En los Capitulos
2,3 ,4y 5 de este documento, se describe la metodologia empleada para fabricar las muestras

mediante esta tecnologia.

Las ventajas del proceso EBM respecto al SLM incluyen un entorno de deposicién a mayor
temperatura con polvos tipicamente calentados a 700°C, reduciendo tensiones residuales y
distorsiones térmicas. El proceso se realiza en un entorno de vacio que ofrece beneficios para
materiales reactivos, como pueden ser las aleaciones de titanio y cromo-cobalto utilizadas en
aplicaciones criticas. Los materiales deben ser conductores, limitando en alguna medida la
seleccion de materiales. Al igual que con el SLM, la dependencia del formato de archivo STL
existe, pero el disefo y el uso de estructuras de soporte se reducen ya que el polvo circundante
se sinteriza ligeramente para ayudar a formar el soporte. Esta caracteristica de sinterizaciéon
previa reduce la necesidad de estructuras de soporte extensas, también puede simplificar la
carga y el apilamiento de multiples partes dentro de un solo volumen y ciclo de construccion,

maximizando la productividad del sistema.

Figura 11. Maquina ARCAM modelo Q20 [9].
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El tamafio de punto de haz enfocado mas pequefio es del orden de 100 pum, lo que permite la
creacion de detalles finos. Se pueden mantener multiples bafios fundidos (melt pool)
simultdneamente debido a la capacidad de barrido rdpido de electrones de hasta 8000 m/s. Se
pueden producir multiples componentes durante un ciclo o lote de fabricacion que ofrece una
alta utilizaciéon del volumen de la cdmara. Las dimensiones de construccion tipicas son
350x380mm. Arcam ofrece una cadena de suministro validada para sus polvos,
principalmente los de aleaciones de titanio y cobalto-cromo, y proporciona parametros de
proceso optimizados para estos polvos. La camara de fabricacion generalmente se calienta a
680-720°C y se mantiene a una temperatura elevada durante la fabricacién. El
precalentamiento puede variar para otros materiales como el aluminio (300°C) o el aluminuro
de titanio, TiAl (1100°C). Esto sirve tanto para el entorno de precalentamiento como para el
post-calentamiento y ayuda a minimizar las tensiones de contraccion y la distorsion al
enfriarse, las tensiones residuales y la formacién de fases de no equilibrio, todo lo cual puede
provocar el agrietamiento de materiales sensibles. Tras el proceso de fabricacién por fusion,
el enfriamiento de la cdmara de fabricacion puede tardar horas o decenas de horas. Durante
el proceso de fabricacion, también se utiliza una fase de precalentamiento de polvo para
sinterizarlo ligeramente y reducir los gradientes térmicos asociados a las regiones que
experimentan un calentamiento y enfriamiento rapidos en las zonas adyacentes del bafio
fundido.

Tal como se ha comentado anteriormente, la necesidad de estructuras de soporte y su
eliminacién posterior al proceso pueden reducirse o evitarse, ya que el polvo adyacente a la
parte que se estd construyendo se sinteriza ligeramente durante cada capa, sirviendo
efectivamente como una estructura de soporte que se elimina mas facilmente. Para el proceso
EBM se requieren polvos especiales con didmetros de particulas mas grandes que para el SLM
y la conexion a tierra de la placa de construcciéon debido a la carga electrostatica y la repulsion
de particulas de polvo mas finas (a menudo denominadas "humo") que perturban la capa de
polvo. Estos tamafios de polvo mas grandes y las condiciones focales requeridas pueden
contribuir a disminuir la precisién de la que se puede obtener en ciertos sistemas basados en
laser que usan polvos de menor didmetro. Las hojas de datos también especifican un tamafio

de particula minimo de 45 pm para una manipulacién segura del polvo [20].
Deposicion directa de energia (DED)

La deposicion directa de energia utiliza materia prima de metal y una fuente de energia para
fabricar piezas. A diferencia de la fusion de lecho de polvo, el material (que puede ser polvo
o hilo) y la fuente de energia se ubican en un solo cabezal de impresién que dispensa y fusiona
material simultaneamente. El software para los procesos DED puede ser mas complejo que el
empleado para procesos PBF cuando se apoyan en modelos basados en caracteristicas y

control de trayectoria de herramientas CNC en lugar de depender estrictamente en la seccién
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transversal de los modelos STL. En estos procesos es necesario el empleo de una placa o parte
de sustrato sobre la cual comienza el proceso de deposicion. El sustrato puede o no
convertirse en parte de la pieza final. En aplicaciones hibridas, el proceso DED simplemente
puede ser requerido para agregar caracteristicas a un componente base existente o forma de
materia prima comercial. El proceso DED puede depositar material en superficies 3D
complejas (en lugar de simplemente superficies planas y movimiento X, Y), utilizando 5 ejes
0 mas de movimiento simultdneo tanto del cabezal de deposicién como de la articulacion de
la parte del sustrato. Las tecnologias DED se clasifican en funcion del tipo de fuente de energia
y del formato de la materia prima.

Deposicion de material por laser (LMD)

A diferencia del SLM, en lugar de extender el polvo en una cama y fundirlo con un laser, las
maquinas LMD soplan con precisiéon el polvo a través de un cabezal sobre una pieza,
utilizando un laser en la cabeza para fusionar el polvo y unirlo al componente en proceso de
fabricacion. Si bien muchas de las ventajas y desventajas de esta tecnologia son compartidas
con los métodos PBF-L, existen algunas diferencias significativas. En lugar de sinterizar un
lecho de polvo como en las tecnologias PBF, en el LMD, el polvo de metal se funde al
depositarse sobre un bafio fundido mediante una boquilla de suministro de polvo, como se

muestra en el esquema de la Figura 12.

LASER Beam Guidance System

Carrier Gas

POWDER SUPPLY

DEPOSITON HEAD

AM DEPOSIT

—

S

Figura 12. Ilustracion general de proceso LMD [19].

Ambas mdaquinas usan polvo de metal y un laser, y en consecuencia las piezas impresas con
LMD son muy similares a las impresas por SLM en cuanto a la metalurgia del material
resultante. El proceso LMD tiene una gran limitacién respecto a la complejidad y acabado
superficial de los componentes. Sin embargo, las tecnologias LMD en general tienen unas

velocidades de deposicién mayores y ademas pueden utilizar su exclusivo sistema de
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distribucién de polvo para reparar componentes que tienen deficiencias. El proceso LMD
también comparte muchas caracteristicas con el proceso de recubrimiento o revestimiento de
soldadura laser (laser cladding) y, en muchos sentidos, es una combinaciéon hibrida de

revestimiento laser y soldadura laser de 5 ejes.

Fabricacion aditiva por hilo y arco, o WAAM (wire arc additive manufacturing)

La combinacién de un arco eléctrico como fuente de calor e hilo como materia prima se conoce
como WAAM vy se ha investigado con fines de fabricacion aditiva desde la década de 1990,
aunque la primera patente se present6 en 1925. Actualmente, el hardware de WAAM utiliza
equipos de soldadura estandar: fuente de energia de soldadura, antorchas y sistemas de
alimentacién de hilo. El movimiento puede ser proporcionado por sistemas robdticos o en
portico (Figura 13) y controlados numéricamente por computadora. La tecnologia de
soldadura mas adecuada para el proceso WAAM es el MIG: el hilo es el electrodo consumible
y su coaxialidad con la antorcha de soldadura facilita el recorrido del cabezal durante la
fabricacion del componente. El proceso MIG es adecuado para materiales como el aluminio y
el acero, pero desafortunadamente, con el titanio, este proceso se ve afectado por el
desplazamiento del arco. En consecuencia, para la deposicion de titanio se emplea la

soldadura con gas inerte de tungsteno TIG, o soldadura por arco de plasma [21].

Figura 13. Mdquina para proceso WAAM fabricada por Addilan con cdmara de atmdsfera

inerte para la fabricacion con metales reactivos [22].

Las principales ventajas de las tecnologias basadas en el WAAM consisten en: la capacidad
de depositar grandes cantidades de material en tiempos relativamente cortos (5-10 kg/hora),
la ausencia de limitaciones en cuanto a tamafio de piezas y los bajos costes de los equipos en

comparacién con otras tecnologias de fabricacion aditiva para metales. Las mayores
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desventajas de estas tecnologias serian la dificultad de fabricar componentes con geometrias
complejas, el acabado superficial que exige un mecanizado posterior y las tensiones residuales

que se generan debido a los gradientes térmicos del proceso.

Fabricacion de aditivos por haz de electrones, o EBAM

El EBAM es un proceso muy similar al WAAM, debido a que el material se deposita en forma
de hilo. Sin embargo, en el EBAM, en vez de utilizar un arco eléctrico como fuente de energia,
se utiliza un haz de electrones (Figura 14). La fusién por haz de electrones requiere trabajar
en condiciones de vacio por lo que el enfriamiento del componente durante el proceso de
fabricacién es mas costoso que en otros procesos similares realizados al aire o con atmosferas

protegida mediante gases inertes.

Electron Beam
Molten Alloy Puddle

Prior Deposit

Substrate

+ N

|Vl »X
Process
Coordinate
System

«—— Direction of Part Motion

Figura 14. Ilustracion general del proceso EBAM [20].

Binder Jetting

El Binder Jetting es una tecnologia de fabricacion aditiva que permite fabricar piezas de alta
complejidad, dentro de un amplio abanico de materiales, mediante la deposicién selectiva de
un ligante sobre una cama de polvo pre-depositada. El proceso de impresion se divide en
diferentes etapas: Deposicion y extension de una capa de materia prima particulada sobre la
cama de polvo; Impresion de la seccidén o "rebanada” de la pieza mediante la deposicién de
ligante; Secado de la capa impresa y desplazamiento descendente de la cama de polvo segtin

el espesor de capa deseado [23].

Este ciclo se repite hasta la impresién de todas las capas que conforman el componente a

fabricar. Una vez terminado el proceso de impresidn, se procede a curar el ligante, dotando
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de estabilidad estructural a las piezas. Posteriormente, las piezas son desmoldeadas de la

cama de polvo y sinterizadas a alta temperatura, Figura 15.
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Figura 15. Esquema general de proceso de fabricacion mediante tecnologia Binder Jetting [24].

Durante el proceso de sinterizado, la parte impresa se calienta en un horno justo por debajo
de su temperatura de fusion. El material aglutinante se quema y el polvo metalico se une en
una parte metdlica completa. Este proceso puede realizarse en lotes, lo que significa que no

afecta significativamente al rendimiento de proceso.
Extrusion de filamento de metal (MFDM)

Esta tecnologia esta aumentando su popularidad debido las inversiones minimas necesarias
para comenzar a fabricar componentes metalicos. El principio se basa en el proceso de
modelado de deposicion fundida o Fused Deposition Modeling (FDM) utilizado por la
mayoria de las impresoras que fabrican componentes de plastico, incluyendo las impresoras
3D de sobremesa. La clave se encuentra en la materia prima utilizada. Los filamentos que se
utilizan en esta tecnologia pueden llevar hasta un 96% de material metalico en forma de polvo
y unido mediante un aglomerante, dandole una consistencia de manera que se pueda fabricar
filamento procesable por tecnologia FDM. El componente obtenido en verde debe pasar otras
etapas como el de la eliminaciéon del aglomerante o “debinding”, obteniéndose un
componente denominado como “componente en marrén”, asi como el proceso de sinterizado
para la obtencién de la parte metalica, ver Figura 16. Durante el proceso de sinterizacion, el
componente se contrae para dar cuenta del espacio abierto por el aglutinante disuelto,

produciendo una parte completamente metdlica.
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Figura 16. Esquema de proceso de fabricacion de componentes de metal a partir de filamento
Ultrafuse 316LX ® de BASF [25].

El postproceso de este tipo de componente es muy similar al postproceso del Metal Injection
Molding (MIM) y del Binder Jetting. Existen también variantes donde en vez de utilizar un
filamento continuo, se utiliza materia prima de MIM en forma de granza [26], o incluso en

cartuchos similares a los utilizados en pistolas de cola fundida [27].

Otra de las ventajas de estos procesos, ademds de su relativo bajo coste es la facil
manipulacién de la materia prima. Los filamentos cargados con polvo son un material mucho
mas seguro y facil de usar que el polvo suelto: el material de extrusion de FDM puede
manipularse a mano y no requiere las medidas de seguridad que requieren las maquinas de

lecho de polvo.

Fiqura 17. Componente fabricados por FDM de filamento metdlico de aleacion de niquel [15].

Como un proceso de impresion basado en filamentos, las restricciones de las piezas de FDM
de metal son muy similares a las de la impresion de plastico FDM convencional: funciona
bien para casi todas las geometrias de piezas (Figura 17) y puede imprimir con relleno de
celda abierta. Las piezas impresas en sistemas de metal a menudo requieren un
procesamiento posterior: tratamiento térmico para piezas que necesitan propiedades
avanzadas (aunque esto se requiere para cada metal) y mecanizado/pulido posterior para

acabados de superficie mejorados. Aunque la obtencién de materiales libres de porosidad
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resulta realmente dificil, a excepcién de componentes tratados por HIP, estudios recientes
muestran que las propiedades obtenidas van acercandose a materiales fabricados mediante

otros procesos de fabricacion aditiva como el SLM [25].

1.5.2 Titanio

Las principales propiedades que hacen que el titanio sea atractivo para gran variedad de
aplicaciones son la alta resistencia mecanica, la baja densidad y la excelente resistencia a la
corrosion. En la Tabla 2, se puede ver una comparacién de algunas caracteristicas de los
principales metales utilizados en aplicaciones estructurales.

Tabla 2. Caracteristicas de las aleaciones de titdnico comparados con otros materiales metdlicos

estructurales basados en hierro, niquel y aluminio [28]

Ti Fe Ni Al
Melting Temperature (°C) 1670 1538 1455 660
Allotropic Transformation (°C) B2, o A - -
Crystal Structure bce — hex fce — bee fee fee
Room Temperature E (GPa) 115 215 200 72
Yield Stress Level (MPa) 1000 1000 1000 500
Density (g/cm’) 45 7.9 8.9 27
Comparative Corrosion Resistance Very High Low Medium High
Comparative Reactivity with Oxygen Very High Low Low High
Comparative Price of Metal Very High Low High Medium

Los campos de aplicacién de este material incluyen aeronaves (alta resistencia mecanica en
combinacién con baja densidad), motores aeronduticos (alta resistencia, baja densidad y
buena resistencia a la fluencia hasta aproximadamente 550°C, ver Figura 18), dispositivos
biomédicos (resistencia a la corrosion y alta resistencia) y componentes en procesos

petroquimicos (resistencia a la corrosion) [29].
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Figura 18. Relacion entre la fluencia especifica al 0,2% y la temperatura para aleaciones

ligeras, aleaciones de niquel y aceros [30].

El coste relativamente alto del titanio ha impedido un uso mas amplio de este metal en
sectores como el de la automocién. Para minimizar el problema del coste inherente, las
aplicaciones de las aleaciones de titanio deben aprovechar las caracteristicas convencionales
y especiales del titanio que lo diferencian de otros materiales de ingenieria. Esto requiere una
comprension mas completa de las aleaciones de titanio en comparacién con otras familias de
aleaciones menos costosas, incluyendo también la relacién entre el costes, métodos de

procesamiento y rendimiento [28].

Algunas de las caracteristicas basicas del titanio y sus aleaciones han sido enumeradas en la
Tabla 2 y se comparan con las de otros materiales metalicos estructurales basados en Fe, Niy
Al. Aunque el titanio tiene la relacion resistencia/densidad mas alta, es un material
seleccionado solo para ciertas areas de aplicacidon de nicho sobre todo debido a su alto precio.
Este alto precio es principalmente el resultado de la dificultad de su obtencién. Durante el
proceso de produccién de espuma de titanio a partir de tetracloruro de titanio, asi como
durante el proceso de fusidn, incluyendo el procesado mediante tecnologias de fabricacion
aditiva, se requiere el uso de atmosfera inerte o vacio, lo que aumenta considerablemente el
coste del proceso. Los elementos adicionales que aumentan el coste son la alta cantidad de

energia necesaria para su produccion y el alto coste inicial del tetracloruro de titanio.

Por otro lado, la alta reactividad del titanio con el oxigeno conduce a la formacién inmediata
de una capa superficial de 6xido estable y adherente cuando se expone al aire, lo que le aporta
una resistencia a la corrosion superior en varios tipos de ambientes agresivos, especialmente
en ambientes acidos acuosos. La temperatura de fusion mucho mads alta del titanio en

comparacién con el aluminio, el principal competidor en aplicaciones estructurales ligeras, le
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da al titanio una ventaja definitiva a temperaturas de aplicacion por encima de
aproximadamente 150°C. La alta reactividad del titanio con oxigeno también limita la
temperatura maxima de uso de las aleaciones de titanio a aproximadamente 600°C. Por
encima de esta temperatura, la difusién de oxigeno a través de la capa superficial del 6xido
se vuelve demasiado intensa, lo que resulta en un crecimiento excesivo de la capa de 6xido y

la fragilidad de la capa adyacente rica en oxigeno de la aleacion de titanio.
1.5.2.1 Transformacién de fases

El titanio puro exhibe una transformacién de fase alotrépica a 882°C, que cambia de una
estructura cristalina ctbica centrada en el cuerpo (fase (3) a temperaturas mas altas, a una
estructura cristalina hexagonal compacta (fase a) a temperaturas mas bajas, Figura 19. La
temperatura de transformacion exacta estd fuertemente influenciada por elementos

intersticiales y de sustitucion y, por lo tanto, depende de la pureza del metal.

(1077) — E
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Figura 19. Izquierda: estructura cristalina hexagonal compacta (fase o). Derecha: estructura
cristalina cuibica centrada en el cuerpo (fase p) [28].

La transformacion de la fase 3 bee a la fase o hexagonal en el titanio puro y las aleaciones de
titanio puede ocurrir martensiticamente o mediante un proceso de nucleacion y crecimiento
controlado por difusién, dependiendo de la velocidad de enfriamiento y la composiciéon de la

aleacion.
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Transformacion martensitica. La transformacion de martensita implica el movimiento
cooperativo de dtomos mediante un proceso de cizalladura que produce una transformaciéon
microscopicamente homogénea de la estructura bce, transformandola en una estructura
cristalina hexagonal. El volumen transformado generalmente tiene forma de placa. Para la
mayoria de las aleaciones de titanio, seria mas adecuado describir esta geometria como de

forma de disco.

Nucleacion y crecimiento controlado por difusion. Cuando las aleaciones de titanio se
enfrian a velocidades suficientemente bajas desde la zona estable de la fase  hacia la zona de
la fase (a+p), la fase a, que es incoherente con respecto a la fase 3, comienza a nuclearse
preferentemente en los limites de grano 3, produciendo una capa a mas o menos continua
aproximadamente a lo largo de los limites de grano (3. Durante el enfriamiento continuo, las
placas a se nuclean en la interfaz de la capa o continua o en el limite del grano 3 en si y crecen
en el grano 3 como placas paralelas pertenecientes a la misma variante de la relacion de
Burgers (denominada colonia «), ver Figura 20. Las colonias contintian creciendo hacia el
interior del grano 3 hasta que se encuentran con otras colonias a nucleadas en otras dreas
limite del grano del grano [3 y que pertenecen a otras variantes de la relacién de Burgers. Las
placas a individuales estan separadas dentro de las colonias « por la matriz 3 retenida, que
comunmente, pero incorrectamente, se denominan placas (3. Las placas a y 3 también se
denominan a menudo ldminas a y 3 y la microestructura resultante se designa como laminar.
En dicho material enfriado lentamente, el tamafio de las colonias o puede ser tan grande como

la mitad del tamafio del grano f3.
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Figura 20. Esquema de desarrollo de una estructura laminar en la aleacion Ti-6 Al-4V, con
microestructuras generadas en varias temperaturas intermedias durante un enfriamiento
pausado desde una temperatura superior a la temperatura p transus. La microestructura final

se compone de fase a (blanca) separado por la fase B (oscura) [31].

Al aumentar la velocidad de enfriamiento, el tamafio de las colonias «, asi como el grosor de
las placas a individuales, se hacen mas pequefios. Las colonias nucleadas en los limites del
grano {3 ya no pueden llenar el interior del grano entero y las colonias comienzan a nuclearse
también en los limites de otras colonias. Para minimizar las deformaciones elasticas
generadas, las nuevas placas a que se nuclean por contacto "puntual” en la cara ancha de una
placa a existente tienden a crecer casi perpendicularmente a esa placa. Este mecanismo de
nucleacion y crecimiento selectivo en combinacién con el menor niimero de placas o dentro
de las colonias conduce a una microestructura caracteristica llamada estructura de "tejido de
cesta" o estructura de Widmanstatten. Para una velocidad de enfriamiento dada, este tipo de
estructura de "tejido de canasta" se observa con mayor frecuencia en aleaciones con mayor

contenido de elementos estabilizadores 3, especialmente con elementos de difusién lenta.
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Cabe mencionar que durante el enfriamiento continuo desde el campo de la fase {3, las placas

a incoherentes no se nuclean de manera homogénea en toda la matriz 3.

En el Capitulo 3 de esta tesis se discute ampliamente el mecanismo de formacion de la
microestructura a+( para el EBM Ti-6Al-4V. En el mismo capitulo, se muestran diferentes
microestructuras con fase martensitica a’, granos preliminares 3, limites de grano a, fases

laminares a+{3 en forma de colonia y estructura Widmanstatten.
1.5.2.2  Aleaciones

Las aleaciones comerciales de titanio se clasifican convencionalmente en tres categorias
diferentes: aleaciones a, a+f3 y [3; segin su posicion en una seccién pseudo-binaria a través de

un diagrama de fases isomorfas 3, que se muestra esquematicamente en la Figura 21.

El grupo de aleaciones denominada como aleaciones «, consiste en los diversos grados de
titanio comercialmente puro (CP) y aleaciones a que al realizar un recocido muy por debajo
de la temperatura  transus, contienen solo pequenas cantidades de fase 3 (2-5% en volumen)
estabilizadas con hierro. La fase {3 es ttil para controlar el tamafio de grano a recristalizado y
mejora la tolerancia al hidrégeno de estas aleaciones. Los cuatro grados diferentes de titanio
CP difieren en funcidn de su contenido en oxigeno de 0.18% (grado 1) a 0.40% (grado 4) para

aumentar el limite elastico.
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Figura 21. Diagrama pseudo-binario (temperatura - concentracion de estabilizadores f).

En el diagrama de fase, Figura 21, el grupo de aleaciones a+f abarca un rango comprendido
desde el limite de fase o/o+f hasta la interseccion de la linea MS con la temperatura ambiente,
por lo tanto, las aleaciones a+{3 se trasforman martensiticamente al enfriarse rdpidamente de
la zona de la fase [3, a la temperatura ambiente. Las aleaciones que contienen solo una pequefa

fraccién de volumen de la fase {3 en equilibrio (menos de aproximadamente 10% en volumen),
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también se denominan aleaciones “cercanas a a” y su uso principal es para aplicaciones a alta

temperatura.

Uno de los rasgos caracteristico de las aleaciones [ es que no se transforman
martensiticamente al enfriarse rapidamente desde el campo de la fase 3. Aunque el nimero
de aleaciones de titanio 3 comtinmente utilizadas es tan grande como el nimero de aleaciones
a+p, debe tenerse en cuenta que el porcentaje de uso de aleaciones 3 en el mercado total de
titanio es muy bajo. Sin embargo, este porcentaje de uso de la aleacion [ aumenta
constantemente debido a las propiedades atractivas, especialmente el alto limite elastico y el
bajo mddulo de elasticidad. Estas propiedades son importantes para algunas aplicaciones

como pueden ser los resortes y muelles.
1.5.23 Ti-6Al-4V

La aleacion de titanio Ti-6Al-4V objeto de este estudio, es una aleaciéon a+p. Cémo tal, se
pueden obtener tres tipos de microestructuras claramente diferentes cambiando la ruta de
procesamiento termomecanico: estructuras completamente laminares, estructuras totalmente
equiaxiales y las llamadas microestructuras bimodales (ddplex) que contienen fase o

primarias equiaxiales (ap), en una matriz laminar a+{3.

La aleaciéon a+f3 Ti-6Al-4V es la aleacion de titanio mas extendida abarcando mds de un 60%
de todas las aleaciones de titanio producidas en EE. UU. y la UE [32]. Su alta aplicabilidad se
debe a un buen equilibrio de propiedades mecanicas y buena capacidad de moldeo,
maleabilidad, tratabilidad y soldabilidad. La adiciéon de aluminio estabiliza y fortalece la fase
a, aumenta la temperatura de transformacién a+3<{ y reduce la densidad de la aleacién. El
vanadio funciona como estabilizador 3, reduciendo la temperatura de transformacién a+f3 <3
y facilitando el trabajo en caliente (mayor fraccién de volumen de la fase (3). Dependiendo de
las propiedades mecanicas requeridas, se pueden aplicar distintos tratamientos térmicos a la
aleacion Ti-6Al-4V: recocido parcial (600-650°C durante 1h), recocido completo (700-850°C
con enfriamiento en horno a 600°C y enfriamiento final en aire) o solucién (880-950°C con
enfriamiento del agua) y envejecimiento (400-600°C). En el Capitulo 3 de esta tesis se hace un
analisis completo de tres tipos de tratamientos térmicos aplicados a la aleaciéon Ti-6Al-4V

fabricado por EBM, mostrando las diferentes fases y propiedades mecanicas resultantes.

La forma mas habitual de la estructura a+f se encuentra en forma de ldminas. Las
microestructuras laminares se pueden obtener con bastante facilidad mediante un
tratamiento de recocido en la zona de fase (3 (recristalizacion {3). Por esta razén, esta
microestructura a menudo también se llama estructura “recocida 3”. Del mismo modo, la
temperatura de recristalizacion en este paso generalmente se mantiene dentro de 30-50°C por

encima de la temperatura {3 transus (950°C) para mantener el control del tamafio de grano f3.
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Como resultado, el tamafo de grano 3 de las microestructuras completamente laminares o

lamelares es tipicamente de aproximadamente 600 pm.

Figura 22. Pardmetros dimensionales de la microestructura lamelar o laminar: D-tamario de

grano B primario, d-tamario de colonia de ldminas « paralelas, t - espesor de ldminas a [32].

El parametro mdas importante en la ruta de procesamiento de las aleaciones a+f es la
velocidad de enfriamiento de la zona de fase {3, debido a que la velocidad de enfriamiento
determina los rasgos caracteristicos de la microestructura laminar, Figura 22. Esos rasgos
caracteristicos son el tamafo y espesor de las laminas « (placas ), el tamafo de las colonias
a y el grosor de las laminas « en los limites de grano (3. En la Tabla 3, se muestran las

temperaturas criticas de transformacion de fases mdas importantes en esta aleacion.

Tabla 3. Temperaturas de comienzo y final de transformaciones de fases de la aleacion
Ti-6Al-4V [32].

Phase transformation

temperature, °C Ti-6Al-4V
el 890
T B8 930
TS oss 985
T5sasp 950
T vass 870

ns—nucleation start
ps—precipitation start
s—start

f—finish
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Las microestructuras resultantes en funcién de las distintas velocidades de enfriamiento
desde la zona de fase {3, se pueden predecir empleando el diagrama CCT para la aleacién Ti-
6Al-4V, Figura 23. En ella también se observa que la fase martensitica a’ aparece para
velocidades de enfriamiento mayores que 18°C/seg.
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Figura 23. Diagrama CCT para la aleacién Ti-6 Al-4V [32].

La Figura 24 muestra una comparaciéon de microestructuras laminares a+@ obtenidas con
diferentes velocidades de enfriamiento. Se puede deducir claramente que a mayor velocidad

de enfriamiento la microestructura resultante es mas fina, con menor tamanos de grano y
menores espesores de laminas «.

Figura 24. Micrografias con aumento similar de estructuras a+p laminares. Izq.: velocidad de
enfriamiento de 1,2°C/seg. Dcha.: velocidad de enfriamiento de 9°C/seg [32].
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El cambio de una microestructura tipo colonia o Widmanstitten a una estructura
martensitica, es decir, la velocidad de enfriamiento critica que evita la nariz de transformaciéon
enun diagrama CCT, depende de los elementos que componen la aleacion. Para las aleaciones
a + B mas comunes, como Ti-6Al-4V o Ti-6242, este cambio se produce a velocidades de
enfriamiento superiores a 1000°C/min, tal como se ha visto en el diagrama de la Figura 23.
Por lo tanto, las microestructuras martensiticas rara vez estan presentes en los componentes

estructurales de las aleaciones a + 3.

Aunque ambos parametros microestructurales, el espesor de las placas a y el tamafio de las
colonias a disminuyen con el aumento de la velocidad de enfriamiento, su principal cambio
de tamafio ocurre durante diferentes rangos en la velocidad de enfriamiento. El ancho de las
placas o disminuye drasticamente de aproximadamente 5 um en material enfriado
lentamente a aproximadamente 0.5 um para una velocidad de enfriamiento de 100°C/min
mientras que un aumento adicional en la velocidad de enfriamiento solo conduce a una
reduccién de aproximadamente 0.2 um (ancho promedio de las placas de martensita) con una
buena cantidad de placas de martensita mas gruesas presentes en la microestructura. En
contraste, el tamafio de la colonia «, que puede ser tan grande como la mitad del tamafio del
grano [3 en material enfriado lentamente, aproximadamente 300 um, muestra solo una
disminucién moderada a aproximadamente 100 pm para una velocidad de enfriamiento de
100°C/min. La disminucién principal en el tamafio de la colonia a hasta el ancho de las placas

individuales de martensita ocurre entre 100°C/min y 8000°C/min.
1.5.24  Propiedades mecdnicas

El parametro microestructural mas influyente en las propiedades mecanicas de las
microestructuras laminares es el tamafo de la colonia , que se controla mediante la
velocidad de enfriamiento. El tamafio de la colonia a determina la longitud de deslizamiento
efectivo en las microestructuras laminares. Aunque las dos fases, las placas a y la matriz {3,
tienen que deformarse de forma independiente, el deslizamiento puede transferirse con

bastante facilidad a través de la interfaz incoherente /(.

El efecto general de la longitud de deslizamiento (tamafio de la colonia a) sobre las
propiedades mecdnicas se muestra esquematicamente en la Figura 25. Al aumentar la
velocidad de enfriamiento, el tamafio de la colonia a disminuye con una reduccién
proporcional en la longitud efectiva de deslizamiento y un aumento correspondiente en el

limite elastico.
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Figura 25. Esquema de la influencia de la longitud de deslizamiento (tamario de colonia ct) en

las propiedades mecdnicas [28].

En la descripcion general de la correlacion entre la microestructura y las propiedades
mecanicas mostrada en la Figura 25, todas las propiedades mecanicas mostradas para las
microestructuras laminares exhiben una tendencia simple con respecto a la velocidad de
enfriamiento. Estas tendencias son positivas (o2, &, HCF, resistencia a la propagacion de
microgrietas) o negativas (resistencia a la propagacién de macrogrietas, resistencia a la

fractura) en funcion del aumento de la velocidad de enfriamiento.

En la Figura 26, se muestra la influencia de la velocidad de enfriamiento para tres aleaciones
de titanio a + p (Ti-6Al-4V, Ti-6242, IMI 834). Se puede ver que, en el régimen de velocidad
de enfriamiento comercialmente factible (hasta 1000 °C/min), el efecto sobre el limite elastico
es solo moderado (50-100 MPa), mientras que se observa un gran aumento en el limite elastico
cuando la estructura en forma de colonia cambia a una microestructura de tipo martensitica

(longitud de deslizamiento y tamafo de "colonia" igual al ancho de las placas a individuales).
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Figura 26. Efecto de la velocidad de enfriamiento desde la zona de la fase B, en el limite eldstico

y el alargamiento en las estructuras laminares [28].

En los Capitulos 3 y 4 de esta tesis, se estudia la relacién de entre velocidades de enfriamiento
y microestructura y su correlacién con las propiedades mecanicas tanto estdticas como
dinamicas resultantes para la aleacion Ti-6Al-4V fabricado por EBM. Los resultados y las
conclusiones expuestas en estos capitulos concuerdan en gran medida con las tendencias
mostradas en este apartado, si bien son bastante intuitivas respecto a las propiedades

mecanicas estaticas (limite eldstico y alargamiento), no lo son tanto para la mecénica de la
fractura y las propiedades de fatiga.
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Objetivo

El principal objetivo del trabajo mostrado en esta publicacion es el estudio de los defectos y
anomalias microestructurales presentes en el material EBM Ti-6Al-4V, asi como determinar

su influencia en las propiedades mecanicas.
Contenido

El articulo comienza con una escueta descripcién del proceso de fabricacion EBM. A
continuacién, se muestra una recopilacion de investigaciones preliminares realizados por
otros autores en el campo de las propiedades mecéanicas del EBM Ti-6Al-4V. En la Tabla 1
(Table 1), se muestran los datos estadisticos de los valores recopilados en la literatura, donde
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las propiedades mecanicas se clasifican en funcién de su condicién de post-procesado, y su
orientacion respecto a direccion de fabricacion. Al mismo tiempo que se recopilan resultados,
se analizan los posibles factores que pueden afectar en las propiedades, ademas de los
especificados en la tabla como pueden ser los parametros de barrido del haz de electrones, la

distancia a la plataforma de fabricacién y la ubicacién en ella.

A continuacion, se describen las técnicas de caracterizacidén: microscopio laser confocal para
medicién de superficies, preparacion y analisis de muestras metalograficas, equipos para
medir durezas y ensayos mecanicos, etc. Cabe destacar la adopciéon del método de
interseccion recomendado por Vander Voort y Roosz para medir el espesor de la perlita en
aleaciones férreas, con el fin de medir el espesor de las ldminas a en este trabajo, asi como la
clasificacion de la porosidad en funcién de su circularidad en poros de gas y poros de falta de

fusion.

La exposicién de los resultados comienza con una muestra de la topografia superficial, donde
se constata que la rugosidad es mayor que en otros procesos de fabricaciéon somo el SLM o los
procesos de fundicion a la cera perdida. En el estudio de la microestructura se constata la
naturaleza anisotrdpica de ésta, con granos columnares {3 preliminares orientados en la
direccion de fabricacion. Estos granos preliminares a su vez estdn compuestos de estructura
laminar a+f y con lineas de fase a en algunas de las juntas de grano. Se estudia la influencia
de la distancia de la plataforma de fabricacion y la ubicacion en ésta; en los espesores de las
laminas « y en la porosidad. Se constata que las laminas o0 son mas gruesas en puntos mas
cercanos a la plataforma de fabricaciéon y que la porosidad aumenta en el centro de la
plataforma respecto a los bordes. El estudio de las micro-durezas muestra que no hay
variacion considerable de las durezas respecto a la posicion en la plataforma de fabricacién y

la distancia a ésta.

A continuacidn, se hace un estudio de las propiedades mecanicas en diferentes direcciones,
posiciones en la plataforma, distancia de la plataforma, para finalmente hacer un compendio
donde se relacionan las siguientes variables: propiedades mecanicas de traccion, espesor de
laminas a, tipo/naturaleza de la porosidad y la ubicacién y orientacién de las probetas

respecto a la plataforma de fabricacion.

Los resultados son reveladores. Se constata que, por un lado, las laminas a0 son mas gruesas
en puntos mas cercanos a la plataforma de fabricacién, fendmeno atribuido al mayor tiempo
de permanencia de estas zonas a temperatura de trabajo del proceso de EBM, que rondaria
los 650°C. Fruto de esta conclusion se desarrolla una ecuacion empirica que relaciona el
espesor a con el tiempo y temperatura de permanencia en la cdmara de fabricacion. Al
parecer, el espesor de las laminas « no tiene una influencia apreciable en las propiedades

debido a un mayor protagonismo de la porosidad, que si condiciona las propiedades
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mecanicas. En el capitulo 3 se demostrara que, en ausencia de porosidad, el espesor de las

laminas « influye en las propiedades mecanicas.

Para terminar, tras hacer un estudio de la superficie de la fractura de los ensayos de traccion,
se demuestra que los defectos de porosidad en conjunto son mas perjudiciales para las
propiedades mecanicas en la direccién de fabricacion debido sobre todo a los defectos de
fusién. La razén de este fendmeno es que los defectos de fusion, al generarse debido a barridos
o fusiones defectuosas de algunas de las capas del proceso de fabricacion EBM, estan
orientados paralelos a la plataforma de fabricacion y por lo tanto inciden en las propiedades

perpendiculares a estas.

Abstract

Electron Beam Melting (EBM) is a metal powder bed fusion Additive Manufacturing (AM)
technology that makes possible the fabrication of three-dimensional near-net-shaped parts
directly from computer models. EBM technology has been continuously evolving, optimizing
the properties and the microstructure of the as-fabricated alloys. Ti-6Al-4V ELI (Extra Low
Interstitials) titanium alloy is the most widely used and studied alloy for this technology and
is the focus of this work. Several research works have been completed to study the
mechanisms of microstructure formation, evolution, and its subsequent influence on
mechanical properties of the alloy. However, the relationship is not completely understood,
and more systematic research work is necessary in order to attain a better understanding of
these features. In this work, samples fabricated at different locations, orientations, and
distances from the build platform have been characterized, studying the relationship of these
variables with the resulting material intrinsic characteristics and properties (surface
topography, microstructure, porosity, micro-hardness and static mechanical properties). This
study has revealed that porosity is the main factor controlling mechanical properties relative
to the other studied variables. Therefore, in future process development, decreasing the

porosity should be considered the primary goal in order to improve mechanical properties.

2.1 Introduction

Electron Beam Melting, EBM is a metal powder bed fusion Additive Manufacturing, AM,
technology. AM refers to an advanced technology used for the fabrication of three-
dimensional near-net-shaped functional components directly from computer models [1].
ASTM F2792 defines AM as “a process of joining materials to make objects from 3D model
data, usually layer upon layer, as opposed to subtractive manufacturing methodologies” [2].
The application of AM technologies in general, and of EBM in particular, is experiencing a
considerable increase in variety and quantity of applications. As the technologies are

improving their capabilities, various industries are studying and implementing the use of
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these technologies in order to manufacture an increasing variety of products. Biomedical
implant application and aerospace structural parts are the most promising areas for EBM
technology. However, the development of EBM technology in these areas is slowed down by

lack of standardization which is critical in these industry sectors [3-7].

EBM’s working principle consists of consecutive cycles where complex geometry parts are
fabricated layer by layer. Each solid material level is formed after a metallic powder layer is
dispensed and selectively melted. The energy source for the melting or scanning process is an
electron beam emitted from a tungsten filament. This beam is controlled by two magnetic
coils, which focus and control the beam’s position and diameter. The manufacturing
parameters are generated and controlled by software in order to fabricate sound parts with
improved mechanical properties, low porosity and surface roughness, and optimized
geometrical reproducibility. This software creates scanning algorithms based on the geometry
of the part to be manufactured. The main parameters controlled by the software are:
minimum and maximum beam current, number of times the beam scan is to be repeated,
scanning speed of the electron beam, distance between individual scan lines (line offset), line

order for the hatch pattern and rotation angle between consecutive hatches [8].

Microstructure evolution and mechanical properties have been studied for Ti-6Al-4V alloy
due to its versatility resulting from the good balance between mechanical properties,
castability, plastic workability, heat treatability, and weldability [9]. Ti-6Al-4V has been
extensively applied in industry and studied in the laboratory, resulting in an extensive
knowledge base relative to other metal alloys. Mechanical property characterization for EBM
Ti-6Al-4V varies widely between sources. Facchini et al. [10] noticed that the ultimate tensile
strength (UTS) of EBM built specimens is higher than the wrought or annealed ones, with a
lower ductility. However, Koike et al. [11] saw that the UTS and ductility of the cast and
wrought Ti-6Al-4V specimens were higher than those of EBM counterparts. The reason for
the considerable difference between apparently similar studies can be attributed to the
variation in the build parameters, which results in different material features such as
composition, microstructure, pore size, and porosity distribution, etc. [12]. Other parameters,
such as the specimen orientation or its location on the build platform can also have influence
due to anisotropic microstructure of EBM fabricated parts. Static mechanical properties found
in the literature for different fabrication conditions are not consistent, deviations are large,
and the interpretations of the influence of different fabrication conditions and parameters on
the results are contradictory in some of the cases. In order to have a better understanding of
these data, statistical analysis has been carried out with tensile test data sampled from the
available literature (Table 1) and grouped to compare the average values for different
fabrication conditions. In this study, the terms vertical and horizontal orientations are used to

identify samples parallel and perpendicular to the build direction/Z axis.
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Table 1. Tensile results for different fabrication conditions with average values and relative
standard deviations. UTS-refers to ultimate tensile strength, YS-to yield strength, and el-to
elongation after fracture [10, 13-20]

*

Alloy Condition Orientation UTS RSD ¥s RSD el RSD
[MPa] [%] [MPa] [%] [%] [%]

Ti-6Al-4V as-fabricated any 984 9.0 917 9.9 11 35.8
Ti-6Al-4V ELI™ as-fabricated any 911 1.1 810 1.3 13 6.4
Ti-6Al-4V HIP any 932 3.8 843 3.5 13 3.0
Ti-6Al-4V as-fabricated horizontal 979 8.0 905 8.1 10 32.7
Ti-6Al-4V as-fabricated vertical 971 8.2 910 8.6 10 34.9

* Relative Standard Deviation (RSD), the ratio of the standard deviation to the mean
" Extra Low Interstitials

This statistical analysis shows the difference in properties that can be obtained because of the
employment of Ti-6Al-4V ELI alloy or the effect of HIP (hot isostatic pressing) treatment, with
respect to the conventional composition and “as-fabricated” condition. The influence of the
orientation of the sample in relation to the build direction can also be noticed in this data. The
highest ultimate tensile strength and yield strength are obtained for the as-fabricated
condition, where vertical and horizontal orientation of the samples are included. Data
indicate that neither HIP treatment nor ELI composition improves the strength considerably,
however, ductility increases in both cases. This may be because HIP results in coarsening of
the microstructure while the low interstitial content in ELI chemistry results in reduced UTS.
It has been shown that presence of interstitial elements such as oxygen and nitrogen increase

the strength of titanium alloys [21, 22].

The location and orientation of specimens relative to the powder bed and build direction have
been studied by several researchers for their effect on the temperature profile during
fabrication. The difference in the temperature profiles along the build direction (Z axis) is due
to the build platform’s temperature (650-700°C) and thermal conductivities and heat
capacities of the platform and powder materials. It is thought that the high temperatures of
the fabrication chamber lead to o’ martensitic phase formed during the fast solidification of
the melt pool to transform to the final microstructure consisting of a and  phases. Hrabe et
al. [16] have considered that the distance between the manufactured part and the build
platform does not significantly affect the microstructure and mechanical properties in
general, although ductility was found to decrease with distance to the build platform (from 0
to 25 mm). Hrabe et al. [15] also studied the influence of the location of the part in the build
platform plane (X and Y axes). They hypothesized that there would be lower temperatures
and greater cooling rates at the outer edges of the build chamber due to the increased
deflection of the electron beam. This study revealed slightly higher values for both UTS and
YS in the interior of the build platform. In previous studies, the effects of the orientation on

mechanical properties haves been investigated, comparing the results from horizontal
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(parallel to build platform) and vertical (parallel to build direction) directions. According to
Hrabe et al. [15], vertically oriented parts have 30% lower elongation compared to
horizontally oriented parts. Orientation in the X-Y plane was not found to influence
mechanical properties. Rawat et al. [23] reported the fabrication of EBM Ti-6Al-4V waveguide
brackets for a spacecraft structure and tensile specimens in varied build orientation. The
results show a slightly higher tensile strength in the vertical (Z) orientation than in the

horizontal (XY) orientation specimens.

The current study focuses in detail on the effect of location of the samples on the build
platform along with the distance from the platform on the microstructure evolution and its

impact on mechanical properties. The detailed results are presented in the following sections.

2.2 Material and methods

2.2.1 Materials selection and processing conditions

The material base for this study was a sample batch manufactured from Ti-6Al-4V ELI gas
atomized powder provided by Arcam. Ti-6Al-4V ELI contains reduced levels of oxygen,
nitrogen, carbon, and iron (Table 2). The powder used in this study is depicted in Figure 1
with a diameter between 45 and 150 pum. The powder has a content of 50% reused and 50%
new powder. Reused powder refers to powder employed in previous builds. Once a build is
finished, the non-sintered powder is kept in the machine under vacuum atmosphere, so the
powder can be reused for the next build. When the powder is reused, its oxygen content can
increase affecting the resulting microstructure and mechanical properties [24]. For EBM Ti-
6Al-4V, Nandwana et al. [25] indicated that after five builds (150 hours) without adding new
powder, the oxygen content increased from 0.141 to 0.168 wt.%; however, still staying within
specifications. The manufacturing parameters (spot size, scan velocity, sintering route, etc.)
were defined by an internal algorithm of the Arcam A2 machine (version 3.2 parameter
control software). The build was started after attaining a preheat temperature of 650°C. Each
layer height was 0.05 mm and the average scanning time per layer was one minute for this
batch. No post-treatment was applied to the specimens, except for those where the effect of
annealing on the microstructure was studied previously. Annealing was carried out using a
Thermo Scientific Lindberg/Blue (1.8 kW) furnace and three annealing temperatures (600°C,
700°C and 800°C), for time periods between 10 and 120 hours; samples were air cooled at the

end of the process.
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Table 2. Standard chemical composition [26] and actual chemical composition of the powder

provided by Arcam [27]
Al v C Fe 0 N H Ti
Ti-GAI-4V ELI (Standard) 55-65% 35-45% <0.08% 0.25% 0.13% <0.05% <0.012% Balance
Ti-6AI-4V ELI (Arcam) 6.0% 40% 003% 0.1% 0.1% 001% <0.003% Balance

SEIl 10.0kV K100 WD 15.2mm  100um

Figure 1. Ti-6Al-4V ELI powder particles used to fabricate the EBM samples in this study.

2.2.2 Sample location and preparation

The position and orientation of the samples on the build platform of the Arcam machine are
shown in Figure 2. Cylindrical specimens have their longitudinal axis perpendicular to the
build platform (parallel to the build direction/Z axis), and rectangular specimens have their

longitudinal axis perpendicular to the build direction/Z axis.
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110 mm

Figure 2. Layout of the specimens on the build platform with the standard Additive
Manufacturing axis system [28].

Vertical tensile specimens were machined from the vertical cylinders (D15 mm x 105 mm),
and horizontal tensile specimens were obtained from the large rectangular blocks (15 mm x
20 mm x 105 mm). Vertical cylinders were also used for metallography analysis and porosity
quantification at different locations and heights. The microstructural characterization was
performed using a small cubic sample (15 mm x 15 mm x 15 mm) fabricated directly on the
build platform. Samples (5 mm x 10 mm x 10 mm) for the annealing studies were obtained

from a block located at 90 mm from the build platform in Z axis direction.

2.2.3 Characterization methodology

2.2.3.1 Surface topography

Surface topography and roughness were investigated using an Olympus LEXT OLS4100 3D
measuring laser microscope. Surface topography scans were made on a vertical flat plane by
Laser Scanning Confocal Microscopy. Confocal microscopy offers several advantages over
conventional wide field optical microscopy, including the ability to control depth of field,
elimination or reduction of background information away from the focal plane (that leads to
image degradation), and the capability to collect serial optical sections from thick specimens
[29].
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2.2.3.2 Microstructure and porosity characterization

All samples were cut with an abrasive wheel, mechanically ground, polished with colloidal
suspension, and etched with Kroll's reagent. Microstructures were characterized using
standard metallographic methods with Nikon’s MA 200 Eclipse microscope and images were

analyzed using Elements-D software.

The a lath thickness or interlamellar spacing, representative of typical a+f titanium alloy
microstructures, was measured employing the method recommended by Vander Voort et al.
[30]. The procedure consists of calculating the mean random spacing, or, using the intersection
method. The mean random spacing is determined by placing a test grid consisting of one
circle of known radius, R, on the lamellae in an unbiased manner. The number of intersection
of the a lamellae with the test line, M, is counted (Figure 3) and divided by the actual length
of the test line, to obtain Ni=2mtR/M. The reciprocal of N is the mean random spacing: o:=1/NL.
The mean true spacing, oy, is calculated dividing the mean random spacing by two: o=0+/2.
This methodology has been applied for five images in each location. These values were

averaged to determine the interlamellar spacing at each location.

F

—L+R736;:n :\
'_»+‘ e T

' \ .\

Figure 3. Intersection of a laths on a 7.36 um radius circle measured with the image analysis
software. The image was obtained in the optical microscope at 1000x magnification and
digitally zoomed.

The measurement of porosity has been performed by image analysis using Elements-D
software over micrographs taken at four locations in the vertical direction for each sample
(50x magnification). Following the recommendation of Spierings et al. [31], non-etched

vertical cross-sections were used for the porosity measurement image analysis.
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2.2.3.3 Micro-hardness

Micro-hardness measurements were made using a TUKON 1202 (Wilson Hardness) machine,
with load of 10 N applied for 10 seconds. Vertical and horizontal micro-hardness
measurements were performed on the build’s complete cross-section (105 x 15 mm?), in order
to determine the influence of distance from the build platform and sample thickness on micro-
hardness. Five measurements were taken every 5 mm in the vertical direction and 15

measurements every 2.5 mm in the horizontal direction.
2.2.3.4 Tensile testing

Tensile specimens were all machined in-house using a HAAS CNC mill and lathe, with a final
dimension of 6 mm diameter and 24 mm gauge length. The geometry and dimensions of the
tensile specimens as well as the room temperature tensile tests were performed following
ASTM-E8/E8M [32] specifications, using an Instron 5500R frame.

2.3 Results and discussion

2.3.1 Surface topography

The surface topography scanning, taken in a vertical oriented plane, revealed an irregular
surface (Figure 4a) composed of peaks and valleys. The sintered or scanned layers previously
visible at the macroscopic scale cannot be easily distinguished in the scans due to the limited
dimension of the measured area (1.8 x 2.9 mm?). However, some elongated valleys parallel to
the scanned layers can be observed in Figure 4b, suggesting the existence of a layered pattern
on the surface. Safdar et al. [33] described and studied the morphology of this surface and the

relation with the fabrication parameters.

Observing the axonometric projection (Figure 4a), it can be noticed that the surface is formed
by partially sintered particles. This is confirmed by comparing with the elevation plot of the
surface (Figure 4b), where a surface formed by nearly round features can be distinguished.
The size of these partially sintered particles (~80 um average) is comparable to the powder
particles used for the fabrication of the part (Figure 4c). It is expected that the use of finer

powder particles would result in improved surface finish [34].
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Figure 4. (a) 3D surface scanning of an EBM part; X axis marks the build direction and
dimensions are in um (b) Scanned surface showing elevation, (c) detailed view with a partially

sintered particle in red.
The measurement of the scanned area reveals the following roughness parameters:

*  Sa (surface average roughness): 45.7 pm
*  Sp (maximum peak height): 174 um
*  Sv (maximum valley depth): 163 um

The measured area or surface roughness in 3D (Sa=45.7 um) is considerably smaller compared
to the linear roughness in 2D (Ra=131 um) reported by other authors for EBM Ti-6Al-4V in
similar conditions [35]. This may be caused because “Sa” covers a surface while the “Ra” is
measured along a line that can be influenced by the orientation of the measurement. In the
case of additive manufactured parts, the waves formed on the surface by the effect of the
scanning layers increase the Ra values in the Z direction compared to X and Y directions. In
addition, the roughness value is higher than that reported for Selective Laser Melting (SLM),
Ra=35 um [36], or casting, Ra=10.16 um [35]. Roughness of the surface is considered
detrimental for the fatigue life of the component because it can serve as stress concentration
and fatigue crack initiation site. Nevertheless, the rough surface can also be beneficial for
biomedical applications, for example, facilitating the bone structure formation around this

surface [37].
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2.3.2 Microstructure characterization

The microstructural characterization was performed using two approaches: the first study
was made for different cutting planes through a cubic sample (section 2.3.2.1), and the second
study analyzed the effect of distance from the build platform on microstructure formation
(section 2.3.2.2).

2.3.2.1 Cutting planes and characteristic phases

In this approach, a cubic sample (15 mm x 15 mm x 15 mm) fabricated on the build platform
was analyzed. The sample was prepared by sectioning planes perpendicular to each axis (XY,

ZY and XY) to study the microstructure (Figure 5a). A 3D metallographic image was created

as shown on Figure 5b.

Figure 5. (a) Sectioning planes in the cubic sample, (b) 3D microstructural cube (Z axis

represents the build direction).

A prior 3 columnar structure can be observed in XZ and YZ planes. These columnar structures
are oriented parallel to build direction (Z axis). The XY plane shows the microstructure
parallel to the scanning layers, where perpendicular sections of the columnar grains can be

observed (equiaxed microstructure).

At higher magnification, a+p lamellar microstructure is observed inside the prior 3 grains
(Figure 6) for planes both perpendicular and parallel to the build direction. The structure of
the lamellae is mainly Widmanstatten or “basket wave”, with an occasional colony
microstructure. The size of the columnar grains is not quantifiable due to the difficulty in
grain boundary identification. However, some of the prior § grain boundaries are delimitated
by 2 um average thickness a layer (Figure 6b and 6c). This microstructure has been
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extensively described and characterized in previous studies [13, 33, 38-40]. At lower

magnification, scanning layers are also visible (Figure 7). These layers have an average

thickness of 50 pum, in agreement with the manufacturing parameters.

(a) (b) (c)

Figure 6. (a) XY plane microstructure (normal to the building direction), where basket wave and colony
pattern a+p lamellar structure can be observed in equiaxed arrangement. The light phase corresponds to a
phase and the dark one to the p phase. (b) and (c) XZ and YZ plane microstructures respectively (parallel
to the build direction). Basket wave and colony pattern a+p lamellar structure can be observed in columnar
arrangement divided by « phase layer at the prior B grain boundaries. The yellow arrows indicate the build

direction.

Figure 7. Microstructure and scanning layers in the XZ plane. The build direction is indicated

by the arrow.
2.3.2.2 Effect of location and distance from the build platform on the microstructure

The microstructure was characterized at four more locations to determine the effect of
position in the build (Figure 9a). Two specimens were studied in the center of the platform:
one at the height of 5 mm from the platform (CB) and another at the height of 120 mm (CT).
The other two specimens were taken from the front edge of the platform, also at 5 mm (EB)
and 120 mm (ET) heights (Figure 8).
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Figure 8. 50x and 1000x micrographs at different positions in the build: (a) center top, (b)
center bottom, (c) edge top, (d) edge bottom.
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No significant differences were observed between the microstructures of the samples located
at the center and at the edge of the build platform. However, at different heights a slight
variation in both the 8 grain size and « lath thickness were identified. The irregular shape of
the prior 3 grains makes accurate quantitative measurement of the thickness difficult, but it
is possible to determine that prior  grains become thinner with increasing height from the
build platform (specimens CB and EB). Measurements (Figure 9b) indicate that a lath
thickness decreases as the distance from the build platform increases, 47% on the center and
34% on the edge. The a lath thickness also varies with respect to the position on the build
platform and is 30% lower at the center of the platform. Therefore, the smallest a lath
thickness (0.32 um) corresponds to the specimen located in the center of the build platform
and at 120 mm height (CT location). The largest thickness (0.78 pum) corresponds to the
specimen located at the edge of the build platform at 5 mm height (EB location).
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Figure 9. (a) Positions of the studied areas, (b) a lath thicknesses for different locations and
heights with standard deviation values are in brackets (c) porosity values for different locations
and heights.

2.3.2.3 Porosity measurements

From a morphological aspect, detected porosity has been classified in two types: spherical
pores (Figure 10a) and irregularly shaped areas parallel to the scanning layers (Figure 10b).
The spherical or round shaped voids are originated from the entrapped gas within the gas
atomized powder particles [41]. The irregular pores observed represent unmelted areas. This
is confirmed by the presence of unmelted powder particles within the irregular pores (Figure
10b). Non-sintered or unmelted zones are attributed to insufficient energy density during the
scanning of that area, even though they are not directly correlated [42]. The insufficient energy
density may be caused by inappropriate scanning parameters (beam current, scanning
velocity, line offset, focus offset, etc.) or other external factors, such as an electromagnetic

interference during the fabrication process.
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(a) T ‘ (b)

Figqure 10. (1) Gas pore (spherical morphology) and (b) non-sintered area or delamination

(parallel to the scanning layers) with unmelted particles inside.

In order to study the influence of these defects on mechanical properties, the porosities of the
samples at different positions in the build (Figure 9a) were measured. The results indicate
that porosity is greater in the center of the build platform (Figure 9c). The obtained average
values are 0.09% porosity for samples located at the edge of the build platform and 0.25% for
samples located in the center zone. The measured porosity values are consistent with
measurements from previous studies [39].

2.3.3 Micro-hardness measurements

Micro-hardness measurements do not reveal any pattern or variation with the height or width
of the EBM parts, Figure 11. The average value for both orientations (vertical and horizontal)
measurements is similar: 368 HV. This value is comparable to the values reported in the
literature [11, 34, 43].
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Figqure 11. Micro-hardness values for (a) vertical and (b) horizontal directions.
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2.34 Tensile properties

Tensile properties were studied with respect to three fabrication variables: distance from the

build platform, location on the build platform, and orientation of the samples.
2.3.4.1 Effect of distance from the build platform on strength and ductility

Tensile tests have been performed on five horizontal oriented specimens at different heights
from the build platform, Figure 12, and no significant differences or trends were observed.
Yield strength and elongation have greater deviations than the ultimate tensile strength, but

no trends relative to the distance from the build platform were found.
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Figure 12. Tensile results for horizontal specimens at different distances from the build
platform.

2.3.4.2 Effect of location on the build platform on strength and ductility

Tensile tests were also performed on vertically oriented specimens at different locations on
the platform to assess any effects due to location on the build platform (XY plane). The three
locations are the center, the front, and rear corners of the build platform, taken on a diagonal.
The schematic layout of the specimens and the tensile test results for the three locations are
given in Figure 13 and summarized in Table 3. It can be seen that the specimens close to the
machine front have higher average values for all three tensile properties (UTS, YS and
elongation). Samples taken from the center of the build platform have the lowest values.
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Figure 13. Tensile test results for vertically oriented specimens in different locations of the
build platform: (a) UTS, (b) YS, (c) el %.

Table 3. Tensile results and relative standard deviations for vertically oriented specimens at

different locations on the build platform

Rear corner Center Front corner

Average RSD [%] Average RSD|[%] Average RSD [%]

UTS [MPa] 1065 2.2 1050 1.0 1102 1.0
YS[MPa] 993 2.3 983 1.0 1026 1.5
el [%] 107 26.7 10.4 103 113 19.8

2.3.4.3 Effect of orientation on strength and ductility

Tensile results from samples in different orientations were also compared in Table 4. Tensile
strength values are similar for both orientations; however, noticeable differences were

observed in the elongation values.

Table 4. Tensile test results with relative standard deviations for horizontal and vertical

orientations. Typical properties for an annealed cast alloy [44] are also reported for comparison.

Horizontal Vertical Cast+annealed
Average RSD [%] Average RSD [%]

UTS [MPa] 1066 0.9 1073 2.6 930

YS [MPa] 1006 2.9 1001 2.5 855

el [%] 15.0 12.9 10.8 17.6 12
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Fracture cross-sections of the specimens with the highest and lowest ductility were compared
in order to identify the cause of the observed differences. The fracture surface of horizontally
oriented sample shows significant necking and ductile dimples, Figure 14a. However, the
vertically oriented specimen, Figure 14b shows no necking and the fracture surface is flat in

the center of the specimen, parallel to the scanning layers.

(b)

Figure 14. Fracture surfaces of (a) horizontal and (b) vertical oriented samples. Arrows
indicate the build direction.

The surface of the vertically oriented specimen was further studied by SEM. Some
discontinuous areas were detected on the fracture surface, Figure 15, where unmelted powder
particles can be seen. The clustering of these non-sintered zones is the most probable cause
for the lower ductility of the vertical specimens.

Figure 15. SEM image of the fracture surface of the vertical specimen, showing unmelted

powder particles.
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2.3.5 Effect of annealing time and temperature on the microstructure

The study of the microstructure at different distances from the build platform has revealed
that a lath thickness increases at locations closer to the build platform. It is believed that the
prolonged dwell time at the chamber temperature increases a lath thickness, creating a

coarser microstructure.

To demonstrate this behavior an annealing experiment was performed. Annealing samples
have been obtained from a location at 90 mm from the build platform. Samples with a 0.66
pm o lath thickness have been annealed at 600°C, 700°C, and 800°C, and extracted at time
periods between 10 and 120 hours. Vertical cross-sections of the samples were prepared for
the microstructural study. The results, Figure 16, show the coarsening of « laths after
exposing the lamellar a+@ microstructure to temperatures above 600°C. This phenomenon
explains why a lath thickness decreases with the distance from the build platform during the
EBM process, at chamber temperature of 650°C. The locations closer to this platform remain
longer time at the chamber temperature than the upper layers, so « laths are coarser at the

bottom compared to those at the top.

m]
‘I—‘ ‘I—‘
>

—@— 800°C (Experiment)

—e— 700°C (Experiment)
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Figure 16. Experimental and calculated values of « lath thickness as a function of annealing

time and temperature.

An empirical equation has been developed to relate o lath thickness with time and

temperature.

(T—BSO)

Saraen = Saraen(t=0) X €100

where San is a lath thickness (in microns) at the end of the annealing treatment, Owiat: (-0 is
lath thickness of the starting material, t is the annealing time in hours and T is the annealing
temperature in degrees Kelvin. Values calculated with this equation have been compared and

validated with the measured values obtained during the experimental work, Figure 16.
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2.3.6 Discussion

The microstructural analysis on specimens at different locations relative to the build platform
revealed that o lath thickness varies with the height or distance from the build platform. This
variation was not observed at distances below 25 mm [16]. Murr et al. [43] reported a variation
of a lath thickness from 1.6 pm to 3.2 um at 10 mm and 60 mm distance from the build
platform. This phenomenon is attributed to the effect of the build platform on the thermal
history of successive layers that are added to the part. It is suggested that the cooling rate
increases significantly with distance from the build platform, and thinner « laths correspond

to higher cooling rates [22].

However, in this work, the coarser a laths near the platform can be explained by the longer
exposure of the lower layers to the build chamber temperature (typically 650-700°C) relative
to the upper layers. This was confirmed with an annealing experiment where the relationship
between time, temperature, and a lath thickness was studied. Considering that the p—oa+f3
transformation mechanism at low cooling rates is diffusional growth transformation [22], it
can be reasoned that a lath coarsening can be thermally-activated. Therefore, coarsening
occurs very slowly at temperatures below 600°C and is more pronounced at higher
temperatures. However, the mechanism for this coarsening in isothermal annealing

conditions is not totally understood.

It should be noted that the cooling history is more complex than a mere continuous cooling
process. At the first stage of the cooling, a fast solidification happens in the range of 10°°C-s™
to 10°°C-s[21], from the melt pool temperature to temperatures close to the build chamber
temperature. During this stage, the new layer reheats or partially re-melts the material locally,
depending on scanning parameters such as beam power, scanning velocity, spot size, etc. [45,
46]. The second heating stage is quasi-isothermal, where the temperature at a point varies
only due to heat transfer from upper layers with subsequent passes of the electron beam.
During this stage, a lath coarsening can occur. Finally, when the fabrication process is over,

there is a slow cooling stage from the build chamber temperature to room temperature.

The first cooling stage is the most critical for the formation of the microstructure because the
[ grain formation occurs during the solidification and f—a+p transformation begins as soon
as the temperature reaches the p-transus temperature [9]. Although cooling rates are high
enough to form the o’ martensitic phase (4°C.s?) [9], the high temperature at the end of this
stage (650-700°C) and the complex re-melting and re-heating periods inhibit the
transformation of 3 into &’ martensitic structure [18]. However, Al-Bermani et al. [21]
observed localized o’'martensitic microstructure on the top of small size EBM samples. The
observation of some o’ martensitic phase in the sample on the top surface is plausible because

of the absence of upper layers that cause the reheating of the material, combined with the

67



Capitulo 2

small size of the sample that enables greater cooling rates and the relatively short exposure

of the a’ phase to the chamber temperature.

No appreciable differences were observed between the microstructures of specimens located
at the center and edge (interior and exterior) of the build platform, suggesting that the electron
beam deflection does not have a significant effect on the temperature history of the samples.
Hrabe et al. [15] had hypothesized a cooler build space could lead to greater cooling rates at
the exterior part of the build platform relative to the interior, due to the increased electron
beam deflection. They suggested slightly finer a laths for the exterior part of the build
platform, which however has not been observed in this study.

In this work it has found that o lath thickness varies with distance from the build platform,
however tensile properties and micro-hardness values were not affected. Additionally,
microstructures did not change significantly with position in the XY plane, but significant
variations were observed in tensile properties. These apparently contradictory results can be
explained based on the fact that o lath thickness changes from 0.32 um to 0.78 um between 5
mm and 120 mm from the build platform. Considering a gradual transition in the lath sizes,
it can be assumed that the change in a lath thickness in the gauge section is negligible and not

significant enough to cause a noticeable change in the tensile behavior of the material.

Porosity has a considerable influence on mechanical properties of additive manufacturing
parts, especially when subjected to cyclic loads, where porosity can act as crack nucleation
site and lead to premature failure of the part [47]. Porosity occurs due to building defects and
powder particles containing entrapped gas. It was observed that build defects are most
detrimental to mechanical properties when loading is applied along the build direction. This
is because the unmelted areas are typically planar and normal to the build direction, acting
as failure initiation sites and reducing mechanical properties. The observation of unmelted

powder particles on the fracture surfaces of tensile specimens corroborates this statement.

Several methods have been employed for porosity or density measurements for AM parts.
Spierings et al. [31] compared the Archimedes method, micrograph cross-section, and X-ray
scanning. According to this study, there are significant differences in the results obtained
from these three techniques. Slotwinski et al. [47] used an ultrasonic method to quantify the
amount of porosity in additive manufactured parts and suggested that there is a lower limit
in the size of porosity that can be detected by X-ray scanning. Leuders et al. [48] measured
the porosity above 22 um size of SLM (Selective Laser Melting) Ti-6Al-4V parts employing a
computer tomography system. Kasperovich et al. [49] measured the SLM Ti-6Al-4V part
porosity by employing micrograph study and computer tomography, for later comparison
with the Archimedes method. They concluded that the Archimedes method does not provide
sufficient accuracy and precision. Gong et al. [50] utilized Archimedes method to compare

the relationship between process parameters and porosity in EBM and SLM Ti-6Al-4V parts,
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concluding that this method is not satisfactory for assessing the quality of SLM and EBM
samples. It is expected that the Archimedes method has higher reliability because it considers
the whole volume, instead of 2D sections of the parts, however Archimedes method does not
consider any morphology or distribution of the porosity that can help to identify the porosity
source (powder, process, etc.). Despite being a destructive characterization method, 2D
porosity measurement employing cut sections and image analysis software has been often
performed before [31, 49]. Variation of the measured porosity depending on the surface
condition (polished vs. polished and etched), micrograph magnification, and selection of the
cross-section has been reported. The methodology has been considered as valid in terms of

qualitative (size and shape) and comparative measurements.

2.4 Conclusions

The research results presented in this study lead to the following conclusions:

+ Tensile properties (UTS, YS, and elongation) are greater in the locations where
porosity is lower.

*  With 0.15% average porosity in the material, the differences between mechanical
properties of the parts fabricated from different locations and distances from the
build platform are mainly related to the porosity, the variations in the microstructure
being of secondary importance.

*  The variation in the microstructure has been related to the dwell time of the layers
on the fabrication chamber, although this does not significantly affect the mechanical
properties.

* Samples were fabricated with Arcam default process parameters. Subsequent
manipulation of process parameters would influence the microstructure and
mechanical properties.

*  Further improvement of the EBM technology should be able to reconcile the
differences in porosity between the center and edges of the build platform.
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Objetivo

El objetivo del trabajo mostrado en este articulo es el estudio de diferentes tratamientos

térmicos de manera que se establezca la relacién de distintos pardmetros (velocidades de
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enfriamiento, temperaturas y tiempos de recocido, etc.) sobre la microestructura resultante y

las propiedades mecanicas del material EBM Ti-6Al-4V.
Contenido

En la introduccién del articulo se hace una breve descripcion de la tecnologia EBM y de los
trabajos previos realizados, donde se examinan la microestructura y propiedades mecéanicas
del EBM Ti-6Al-4V. Se explica también que el estudio de los tratamientos térmicos, donde se
han analizado las relaciones entre parametros de tratamientos, microestructura resultante y
propiedades mecanicas de cada caso, se ha realizado desde tres enfoques diferentes. Por un
lado, se ha estudiado la influencia de la velocidad de enfriamiento en tratamientos de recocido
B (ciclos con temperaturas superiores a la temperatura [ transus). Por otro lado, se ha
estudiado el efecto de los tiempos y temperaturas de recocido, continuando el estudio
mostrado en el Capitulo 2. Para terminar, se ha estudiado el efecto de tratamientos de

solubilizacién y envejecimiento sobre el material EBM Ti-6Al-4V.

A continuacién, se describe el procedimiento de fabricacion de las muestras, asi como la
metodologia de los tratamientos térmicos. Se explican las técnicas de caracterizacion:
preparacién y analisis de muestras metalograficas, difraccion de rayos X, procedimiento y
equipacién para medir durezas y ensayos mecanicos. Cabe destacar la utilizacion de nuevo
del método de interseccion recomendado por Vander Voort y Roosz para la medicion del
espesor de la perlita en aleaciones férreas, con el fin de medir el espesor de las laminas a del
Ti-6Al-4V.

Previo a mostrar los resultados de los estudios de los tratamientos térmicos, se realiza un
estudio del historial térmico del proceso EBM. En este estudio se discute la simplificacién del
proceso térmico en tres etapas. La primera, donde el material se enfria rdpidamente desde la
temperatura del bafio fundido a 2500°C a la temperatura de la cdmara 650°C, creandose una
estructura martensitica con predominacion de la fase o' martensita. La segunda, el periodo
de mantenimiento a la temperatura de cdmara donde la fase o’ se transforma en las fases a+{3.
La ultima etapa consiste en el enfriamiento lento desde la temperatura de trabajo de la cdmara
del EBM hasta la temperatura ambiente. En principio, la validez de esta simplificaciéon no se
discute, sin embargo, con el fin de tener una mejor comprension de la complejidad del proceso
térmico real, se hace una simulacion del barrido de una capa del proceso EBM por elementos
finitos. El resultado muestra como el bafio fundido penetra hasta una profundidad de 20
capas inferiores, y ademas en funcion de la estrategia de barrido, un determinado punto de
la capa puede fundirse varias veces en el mismo barrido debido al calor de las pasadas

contiguas del haz de electrones.

Una vez estudiado el proceso térmico, se muestran las propiedades y la microestructura del

EBM Ti-6Al-4V ELI en estado “as fabricated”, esto es, tal como se obtiene en el proceso EBM.
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Esta informacién proviene del estudio anterior plasmado en el Capitulo 2 y se utiliza como
referencia para los estudios de tratamientos térmicos que se exponen a continuacién. Se
incluye también un andlisis de fases mediante difraccién de rayos X que no habia sido

incluido en el estudio anterior.

Tal como se ha mencionado anteriormente, los estudios de tratamientos térmicos comienzan
con una comparativa de velocidades de enfriamiento (en agua, en aire y en horno), partiendo
de un estado de recocido  a 1100°C, 105°C por encima de la temperatura {3 transus (995°C).
Los resultados muestran que, para el enfriamiento en agua se genera una microestructura
totalmente martensitica. Esta afirmacion se basa en indicios expuestos en los resultados del
analisis mediante difraccién de rayos X, en el diagrama CTT y en las propiedades mecénicas
obtenidas. De la misma manera, se concluye que el enfriamiento en aire genera una
combinacion de estructura martensitica y estructura a+{. En este apartado también se estudia
la influencia de la velocidad de enfriamiento en la microestructura final y las propiedades

mecanicas tras un envejecido posterior comun a 450°C.

En el siguiente apartado se analiza la influencia de los recocidos a temperaturas inferiores al
[ transus en la microestructura y mas especificamente en los espesores de las laminas a. En
el Capitulo 2 ya se habia hecho este estudio, sin embargo, en este capitulo las muestras
analizadas tienen una porosidad practicamente nula, por lo que ha sido posible estudiar la
influencia de los espesores de las ldminas a en las propiedades mecénicas, anteriormente
dominada por la porosidad. Fruto de este estudio, se han desarrollado varias ecuaciones
empiricas basadas en la ecuaciéon de Hall-Petch, donde se relacionan los espesores de las

laminas a con la micro dureza, el limite eldstico, la tension de rotura y el alargamiento.

Para terminar, se han estudiado diferentes parametros (temperatura y tiempo) de envejecido
para EBM Ti-6Al-4V tratado mediante solubilizacion, temple al agua y envejecido. Este
estudio se ha limitado a la parte mecanica debido a la dificultad de discernir diferencias en la

parte microestructural.

Abstract

Electron beam melting (EBM) is a metal powder bed fusion additive manufacturing (AM)
technology that is used to fabricate three-dimensional near-net-shaped parts directly from
computer models. Ti-6Al-4V is the most widely used and studied alloy for this technology
and is the focus of this work in its ELI (Extra Low Interstitial) variation. Microstructure
evolution and its influence on the mechanical properties of the alloy in the as-fabricated
condition have been documented by various researchers. In the present work, different heat
treatments were performed based on three approaches in order to study the effects of heat
treatments on the unique microstructure formed during the EBM fabrication process. In the

first approach, the effect of various cooling rates after the solutionizing process was studied.
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In the second approach, a correlation between the variation of « lath thickness during aging
and the subsequent effect on mechanical properties was established. Lastly, several combined
solutionizing and aging experiments were conducted; the results will be systematically

discussed in the context of structural performance and design.

3.1 Introduction

Electron beam melting (EBM) is a metal powder bed fusion additive manufacturing (AM)
technology used for the fabrication of three-dimensional near-net-shaped functional
components directly from computer models [1]. ASTM F2792 defines AM as “a process of
joining materials to make objects from 3D model data, usually layer upon layer, as opposed
to subtractive manufacturing methodologies” [2]. The use of AM technologies in general, and
of EBM in particular, is experiencing a considerable increase in the variety and quantity of
applications. As the technologies improve and develop, a wider range of industries are
studying and implementing these technologies to manufacture an increasingly diverse range
of products. Biomedical implant applications and structural aerospace parts are the most
promising areas for EBM technology. However, the development of EBM technology in these
areas is slowed down by the lack of fundamental knowledge, consistent databases, and

standardization which are all critical in these industry sectors [3-7].

EBM’s working principle consists of consecutive cycles where complex parts are fabricated
layer by layer. Each solid material level is formed after a metallic powder layer is dispensed
and selectively melted. The energy source for the melting process is an electron beam emitted
from a tungsten filament. This beam is controlled by two magnetic coils, which focus and
control the position and diameter of the beam. The manufacturing parameters are generated
and controlled by software in order to fabricate sound parts with improved mechanical
properties, low porosity and surface roughness, and optimized geometrical reproducibility.
This software creates scanning algorithms based on the geometry of the part to be
manufactured. The main parameters controlled by the software are: minimum and maximum
beam current, number of times the beam scan is to be repeated, scanning speed of the electron
beam, distance between individual scan lines (line offset), line order for the hatch pattern, and

rotation angle between consecutive hatches [8].

Microstructure evolution and mechanical properties have been studied for Ti-6Al-4V alloys
due to its versatility resulting from the good balance between mechanical properties,
castability, plastic workability, heat treatability, and weldability [9]. Ti-6Al-4V has been
broadly applied in industry and studied in the laboratory, resulting in an extensive
knowledgebase relative to other metal alloys fabricated by this technology. Heat treatment of
AM Ti-6Al-4V for different technologies has been extensively studied with the purpose of
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relieving stress and achieving an equilibrium microstructure, eliminating the metastable o
martensite phase and obtaining a microstructure with exclusively a and (3 phases [10].
However, for the EBM technology, the relation between microstructure and mechanical
properties has been mainly limited to the as-fabricated condition, except for some cases where
hot isostatic pressing (HIP) was applied to the EBM parts. The EBM process, similarly to other
AM processes, does not completely prevent the presence of porosity in the build. Therefore,
in order to mitigate the disadvantages caused by these defects, the effect of HIP treatment has
been studied [11-19]. The biggest interest for the study of the mechanical properties in the as-
fabricated condition is that the EBM process, unlike other metal AM technologies such as
selective laser melting (SLM) or laser engineered net shaping (LENS), does not require heat
treatment to obtain reasonable ductility and low residual stresses. The high temperature of
the fabrication chamber in the EBM process prevents the presence of brittle a’ martensitic
phase from forming in the final microstructure, while the slow cooling rates from the chamber
temperature to room temperature, relieves most of the residual stress generated during the

additive manufacturing process [11].

Ti-6Al-4V is an a+f3 alloy because a and {3 microstructural phases coexist at room
temperature. The a+f3 alloys are interesting because they combine the strength of a alloys
with the ductility of § alloys, and their microstructures and properties can be varied widely
by appropriate heat treatments and thermomechanical processing [20]. The current study
focuses on understanding the effect of different heat treatments on the unique microstructure
of the EBM Ti-6Al-4V ELI (Extra Low Interstitial) and its impact on mechanical properties.
The heat treatments studied in this work were addressed using three approaches. The first
investigated the effect of the solution heat treatment and subsequent cooling rate on the
formation of different microstructural phases and their morphology. The second studied the
effect of the aging time and temperature on « lath thickness and mechanical properties. The
third approach assessed the effect of solutionizing and aging heat treatment on the

microstructure and properties of the material.
3.2 Materials and methodology

3.2.1 Materials and processing conditions

The EBM build used for this study was manufactured from Ti-6Al-4V ELI gas atomized
powder provided by Arcam. The ELI variant of Ti-6Al-4V contains reduced levels of oxygen,
nitrogen, carbon, and iron as shown in Table 2. The powder used was a mixture of 50% new
powder and 50% powder reused from a previous build, with a particle diameter ranging from
45 to 150 um, Figure 1 [21]. It is important to note that reused powder, which is kept under
vacuum for the time between builds, can still exhibit an increase in oxygen levels which can
affect the subsequent microstructure and mechanical properties of the final part [22]. A study
by Nandwana et al. [23] showed that standard Ti-6Al-4V powder exposed to an electron beam
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for 150 hours experience an increase in oxygen levels from 0.141 to 0.168 wt.% which is within
the specification for the alloy. Since ELI Ti-6Al-4V powder has a much lower oxygen content
to begin with, it can be safely assumed that using a mixture of 50% reused powder will not
result in a compromised final product. The EBM manufacturing parameters of the build (spot
size, scan velocity, sintering path, etc.) were defined by an internal algorithm of the Arcam
Q10 machine. The process consists of preheating to a chamber temperature of 650°C which is
maintained throughout the build. Each scanning layer was 50 um thick and the average
scanning time per layer was one minute for this batch. The total build time was 2200 minutes
(36 hours and 40 minutes). All of the post build heat treatments for this study were carried

out using a Thermo Scientific 1.8 kW Lindberg/Blue furnace.

3.2.2 Specimen locations and preparation

The build configuration and AM reference axis system on the build platform of the Arcam
machine is shown in Figure 2. The cylindrical specimens (15 mm x 105 mm) are orientated
with their longitudinal axis perpendicular to the build platform (parallel to the build
direction/Z axis). The rectangular specimens have their longitudinal axis perpendicular to the
build direction/Z axis. In this study, the terms vertical orientation and horizontal orientation
are used to identify samples that are oriented parallel and perpendicular to the build
direction/Z axis respectively. For this body of work only the vertical oriented cylindrical
samples were used, from which cylindrical tensile specimens (Figure 4) were machined.
Metallographic analysis and micro-hardness measurements were also carried out on these

samples.

3.2.3 Characterization methodology
3.2.3.1 Microstructure characterization

All metallographic samples were cut with an abrasive wheel, mechanically ground and
polished, and etched with Kroll's reagent following the preparation process for titanium
alloys laid out in Buehler SumMet 2013 [26]. Microstructures were characterized using
standard metallographic methods with a Nikon MA 200 Eclipse microscope and image

analysis using Elements-D software.

The «a lath thickness, or interlamellar spacing, which is representative of typical a+f titanium
microstructures, was measured using the method recommended by Vander Voort et al. [27]
which was successfully used in a previous study [21]. The procedure consists of calculating

the mean random spacing, or, using the intersection method. The intersection method is
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performed by overlaying a test grid consisting of one circle of known radius, R, on the
micrograph in an unbiased manner as shown in Figure 3. The number of intersections of the
a lamellae with the test line, M, are counted and divided by the actual length of the test line,
to obtain NL=21tR/M. The reciprocal of NL is the mean random spacing: or=1/NL. The mean
true spacing, ot, is calculated dividing the mean random spacing by two: ot=o01/2. This
methodology was applied for five images in each location and the values were averaged to

determine the interlamellar spacing at each location.

Phase analysis was performed using a Panalytical Empyrean 2 X-Ray Diffractometer
(Panalytical B.V., Almelo, Netherlands) using CuKa radiation at 40 keV and 40 mA from 30
to 150 degrees of 20. It should be noted that texture and strain are present in these samples,
so the XRD results are present for qualitative comparison rather than quantitative phase

fraction purposes.
3.2.3.2 Microhardness and tensile testing

Microhardness indentation measurements were made using a TUKON 1202 (Wilson
Hardness) machine, with a load of 10 N applied for 10 seconds. The values reported in this
study are each average value of 15 individual microhardness measurements conducted in
accordance with ASTM E384 [28].

Round tensile specimens were machined using a HAAS CNC mill and lathe, with a final
length of 100 mm, gauge diameter of 6 mm, and gauge length of 25 mm, Figure 17. The
geometry and dimensions of the tensile specimens, as well as the room temperature tensile
tests, were performed following ASTM-E8M [29] specifications, using an Instron 5500R test

frame.

(a) (b)

Figure 17. (a) Manufacturing drawing, and (b) computer model of the round bar tensile

specimens used for this body for work. Drawings are not to scale, all units are in mm.
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3.3 Results and discussion

3.2.1 Thermal analysis of the EBM process

3.3.1.1 Thermal history

The relevant thermal events that determine the as-fabricated microstructure in the EBM
process can be simplified in three main stages [30]. First step is a rapid cooling from the
molten state to the layer temperature, followed by a quasi-isothermal stage at the local
temperature until completion of the build, and finishing with a slow cooling to room

temperature, Figure 18.
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Figure 18. Cooling path and critical cooling rates for Ti-6Al-4V microstructure formation in
EBM process with a chamber temperature of 650°C. Microstructural transformations

occurring in each stage are also shown.

The first stage comprises the cooling of the melt pool, solidification of the melt, and cooling
to the chamber temperature. The melt pool temperature values are estimated to be between
1900°C and 2700°C [30, 31]. One particular study made by thermography measured a
temperature of 2500°C on the melt pool [32]. The most critical cooling stage for the formation
of the microstructure is the cooling period from the solidification temperature (around
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1900°C) to the chamber temperature because (3 grains formation, as well as subsequent
transformation of 3 phase, occur at temperatures above 870°C [9]. In this stage, a diffusionless
transformation occurs because the cooling rate is higher than the critical martensitic
transformation cooling rate estimated as 410 K/sec, and therefore o’ martensite phase is
formed. The cooling rate in this stage has been calculated to be in the range of 103 to 105 K/sec
[33].

The second stage consists of a dwell at the fabrication chamber temperature, until all the
layers that comprise the build are finished, usually at 650-750°C. In this period, the
martensite is transformed into an a+p structure [21, 30]. This is considered a quasi-steady
state, where the temperature varies gradually due to the heat transfer between the above layer
melt pools and the rest of the manufacturing part. The high temperature of the chamber (650-
750°C) and complex re-melting and re-heating periods transform the a’ martensitic phase into
the more stable a+{3 microstructure [17, 21]. The third stage comprises the slow cooling of the

build from the chamber temperature to room temperature.

These three stages are the main stages that determine the resultant microstructure in the EBM
process. However, in reality the thermal history of a given point in the build, has a much more
complex history due to the influence of the upper layer melting pools, and reheating or
partially re-melting the material to a greater or lesser degree, depending on the scanning
parameters such as beam power, scanning velocity, and spot size [30, 34]. The next step in
developing a better appreciation of the phase transformations during the EBM process, and
in order to obtain an understanding of the subsequent microstructural changes occurring
during the heat treatments, a study of the thermal history in the EBM process was performed

by developing a thermal simulation of the fabrication process.
3.3.1.2 Thermal simulation

A thermal simulation was performed in order to attain a better understanding of the complex
thermal history during the EBM process. ANSYS Workbench R15.0 software was employed
for this task. The simulation was accomplished for a beam scan on a 10x10x10 mma3 cube,
Figure 19a. The path of the electron beam during the scanning of the layers is comprised
typically by two main scanning strategies: the first strategy named contouring, melts the
outline of each 2D section; the second, called hatching ‘fills in” the outline by rastering the
beam within the section boundary. The contouring strategy uses a technology known as
MultiBeam, which rapidly moves the beam so as to keep several separate melt pools active at
one time. As a result of the MultiBeam settings, 50 melt pools are present during the outer
contour and 10 during the inner contours. The center of each section is then ‘filled in” by
rastering the beam in a ‘snaking’ melt strategy known as hatching (i.e.,, a forward and
backward beam motion with a continuous path). The hatching direction is rotated a certain

angle between each layer. The beam current during hatching is not directly set by the
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operator, instead, it is calculated by the EBM control software and varied linearly with the

length of the hatch line, such that smaller melt lengths have a lower current [22].

The goal of this simulation was to demonstrate the complexity of the thermal history of the
EBM process compared to the “three-stage” simplified model described before, considering
that the real process is even more complex than that obtained by this simulation. The scanning
process for the simulation was simplified considerably, having one contouring and three lines
of hatch for each melting stage (Figure 19a). By performing the contouring and the hatch
melting stages an approximation of how the scanning steps influence the temperatures in the
consecutive layers was obtained. The electron beam movement simulation was performed
assigning a time dependent energy input on the surface of the cube in such a way that it
follows the scanning path. The value of the energy input (200W for each 2x2 mm?2 segment)
was adjusted in order to get melt pool dimensions and temperatures consistent with previous
works. [28-30, 35]

The following boundary conditions were considered for the simulation:
¢ Radiation heat transfer for the top surface (emissivity value: €=0.26) [27].
¢ Constant temperature for the bottom of the cube (build platform temperature: T=650°C)

¢ Conduction heat transfer in the cube (temperature dependent conductivity, density, and
specific heat) [23].

¢ Heat transfer between the solid cube and the powder was considered as temperature and

surface dependent, and directly proportional to a heat transfer coefficient (5 x104 W/(m2K)).
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Figure 19. Scanning path of the electron beam for the thermal modeling. (b) Temperature
evolution during scanning stage on the surface. The temperature evolution of locations on the

hatch area and on the contour zone is shown for the surface and four layers at different depths.
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The graphical result of the transient thermal simulation is shown in Figure 20. In the cross
section of the cube (Figure 20b) it is possible to see how the melt pool (red) penetrates inside
the cube. A heat-affected zone (orange) has been considered for the areas above the 3 transus
temperature (1000°C).

i

A L.

(a) (b)

Figure 20. Screenshot of the EBM process simulation: (a) entire part during the contouring

strategy and (b) cross-section during the hatching strategy.

As predicted, the effect of the electron beam during the scanning of the surface varies with
the depth of the layers below (Figure 19b), making the thermal history significantly more
complex than that considered in the simplified thermal history. According to the simulation,
the melt pool can affect the first 10-20 scanning layers, and due to the heat transfer to the solid
part, the cooling rates of the melt pool can reach 2000°C/sec.

3.2.2 As-fabricated microstructure and properties

Microstructures and mechanical properties of the heat-treated parts were compared to those
in the as-fabricated condition. Reference values for the as-fabricated condition were obtained
from a previous study reported by this team, where microstructure and mechanical
properties were thoroughly characterized and discussed [21]. The microstructure is
comprised of prior § columnar grains oriented parallel to the build direction (Z or vertical
axis), Figure 5. An a+{3 lamellar microstructure is observed inside the prior 3 grains for planes
both perpendicular and parallel to the build direction. The structure of the lamellae is mainly
Widmanstédtten or “basket weave”, with an occasional colony microstructure. The size of the
columnar grains is not quantifiable due to the difficulty of grain boundary identification. In
several instances, the a layer at the prior p grain boundaries could be seen, Figure 6, and

average thickness of 2 um was measured. Figure 21 shows the XRD pattern obtained from a
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Ti-6Al-4V ELI sample, where only o and {3 peaks have been detected, confirming the a+(3

microstructure observed also by microscopy.
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Figure 21. XRD pattern for the EBM build Ti-6 Al-4V ELI sample, indicating o+ phases.

The reference values of the a lath thickness, tensile properties, and micro-hardness for the as-
fabricated condition employed in this study are as follows:

e a lath thickness: 1.4 pm

e UTS=1073 MPa (45 MPa)
® YS=1001 MPa (42 MPa)

° el=11% (+1%)

e Hardness: 366 HV (+5 HV)

While it would be ideal to use AM produced components in their as-fabricated state, the use
of various heat treatments can change the mechanical properties to suit the required
application. The effects of solution heat treatments, cooling rates, and aging heat treatments

are thus examined in the following sections.
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3.2.3 Effects of the cooling rate
3.3.3.1 Effects on microstructure and mechanical properties

The time and temperature of the heat treatment, as well the cooling rate, are the critical factors
affecting the final microstructure [34]. In this study, a solutionizing treatment was first
applied at 1100°C for 30 minutes. This temperature is 105°C above to (3 transus temperature
of the alloy (which is around 995°C), ensuring that at the solutionizing temperature the
microstructure of the sample is 100% (3 phase. Then, with the purpose of studying the effect
of cooling rate from temperatures above (3 transus on the resultant microstructure and
properties; furnace-cooling, air-cooling, and water-cooling were performed. The cooling rate
from temperatures above the {3 transus can control the formation of different microstructures
as shown in the continuous cooling transformation (CCT) diagram, Figure 22. Furnace-
cooling was measured reading the values of the furnace chamber temperature on the display.
The cooling rate of the air-cooling stage was measured with a thermocouple inserted in a hole
drilled in the center of the sample. The measured average air-cooling rate from 1100°C to
500°C was about 20°C/sec which may result in formation of a small volume fraction of «
martensite along with the a phase and in addition to the previously existing p phase. The
water-cooling rate was estimated to be 650°C/sec.
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Figure 22. CCT diagram for Ti-6Al-4V (adapted from ref. [37]). Cooling curves of three
different cooling methods (furnace, air, and water cooling) employed in this work are plotted,

showing the microstructural transformation associated with each method.
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The results of this study are shown in Table 5. The first and second rows show the
microstructures at 100x and 500x magnifications. On the last row, mechanical properties and
micro-hardness values are reported. The analysis of the results reveals the changes in the
microstructure and properties of the heat-treated samples due to different cooling rates
compared to the as-fabricated condition. The increase in tensile strength and micro-hardness
with increasing cooling rate is evident. Ductility, however, decreases considerably because of
solutionizing above the {3 transus temperature. This causes the morphology of the 3 grains to

change from columnar to equiaxed.

Table 5. Cooling rate study results for furnace, air, and water-cooled conditions

1100°C/30min + furnace-cooling 1100°C/30min + air-cooling 1100°C/30min + water-cooling

X
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(=]

3
(=]
wn

20um |

2 * UTS=913 MPa (38 MPa) ¢ UTS=998 MPa (52 MPa) ¢ UTS=1200 MPa (£50 MPa)
‘B * YS=774MPa (112 MPa) YS=847 MPa  (+90 MPa) YS=932 MPa  (+80 MPa)
8 | ¢ el=13% (£2 %) el=13% (£7%) el=1.8% (£1.5%)

2 + 378HV (+44 HV) 365 HV (31 HV) 414 HV (£33 HV)
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The study of XRD diffraction patterns for as-fabricated, air-cooled, and water-cooled
conditions, Figure 23, shows a weakening and an absence of a diffraction peak at the 20=57°
position (denoted by the black circle in Figure 23) in the air-cooled and water-cooled
conditions respectively. This peak corresponds to the 3 phase (200) plane diffraction peak.
This fact, along with the visual analysis of the microstructure, tensile test results, and micro-
hardness values indicate that the air-cooled condition contains a’ martensitic phase at some

extent while the water-cooled condition contains a fully martensitic microstructure.
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Figure 23. XRD diffraction patterns obtained with KCUa for as-fabricated, air-cooled, and

water-cooled conditions.
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The values for the UTS, YS, and % elongation have been plotted for each type of
microstructure obtained in this study, Figure 24. The graph shows that the columnar
microstructure of the as-fabricated condition has a higher strength than the equiaxed (a+f3)
structure of the furnace-cooled condition. The o’ martensite phase also has a strengthening
effect; however, the ductility of the alloy decreases dramatically as the amount of o’ increases.
The evolution of the hardness is also similar to that of the UTS, with the lowest hardness value
corresponding to the equiaxed a+f, and the highest to the fully o’ martensitic microstructure.
The hardness of the as-fabricated, columnar a+( structure is similar to the partially

martensitic, air-cooled condition.
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Figure 24. (a) Ultimate strength and Yield strength and (b) % elongation values for the
microstructures obtained after different cooling rates. Equiaxed a+p corresponds to furnace-

cooling condition, columnar a+f corresponds to as-fabricated condition, partially o’

3.3.3.2 Effects on microstructure and mechanical properties after subsequent aging

The desired strength of a+{ titanium alloys is achieved by solution heat treatment followed
by different aging treatments. Titanium alloys have two dominant hardening mechanisms:
solid solution hardening and precipitation hardening. The type of heat treatment dictates
which of these two becomes the dominant hardening mechanism. On slow cooling from f3
phase, the a phase is hardened by solid solution hardening via partitioning of Al and O
elements in a phase. On the other hand, long term aging at circa 500°C results in precipitation
hardening of the a phase via precipitation of Ti3Al. Quenching from the 3 phase field results
in formation of martensite with high dislocation density, which results in hardening via
dislocation strengthening [38—40]. Considering the effect that this heat treatment would have
on the EBM Ti-6Al-4V ELI alloy, two solution and aging treatments have been performed
comparing the effect of the cooling rate after solutionizing at 925°C for one hour, followed by
aging at 450°C for 4 hours. The solutionizing was carried out at 925°C in order to maintain

the columnar structure from the as-fabricated condition, while understanding the effect of
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aging schedules. The resulting microstructures and mechanical properties from the

solutionizing + aging studies are shown in Table 6.

From the results, a considerable increase in the ultimate tensile strength was observed for the
water-cooled samples compared to the air-cooled samples. Significant variation in elongation
was observed in these tests, which is mostly attributed to a heterogeneous distribution of
porosity. Water-cooling was proven as an appropriate way to obtain the expected
strengthening effect. The higher UTS for the water-cooled condition is due to change in phase
fraction as a function of temperature as shown in Figure 25. Simulations using Thermocalc®
show that at a temperature of 925°C the microstructure is approximately 97% 3 phase. Water-
cooling from this condition results in formation of &’ martensite needles, which are visible in
the micrograph in the top row of Table 6. The a’ phase is responsible for the higher strength
and reduced ductility of the water-cooled condition, and subsequent aging at 450°C for 4
hours does not result in decomposition of martensite into a phase due to sluggish
transformation kinetics. In order to recover some of the lost elongation, and achieve a
favorable balance between ductility and strength, an additional study was performed
focusing on the aging effects. Aging studies were performed on both as-fabricated o+ Ti-

6Al-4V and previously solution heat treated materials.

Table 6. Solution + aging treatments and results
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Figure 25. a, B and Ti3 Al equilibrium phase fraction for Ti-6Al-4V at different temperatures
obtained from Thermocalc®.

3.2.4 Effects of aging time and temperature

The mechanical properties of a+f3 titanium alloys are strongly dependent on the morphology
and distribution of the a phase. In the case of alloys with a lamellar microstructure, the
thickness of the a lamellae and the diameter of their colonies has been shown to have the most
significant effect on mechanical properties [9]. Vrancken at al. studied the influence of aging
time and temperature for SLM Ti-6Al-4V and underlined that the a lath thickness is
dependent on the aging temperature [41].

In a previous iteration of this work which investigated the microstructure of EBM Ti-6Al-4V
ELI it was found that aging the material resulted in a coarsening of the a lath within the
microstructure [21]. In that study, a systematic understanding of the effects of aging time on
the coarsening of the o lath thickness was obtained by examining specimens from the same
area of a build that had subsequently been annealed for different times at 600°C, 700°C, and
800°C, as shown in Figure 26. In order to expand on the original work in the context of the

current study, an additional set of aging experiments was conducted at 900°C.
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Figure 26. Temperature-time diagram for the aging studies.

Selected microstructures and hardness values obtained from the aging studies are shown in
Figure 27. Micrographs show slightly coarser microstructures for the samples annealed at
700°C for 100 hours, Figure 27b, than those of the as-fabricated condition, Figure 27a. The
visual data were confirmed by the measuring of the a lath thickness with image analysis
software, where a coarsening from 0.66 um to 1.03 pm was observed. The micro-hardness
differences between the two conditions, however, are not significant (369 HV versus 364 HV).
As aging temperature was increased, the coarsening of the «a lath also increased as shown in
Figure 27c and Figure 27d, corresponding to the results for the aging treatments at 900°C for
20 hours and 70 hours. At this temperature, some effects can also be noticed in micro-
hardness. In contrast to the post-solutionizing microstructure studied in the previous section,

the microstructures of the annealed parts still retain the columnar morphology.
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Figure 27. Micrographs at 500x magnification for (a) as-fabricated, (b) annealed at 700°C for
100 hours, (c) annealed at 900°C for 20 hours, (d) annealed at 900°C for 70 hours.

The results of the a lath thickness measurement for all the aging temperatures and times are
plotted in Figure 28. The graph shows that a lath grows with temperature and time. This
phenomenon explains the a lath thickness variation with the distance from the EBM build
platform studied in a previous work [21]. The microstructure of the layers closer to the build
platform have been at the chamber temperature for a longer time than the layers further away,
so the a lath thickness is larger at locations closer to the build platform. The effect of the aging
time and temperature on the a lath thickness has been correlated with the following equation
which was developed in a previous study [21]:

(T—SSO)
Sciaen = Oayaen(t=0) - L+ 10 (1)

where, dalatn is o lath thickness in pum, da_atn ¢=0) is & lath thickness of the starting material in

um, t is the annealing time in hours, and T is the annealing temperature in K. The calculated
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values using this equation have been plotted along with the measured values in Figure 14 to

evaluate the effectiveness of the calculations using Eq. (1).
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Figure 28. Experimental data of o lath thickness versus aging time graph for different
temperatures. Dotted lines represent the values calculated using Eq. (1) [25]; additional data at
900°C have been added to the original work.

Next, the relationship between o lath thickness and micro-hardness and tensile properties
have been addressed. Micro-hardness values have been measured for the samples annealed
at different time and temperature combinations, and are plotted for the corresponding a lath
thicknesses, Figure 29. In this plot, values from a previous study [9] were also added, and a

relationship between a lath thickness and micro-hardness was observed.
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Figure 29. Experimental micro-hardness measurements for different a lath thickness values
including values reported by Sieniawski et al. [9]. Dotted lines represent the values calculated
using Eq. (3).
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The effect of the a lath thickness on the mechanical properties can be explained following the
dislocation theory assuming that microstructural features act as obstacles to dislocation slip,
causing dislocation pile-ups. In coarse grained materials, the stress multiplication caused by
the dislocation pile-ups is much greater than in fine-grained materials. The empirical relation
between microstructural size and mechanical properties such as hardness and yield stress can

be written by a Hall-Petch type equation [42], using a lath thickness:

H=Hy+ky &6, (2)

Xlath

where, H can be either hardness or yield stress, Suam is the a lath thickness, and kx and Hoare
constants. Traditionally, the microstructural size for ot + 3 titanium alloys has been related to
the grain size or colony size. In this study, « lath thickness was considered as the relevant
microstructural characteristic dimension, following a previous work where Hall-Petch
equation was proposed for lamellar structured steels [43]. A Hall-Petch type equation was
previously suggested for hardness and yield strength of EBM Ti-6Al-4V by Jamshidinia et al.
[44]. The empirical relation between « lath thickness and hardness values obtained in this
study, as well as values shown by other authors [12], Figure 29, was modeled with the

following equation:

HV =307 + 44 5,2 (3)

Xlath

where, HV is Vickers micro-hardness and duam is the a lath thickness in pum.

As demonstrated in our previous work [21], porosity is the main factor controlling tensile
properties, but microstructure is also important, especially for cases where porosity is close
to zero. Under these circumstances, microstructure becomes the main factor influencing
mechanical properties. In this work, different aging treatments have been performed for the
vertically oriented specimens from a batch where porosity was considered constant for all
specimens in the build. Thus, the influence of the a lath coarsening on tensile properties was
studied. Figure 30 shows the tensile test results versus « lath thickness; a lath thickness has
no relevant influence on the ultimate strength, however, there is considerable decrease in the
yield strength and elongation as the a lath thickness increases. This can be explained
considering that a decrease in « lath thickness reduces the effective slip length and therefore
increases the yield strength.
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Figure 30. (a) UTS and YS versus « lath thickness and empirical correlations. The standard
deviations were measured as 50 MPa for the UTS and 72 MPa for the YS. (b) Elongation

versus « lath thickness and empirical correlation. The standard deviation was measured a

The increase of the yield strength with the refinement of the microstructure can be explained
in the same way as the increase of the hardness and modeled with a Hall-Petch equation:

YS = 737 + 144 §,/* (4)

Xlath

where, Y§S is the yield strength in MPa and Saam is the a lath thickness in pum.

The influence of the a lath thickness on the ultimate tensile strength is not evident, however,
a linear correlation was obtained to show the slight decrease observed with the increase in
the a lath thickness:

UTS = 986 — 5.4 6., (5)

where, UTS is the ultimate strength in MPa and Saat is the « lath thickness in pm.

The effect of the a lath thickness on the elongation is more complicated in lamellar a+p
titanium alloys. The refinement of the microstructure increases the elongation until it reaches
a maximum peak, then it decreases drastically. This phenomenon is attributed to a change in
the fracture mode from transcrystalline to intercrystalline [38]. Studying the trend of the
elongation values obtained in this study, Figure 29b, only the transcrystalline mode of
fracture was considered operational for the a lath thickness range studied in this work.
Therefore, a linear correlation was developed to model the empirical relation between a lath

thickness and tensile elongation:
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el=20— 2948 (6)

) Xlath

where, el is the % tensile elongation and Saam is the « lath thickness in pm.

From these results it is apparent that in order to maintain the mechanical properties,
particularly the ductility, of the alloy, the aging temperature should not exceed 600°C. Below
600°C the growth of a lath thickness is minimal. Thus, in the second part of the heat treatment
study, the optimization of the aging parameters was sought by applying a range of aging
temperatures not exceeding 600°C (500°C, 550°C, and 600°C were chosen as a suitable range
of values). The aging was carried out at each these temperatures for times of 3, 4, 5, 6, 7, and
8 hours as shown in Figure 31. The solution heat treatment prior to the aging was kept

constant for each test at 925°C for 1 hour followed by water-cooling.
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Figure 31. Temperature-time diagram of the solutionizing + aging at different aging times and

temperatures.

The results of the study have been plotted in a property-time diagram, Figure 31, where UTS
and elongation values are shown for different aging temperatures. In this approach, a lath
thickness was not considered relevant because the aging treatments were performed at
temperatures equal or below the minimum temperature (600°C) that causes an appreciable o

lath coarsening as determined in the previous approach.
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Figure 32. UTS and % elongation values for different aging times and temperatures.

Studying the values in Figure 31, a decrease in the UTS values with increasing temperature
and time can be observed. At 600°C, the diffusion kinetics are faster than at 500°C, which
possibly results in the transformation of a” martensite to a phase thereby causing a reduction
in UTS. Therefore, with increasing time and temperature, as the transformation reaches
different levels of completion, changes in UTS can be noticed. The elongation however, does
not show a clear trend and the effect of the heat treatment on this property is not well
understood. This is overall a complex process because up to 550°C o’ martensite starts to
transform to a phase by diffusion and simultaneously the Ti3Al starts to precipitate in the o
phase. More experiments have to be done in order to have a better understanding of the

influence of the solutionizing and aging heat treatment on EBM Ti-6Al-4V ELI material.

Considering the results in Figure 31, it can be seen that the strength and ductility of the alloy
can be altered by changing the time and temperature of the aging heat treatment. As would
normally be expected, a tradeoff between strength and ductility is observed. If an application
demands high strength, but ductility is not critical, then aging at 500°C for 5 hours to give a
UTS of 1352 MPa and an elongation of 7.3% could be a viable solution. Conversely, if high
ductility is required but high strength is not required, then aging at 550°C for 8 hours would
provide a UTS of 1271 MPa and an elongation of 10.5%. For applications where fatigue is the
main design factor, the nature of the fatigue cycle needs to be considered. For example, low
cycle fatigue will require higher ductility while for high cycle fatigue, higher strength is a

more critical consideration.
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3.4 Conclusions

The research results presented in this study have led to the following conclusions:

¢ Finite element thermal simulation showed that the thermal history produced by EBM
processing, as well as other powder bed fusion AM technologies, is complex due to the
influence of contiguous and upper layer melting pools. The elevated build chamber
temperature of the EBM process (650-700°C) also plays an important role, specifically being
responsible for comparatively lower residual stresses in the final part than those associated

with other AM processes.

¢ EBM Ti-6Al-4V ELI in its as-fabricated condition was found to have a 14% higher UTS

compared to the equiaxed a+f structure of conventionally processed wrought material;

e The study solutionizing heat treatments revealed that the columnar prior (3 grains,

characteristic of the as-fabricated condition, transform to equiaxed;

¢ It was observed that faster cooling rates after solution heat treatment produce a greater
amount of a’ martensitic phase, with water-cooling at a rate of 650°C/sec resulting in a fully

o’ martensitic microstructure;

e The o martensite phase was found to have a considerable strengthening effect in the
material, however, the ductility of the alloy decreased dramatically with the amount of a’.
Water-cooled solution heat treated material (fully a’ microstructure) has 31% higher UTS and
86% lower ductility than the furnace-cooled solution heat treated material (a+f

microstructure).

¢ A relationship between the aging parameters (time and temperature) and a lath thickness
has been further developed from reference [21] and validated for a temperature range from
600-900°C; no increase in the « lath thickness was observed below 600°C;

¢ Increases in o lath thickness was found to have a detrimental effect on mechanical
properties. An increase in « lath thickness from 0.62 to 2.9 um reduced micro-hardness, YS,
UTS, and elongation by 11%, 8.5%, 1.5%, and 26% respectively.

* Equations were developed to relate the « lath thickness to the resulting micro-hardness, YS,
UTS, and elongation of EBM Ti-6Al-4V ELI material;

¢ Combining solutionizing and aging heat treatments indicated that mechanical properties of
EBM Ti-6Al1-4V ELI material can be tailored by adjusting the cooling rates, temperatures, and
times of the heat treatment. Thus, an optimized heat treatment needs to be selected based on

the nature of the application. Specific consideration needs to be given to the effects of heat
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treatments on structural properties, including fatigue and fatigue crack growth, for the future
implementation of the EBM process in high-integrity applications.
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Objetivo

El objetivo del trabajo mostrado en este articulo es el estudio de los mecanismos de
propagacion de grietas por fatiga sobre un material anisotropico. Los conocimientos actuales
sobre la influencia de la estructura direccional del material EBM Ti-6Al-4V en la propagacion
de grietas son insuficientes, por lo que este estudio contribuye a superar una de las barreras
para la extension potencial de esta tecnologia de fabricacion en aplicaciones estructurales de

alta integridad.

107



Capitulo 4

Contenido

En la introduccion del articulo se hace una breve descripcidn de la tecnologia EBM y de la
necesidad del estudio de mecanismos de propagacion de grietas por fatiga. A continuacién,
se hace un analisis del estado de arte meticuloso donde se constata la falta de estudios sobre
la interaccion entre el crecimiento grietas por fatiga y la peculiar microestructura direccionada
del material EBM Ti-6Al-4V.

Se describen las condiciones de los materiales empleados, asi como la disposicion y
geometrias de las probetas de tensiéon compacta C(T) empleadas. Cabe sefialar que en todos
los estudios realizados en este trabajo se han utilizado materiales en dos condiciones distintas.
Por un lado, se ha estudiado el material “as fabricated”, tal como se obtiene en el proceso de
EBM vy por otro lado se ha utilizado el mismo material en condicién de recocido (3, con una
estructura equiaxial y mucho mas gruesa que la obtenida directamente por EBM. Respecto a
la orientaciéon de las grietas, las probetas C(T) han sido mecanizadas de manera que las
entallas den comienzo a crecimientos de grietas en sentido vertical (paralelas a la direccion

de fabricacion) y en sentido horizontal (perpendiculares a la direccién de fabricacion).

El primer estudio realizado ha consistido en la comparacion entre la microestructura del EBM
Ti-6Al-4V y la microestructura tras el recocido . Se constata que la microestructura del
recocido 3 estd formado por granos preliminares 3 con fase laminar a+f3 en el interior. La fase
laminar del recocido P es considerablemente mas gruesa (espesores de lamina a en torno a
0,7 um) que la fase laminar que se encuentra en el material sin tratamiento térmico (espesores
en torno a 4,4 pm). Otra de las mayores diferencias es la disposicién de las ldminas. En el
material sin tratar la fase a+p aparece predominantemente en estructura Widmanstétten,
mientas que en la tratada tiene una estructura en forma de colonias. En el estudio
metalografico también se confirma la distincién de capas perpendiculares a la direccién de
fabricacion, con un espesor de capa de alrededor de 50 pm coincidiendo con los espesores de

las capas consecutivas de polvo del proceso EBM.

El estudio de crecimiento de grietas por fatiga ha consistido en ensayos de crecimiento en
direccién paralela y perpendicular a la direcciéon de fabricacion para diferentes relaciones de
tensiones (R=0,1; R=0,5; R=0,8) y etapas de crecimiento de grietas (Regiones I, II y III). Todos
los ensayos han sido realizados tanto para las probetas sin tratar como para las probetas con

recocido f3.

La comparacién de los resultados obtenidos para diferentes relacionas de tensiones ha
desvelado que la influencia de la relacion de tensiones es notable en la Region I o cercana al
umbral. Este efecto, atribuido al efecto de cerramiento por rugosidad de la fractura, es mas
destacado en el material sin tratar y sobre todo en la direccién horizontal. Tras estos ensayos

se ha verificado que en el caso de las probetas con recocido (3, con una microestructura
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equiaxial, las propiedades de crecimiento de grieta son isotrdpicas y por lo tanto los valores
obtenidos en las dos direcciones son idénticos. Los resultados de los rangos de factor de
intensidad de tension en el umbral, AKw, obtenidos en las zonas cercanas al umbral han sido
modelizados utilizando la correlacidon propuesta por Doker, y con el objetivo de comparar las
curvas obtenidas en estudios anteriores con enfoques similares para materiales procesados

con tecnologias convencionales.

La influencia de los dos estados, tratado y sin tratar, asi como de la direccién de propagacion
de grieta en el caso del material no tratado, se ha estudiado comparando las curvas de
crecimiento de grieta y un estudio de la fractografia donde se ha incluido tanto la superficie
de la fractura, como la seccién de la grieta con la microestructura revelada. Fruto del andlisis
y la discusion posterior, se ha establecido el mecanismo de propagaciéon de grieta en el
material EBM Ti-6Al-4V. Se ha visto por ejemplo, que para los estados de concentracion de
tensiones cercanos al umbral las grietas se ramifican de una manera mas abundante cuando
la grieta se propaga en la direccién paralela a la de fabricacion y, por lo tanto, tiende a tener
rangos de factor de intensidad de tension en el umbral, AKw, menores. La ramificacién de la
grieta se atribuye a la interaccion de estas con los limites de grano de los granos columnares

[ preliminares.

En la Region 1III, sin embargo, el aumento del limite elastico que se habia detectado en la
direccion de fabricacion contribuye a que los valores de tenacidad a la fractura sean mayores
para las grietas que se propagan en direcciones perpendiculares a la direccién de fabricacion
del proceso EBM.

Abstract

Electron beam melting (EBM) is a metal powder bed fusion additive manufacturing (AM)
technology that fabricates parts by selectively scanning consecutive powder layers with an
electron beam. Additive manufacturing technologies are increasing in importance for
aerospace and medical applications, where the demand for a fundamental understanding and
predictability of static and dynamic material properties are high. Ti-6Al-4V is the most widely
used and studied alloy for this technology and the focus of this work in its ELI (Extra Low
Interstitial) variation. The layered manufacturing of metallic components by EBM creates a
unique directional microstructure, and consequently, anisotropic properties. Microstructure
evolution and its influence on mechanical properties of the alloy in the as-fabricated condition
has been documented by various researchers. However, fatigue crack propagation and the
effects of the directional structure have not been sufficiently studied, imposing a barrier for
this technology’s potential extension to high-integrity applications. In this study, fatigue crack
growth (FCG) both parallel and perpendicular to the build directions was studied for
different stress ratios and crack growth stages. The interaction between the directional as-

fabricated EBM microstructure and FCG was investigated and compared to that of the
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equiaxed 3 annealed microstructure obtained by annealing above the {3 transus temperature.
Fatigue crack growth threshold, AKw, was analytically modelled for the two relative crack
propagation directions at different stress ratios, and FCG microstructural mechanisms were

established for all three regions of crack propagation.

4,1 Introduction

Electron beam melting (EBM) is a metal powder bed fusion additive manufacturing (AM)
technology used for the fabrication of three-dimensional near-net-shaped functional
components directly from computer models [1]. The ASTM F2792 standard defines AM as “a
process of joining materials to make objects from 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing methodologies” [2]. The variety and quantity of
applications for AM technologies, and of EBM in particular, is currently experiencing
considerable growth. As the technologies are developed and improved upon, a wider range
of industries are beginning to study and implement them to produce an increasingly diverse
range of products. High-integrity applications, such as aerospace structural and engine
components, stand to become a promising area for the deployment of EBM technology.
However, development in these areas is slowed by the lack of fundamental knowledge,
consistent databases, and standardizations, which are all critical in these industry sectors and
the goal of this work [3-7].

The working principle of EBM consists of consecutive cycles where parts are fabricated layer
by layer. An electron beam emitted from a tungsten source is used to selectively melt the
component profile on the surface of a metallic powder bed, before a new layer of powder is
dispensed over the top. The electron beam is controlled by a pair of magnetic coils, which
focus and control the position, size, and shape of the beam. Manufacturing parameters are
generated and controlled by software, which when correctly used, will result in the
fabrication of sound parts with high mechanical properties, low porosity and surface
roughness, and optimized geometrical reproducibility. The main parameters controlled by
the software include: minimum and maximum beam current, number of times the beam scan
is to be repeated, scanning speed of the electron beam, distance between individual scan lines
(line offset), line order for the hatch pattern, and rotation angle between consecutive hatches
[8]. The microstructure evolution and mechanical properties have been studied for
conventionally processed Ti-6Al-4V due to its versatility resulting from the good balance
between mechanical properties, castability, plastic workability, heat treatability, and
weldability [9]. Ti-6Al-4V alloys made by AM have been broadly applied in industry and
studied in the laboratory, resulting in an extensive knowledge base compared to other metal
alloys fabricated by this technology. More specific studies about the microstructures and
static mechanical properties of EBM Ti-6Al-4V were also carried out following the increase in
popularity of AM technologies [10-20].
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For aircraft and ground vehicle applications, where the AM technologies have a great
potential, data that can support accurate design of structural components from a given
material, primarily fatigue properties, are necessary [21]. Due to the novelty of AM
technologies in general, a limited literature exists on the fatigue performance of AM alloys,
and the existing literature is mainly limited to few alloys, of which one of the most studied is
Ti-6Al-4V. The major fatigue influence variables studied in the literature are similar to those
for traditional cast and wrought products: surface finish, residual stress, internal defects, and
microstructure [22]. In this work, fatigue crack growth (FCG) propagation mechanisms at the
microstructural scale of EBM Ti-6Al-4V ELI (Extra Low Interstitial) were studied for different
stress ratios and growth stages. In a previous study [23], the anisotropic behavior of the
material fabricated by EBM was recognized. In that work, FCG properties at low stress ratio
(R=0.1) were compared between mill-annealed, EBM, and Laser Engineered Net Shape
(LENS) Ti-6Al-4V, showing considerable differences in properties depending on the
relationship between loading and manufacturing directions. In the same work, solutionized
and aged Ti-6Al-4V EBM material was also studied, and differences compared with the as-
fabricated condition were observed. Thus, anisotropic behavior is expected in this study due
to the directionality of the as-fabricated microstructure, and consequently, FCG results for
different stress ratios and directions were compared to those of an equiaxed (3 annealed

microstructure obtained by annealing the material above the (3 transus temperature.

The relation between microstructure and FCG has been rarely addressed, and a few studies
are discussed here. Joshi et al. [24] studied the influence of the electron beam orientation with
respect to the crack propagation direction. They concluded that the fatigue resistance of EBM
Ti-6Al-4V ELI alloy is greatest when the electron beam orientation is perpendicular to the
direction of crack propagation and is consistent between various batches. Seifi et al. [25]
studied FCG in five different directions, and reported orientation dependent properties, but
a clear relation between the microstructure and the anisotropic properties was not
established. Morton et al. [26] compared the fatigue performance of a wrought alloy with
three different microstructures obtained in-situ in the EBM machine through the addition of
extra melting stages to the standard manufacturing settings. The FCG tests in vertical
deposition direction and horizontal orientations showed that the EBM standard
microstructure (with the lowest a lath thickness) had the lowest low cycle fatigue (LCF)
fatigue life in both directions. As « lath thickness was increased, the LCF fatigue life was also
improved, meeting the wrought alloy properties. However, it should be noted that in the
wrought alloy, the enhanced durability of the parts was due to longer crack initiation life;
FCG rates being actually higher than those in the EBM material. The standard EBM
microstructure in the horizontal direction had the lowest crack propagation rate, but also
lowest overall LCF life compared to the vertical direction. Other parameters, like defects and
surface roughness were also studied. Edwars et al. [11] evaluated the fatigue performance of
Ti-6Al-4V alloy by FCG and high cycle fatigue (HCF) testing of lab specimens, as well as a
specific fatigue testing of a bracket component. According to their results, fracture toughness
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and FCG were comparable to literature properties for wrought Ti-6Al-4V, while the HCF
fatigue life was found to be significantly lower than handbook values for wrought Ti-6Al-4V.
The rough surface finish in the as-fabricated condition, and porosity in the machined
condition led to premature failures. Svensson et al. [18] studied the fatigue performance (axial
HCF and rotating beam fatigue) for EBM Ti-6Al-4V, reporting that the micro-porosity
attributed to the entrapped argon gas has a negative influence on these properties. After the
elimination of the micro-porosity via hot isostatic pressing (HIP) treatment, the fatigue
performance was similar to the wrought alloy. The influence of specimen orientation and HIP
have also been studied by Facchini et al. [12], who considered the possibility that coarsening
of the microstructure due to HIP has a major influence on the increased fatigue resistance,
more than the effect of the porosity elimination. This could be understood if the fatigue
resistance of the material is considered mainly controlled by crack propagation, where

microstructure coarsening has a crack decelerating effect.

Other studies were focused on EBM's surface finish effects on fatigue compared to other AM
technologies. Chan et al. [27] investigated the effect of surface roughness on the fatigue life of
EBM and LBM (Laser Beam Melting) Ti-6Al-4V using Arcam and EOS technologies,
respectively. In this work, three-point bend tests were performed with a maximum surface
stress of 600 MPa and R=0.1 stress ratio. It was found that the fatigue life of rolled Ti-6Al-4V
was higher than that of LBM, which in turn was higher than that of the EBM fabricated
material. They correlated fatigue life to surface finish, and from their data, an equation linking
both parameters was derived. Cronskaér et al. [28] deduced that there are clear indicators of
considerable reduction of fatigue strength using the as-fabricated EBM surface. Rafi et al. [16]
compared the fatigue behavior of Ti-6Al-4V alloy fabricated with EBM and selective laser
melting (SLM). Their study reveals a 550 MPa fatigue limit for the samples fabricated with
SLM and 340 MPa for those fabricated by EBM. The reason for the better performance of the
SLM samples is attributed to the martensitic phase, which impedes dislocation motion, and
thus leads to a strengthening effect. The lower fatigue strength of EBM was attributed to its

lamellar microstructure rather than the presence of micro-pores or voids.

There has been a renewed interest in the mechanisms responsible for the influence of the
stress ratio, R, and the maximum stress intensity, Kmax, on the FCG threshold, AKwn [29].
However, studies of AM Ti-6Al-4V under high R ratio conditions and effects on AKw and FCG
rates have not been widely reported [30]. Traditionally, the differences in AKu for different
stress ratios are attributed to the presence of crack closure. Several mechanisms of crack
closure have been reported in the literature, including plasticity-, oxide-, and roughness-
induced closure. However, previous studies have shown that for high stress ratios (R>0.5)
where global crack closure was mostly absent, AKn has still decreased with increasing R,
indicating that closure was not the only mechanism affecting FCG in early stages [30]. In the
absence of closure, possible alternative explanations for this behavior include the presence of

sustained-load cracking (SLC), such as creep or hydride-assisted cracking, or the occurrence
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of the so-called "Marci effect” where at high Kmax levels, the fatigue threshold ceases to exist,
and at all applied AK levels (including static loading, where AK=0), the crack advances with
a substantial velocity. Both of these phenomena have been observed in titanium alloys at

ambient temperatures [29].

The main goal of this study is to systematically investigate the relationships between fatigue
crack propagation and microstructure of EBM Ti-6Al-4V ELI, while other factors such as
surface roughness and defects have been eliminated by machining the specimens and
considering that porosity has limited effect on overall FCG rates. Residual stress that affects
significantly the fatigue performance of a material was considered to have a negligible effect
for EBM parts. The reason for this assumption is based on the special thermal conditions of
this process, resulting in limited residual stress and primarily on the surface of the parts [11].
Thus, machining the surface, practically eliminates any possible residual stress. Furthermore,
the effect of the stress ratio on AKth is also addressed, and analytical correlations for vertical
and horizontal crack propagation are proposed. The FCG microstructural mechanisms in
Regions II and III of crack growth were established for both as-fabricated and heat-treated
materials in both propagation directions.

4.2 Materials fabrication and evaluation methods

4.2.1 Materials and processing conditions

The samples investigated in this study came from a batch manufactured from Ti-6Al-4V ELI
gas atomized powder provided by Arcam. Ti-6Al-4V ELI contains reduced levels of oxygen,
nitrogen, carbon, and iron, Table 2. The powders used in this study, shown in Figure 1 [19],
have a particle diameter between 45 and 150 um. The powder is made up of 50% new and
50% reused powder. Reused powder is non-sintered powder, which is kept in the machine
under vacuum atmosphere for the next build. When the powder is reused, it is possible for
the oxygen content to increase, affecting the resulting microstructure and mechanical
properties [31]. Nandwana et al. [32] demonstrated that for Ti-6Al-4V powders exposed to
the electron beam for 150 hours, the oxygen concentration increases from 0.141 to 0.168 wt%,
which is still within the specification for this alloy. In that study, no fresh powder was added
such that the worst-case scenario was examined. Thus, it is safe to assume that in the current
study the oxygen content is within specification since fresh powder was mixed and the
starting oxygen concentration for the ELI powder is lower than that for regular Ti-6Al-4V.
The manufacturing parameters (spot size, scan velocity, sintering route, etc.) were defined by
the internal algorithm of the Arcam Q10 machine. The build was started after attaining a
preheat temperature of 650°C. Each scanning layer was 50 um thick, and the average scanning

time per layer was one minute for this batch.
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Beta annealing heat treatment was carried out using a Thermo Scientific Lindberg/Blue (1.8
kW) furnace. The specimens were placed in an argon protected atmosphere furnace at 1100°C
for 30 minutes, which was considered enough time for the complete transformation of the
microstructure in the whole specimen with a thickness of 15 mm. This temperature is 105°C
above to 3 transus temperature (around 995°C), ensuring that at the annealing temperature
the microstructure of the sample is 100% [ phase while preventing extensive grain growth.
After the annealing treatment, specimens were furnace-cooled with a measured cooling rate
of 0.06°C/sec.

4.2.2 Specimen locations and preparation

The position and orientation of the samples, as well as the reference axis system on the build
platform of the Arcam machine are shown in Figure 33a. It is important to define the
orientation of the samples and establish the terminology used in this study. Other authors
have defined up to five different crack propagation directions in the build for FCG
experiments [25]. Only two FCG directions (vertical and horizontal) were considered relevant
in this study. Build orientation directional differences between the two horizontal directions,
X and Y, of the build chamber were neglected as during the building process the electron
beam traverse direction rotates by a certain angle with respect to the previous beam traversing
direction after every layer [11]. The terms vertical and horizontal orientations are used to
identify crack growth directions that are parallel and perpendicular to the build direction/Z
axis. Compact tension, C(T), specimens employed in this study were machined from
rectangular blocks (15 mm x 20 mm x 105 mm) located parallel to the four edges of the build
platform, with their longitudinal axis parallel to the build direction. The C(T) specimens were
machined in different orientations in order to study the crack propagation in vertical and

horizontal directions.
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45mm (B) 7.6mm

43mm

(a) (b)

Figure 33. (a) Layout of the specimens on the build platform with the standard AM axis system
[35] (horizontal [red] and vertical [green] C(T) sample extraction locations are shown); (b)
Geometry and dimensions of the C(T) specimens used for the FCG studies.

The Geometry of the C(T) specimens used for the FCG experiments are shown in Figure 33b
with 35.6 mm (1.4 in.) width (W) and 7.6 mm (0.3 in.) thickness (B) machined in-house using
a HAAS CNC mill according to the ASTM-E647 standard [36]. Overall C(T) specimen
dimensions were 45 mm x 43 mm x 7.6 mm. The initial notch length (measured from the front
face) was 18 mm (0.7 in.). The notch was introduced using wire-cut electrical discharge
machining (EDM), and its thickness was 0.254 mm (0.01 in.).

4.2.3 Testing and analysis

4.2.3.1  Fatigue crack growth testing

Constant stress ratio tests at R=10.1, 0.5, and 0.8 were performed in room temperature air, 22-
24°C (71-75 F), and relative humidity of 20-50%. These tests were run under K-control at a
cyclic frequency of 20 Hz in order to generate data in Regions I and II. Specifically, a K-
gradient, C, of -0.19/mm (-5/in.) was used for the decreasing K part of the test to determine

the crack growth threshold value, AKw, according to the following equations:

AK,p, = AK, X elcl@=a0)]
ol K
= — X —
K a

Region II data were generated using increasing K with a K-gradient, C, of +0.19/mm (+5/in.).

The final part of the tests was run at constant load and a cyclic frequency of 5 Hz to obtain
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data in Region III of fast crack growth. Generated FCG data were analyzed using Fracture
Technology Associates” automated FCG analysis software [37], and closure evaluations were
done using the adjusted compliance ratio (ACR) technique [38,39]. To account for closure
effects on FCG, ASTM standard E647 introduced a procedure for using load displacement
records to determine the crack opening load under cyclic loading. The method identifies the
upper linear portion of the load-displacement record within a defined degree of accuracy,
which was regarded as the load range for the effective stress intensity [39]. The ACR method
also relies on load-displacement records and calculates the compliance (or displacement /
strain range) ratio, using displacement measurements from the front face of the C(T)

specimen.
4.2.3.2  Microstructural and fracture analysis

Metallographic specimens were cut with an abrasive wheel, mechanically ground, polished
with colloidal suspension, and etched with Kroll's reagent (2% HF, 6% HNO3, and 92% DI
H20). Microstructures were characterized using standard metallographic methods using a
Nikon MA 200 Eclipse microscope and image analysis with Elements-D software. To establish
the fatigue crack propagation mechanisms, the fracture surfaces were examined using a JEOL-
7000F scanning electron microscope (SEM), and subsequently mounted and polished for 2D

examination of the crack path, on the median section.
4.3 Results and discussion

4.2.1 Microstructure of the as-fabricated and f annealed EBM Ti-6Al-4V

The microstructure of the as-fabricated EBM Ti-6Al-4V ELI was characterized in a previous
study [19]. It consists of prior 3 columnar grains oriented parallel to the build direction (Z or
vertical axis), Figure 34(a-e), and all a+3 lamellar structure inside the  grains. The structure
of the lamellae is mainly Widmanstatten, or “basket weave”, organized into discrete groups
of o lamellae with similar thicknesses, referred to in this study as “regions”. Although these
regions are not often clearly delimited, this concept was employed for the FCG analysis
discussed in this study as the size of the columnar grains is not quantifiable due to the
difficulty of grain boundary identification. However, some of the prior  grain boundaries
are marked by an a layer with an average of thickness 2 um, Figure 34(d). This microstructure
has been extensively described and characterized in previous studies [10,19,40-43]. At low
magnification, scanning layers are also visible, Figure 34(b). These layers have an average
thickness of 50 um, in agreement with the manufacturing parameters. Due to the anisotropy
of the described microstructure with prior 3 columnar grains oriented in Z direction and
scanning layers in XY planes, a different performance for different load orientations and crack

propagations is expected.

116



Mecanismos de crecimiento de grietas por fatiga

© (d)

(e)

Figure 34. As-fabricated condition microstructure. (a) 3D microstructural cube (Z axis
corresponds to the build direction); (b-e) XZ plane microstructure at 5x, 100x, 500x, and
1000x magnifications. An example of an a layer at the prior B grain boundaries is shown in

(d); examples of fine (red) and coarse (yellow) o regions are circled in (e) [19].

The microstructure obtained after 3 annealing and slow cooling in the a+@ field, is a+f
lamellar with large, clearly defined, colonies of aligned « plates in prior  equiaxed grains,
and coarse a layers at grain boundaries. Because of annealing above the {3 transus
temperature, the morphology of the (3 grains changes from columnar, as visible in Figure
34(c), to equiaxed, Figure 34(a). When comparing the microstructures at high magnification

an extensive coarsening of the microstructure produced by the slow furnace-cooling is
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observed; the measured o lath thickness for the as-fabricated condition, Figure 34(d) is ~0.7
um while for the 3 annealed, Figure 35(b) is ~4.4 um. The a+{ lamellae in the (3 annealed
condition form colonies while the as-fabricated microstructure mainly consists of “basket
weave” morphology. Isotropic properties are expected for the  annealed condition because
the directionality of the as-fabricated condition was eliminated, becoming an equiaxed

structure.

(a)

Figure 35. XY plane microstructure of the p annealed condition after 30 minutes at 1100°C in
the (a) 100x and (b) 500x magnifications; an example of an o colony is outlined in orange
in (a).

4.2.2 Fatigue crack growth data and mechanisms in the near threshold

regime
4.3.2.1  Effect of the stress ratio

Fatigue crack propagation data were generated for a range of stress ratios for both as-
fabricated, Figure 36(a,b), and 3 annealed, Figure 36(c,d), conditions in vertical and horizontal

orientation.
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Figure 36. Fatigue crack growth behavior of (a,b) as-fabricated and (c,d) p annealed materials

in vertical and horizontal orientations for different stress ratios.
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An expected R-ratio effect on the FCG rate was observed in the near-threshold regime even

at high ratios, and especially for the as-fabricated horizontal crack propagation. However, as

AK increased in the middle-upper Region II, the influence of R on da/dN decreased.

Additionally, the material does not exhibit the “Marci effect” previously described. With

increasing stress ratio, a decrease in the AKw and increase in the near-threshold FCG rates

were observed for all conditions, as shown graphically in Figure 37(a). For the as-fabricated

condition, it can be observed that AKth in the vertical direction is higher than in the horizontal

direction for all stress ratios tested. The estimated fracture toughness of the as-fabricated
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material is higher for the horizontal direction (56.6 MPavm) than the vertical direction (49.7
MPavVm), similar to the observations by Edwards et al. [11]. The  annealed material exhibits
a considerably higher AKth than the as-fabricated material at all stress ratios. However, for
this material there is no appreciable difference between AKw in the horizontal and vertical

orientations, which was expected due to the equiaxed heat treated microstructure.

The higher AKwn seen at low stress ratios is commonly related to crack closure effects [44].
Values for the applied AKun and ACR corrected AKu-et are listed in Table 7 (AKu-ett is the value
of the stress intensity range at threshold after crack closure corrections). AKett can also be
used to numerically describe closure and provide a quantitative understanding of its
influence for different stress ratios and orientations. The closure ratios calculated using Eq.
(3) has been plotted versus stress ratio (R) for different materials and conditions in Figure
6(b).

=1- (A—K“"ef ! ) 3)
AKtn

It can be seen from Figure 37(b) that closure ratio decreases as stress ratio increases since
higher stress ratio AKth is less affected by closure. It can also be observed that the closure
ratio, and therefore closure effects, in the as-fabricated material is lower in the horizontal
direction for all stress ratios. This observation indicates that there is a lower roughness-
induced closure for the crack propagation in the horizontal direction compared to the vertical
direction. In the 3 annealed condition, the closure ratio is significantly higher for a stress ratio
of R=0.1 but is similar to the as-fabricated vertical results at R=0.8. In addition, it can be
observed that there is no appreciable closure difference between the (3 annealed horizontal

and vertical orientations, supporting the similar AKw in the two orientations.
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Figure 37. Stress ratio effect on the AKth and (b) Closure ratio (U) versus stress ratio (R) for

vertical and horizontal crack propagation directions in as-fabricated and p annealed conditions.
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Table 7. Values of AKth, AKth-eff, and closure ratios for different stress ratios and crack

propagation directions in as-fabricated and  annealed conditions

Material Stress Ratio AKi [MPay/m] DKihert [MPay/m] U=[1—(AKth-ert/ AKsn)]
Condition R Vertical Horizontal | Vertical Horizontal | Vertical — Horizontal
0.1 4.25 3.69 3.57 3.23 0.16 0.13
As-fabricated 0.5 3.05 2.75 2.68 2.52 0.12 0.08
0.8 2.90 2.20 2.60 2.06 0.1 0.06
0.1 5.97 6.00 3.93 3.78 0.39 0.37
B Annealed
0.8 4.63 4.55 4.05 4.03 0.13 0.11

4.3.2.2  Threshold-stress ratio correlations

To predict FCG rates properly, particularly in early growth stages, an accurate evaluation of
the threshold is necessary. One challenge in comparing data at different stress ratios is
incorporating the effects of the differences in both the mean and maximum stress levels [22].
In order to facilitate comparisons with existing and future fatigue studies, especially in the
near-threshold region, a procedure for correlating AKw and stress ratio is presented in this
study following a method proposed by Doker [45]. In this method, the FCG behavior of a
material in the near-threshold regime is described by four constants, which can be readily
determined. This method was employed successfully for conventionally processed Ti-6Al-4V
by other authors [29,30].

Using the data obtained from FCG tests at different stress ratios and directions, Figure 36, the
Kmax,th-R and AKth-Kmax diagrams for the as-fabricated EBM Ti-6Al-4V alloy were
developed and are presented in Figure 38(a,b). According to Doker, the Kmax,th-R curve at
low R ratios and the AKth-Kmax curve for high Kmax values can be represented by two

straight lines, with the mathematical expressions:

Kmax,th = (Kmax,o + ﬁR)

AK”‘L = AKO + aKmax

where Kmax,0 and AKO are the intersection points of two straight lines with the vertical axes,
and a and f3 are the respective slopes. These values for both vertical and horizontal directions
for the as-fabricated EBM Ti-6Al-4V in this study are reported in Table 8. AKO is proportional
to the elastic modulus of the material, and Kmax,0 is influenced by microstructure and

environment.
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Table 8. Values for intersection points and slopes for as-fabricated EBM Ti-6Al-4V in vertical
and horizontal directions
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Figure 38. (a) Kmax,th-R and (b) AKth-Kmax diagrams of EBM Ti-6 Al-4V from where a, f3,

AKO, and Kmax,0 were calculated.

Figure 38 (b) is relevant to fatigue-based design because it shows graphically when FCG will
occur (i.e. for conditions above the curve). From the graph, it can be seen that for the

horizontal direction the area above the curve is larger than for the vertical direction, which

means that cracks can propagate at lower Kmax and AKth values in the horizontal direction.

This can be used as a material optimization tool, considering processing or heat-treating

conditions that reduce the area above the AKwu -Kmax curve.
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Applying Egs. (6,7) to the threshold, the final AKu -R correlations were developed as given in
Egs. (8,9).

R = Kmin (6)
Kmax
AK = Kmax - Kmin (7)
AKth = (Kmax,o + BR)(l - R) fOT R < RC (8)
1—=R
AKth = (m) AKO fOT R > RC (9)

RC represents the critical stress ratio where the two curves generated from Egs. (8,9) intersect.
The physical meaning is that for values above the critical stress ratio, roughness-induced
closure is minimal. The calculations in this study have been made using the data generated
from only three stress ratios (R=0.1, 0.5, and 0.8), therefore, the arbitrary value for the critical
stress ratios is RC=0.5. This value that shows an apparent transition from “closure-affected”
to “closure-free” thresholds, is supported by data obtained in previous studies [29,30], as well
as the noticeable slope change in the AKw-Kmax diagram, Figure 38(b). The graphical
representation of the AKu-R correlations for stress ratios below and above Rc are shown in
Figure 39. The AKun-R curves are useful tools for estimating the threshold behaviour for

conditions and stress ratios that have not been experimentally studied.
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Figure 39. Calculated AKth-R correlations for vertical and horizontal crack propagation
(dotted lines), together with the experimental results.
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4.3.2.3  Effects of the microstructure on fatigue crack growth threshold
4.3.2.3.1 Fatigue crack growth observations

Figure 40 shows the FCG plots for both horizontal and vertical crack propagation in the as-
fabricated and [3 annealed conditions, at stress ratios of R=0.1 and 0.8. The R=0.5 results have
not been included in the following discussions as the comparisons between R=0.1 and 0.8 are
sufficient for clarifying the mechanisms at the microstructural scale and highlight the
differences between orientations as well as between the as-fabricated and heat-treated
materials. The data in Figure 40 indicate that for the 3 annealed conditions, FCG behavior in
both orientations is identical at both stress ratios as expected due to the equiaxed
microstructure. Comparing the results to the as-fabricated and {3 annealed conditions, a
considerable improvement of the FCG resistance of the (3 annealed material is observed for
both stress ratios and at all growth stages.
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Figure 40. FCG of as-fabricated and p annealed Ti-6Al-4V ELI in horizontal and vertical
directions tested at: (a) R=0.1 and (b) R=0.8.

The improvement of the FCG properties of the § annealed microstructure, compared to the
as-fabricated microstructure, can be attributed to the higher FCG resistance of a coarse
lamellar structure versus a fine lamellar structure. The FCG resistance of a lamellar
microstructure in the near-threshold regime is influenced by three main factors: crack closure,
the intrinsic material properties, and crack front geometry, with crack closure being the
dominating effect at low stress ratios, and crack front geometry controlling the FCG behavior
at higher stress ratios. All three mechanisms are dependent on the a colony/region size of the

material; in this study, the as-fabricated material has a much finer a colony size than the 3
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annealed material. As the a colony size in a lamellar material increases, the influence of crack
closure and crack front geometry also increase, raising the FCG resistance of the material in
early stages. It should be noted that the intrinsic material resistance to crack growth (i.e.,
ductility) decreases as the a colony size increases, but its influence is overridden by the

increasing effect of the other two factors [46].

Thus, at low stress ratios, the increase in the near-threshold FCG resistance of the 3 annealed
materials, is explained by higher roughness-induced closure. This statement can be
corroborated by examining the applied, and closure-corrected, threshold values (AKth and
AKth-eff, respectively) in Table 7. The closure corrected threshold of the 3 annealed material,
AKth-eff, is similar with the as-fabricated vertical and horizontal values. The greater influence
of closure in the (3 annealed condition is also observed by the considerably higher closure
ratio, U=0.39 and 0.37, compared to the as-fabricated values of U=0.16 and 0.13.

Comparatively, at high stress ratios the effect of closure is reduced due to the higher
minimum load, which may be expected to diminish the magnitude of the increase in the FCG
resistance observed in the f annealed material [47]. However, the increase in the AKth of the
[ annealed microstructure compared to the as-fabricated one is the same at both stress ratios;
an increase of 1.72 MPaVm in the vertical orientation and 2.33 MPavm in the horizontal
orientation are observed. The effects of oxidation, which can enhance closure effects at higher
stress ratios, can be ruled out as a contributing factor since oxide layers in Ti-6Al-4V do not
significantly increase in thickness at temperatures under 200°C [48]. It follows that the
improved FCG resistance of the 3 annealed material at high stress ratios is related to the
effects of crack front geometry. This phenomenon is explained by considering two adjacent
areas ahead of the crack front with different crystallographic orientations, which can cause
the crack front to move locally out of the main propagation plane in directions determined by
the different slip planes in the two adjacent colonies. This mechanism is shown schematically
in Figure 41. Thus, the crack locally deviates from the average propagation plane over a
distance which is proportional to the size of the characteristic microstructural features.
Consequently, the crack front becomes bifurcated and the local crack tips in the two adjacent
areas are separated by a distance Z perpendicular to the main propagation direction, Figure
41. In the context of this study, the distance Z is proportional to the « colony size of the
material. In order to move this bifurcated crack front forward, the distance Z has to be
traversed by propagating the crack in an unfavorable direction along unfavorably oriented
crystallographic planes. The resistance of this crack propagation obstacle is directly
proportional to the distance Z. Thus, the strength of the obstacle is larger for coarse
microstructures than for fine microstructures, resulting in better crack propagation resistance
in materials with larger microstructural colony sizes [46]. With reference to this study, this
means that the 3 annealed material (coarse « colony size) is expected to have greater FCG

resistance than the as-fabricated material (fine a colony size).
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Figure 41. Schematic local crack front configuration with two adjacent colonies A and B
having different crystallographic orientations, and therefore differently oriented major

slip/crack planes; image reproduced from reference [46].
4.3.23.2  Fractography and microstructural mechanisms at threshold
Figure 42 and Figure 43 show the crack paths and fracture surfaces of the as-fabricated

material in the near-threshold region for two stress ratios, R=0.1 and 0.8. Figure 42 shows the

vertical crack propagation and Figure 43 the horizontal crack propagation.

As-fabricated, near threshold, vertical crack propagation

R=0.1
MK = 4.3 MPaym

R=0.8
MK = 2.9 MPavm

Figure 42. Near-threshold crack paths and fracture surfaces for vertical crack propagation in
the as-fabricated material for two stress ratios, R=0.1 (top) and R=0.8 (bottom).
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As-fabricated, near threshold, horizontal crack propagation

R=0.1
AKe = 3.7 MPaym

R=0.8
DKy = 2.2 MPaym

Figure 43. Near-threshold crack paths and fracture surfaces for horizontal crack propagation in
the as-fabricated material for two stress ratios, R=0.1 (top) and R=0.8 (bottom).

The comparison of the crack profiles at different stress ratios shows a significantly higher
amount of branching and secondary cracking for R=0.1 in both vertical and horizontal
directions. This behaviour is more accentuated in the vertical crack propagation. From the
microscopy work, it was observed that the crack has a higher tendency to form steps where
it interacts with coarser o lath regions, while showing a more continuous path through the
finer o lath regions. The preferential orientation of the « lath in the “basket weave” also has
an influence on the crack path, offering a favourable path when the directions of the laths are
close to the direction of the crack. Some cracks also exhibit growth along region boundaries,
but because of the complexity of the microstructure, the quantification of the propagation
associated with each feature is challenging. This observation is corroborated by studying the
associated fracture surfaces, where longitudinal features following the crack propagation
direction have been observed for all stress ratios, but only in the vertical direction. It is
thought that these longitudinal features are prior 3 grain boundaries comprised of a phase as
shown in Figure 34 (b). The effects of crack branching and tortuosity can be evaluated from
an energy-dissipation perspective; the more tortuous the crack, the more energy required to
extend it along the nominal crack plane. Furthermore, the measured nominal crack growth
rate (relative to the sample axes) will be less than the actual rate once a new crack surface is
formed [49]. Other studies conducted on SLM Ti-6Al-4V also detected lower FCG rates in the
crack propagation direction parallel to the columnar grains [50,51]. However, the
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microstructure, although similar to EBM and its fine features, has some differences, including

the presence of o’ martensite, which is almost inexistent in the EBM as-fabricated material.

A study of the 2D crack paths and the fracture surfaces for the 3 annealed condition was also
performed. Figure 44 shows the vertical crack propagation in  annealed material at stress
ratios of R=0.1 and 0.8. Only the vertical orientation is shown for the  annealed condition
since it has already been established in a previous section that the heat-treated microstructure

is equiaxed and orientation no longer affects the crack propagation behavior.

B annealed, near threshold, vertical crack propagation

R=0.1
MKy = 6.0 MPaym

R=0.8
MKy, = 4.6 MPayvm

100KV X500 WD 254mm  10m

Figure 44. Near-threshold crack paths and fracture surfaces for vertical crack propagation in
thep annealed material for two stress ratios, R=0.1 (top) and R=0.8 (bottom).

Looking at the crack fronts in a plane perpendicular to the crack propagation direction, the
large difference between the two microstructures is evident. The crack front profile for the 3
annealed microstructure is rough, and the steps in the Z direction, caused by interaction with
a colonies, are clearly visible, and lie in an unfavorable orientation for crack propagation,
Figure 44. By comparison, the crack front profiles of the as-fabricated microstructures are
smoother because the height of the Z steps are smaller, as observed in Figure 42 and Figure
43.

Analyzing the relative orientation of the crack propagation and microstructural directionality
in the as-fabricated condition, it can be seen that the horizontal crack propagation is

perpendicular to the columnar grains and parallel to the scanning layers. Therefore, the
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horizontal crack will cross the o phase at grain boundaries at angles close to 90°. On the other
hand, the crack propagation in the vertical direction occurs parallel to the grain boundaries
and perpendicular to the scanning layers, as shown in Figure 45. In the as-fabricated
condition, the difference between AKu values in the near-threshold region, Figure 46, suggests

characteristic interactions between the directional microstructure and the fatigue cracks.

—
—

<aHEEN

| D
pl | | | ]

Figure 45. Schematic representation of the crack propagation in vertical and horizontal
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Figure 46. Detail of the FCG curve in the near-threshold region for 0.1 and 0.8 stress ratios for
vertical and horizontal crack propagation in the as-fabricated material.

Considering the characteristics of the crack paths in vertical and horizontal directions for the
as-fabricated conditions, together with the relative orientations between the crack

propagation direction and prior  columnar grains and scanning layers, the crack interaction
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mechanisms at the microstructure scale were established. For crack growth in the horizontal
direction, the prior (3 grain boundaries act as barriers to the crack growth; the horizontal crack
propagates in the same direction as the scanning layers and cuts directly through the prior 3
grain boundaries without considerable interaction with them as shown in Figure 47(a). For
crack growth in the vertical direction, the prior 3 grain boundaries act as crack deflectors in
angles close to their orientation, interacting with the crack and decreasing the crack
propagation rate in the vertical direction. The columnar grain structure is responsible for the
branching of the crack, while the scanning layers contribute to the deflection of the crack front
enhancing the tortuosity of the crack path as shown schematically in Figure 47(b).

\ L 1

-
<=!-----L

Faglibn

(a) (b)

Figure 47. Schematic view of the crack propagation in as-fabricated material in (a) horizontal
and (b) vertical directions, showing the interactions with prior p columnar grain boundaries

and scanning layers.

The FCG resistance of [3 annealed Ti-6Al-4V is often attributed to large amounts of crack
branching (when the crack splits or two or more crack tips advance simultaneously) and
tortuosity (large-scale meandering of the crack from its nominal plane, defined by the notch).
The relative orientation of the lamellae at the crack tip determines, to a large extent, the path
along which the crack propagates. If the long axes of the lamellae are oriented relatively
parallel to the load axis, the crack will cut directly across the lamellae while the crack growth
along the lamellae boundaries is preferred when the lamellae are aligned perpendicular to
the load axis [49].

4.2.3 Fatigue crack growth microstructural mechanisms in Regions II and III

Figure 48 and Figure 49 show Regions II & III crack paths and fracture surfaces for vertical
and horizontal crack propagation in as-fabricated material, and Figure 19 shows vertical crack
propagation in the 3 annealed material at stress ratios of R=0.1 and 0.8. In a+f titanium alloys,
FCG rates in Region II usually increase and fracture toughness increases with increasing o
colony size because the contribution from the rougher crack front geometry dominates over
the ductility term [46]. The estimated fracture toughness values for the specimens shown in
Figure 17 (as-fabricated, vertical) and Figure 19 (B annealed, vertical) are 49.7 MPaym and
82.0 MPavVm, respectively. For the as-fabricated condition it is not easy to identify clear
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microstructural features, such as grain boundaries or colonies. Therefore, it is necessary to go
to higher magnifications to observe the fracture mode and interactions between the crack and
microstructure, which is still challenging due to the fine characteristics of the as-fabricated
microstructure. Fracture in the near-threshold region shows considerable branching as it was
previously described in Section 4.2.2, where crack growth in vertical and horizontal crack
propagation directions were described and compared. Region II of crack growth in the as-
fabricated material shows a less structure-sensitive fracture mode with a smoother crack
topography, mainly due to reduced branching of the crack, Figure 48 and Figure 49. Region
III shows the approach of a static fracture mode with a rougher fracture surface. The study of
the fracture surface for the [3 annealed specimen shows an evident change in fracture mode
as the crack progresses. The fracture in the near-threshold region, propagates mainly in an
intra-granular and intra-colony mode. There are also occurrences of inter-granular and inter-
colony fracture mode, being in general a very microstructure sensitive fatigue crack
propagation. As the crack progresses into Region II and the crack growth rate increases, the
crack growth becomes less sensitive to the main microstructural features (grains and
colonies), being a continuum mode fracture, as it can be inferred from the flat topography of
the fracture surfaces, Figure 50. The fracture mode changes again in Region III to a “static
mode” behavior with dimples and a rougher fracture surface appearance. In the as-fabricated
material in both vertical and horizontal orientations, as the stress ratio was increased from
R=0.1to 0.8, Region II of crack growth appears less influenced by the microstructural features,
resulting in lower tortuosity and less crack branching, while in Region III fracture surfaces
were significantly rougher at higher stress ratios, Figure 48 and Figure 49. Also, fracture
surfaces of the horizontal direction for both R=0.1 and 0.8 exhibit higher ductility
corresponding to the higher fracture toughness in this direction. In the (3 annealed material,
increasing the stress ratio caused the crack growth in Regions II and III to become more
affected by interactions with colony boundaries, indicated by the meandering behavior of the

crack and its step-like features.
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As-fabricated, Regions Il and Ill, vertical crack propagation
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Figqure 48. Region 11 & I1I crack paths and fracture surfaces for vertical crack propagation in

as-fabricated material at stress ratios of R=0.1 and 0.8.
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As-fabricated, Regions Il and Ill, horizontal crack propagation

Region Il Region Ill
AK = 10 MPaym AK = 40 MPaym

R=0.1

Region Il
AK = 6 MPavm

R=0.8

Fiqure 49. Region 11 & I1I crack paths and fracture surfaces for horizontal crack propagation in

as-fabricated material at stress ratios of R=0.1 and 0.8.
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B annealed, Regions Il and Ill, vertical crack propagation
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Figure 50. Region 11 & 1II crack paths and fracture surfaces for vertical crack propagation in f
annealed material at stress ratios of R=0.1 and 0.8.
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4.4 Conclusions

The results presented in this study lead to the following conclusions:

* FCG threshold values were observed to be on average ~15% higher for the vertical crack
propagation compared to the horizontal crack propagation in the as-fabricated EBM Ti-6Al-
4V ELI at all tested stress ratios;

 The stress ratio effects on threshold were accurately determined using Doker’s method,
which is based on a two driving-force model for fatigue and advocates two intrinsic
thresholds, Kmax,0 and AKO. This method can be used to determine AKth values for stress

ratios that have not been experimentally measured.

¢ Comparisons between the applied and effective AKth of the as-fabricated EBM Ti-6Al-4V
ELI show that crack growth in the vertical orientation has larger roughness-induced closure

effects;

* The higher branching induced by the prior 3 columnar grains, and the tortuosity intensified
by the scanning layers, makes the vertical crack propagation more energy demanding and in

consequence less likely than the horizontal crack propagation in early stages;

e The threshold behavior of the EBM Ti-6Al-4V ELI material can be considerably improved
by a [ annealing heat treatment, resulting in a 35-45% increase in AKth compared to the as-
fabricated material. The coarsening of the microstructure after this treatment eliminates the
anisotropy of the as-fabricated condition and raises the irregularity of the crack path which

also considerably increases the roughness-induced closure.

¢ In the as-fabricated material, Region II crack growth showed a less structure-sensitive
fracture mode with a smoother crack topography due to reduced branching, while Region II
was characterized by a rougher fracture surface. The Regions II and III crack growth in the 3

annealed material displayed similar trends.

* Fracture surfaces for horizontal crack growth in the as-fabricated material exhibited higher
levels of ductility, corresponding to the higher fracture toughness (56.6MPaVm) compared to
vertical crack growth fracture toughness (49.7 MPavm). Fracture toughness also increased
with increasing a colony size, reaching 82 MPaVm in the p annealed condition, due to rougher

crack front geometry.

* As the stress ratio was increased, Region II crack growth in the as-fabricated material was
less influenced by microstructural features with lower tortuosity and less branching of the

crack; while Region III exhibited a significantly rougher fracture surface. The Region II and
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III growth in the 3 annealed material produced a more faceted fracture surface as the stress

ratio was increased.

High-integrity industrial sectors provide promising areas for the application for EBM
technology. However, development in these areas is hindered by the lack of knowledge,
consistent databases, and standardizations for AM materials and components. This work
presented in this paper provides a much needed fundamental understanding of the FCG
behaviour of AM-EBM fabricated materials, as well as important design considerations for

high-integrity applications.
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Titulo: Microstructure, Static Properties, and Fatigue Crack Growth Mechanisms in Ti-6Al-
4V Fabricated by Additive Manufacturing: LENS and EBM

Autores: Yuwei Zhai, Haize Galarraga, Diana A. Lados
Revista, nimero, afio, pagina: Engineering Failure Analysis 69 (2016) 3-14
Objetivo

El objetivo del trabajo mostrado en este articulo es el estudio comparativo del material Ti-6Al-
4V fabricado mediante las tecnologias LMD y EBM. El estudio comparativo ha consistido en
el analisis y comparacion de la materia prima, rugosidad superficial, propiedades mecanicas

y crecimiento de grietas por fatiga.
Contenido

El articulo comienza con la descripcién basica de las dos tecnologias analizadas. La mayor
diferencia entre los dos procesos radica en que el proceso LMD, denominado por su nombre
comercial LENS en esta publicacidn, es una tecnologia de deposicidn directa de energia, DED,
que utiliza un laser como fuente de energia, mientras que el proceso EBM es una tecnologia

de cama de polvo que utiliza un haz de electrones como fuente de energia.

143



Capitulo 5

El articulo contintia con la descripcién de los procesos de fabricacién, asi como de la
disposicion de las probetas obtenidas mediante las dos tecnologias a comparar. Cabe destacar
que para el caso de EBM se han utilizado dos modelos de maquinas diferentes, empleando
un algoritmo de parametros de fabricacién optimizado en una de ellas con el resultado de un
material con porosidad practicamente nula. En el caso del LMD, se han utilizado dos
potencias de laser diferentes, denominadas LP (baja potencia) y HP (alta potencia) para
potencias de 330W y 780W, respectivamente.

A continuacidén, se muestran los resultados de las caracterizaciones realizadas. En el estudio
de las superficies realizado con un microscopio laser confocal, se han comparado las
topografias superficiales del LENS-HP (LMD de 780W), LENS-LP (LMD de 330W) y del EBM.
La comparacién de los valores de rugosidad superficial Sa, muestran que el material con
mayor rugosidad es el LMD-HP, seguido por el EBM y el LMD-LM, siendo este tltimo el

proceso con el que se obtiene un material con menor rugosidad superficial.

El estudio de porosidad se realiza para comparar la sanidad estructural del material EBM Ti-
6Al-4V fabricado en los dos modelos de maquinas diferentes, empleando un algoritmo de
parametros convencional y un algoritmo de fabricacion optimizado. De acuerdo con los
resultados, el material fabricado con el algoritmo optimizado presenta un nivel de porosidad
considerablemente menor, atribuido a la eliminacién de la porosidad producida por falta de
fusién que desaparece practicamente del material fabricado con los pardmetros optimizados.
La porosidad de gas, atribuida sobre todo a las particulas de polvo huecas esta presente en

los dos materiales comparados en esta seccidn.

La comparacion de las microestructuras muestra que tanto el material fabricado por LMD
como el fabricado por EBM presentan unos granos preliminares 3 direccionados en el sentido
de fabricacion. La mayor diferencia microestructural radica en las fases que componen dichos
granos. En las muestras de LMD LP, predomina la fase martensitica a’ en forma acicular; en
las muestras LMD HP, aparece una microestructura mixta de a’+a; y en el EBM una
estructura laminar de fases a+(3. Las muestras de LMD se han fabricado sobre un sustrato
forjado que presenta la microestructura tipica de este material consistente en fase a equiaxial

en matriz de fase 3.

La comparacién de propiedades mecanicas muestra que, en estado bruto, sin tratamiento
térmico, el material LMD presenta un alargamiento menor que las fabricadas por EBM debido
a la mayor fragilidad de la fase martensitica a” presente en las muestras fabricadas por laser.
Este problema se corrige parcialmente tras un tratamiento de recocido realizado a las
muestras fabricadas por LMD. Para el caso del EBM, se observa que la resistencia a traccién
puede ser incrementada mediante un tratamiento de solubilizacién y envejecimiento, aunque

el alargamiento descenderia una parte.
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El estudio de crecimiento de grietas por fatiga del material fabricado por EBM muestra unos
valores de AKw similares al LMD HP y mayores que los obtenidos para el LMD LP en las dos
direcciones de propagacién de grieta. Los valores obtenidos para la tenacidad a la fractura
son similares para las dos tecnologias. En el caso del material EBM con tratamiento de
solubilizacién y envejecido, los valores del umbral aumentan considerablemente en la
direccion vertical (grieta paralela a la direccion de fabricacion), siendo comparables a los
valores obtenidos para el material forjado. Con el mismo tratamiento térmico, la tenacidad a

la fractura aumenta en la direccién de propagacion horizontal para el material EBM.

En analisis de los mecanismos de propagacion muestran que en el LMD, el principal
mecanismo de propagacion de la grieta consiste en la interaccién con las fases a/a’, mientras
que en el EBM consiste en la interacciéon con las colonias de laminas «. El estudio de
crecimiento de grietas ha sido ampliado con un estudio de la superficie de la fractura
mediante microscopio electrénico de barrido SEM. En este estudio se han medido las

distancias entre estriamientos de fatiga en las tres regiones de la fractura.

Abstract

Additive manufacturing (AM) technology is capable of building 3D near-net-shaped
functional parts directly from computer models using unit materials, such as powder or wire.
Additive manufacturing’s computer-aided design offers superior geometrical flexibility. The
near-net-shaping capability also significantly reduces materials waste. These benefits make
AM desirable for critical applications, including aerospace and ground transportation,
medical, and others. Confident utilization of the technology requires thorough understanding
of the AM materials, ensuring that structural integrity and performance requirements are met
or exceeded. In this study, Ti-6Al-4V fabricated by two AM techniques: Laser Engineered Net
Shaping (LENS) and Electron Beam Melting (EBM) were investigated and critically
compared. Samples were built using various processing parameters and heat treated under
different conditions, which resulted in different microstructures and mechanical properties.
Characteristic microstructures were determined for all cases. Room temperature tensile and
fatigue crack growth properties were also evaluated and compared in different orientations
with respect to the building direction. The effects of post-AM heat treatments on
microstructure and properties were also studied. The results are systematically presented and
discussed from the material/process optimization, structural design, and fatigue life

prediction perspectives.
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5.1 Introduction

Additive manufacturing (AM) represents a family of advanced near-net-shaping techniques
able to build 3D geometries directly from computer models, using unit materials, most
commonly powder and wire. The superior geometrical flexibility of AM and its great
potential in lowering the cost of production led to the development of numerous AM
techniques [1]. Standardized definitions and terminologies were developed specifically for
AM (ASTM F2792-12a) to categorize techniques that share processing similarities. Among
these categories, direct energy deposition and powder bed fusion are commonly used for
manufacturing metallic materials. In this study, laser engineered net shaping (LENS), which
belongs to the direct energy deposition category, and electron beam melting (EBM), which
belongs to the powder bed fusion category, are investigated and compared.

LENS technique was originally developed at Sandia National Laboratories and was
commercialized by Optomec, Inc. in 1997 [2]. In the same year, the Swedish company Arcam
AB was founded, and published its first patent for the EBM technique in 2001 [3]. Schematic
representations illustrating the working principles of LENS and EBM are shown in Figure 51
[1]. During the LENS process, the laser beam creates a melting pool on a substrate placed onto
the x-y table, material powder is injected into the melting pool to be fused, and then the
melted material solidifies into a bead. At the same time, the substrate moves with the x-y table
(in x-y directions), enabling the selective deposition of the first layer. Next, the laser beam and
material deposition head move together upward (in z direction) to start the deposition of the
second layer. This procedure is repeated until a 3D geometry is completed. The finished part
can be separated from the substrate by machining (apart from the cases where LENS is
applied for repair). During the EBM process, material powder is provided by powder hoppers
instead, and is uniformly distributed in one layer on the build platform by a rake. The powder
in this layer is selectively sintered by the electron beam. After the first layer is completed, the
build platform lowers, allowing a new layer of powder to be uniformly distributed on top of
the first layer. This new layer of powder is again selectively sintered. The process continues
until a complete 3D geometry is built. The geometry is then freed by blasting off the excess

powder, which can by partially reused.
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Figure 51. Working principles of (1) LENS and (b) EBM techniques [1].

Research studies have been carried out for both LENS and EBM, pertaining to process
optimization and materials characterization. Microstructure evolution of titanium alloys
during LENS fabrication and the resulting mechanical properties were studied [4-12]. Unique
microstructural features such as columnar grains and lamellar microstructures were
observed, which have significant effects on the mechanical properties of the materials. The
morphologies of these microstructural features were greatly affected by processing
parameters, including laser power and scanning speeds [6-10]. Tensile properties of EBM Ti-
6Al-4V were extensively studied [13-22]. Noticeable data deviations were observed [13,14]
due to variations in build parameters, which resulted in differences in material composition,
microstructures, porosity and others [15]. The influence of testing orientations was also
studied considering the unique microstructures in EBM materials [21,22], as well as the effects
of heat treatments [13,17,19].

Despite numerous studies characterizing the AM materials, their fatigue and fatigue crack
growth properties and mechanisms are not well understood [17,23]. Leuders et al. [23]
conducted in-depth studies on the fatigue crack growth behavior in Ti-6Al-4V fabricated by
selective laser melting (SLM is another powder bed fusion AM technique, using laser beam
as a heat source) in both as-fabricated and heat-treated conditions. The fatigue crack growth
behavior was also correlated to microstructure using electron backscatter diffraction (EBSD)
analysis. It was observed that martensitic o’ phase is unfavorable and can be tailored by heat
treatment. It was also concluded that while porosity mainly influences the fatigue crack
growth threshold, the subsequent phases of crack growth are mainly affected by internal
stresses. Edwards et al. [17] evaluated the fatigue and fatigue crack growth properties of Ti-
6Al-4V manufactured by EBM. It was observed that EBM Ti-6Al-4V has similar behavior to
wrought Ti-6Al-4V in Region I of fatigue crack growth and has slower crack propagation rates
in Regions II and III.

In this study, microstructure evolution in Ti-6Al-4V during LENS and EBM fabrications were

investigated. Tensile and fatigue crack growth tests were conducted, and failure mechanisms
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at the microstructural scale were established. Surface properties were examined, the effects
of post-AM heat treatments were also studied.

5.2 Experimental procedure

5.2.1 Powder precursors and fabrication conditions

Spherical PREP (plasma rotating electrode process) and GA (gas atomization) Ti-6Al-4V
powders were used in LENS and EBM fabrication, respectively, as shown in Figure 52.
Powder precursor used in EBM, Figure 52 (b), contains 50% reused powder [24].

LM 1 104

(b) Average particle

X100 WO wm 100

size: 73 um

Figure 52. (1) LENS PREP powder and (b) EBM GA powder [24].

LENS builds were fabricated using an Optomec LENS 850-R system. Two sets of processing
parameters were applied, as detailed in Table 9. EBM builds were fabricated using two models,
A2 and Q10, with processing parameters defined by internal algorithms of the Arcam

machines.
Table 9. LENS processing parameters
Low power High power
Laser power (W) 330 780
Powder feed rate (g/min) 1.0 2.0
Layer thickness (mm) 0.3 04
Hatch spacing (mm) 0.5 1.0
Deposition speed (m/min) 0.6 0.8

Near-net-shaped LENS and EBM builds are shown in Figure 53 (a-c). Every LENS build
needed a substrate which was then removed by machining, Figure 53 (a, b). The substrate
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plates were mill-annealed Ti-6Al-4V. EBM builds were manufactured in batches on top of a
steel platform, Figure 53 (c). Several lightly sintered layers were built between the EBM builds
and the platform, enabling the builds to be easily freed upon fabrication completion. The
geometries of all builds were carefully designed for convenient extraction of standard
metallography, tensile, and fatigue crack growth specimens, while maintaining minimal

material removal, Figure 53 (d-f).

(d) ()

Figure 53. Near-net-shaped (a,b) LENS and (c) EBM builds; (d-f) extraction of testing
specimens for tensile and fatigue crack growth studies (M stands for metallographic specimen,).

5.2.2 Surface examination, metallographic preparation, and mechanical
testing

Surface topography and roughness were examined using an Olympus LEXT OLS4000 laser
confocal microscope. Measurements were conducted on the side surfaces of LENS builds,
Figure 53 (b), for both low and high power cases; and on the side surface of one A2 rectangular
EBM build, Figure 53 (c).

Metallographic specimens were mounted in Bakelite and polished using diamond
suspension. Samples were etched with Kroll’s reagent (2% HF, 6% HNOs, and 92% DI H:O).
Microstructures were characterized using Nikon’s MA 200 Eclipse optical microscope with

Elements-D image analysis software.

Rectangular and round tensile specimens were machined per ASTM E8, with a gage length
of 25 mm. Room temperature tensile tests were conducted using an Instron universal testing

machine, at a strain rate of 1.3 mm/min.
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Fatigue crack growth experiments were performed using compact tension specimens
machined per ASTM E647. Detailed geometry and dimensions are shown in Figure 54 and
Table 10.
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Fiqure 54. ASTM E647 standardized compact tension specimen (an = 0.2w; w/20 <B < w/4 ).

Table 10. Compact tension specimen dimensions used for LENS and EBM Ti-6AI-4V testing

LENS EBM
Specimen width, w (mm) 32 36
Initial notch length, a, (mm) 6.4 7.1
Overall specimen geometr
() P & y 40x38x 6 45x 43 %9

Constant stress ratio tests at R = 0.1 were performed at room temperature in laboratory air,
with a relative humidity of 20-50%. The tests were run under K-control at a cyclic frequency
of 20 Hz in order to generate data in Regions I and II. Specifically, a K-gradient of -0.2/mm
was used for the decreasing K part of the test to determine the crack growth threshold value,
AKth. Region II data were generated under increasing K tests with a K-gradient of +0.2/mm.
The final parts of the tests were run at constant load at a cyclic frequency of 5 Hz to generate
data in Region III of fast crack growth. Generated fatigue crack growth data were analyzed
using Fracture Technology Associates” automated fatigue crack growth analysis software and
plotted in GrapherTM. To establish the fatigue crack propagation mechanisms, one half of the
fractured compact tension specimens were vertically sectioned through the middle of the
thickness and metallographically prepared for 2D examination of the crack path. The other
half was used for examinations of the fracture surfaces using a JEOL-7000F scanning electron

microscope (SEM).
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5.3 Results and discussion

5.2.1 Surface topography examination and roughness measurements

Axonometric projections of the surfaces of LENS and EBM builds are shown in Figure 55. The
“sandpaper-like” surface finish observed in previous study [1] can be seen more clearly here
as peaks and valleys, resulted from partially melted powder. The corresponding elevation
plots are shown in Figure 56, with colors scaling the elevation change of the surface features.
The roughness parameters and areal surface roughness values, Sa, are measured, as shown
in Table 11. It was observed that LENS high power fabrication yields the highest surface
roughness values. In addition, the size of the surface features in the EBM build is very similar
to the original EBM powder particle size, indicating that using finer powder precursor may
refine the surface finish of EBM builds. The size of surface features in LENS is determined by

processing parameters.

-~

(a) 2.4 x 2.4 mm? (b) 2.4 x 2.4 mm? (c) 2.9 x 1.8 mm?

Figure 55. Axonometric projections of the surfaces of (a,b) LENS low and high power builds
and (c) EBM A2 build.

Figqure 56. Elevation plots of (a,b) LENS low and high power builds and (c) EBM A2 build.
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Table 11. Surface roughness parameters for LENS low and high power, and EBM builds

LENS low LENS high EBM A2
power power
Relative peak height, Sp (um) 174 414 174
Relative valley depth, Sv (um) 102 160 163
Absolute peak height, Sz (um) 276 574 337
Areal surface roughness, Sa (um) 30.6 63.9 45.7

5.2.2 Microstructure characterization
5.3.2.1 LENS Ti-6Al-4V

Cross-sectional panoramic images showing the entire build height (4 cm) were taken at low
magnification for both low and high power fabricated Ti-6Al-4V, as shown in Figure 57 (a, b).
Columnar {3 grains form as a result of heat extraction from the substrate. Heat affected zones
are observed at build-substrate interfaces (macro-HAZ) due to partial melting of the
substrate. Layer bands can be seen due to microstructure coarsening at the layer boundaries
(micro-HAZ), caused by partial remelting of previous layers. Wider macro-HAZ (~800 pum)
and thicker layers (600 - 900 pm) are observed in high power Ti-6Al-4V, compared to those
of low power (~500 pm macro-HAZ and 300 - 800 um layer thickness [1]). In addition, a single
round pore is observed near the macro-HAZ in both cases. The size of the pore was bigger in

the high power cases than in the low power case, as shown in Figure 58.

At high magnification, low power as-fabricated Ti-6Al-4V shows martensitic microstructure
with acicular o’ phase (~0.6 pm thick), Figure 57 (c). High power as-fabricated Ti-6Al-4V
shows regions of parallel a lath (~1.7 um thick), as well as regions of acicular a’ phase, leading
to a mixed microstructure of martensitic a’ and a+f lamellae, Figure 57 (d). At the prior 3
boundaries, 1-2 um thick a layers are observed in the high power condition, but not in low
power case, Figure 57 (c, d), indicating a slower cooling during high power fabrication due to
higher energy input per unit time. The mill-annealed substrate shows a microstructure of

equiaxed « in (3 matrix, Figure 57 (e).
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Figure 57. Cross-sectional panoramas of (a) LENS low power and (b) LENS high power as-
fabricated Ti-6AI-4V; (c) acicular a” observed in low power condition; (d) mixed
microstructure of a’ and a+p lamellae in high power condition; (e) mill-annealed

microstructure of the substrate.
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Figure 58. Macro-HAZ and the single pore observed in (a) low power and (b) high power
LENS builds.

5.3.2.2 EBM Ti-6Al-4V

Columnar 3 grains are also observed in EBM Ti-6Al-4V in both A2 and Q10 conditions, Figure
59 (a, b). Different from LENS fabrication, which is typical of fast cooling, during EBM
fabrication the powder bed was held at 650-750°C throughout the building process and was
slowly cooled to room temperature when fabrication was completed. Long exposure at high
temperature decomposed all the martensitic phases formed in the build during solidification.
The slow cooling at the end did not lead to any martensite formation (in Ti-6Al-4V, the critical
cooling rate for martensite to form is 410°C/s [25]). Thus, the resulting microstructure in EBM
Ti-6Al-4V is fine a+p lamellae. A2 and Q10 conditions are observed to yield similar
microstructures, Figure 9(c, d). In addition, two types of pores were found in EBM Ti-6Al-4V:
gas pores and pores caused by insufficient melting, as shown in Figure 60 (a,b). Gas pores are
found in both A2 and Q10 batches with homogeneous distribution. These pores are spherical
in shape and are ~10 um in diameter. Insufficient melting related pores are only observed in
the A2 batch and show higher presence near the deposition edges. These pores are elongated
in a direction parallel to the layers. Comparing to A2 batch, which has an average of 0.15%
porosity, Q10 batch shows an average of 0.06% porosity, indicating Q10 as a more favorable
machine model than A2 [24].
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Figure 59. (a,b) 3D panoramas of EBM Ti-6 Al-4V fabricated by A2 and Q10 machine models;
(c,d) high magnification images showing fine a+p lamellar microstructure in both A2 and Q10
conditions [24].

Figure 60. Porosity in EBM: (a) gas porosity and (b) insufficient melting induced porosity
[24].
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5.2.3 Room temperature tensile properties and effects of post-AM heat

treatments
5.3.3.1 Tensile properties of as-fabricated LENS and EBM Ti-6Al-4V

LENS tensile tests were conducted in horizontal direction, Figure 53 (a, d). EBM tensile tests
were conducted in both horizontal and vertical directions, Figure 53 (c, f). The results are
compared to mill-annealed Ti-6Al-4V in Table 12. It was observed that both LENS and EBM
yield higher tensile strength than mill-annealing. While the ductility is comparable between
EBM and mill-annealed Ti-6Al-4V, LENS Ti-6Al-4V yields significantly lower ductility due to
the presence of martensitic a’ phase. LENS high power Ti-6Al-4V has slightly lower strength
and higher ductility due to a lower fraction of martensite compared to the low power
condition. Martensitic phase does not exist in EBM Ti-6Al-4V due to powder bed heating,
which leads to higher ductility than that of LENS Ti-6Al-4V

Table 12. Room temperature tensile properties of as-fabricated LENS and EBM Ti-6 Al-4V

YS (MPa) | UTS (MPa) el (%)
LENS low power 1005 1103 4
LENS high power 990 1042 7
EBM A2 horizontal 1006 1066 15
EBM A2 vertical 1001 1073 11
EBM Q10 horizontal 973 1032 12
EBM Q10 vertical 1051 1116 15
Mill-annealed 970 1030 16

5.3.3.2 Effects of post-AM heat treatments

For LENS, a simple post fabrication heat treatment was used considering that LENS is more
suitable for repair, which requires the original microstructure of the substrate to be retained.
The post-LENS heat treatment applied was: 760°C +/- 4°C for 1 hour in vacuum, followed by
air cool. This heat treatment allows for stress relief and decomposition of martensitic phase
without influencing the substrate. EBM technique is more suitable for component
manufacturing; therefore, it is important to investigate different heat treatments in order to

tailor the microstructure and mechanical properties for various applications.

The hardening mechanism of Ti-6Al-4V lies in the instability of high-temperature (3 phase at
lower temperatures. Solution treating increases the volume fraction of (3 phase, which can be
retained by quenching. Subsequent aging decomposes the unstable [3 and martensitic «’, thus
providing high strength [26]. To study the effects of aging temperature and time, a series of
heat treatments were performed, as schematically shown in Figure 61. Tensile testing results

are plotted in Figure 62 [24].

156



Comparacion de propiedades EBM-LMD

3h 4h 5h 6h 7h 8h= . 600°C
+ 550°C

Temperature ('C)

Time (h)

Figure 61. Thermal routes of different heat treatments conducted for EBM Ti-6 Al-4V.
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Figure 62. Tensile properties of EBM Ti-6Al-4V after various heat treatments [24].

It was observed that aging at 500°C for 7 hours produces high tensile strength and moderate
ductility, making this heat treatment optimal. The heat treated tensile data for LENS and EBM
Ti-6Al-4V are compared in Table 13.
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Table 13. Room temperature tensile properties of heat treated LENS and EBM Ti-6Al-4V

YS (MPa) | UTS (MPa) el (%)
LENS low power 1000 1073 9
LENS high power 991 1044 10
EBM Q10 1039 1294 10

5.2.4 Fatigue crack growth data and mechanisms
5.3.4.1 Fatigue crack growth data

Fatigue crack growth tests were conducted in both horizontal and vertical directions for both
LENS and EBM Ti-6Al-4V. Illustrations of the compact tension specimens showing crack
growth directions with respect to the building direction (B) and columnar grains are shown
in Figure 63.

Figure 63. Fatigue crack propagation directions with respect to the building direction (B) and
columnar grains in (a) horizontal and (b) vertical propagation directions.

Data for LENS and EBM Ti-6Al-4V in horizontal and vertical propagation directions, in both
as-fabricated and heat treated conditions are plotted in Figure 64 (a,b) and Figure 64 (c),
respectively. LENS Ti-6Al-4V has lower threshold values, AKw, and higher fracture toughness
values, AKer, than mill-annealed Ti-6Al-4V. Comparisons between LENS Ti-6Al-4V in both
horizontal and vertical directions indicate that low power fabrication yields slightly lower
AKi than high power fabrication due to the presence of martensitic a’ phase. After post-LENS
annealing, slight increase in AKw is observed as a result of &’ decomposition. In EBM Ti-6Al-
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4V, A2 and Q10 models yield similar threshold and toughness values, thus only data from
Q10 batch are presented here along with the heat treated results (using the optimal aging
temperature and time). As-fabricated EBM data show similar AKw to LENS high power heat
treated data due to their similar microstructure (fine a+p lamellar). AKrr values of as-
fabricated EBM Ti-6Al-4V are comparable to those of LENS Ti-6Al-4V.
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Figure 64. Fatigue crack growth data for LENS Ti-6Al-4V in (a) horizontal and (b) vertical
propagation directions, and (c) EBM Ti-6Al-4V [24], before and after heat treatment (LP — low
power, HP — high power, AF — as-fabricated, HT — heat treated).

5.3.4.2 Fatigue crack propagation mechanisms

The microstructures of LENS and EBM Ti-6Al-4V all contain columnar (3 grains and very fine
a morphologies: acicular o’ in LENS low power as-fabricated Ti-6Al-4V; a” mixed with fine
a+B lamellar in LENS high power as-fabricated Ti-6Al-4V; fine a+p lamellar in LENS heat
treated and EBM Ti-6Al-4V. Crack path side profiles for both LENS and EBM Ti-6Al-4V,
Figure 65 (a-f), show that crack interaction with these fine a morphologies is the primary
mechanism in all regions of fatigue crack growth. For mill-annealed Ti-6Al-4V, Figure 65 (g-
i), crack mainly interacts with equiaxed « in Region I, Figure 65 (g). As the crack tip driving
force (AK) increases, crack interaction with  is observed, Figure 65 (h), and in Region III,

crack propagation through {3 phase becomes the primary mechanism, Figure 65 (i).
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Region I Region II Region II1

(e)

5 '20;1m'Z
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Figure 65. Fatigue crack growth side profiles for (a-c) LENS, (b-f) EBM [24], and (g-i) mill-
annealed Ti-6Al-4V.

Representative SEM fractographs were taken for LENS, EBM, and mill-annealed Ti-6Al-4V at
three locations representing Regions I, II, and III of fatigue crack growth, as shown in Figure
66. For all materials, fracture surfaces reveal facets in Region I, Figure 66 (a, d, g), resulting
from the crystallographic mode of crack propagation near threshold. In Regions II and III,
fatigue striations were observed, and the striation spacing values are reported in Figure 66 (b,
¢ e f h,i).
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EBM

Region I
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Region II Region 111
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Figure 66. Fractographs of LENS, EBM, and mill-annealed (MA) Ti-6Al-4V in (a, d, g)

54

Conclusions

Region I, (b, e, h) Region 11, and (c, f, i) Region 1II of fatigue crack growth.

In this study, microstructure evolution in Ti-6Al-4V fabricated by LENS and EBM were

investigated. Mechanical properties, including tensile and fatigue crack growth, were

systematically examined. Fatigue damage mechanisms were also correlated to the materials’

characteristic microstructural features, which were further tailored by post-AM heat

treatments. A summary of the findings is provided here:

® The layering procedure during LENS and EBM results in unique microstructural features

in Ti-6Al-4V, including columnar prior {3 grains, layer bands, and very fine a morphologies.
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¢ The presence of unstable martensitic a’ in LENS Ti-6Al-4V significantly increases tensile
strength but lowers ductility. Fine a+p lamellar microstructure produced by EBM, or by

conducting post-LENS heat treatment, yields high strength as well as moderate ductility.

e Solution treating and aging is able to further strengthen AM fabricated Ti-6Al-4V with

minor decrease in ductility.

¢ Fine a morphologies in LENS and EBM Ti-6Al-4V yield lower thresholds but higher fracture

toughness values than the coarser equiaxed a morphology in mill-annealed Ti-6Al-4V.

* Martensitic a’ predominant in LENS low power as-fabricated Ti-6Al-4V is unfavorable and
leads to lower fatigue crack growth threshold. Increases in thresholds are achieved by

conducting heat treatment.

¢ Crack interaction with fine o morphologies is the primary mechanism in all regions of

fatigue crack growth.
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6 CONCLUSIONES Y LINEAS
FUTURAS

6.1 Conclusiones

La simulacién mediante analisis de elementos finitos (FEA) realizada sobre la trayectoria del
haz de electrones en la fabricacién de un cubo, ha mostrado que el historial térmico del
proceso EBM, asi como en otras tecnologias de fabricacion aditiva andlogas donde la fuente
de energia funde el material de manera puntual, tienen una alta complejidad debido a la
influencia de los bafios de fusién contiguos y del proceso de barrido de las capas superiores.
Algunos pardmetros de barrido, tales como la velocidad del haz, la estrategia de barrido y la
potencia del haz de electrones, son también factores determinantes en el historial térmico. No
obstante, la simplificacion del historial térmico en tres etapas de enfriamiento rapido-
mantenimiento a temperatura de camara-enfriamiento lento, se reconoce como valida para la

interpretacion de las transformaciones de fase que se producen durante el proceso EBM.

El estudio de las propiedades mecénicas estaticas mediante ensayo de traccion en diferentes
ubicaciones dentro de la camara de la maquina EBM, para diferentes direcciones de carga, y
la comparacion de estos resultados con las mediciones de porosidad, ha mostrado que las
propiedades de traccion (tension de rotura, limite elastico y alargamiento) son mayores en las
ubicaciones donde la porosidad es menor. Con una porosidad media en el material de un
0.15% en volumen, las diferencias entre las propiedades mecénicas detectadas en diferentes
ubicaciones y distancias respecto a la plataforma o base de fabricacion estan relacionadas
principalmente con la porosidad, siendo las variaciones en la microestructura de una

importancia secundaria.
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Las mejoras posteriores de la tecnologia EBM, sobre todo en cuanto a los algoritmos de
generacion de pardmetros de proceso, deberian ser capaz de conciliar las diferencias de
porosidad entre el centro y los bordes de la plataforma de fabricacion. En cierta manera, esto
queda demostrado en los estudios realizados sobre le material fabricado con el modelo de
maquina Arcam Q10, donde la porosidad producida por falta de fusion es practicamente
nula. Se debe tener en cuenta que el factor de geometria del componente influye en la sanidad
interior del material, por lo que este hecho deberia ser comprobado con geometrias mas
complejas que las trabajadas en esta tesis. Los algoritmos de generaciéon de pardmetros
utilizados para la fabricacién del material estudiado en esta tesis estan disefiados para el

material Ti-6Al-4V, por lo que otros materiales necesitarian algoritmos especificos.

El estudio de la microestructura, principalmente la variacion del espesor de las laminas a y
los posteriores estudios de tratamiento de recocido disefiados para controlar esta variable
microestructural, han demostrado que la variacién en el espesor de las laminas a relacionada
con la altura de la ubicacion de las muestras desde la plataforma de fabricacion depende del
tiempo de permanencia de éstas en la cAmara de fabricacion. La relacion espesor de lamina-
tiempo-temperatura ha sido establecida mediante una correlacién empirica. Cabe destacar la
validez de la adopcidn en esta tesis del método de interseccion recomendado por Vander
Voort y Roosz para la cuantificacién de espesores de perlita en aleaciones férreas, con el fin
de medir el espesor de las laminas a. Asimismo, se han desarrollado ecuaciones para
correlacionar el espesor de la lamina o con la dureza y las propiedades de traccién del

material.

El estudio de diferentes velocidades de enfriamiento a partir de temperaturas de solucién por
encima de la temperatura 3 transus, ha revelado que los granos 3 previos en forma columnar
se transforman en granos equiaxiales. La proporcién de fase martensitica o’ en la
microestructura depende de la velocidad de enfriamiento en el rango entre las temperaturas
de comienzo y fin de la transformaciéon martensitica. La comparacién de las microestructuras
y propiedades obtenidas para diferentes velocidades de enfriamiento ha mostrado que el
material Ti-6Al-4V ELI fabricado por EBM tiene una resistencia mayor que la estructura
formada por granos a+p equiaxiales (la tensidn de rotura aumenta en un 14%). Se ha
constatado que la fase de martensita a' tiene un efecto de fortalecimiento considerable sobre
el material, sin embargo, la ductilidad de la aleacion disminuye drasticamente con el aumento
de la proporcidon de o' (la tensidn de rotura aumenta en un 27%, mientras que la ductilidad

disminuye en un 83%).

El estudio de los tratamientos térmicos de solubilizacién y envejecimiento ha indicado que
las propiedades mecanicas del material EBM Ti-6Al-4V ELI pueden alterarse mediante este
tratamiento térmico. En esta tesis, se propone un tratamiento térmico de solubilizacién
optimizada que consta de un proceso de solubilizaciéon a 950°C durante 1 hora, seguido de

un enfriamiento en agua y terminando con un tratamiento térmico de envejecimiento a 500°C
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durante 7 horas, con el fin de obtener un equilibrio entre resistencia mecanica y ductilidad
(tenacidad mejorada). A falta de estudios posteriores mas fehacientes sobre este material, se
estima que el tratamiento térmico propuesto también reduzca las tasas de crecimiento de

grietas por fatiga y aumente la resistencia a la fractura del material.

En los estudios de propiedades mecdnicas tanto estaticas como dindmicas, ha quedado
constatada la naturaleza anisotropica del material estudiado debido a la microestructura
columnar orientada en la direccién de fabricacién del proceso EBM. Los trabajos realizados
en esta tesis con relacion a la velocidad de propagacion de grietas por fatiga en diferentes
direcciones han mostrado que, los umbrales de crecimiento de grieta por fatiga son mas altos
en la direccién horizontal que en la vertical (paralelo a la direccion de fabricacion) para todos
los valores de relaciones de tensiones estudiadas con el material EBM Ti-6Al-4V. Se ha
constatado que existe un considerable efecto de cierre inducido por la rugosidad de la
superficie de fractura que causa diferencias entre el comportamiento en el crecimiento de
grietas por fatiga en las dos direcciones estudiadas. El efecto de cierre inducido por la
rugosidad no es la tnica razén por la que los umbrales sean mads altos en la direccion
horizontal y que las velocidades de propagacion de las grietas sean mas bajas en la direccién
vertical. La mayor ramificacién inducida por los granos columnares (3 preliminares y la
tortuosidad generada debido a las capas formadas por el proceso de fusién de cama de polvo
capa por capa hacen que la propagacién vertical de grietas requiera mas energia y en
consecuencia, sea mas costosa de producir que la propagacion en direcciéon horizontal o

perpendicular a la direccién de fabricacion.

En esta tesis se ha demostrado que las propiedades de fatiga del material EBM Ti-6Al- 4V
pueden mejorarse considerablemente mediante la aplicacién de un tratamiento térmico de
recocido P. El incremento del tamafo de los granos y del espesor de las ldminas a+3 de la
microestructura después del tratamiento de recocido 3, elimina la anisotropia de la condicién
de fabricacién y aumenta considerablemente la irregularidad de la trayectoria de las grietas
de fatiga, incluso aumentando el efecto de cierre inducido por la rugosidad superficial de la

fractura.

El efecto de la relacién de tensién sobre los valores umbral del material EBM Ti-6Al-4V para
las direcciones perpendicular y paralelas respecto a la direccién de fabricacién ha sido
establecido satisfactoriamente mediante el método de Ddker, basado en un modelo de dos
fuerzas motrices para el umbral de crecimiento de grietas por fatiga, AKo y Kmax, o, que

representan las contribuciones ciclicas y de traccion respectivamente.
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6.2 Lineas futuras

A continuacién, se discuten brevemente las direcciones en las que deben centrarse los

estudios posteriores a realizar siguiendo la linea de investigacion planteada en esta tesis.

La relacién entre los parametros de fabricaciéon de la maquina EBM y la porosidad resultante
debe estudiarse més a fondo y controlarse mejor para garantizar la eliminacién total de la
porosidad generada por la falta de aporte de energia durante el proceso de barrido. La
porosidad generada por falta de fusién estd relacionada con la geometria, orientacién y
disposicién de las piezas que se fabrican, debido a que los parametros de fabricacién no estan
completamente optimizados para esas geometrias. Se pueden realizar estudios de prueba y
error, comparando la porosidad obtenida para diferentes geometrias, orientaciones y

ubicaciones de piezas utilizando diversos parametros de proceso.

La simulacién del proceso de fabricacion EBM mediante softwares basados en métodos de
elementos finitos, puede ser 1til para obtener parametros de fabricacién mas apropiados para
cada geometria y minimizar la porosidad producida debido a un control de proceso
inadecuado. De todas maneras, el desarrollo de algoritmos de generacion de parametros de
proceso es competencia exclusiva de la empresa desarrolladora de la tecnologia EBM. Los
propios algoritmos son confidenciales y los parametros de proceso son generados en una
especie de “caja negra” en funcion del material, de la geometria, disposicion de la camara, etc.
Por lo tanto, cualquier desarrollo en este sentido deberia hacerse en colaboracién o bajo la
tutela de la empresa sueca Arcam, actualmente propiedad de la compafiia norteamericana

General Electric.

Los tratamientos HIP (prensado isostdtico en caliente) posteriores a la fabricacion y los
tratamientos térmicos, como el recocido o la solubilizaciéon + envejecimiento, pueden
modificar significativamente la microestructura y las propiedades mecanicas del material. Se
debe realizar un trabajo mads extenso sobre la influencia del tratamiento térmico de
solubilizacién y envejecimiento para comprender mejor los beneficios que se pueden obtener,

tanto en las propiedades mecanicas estaticas como en las dinamicas.

Los efectos del tiempo de recocido y la temperatura, en el espesor de las laminas a se han
estudiado a fondo en esta tesis, asi como la relacion entre esta caracteristica microestructural
y las propiedades de traccion. Sin embargo, se deben realizar mas investigaciones que
estudien el efecto del espesor de las [dminas a en las propiedades de fatiga. Esta investigacién
puede conducir a informacién valiosa que podria considerar los tratamientos térmicos de
recocido como un proceso in situ durante el proceso de fabricacién en la camara de la maquina
EBM. En consecuencia, este tratamiento podria mejorar las propiedades de fatiga de las piezas
con un coste minimo. La diferencia en el grosor de las laminas a a diferentes alturas en la

camara de fabricacion debido al tiempo de permanencia, se podria utilizar para fabricar
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componentes de una manera en que las zonas susceptibles a la fractura por fatiga sean

fabricadas con microestructuras mas resistente al crecimiento de grietas por fatiga.

La comparacién entre las propiedades de crecimiento de grietas por fatiga y las condiciones
de fabricacion y de recocido P para diferentes relaciones de tensidn, asi como los estudios que
se realizarian potencialmente con tratamientos térmicos en otras condiciones (solucion +
envejecimiento o recocido) deben completarse junto con el estudio de propagacion de grietas
por fatiga pequefias (de nivel microestructural). Este estudio es necesario para arrojar luz
sobre el mecanismo de interaccién del crecimiento de grietas por fatiga en varias etapas y

diferentes microestructuras de las aleaciones de Ti-6Al-4V.

El trabajo de modelizado actual se ha centrado en desarrollar correlaciones entre varias
variables y propiedades: propiedades de porosidad-tensién, propiedades de espesor de
laminas o y propiedades de microdureza, asi como el modelizado de los valores umbral en
diferentes relaciones de tensién. Este trabajo debe continuarse e integrarse en una
herramienta computacional integral de proceso-microestructura-propiedad. Este conjunto de
herramientas informaticas asistira al disefio de componentes fabricados por EBM a través de
la simulacién y prediccion de las propiedades del material dependiendo de los pardmetros
de fabricacién, donde se consideraria la microestructura y geometria del material, la
orientacion y la ubicacién de las piezas. En consecuencia, se podrian obtener propiedades
deseadas dentro del componente, optimizando la microestructura lograda mediante ajustes
en los parametros de fabricaciéon y / o tratamientos térmicos posteriores al proceso de

fabricacion en maquina.
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