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                                            RESUMEN 

Las mejoras en la calidad de las técnicas de fabricación aditiva han abierto las puertas a nuevas 

posibilidades de diseño y fabricación. Aunque el concepto fue introducido por primera vez por 

Raymond F. Jones en un artículo conocido como “Tools of Trade” ya en la década de 1950, la 

adopción por parte de la industria de los procesos de fabricación aditiva es relativamente reciente. 

La fabricación aditiva ofrece mejoras con respecto a los métodos más tradicionales que producen 

piezas con formas que antes no eran alcanzables por los procesos convencionales de fundición, 

trabajo en caliente y mecanizado. Desafortunadamente, las nuevas técnicas traen consigo nuevos 

desafíos y la fabricación aditiva no es diferente. El propósito de este estudio es estudiar la fatiga 

de alto ciclo (FAC) de muestras de INCONEL 625 (IN625) fabricadas aditivamente mediante el 

proceso Laser Powder Bed Fusion (L-PBF) y encontrar correlaciones entre las propiedades 

mecánicas de tracción, porosidad interna y rugosidad para obtener especificaciones de diseño 

óptimas y para facilitar estudios futuros. Por lo tanto, la motivación final es obtener un rendimiento 

a la fatiga tan bueno como los métodos tradicionales, o mejorarlos al mismo tiempo que se 

conservan las mejoras que aporta la fabricación aditiva a las aplicaciones industriales, dando paso 

a nuevos hallazgos y diseños. 

1. Motivación 

La motivación del estudio se muestra en la FIGURA A. El objetivo es establecer relaciones 

proceso-estructura-propiedad-desempeño (PSPP en inglés) utilizando métodos de machine 

learning, resaltados por los recuadros amarillos en el diagrama. Para lograr esto, el primer paso es 

desarrollar una base de datos creando diferentes estructuras generadas por diferentes parámetros 

del proceso. Para este proyecto se desarrolló una estrategia, que consistió en fabricar diferentes 
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construcciones de probetas de fatiga, tracción y caracterización de la microestructura con el 

objetivo de recolectar información histórica, tratando cada una de estas probetas como un volumen 

digital discretizado. Luego, se caracterizaron los atributos críticos que controlan las propiedades 

(tracción y FAC). Esta información estructural de las diferentes probetas se puso en una forma 

específica para su utilización en el algoritmo de machine learning. El propósito de esta herramienta 

es obtener un componente, recopilar el historial de procesamiento de diferentes ubicaciones dentro 

de ese componente y relacionar esos parámetros de procesamiento con la estructura para predecir 

las propiedades locales, en este caso para la FAC. Este modelo se puede utilizar para 

especificaciones de diseño, optimización de procesos, predicción del rendimiento, garantía de 

calidad, calificación y certificación. 

 

 

 

 

 

 

FIGURE A: Diagrama PSPP para el proyecto. 

 

FIGURA A: Diagrama PSPP para el proyecto. 
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2. Objetivos del Proyecto 

Los objetivos del proyecto se detallan a continuación. Se realizaron ensayos a tracción, mediciones 

rugosidad, estudio de los parámetros de procesamiento, medidas de porosidad y ensayos de fatiga. 

Aunque las probetas con un límite elástico elevado tienden a obtener una alta resistencia a la fatiga, 

no siempre es así. Esta es la motivación detrás de las pruebas de tracción y la comparación de las 

propiedades mecánicas estáticas con la vida útil por fatiga. Además, el diseño de los experimentos 

se configuró para introducir variabilidad a los resultados mediante la modificación de los 

parámetros de procesamiento.  

Debido a la naturaleza del proceso, las piezas fabricadas aditivamente contienen defectos que 

dependen mayoritariamente de los parámetros de cada máquina. Aunque se pueden optimizar hasta 

cierto punto, las superficies tendrán una rugosidad específica y defectos internos causados por 

material que no se funde durante el proceso. Se ha descubierto anteriormente que los perfiles de 

alta rugosidad y porosidad son perjudiciales para las propiedades de FAC. En muchos casos, estas 

propiedades correlacionan mejor que las propiedades mecánicas estáticas, por lo que se creó un 

diseño específico de experimentos para comprender el impacto del acabado superficial y de los 

defectos internos. 

En otras palabras, el objetivo es crear un diseño de experimentos para la MA (L-PBF) de IN625, 

obtener datos de pruebas de tracción, pruebas de HCF, pruebas de rugosidad y mediciones de la 

microestructura para diseñar un modelo de machine learning que pueda ser utilizado por 

diseñadores de componentes en el futuro.  
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3. Alineación con los objetivos de desarrollo sostenible (ODS) 

La fabricación aditiva ofrece mejoras con respecto a los métodos más tradicionales de producción 

de piezas con formas que antes no eran alcanzables con los procesos convencionales de fundición, 

trabajo en caliente y mecanizado. Por lo tanto, los avances en AM están destinados a mejorar la 

eficiencia y reducir el consumo de energía, manteniendo o mejorando las propiedades mecánicas 

y de fatiga y permitiendo nuevos diseños. Esto despliega una nueva gama de posibilidades para 

diseños eficientes y sostenibles en varios campos. Además, como se indicó anteriormente, este 

trabajo es parte de un proyecto más grande que utilizará un modelo de material gemelo digital 

(DTMM) para el diseño de un inyector de una turbina de detonación giratoria (RDE) de última 

generación. Esta turbina está diseñada para aumentar la eficiencia de varias aplicaciones, incluidas 

las centrales eléctricas de ciclo combinado. Esta alternativa ofrece una mejora teórica del 25% con 

respecto a los diseños actuales de turbinas. 

4. Metodología y Recursos 

4.1. Mediciones de rugosidad 

El acabado superficial es un factor importante para obtener una buena vida útil a la FAC. Aunque 

es posible minimizar el impacto de la rugosidad mediante el pulido de las muestras, el fabricante 

indicó que no puede mejorar el acabado para el diseño de su inyector.  Por lo tanto, era necesario 

estudiar dicho impacto. La rugosidad de la superficie es uno de los principales orígenes de la 

propagación de grietas, por lo que cuanto mayor es la rugosidad, menor es la vida de fatiga 

esperada. Esta investigación llevó a cabo mediciones de rugosidad para encontrar una correlación 

con la FAC. Los materiales y métodos utilizados para medir la rugosidad se describen 

detalladamente en este documento. 
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4.2. Mediciones de porosidad 

Aunque la rugosidad y la porosidad tienden a correlacionarse, no siempre es así. Las grietas por 

fatiga pueden iniciarse desde el interior de la pieza y propagarse hacia afuera y provocar la fractura. 

Se montaron, pulieron e inspeccionaron muestras de microestructura para evaluar la porosidad. 

4.3. Ensayos de fatiga de alto ciclo  

Se realizaron pruebas de FAC en 11 grupos de muestras con diferentes parámetros de 

procesamiento y dos máquinas distintas (Concept M2 para los grupos 1 - 6 y Renishaw AM250 

para los restantes). Las muestras se probaron en condición normal (sin pulir) y condición pulida 

para evaluar qué papel juega la rugosidad de la superficie en la mejora del comportamiento general 

a la fatiga. Se utilizó el método de prueba escalonada (step test method) y se demostró su validez 

para estimar las curvas SN de fatiga. Para ello, se hizo ensayos con chapa laminada de IN625 para 

comparar los resultados obtenidos con el método de ensayo tradicional y los del step test method. 

Se realizó un estudio de análisis de datos exhaustivo para correlacionar los parámetros de 

procesamiento con la vida útil a la fatiga y evaluar el comportamiento de diferentes construcciones 

y sus respectivas orientaciones en la placa. Además, con el fin de comparar los resultados 

obtenidos, se incluye una amplia comparación con la literatura anterior y el manual MMPDS-14. 

4.4. Análisis de la fractura 

Este estudio comenzó con la inspección visual de las muestras para clasificar las superficies según 

su punto de nucleación. Se tomaron imágenes con microscopios SEM y Keyence para profundizar 

en la grieta y evaluar la nucleación de la fractura y las características que provocaron la falla. Esta 

sección del proyecto incluye un análisis cualitativo de las fracturas seleccionadas basado en 

investigaciones previas y mecanismos de fractura comunes. 
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5. Resultados and conclusiones 

Los datos recopilados muestran una relación compleja entre los parámetros de procesamiento, 

estructura y vida útil a la fatiga. Se observaron diferencias considerables de estructura y propiedad 

entre las dos máquinas L-PBF diferentes que utilizan nominalmente las mismas condiciones de 

procesamiento, lo que sugiere que el tipo de máquina incrementa la variabilidad. Se ha descubierto 

que la densidad de energía volumétrica (VED), que se muestra en la FIGURA B, es el indicador 

más fuerte de rendimiento de FAC en el caso de muestras z pequeñas, ya que las densidades de 

energía más altas exhiben una porosidad más baja y una resistencia a la fatiga más alta. 

 

FIGURA B: Resultados de FAC de las muestras z pequeñas sin pulir vs. VED, R=0.1. 

 

La gran cantidad de defectos “asesinos” por falta de fusión sugiere que la densidad de energía 

volumétrica utilizada no era lo suficientemente grande en el DoE. Se debe usar una densidad de 

energía más alta para mitigar este defecto, pero sin incurrir en valores VED demasiado altos para 
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evitar defectos “keyhole”. Se descubrió que el HIPping no redujo la porosidad por completo, 

particularmente cuando los defectos de falta de fusión estaban muy extendidos, lo que hace que la 

elección óptima de los parámetros de procesamiento sea más importante cuando el objetivo es 

extender la vida de las muestras. 

Se encontró que el step test method tiene una utilidad considerable para obtener información de 

fatiga de manera eficiente. La FIGURA C demuestra que el método obtiene resultados similares a 

los métodos tradicionales de ensayos de fatiga. 

FIGURA C: Resultados de FAC de la chapa laminada de IN625, R=0.1. 
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FIGURA D: Resultados de FAC de las muestras z pequeñas sin pulir vs. pulidas, R=0.1. 

La FIGURA D muestra la diferencia entre las muestras pulidas y no pulidas. Como se indicó 

anteriormente, algunas muestras se pulieron para evaluar el papel de la rugosidad de la superficie 

frente al papel de los otros atributos intrínsecos de la microestructura. En general, el pulido mejoró 

las propiedades de FAC. Esto fue más notorio para los grupos de mejor comportamiento, mientras 

que para los grupos de peor comportamiento la diferencia se vuelve menos evidente. 
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FIGURA E: Resultados de FAC de las muestras z vs. xy sin pulir, R=0.1. 

 

La FIGURA E muestra un gráfico comparativo entre los resultados de FAC z y xy, mostrando una 

de las conclusiones más importantes de este estudio: la anisotropía de las resistencias observadas 

entre las muestras z y xy.  Las muestras z exhibieron mayor resistencia a la fatiga que la xy, si se 

compara muestras que se fabricaron en la misma placa. Esto es contrario a lo que se halló en la 

literatura, ya que se encontró que las muestras z tenían mayores concentraciones de defectos de 

falta de fusión debido al mayor número de capas perpendiculares a la dirección de construcción. 

Se demostró que la vida útil a la FAC no se correlaciona necesariamente con el límite elástico. La 

resistencia a fatiga se correlacionó débilmente con la ductilidad para muestras z (mostradas en la 

FIGURA F), pero esta correlación no se detectó en la dirección de construcción xy. Sin embargo, 

las muestras xy se correlacionaron débilmente con el límite elástico (ver FIGURA G), aunque la 

fiabilidad de estos resultados puede cuestionarse debido a la baja cantidad de muestras xy de 
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tracción probadas. El límite elástico claramente no era sensible a los defectos de procesamiento, 

excepto cuando se observó una porosidad extrema. 

 

FIGURA F: FAC vs. ductilidad para las muestras z pequeñas sin pulir. 

 

FIGURA G: FAC vs. el límite elástico para las muestras z pequeñas, sin pulir. 
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El valor medio de rugosidad de la superficie (Sa, µm) no mostró una correlación con el rendimiento 

a la fatiga (ver FIGURA H). Los sitios de nucleación de grietas por fatiga se ubicaron en la mayoría 

de los casos en los lados estrechos donde el valor de Sa era considerablemente más alto. Sin 

embargo, algunos grupos con peores resultados a la FAC y con alta porosidad tenían valores de Sa 

más bajos que las construcciones con mejores resultados y con menor porosidad, lo que sugiere 

que la rugosidad de la superficie por sí sola no puede proporcionar un indicador definitivo del 

rendimiento a la fatiga. Por lo tanto, trabajos futuros deberían analizar otros parámetros de 

rugosidad como Sv, o profundidad máxima de la superficie, ya que las grandes depresiones 

encontradas en un par de superficies eran sitios donde se formaron grietas por fatiga. 

 

 

FIGURA H: Valor medio de la rugosidad (Sa, µm) de ambas orientaciones, sin pulir. 
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La mayoría de los sitios de formación de grietas por fatiga, es decir, los defectos "asesinos", se 

asociaron con defectos de falta de fusión, principalmente cerca de una superficie. En muestras 

donde los defectos de falta de fusión eran reducidos, las grietas por fatiga tendían a formarse en 

sitios donde se encontraron varios carburos juntos. Éstos actúan como elevadores de tensión 

durante los ensayos de FAC, también típicamente cerca de una superficie. Sin embargo, grandes 

cantidades de defectos de falta de fusión fueron considerablemente más perjudiciales que la 

presencia de carburos, que en muchos casos tendían a ser de tamaño más pequeño que la porosidad 

asociada con los defectos de falta de fusión. También se encontró que cuantos más defectos se 

observan por falta de fusión, más elevada es la probabilidad de que se forme la grieta por fatiga 

internamente y, por lo tanto, menor dependencia del acabado superficial con la FAC. En general, 

la porosidad observada varío dependiendo de la orientación las muestras en la placa. 
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SUMMARY 

Improvements in the quality of additive manufacturing techniques has opened doors to new 

possibilities in design and manufacture. Although the concept was first introduced by Raymond F. 

Jones in an article known as “Tools of the Trade” as early as the 1950’s, industry adoption of 

additively manufacturing processes is relatively recent. Additive manufacturing offers 

improvements with respect to more traditional methods producing pieces with shapes that were 

previously not attainable with conventional casting, hot working, and machining processes. 

Unfortunately, new techniques bring new challenges, and additive manufacturing is no different. 

The purpose of this study is to study high cycle fatigue (HCF) of additively manufactured 

specimens manufactured by the Laser Powder Bed Fusion (L-PBF) process and find correlations 

between tensile mechanical properties, internal porosity and roughness for optimal design 

specifications and future studies with IN625. Therefore, the ultimate motivation is to obtain just 

as good fatigue performance as traditional methods, or improve them at the same time as 

conserving the improvements that additive manufacturing brings to industry applications, which 

will give way to new findings and designs.  

1. Motivation 

The motivation of the study is shown in FIGURE A. The objective is to establish process-structure-

property-performance (PSPP) relationships using machine learning methods, high-lighted by the 

yellow boxes in the diagram. To achieve this, the first step is to develop a data-base by creating 

different structures generated by different process parameters. For this project, a design of 

experiment was developed, which consisted in manufacturing different builds of fatigue, tensile, 

and microstructure characterization specimens with the objective of collecting history information, 
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treating each of these specimens as a discretized digital volume. Then, the critical features and 

attributes that control properties (tensile and high cycle fatigue) were characterized. This structural 

information of the different specimens is put into a specific form that can be used in machine 

learning methods. The purpose of this tool is to then get a component, collect processing history 

of different locations within that component and relate those processing parameters to structure to 

predict local properties, in this case for high cycle fatigue (HCF). This model can then be used for 

design specifications, process optimization, performance prediction, quality assurance, 

qualification and certification. This thesis reports on the work to generate the structure and 

property database to achieve this objective.  

   

FIGURE A: PSPP map for IN625 project. 

 

2. Objectives of the project 

The purpose of this study is to study high cycle fatigue (HCF) of additively manufactured 

specimens manufactured by the Laser Powder Bed Fusion (L-PBF) process and find correlations 

between tensile mechanical properties, internal porosity and roughness for optimal design 
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specifications and future studies with IN625. Therefore, the ultimate motivation is to obtain just 

as good fatigue performance as traditional methods, or improve them at the same time as 

conserving the improvements that additive manufacturing brings to industry applications, which 

will give way to new findings and designs.  

Although specimens with good yield strength tend to obtain high fatigue life, it is not always the 

case. This is the motivation behind the tensile tests and the comparison of static mechanical 

properties with fatigue stress-life. Furthermore, the design of experiments was set up to intro-duce 

variability to the results by modifying processing AM parameters. This will underline the best 

design parameters than generate optimal results for the 11 available builds.  

Due to the nature of process, additive manufactured parts contain defects depending on the 

processing parameters. Although they can be optimized to some extent, the surfaces will have a 

specific roughness and internal defects caused by unfused material. High roughness profiles and 

porosity have been found to be detrimental to high cycle fatigue properties. The motivation is to 

correlate roughness measurement results with fatigue life. In many cases, these properties correlate 

better than static mechanical properties, so a specific design of experiments was created to 

understand the impact of surface finish and internal defects.  

In other words, the objective is to create a design of experiments for AM L-PBF IN625, obtain 

data from tensile tests, HCF testing, roughness tests and microstructure measurements to de-sign 

a machine learning model than can be used by designers in the future.  

3. Alignment with the Sustainable Development Goals 

Improvements in the quality of additive manufacturing techniques has opened doors to new 

possibilities in design and manufacture. Although the concept was first introduced by Raymond F. 
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Jones in an article known as “Tools of the Trade” as early as the 1950’s, industry adoption of 

additively manufacturing processes is relatively recent. Additive manufacturing offers 

improvements with respect to more traditional methods producing pieces with shapes that were 

previously not attainable with conventional casting, hot working, and machining processes. 

Therefore, advances in AM are set to improve efficiency and reduce energy consumption while 

maintaining or improving mechanical and fatigue properties and allowing new designs. These can 

deploy a new range of possibilities for efficient and sustainable designs in various fields. 

Furthermore, as stated previously, this work is part of a greater project that will utilize a digital 

twin material model (DTMM)  for  the design of a state-of-the-art rotating detonation engine 

(RDE) injector design. This turbine is being designed to increase efficiency of several applications, 

including combined cycle power plants. This efficiency offers a theoretical improvement of 25% 

with respect to current turbine designs.  

4. Methodology and Resources 

4.1. Roughness measurements 

Surface finish is an important factor when obtaining a good high cycle fatigue life. Although it is 

possible to minimize the impact of roughness by polishing methods, the manufacturer stated that 

he cannot improve surface finish for his injector design. Rough surfaces is one of the main origins 

of crack propagation, so the higher the roughness, the lower the expected fatigue life. This research 

carried out roughness measurements to find a correlation with high cycle fatigue. The materials 

and methods used for roughness measured are extensively described in this paper. 
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4.2. Porosity measurements 

Although roughness and porosity tend to correlate, it is not always the case. Fatigue cracks can 

initiate from within the piece and propagate outwards and provoke failure. Microstructure 

specimens were mounted, polished, and imaged to assess porosity for further machine learning 

correlation with fatigue life. 

4.3. High cycle Fatigue Testing 

High cycle fatigue tests were conducted to 11 builds with different processing parameters. 

Specimens were tested in as-is and polished conditions to evaluate how much of a role does surface 

roughness play in improving overall fatigue performance. The step test method was used and 

proven to be valid to estimate fatigue SN curves with the objective of calculating stress level at 2 

million cycles. A thorough a data analysis study was conducted to correlate processing parameters 

with fatigue life and evaluate performance of different builds and their respective build directions. 

Furthermore, in order to benchmark the results obtained, an extensive comparison with the 

previous literature and the MMPDS-14 handbook is included. 

4.4. Fracture surface analysis 

This study started by visual inspection of specimens to classify fracture surfaces depending on 

their fracture nucleation point. SEM and Keyence images were taken to get deeper into the crack 

and evaluate the fracture nucleation and features that drove failure. This section of the paper 

contains a qualitative analysis of chosen fractures based on previous research and common fracture 

mechanisms.  
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5. Results and conclusion 

This work showed the high variability of HCF strength with different internal microstructures 

and surface roughness. The data gathered shows a complex relationship between processing 

parameters, structure, and fatigue life. Considerable structure and property differences between 

two different L-PBF machines using nominally the same processing conditions was observed 

suggesting that the type of machine will exacerbate variability. Volumetric energy density 

(VED), shown in FIGURE B,  has been found to be the stronger indicator for high cycle fatigue 

performance in the case of small z specimens, as the highest energy densities exhibited lower 

porosity and higher fatigue strength.  

 

FIGURE B: Fatigue results for small z specimens for as-is and polished, R=0.1. 

 

The large amount of lack-of-fusion “killer” defects suggests that the volumetric energy density 

used was not large enough in the DoE. A higher energy density should be used to mitigate this 
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defect, but without incurring in too high VED values to avoid keyholing defects. HIPping was 

found to not reduce porosity completely particularly when lack-of-fusion defects were 

widespread, making optimal choice of processing parameters more important when extending the 

fatigue life of specimens. 

The fatigue step test was found to have considerable utility for obtaining fatigue information 

efficiently. FIGURE C proves that the step test method obtains similar results to traditional 

fatigue testing methods. 

FIGURE C: Fatigue results for small z specimens for as-is and polished, R=0.1. 

 



24 

 

 

FIGURE D: Fatigue results for small z specimens for as-is and polished, R=0.1. 

FIGURE D shows the difference between as-is vs. polished specimens. As stated before, some 

specimens were polished to assess the role of surface roughness vs. the role of the other intrinsic 

microstructure attributes. Overall, polishing improved HCF properties. This was more noticeable 

for the better performing builds, while the lower performing build the difference becomes less 

apparent.  
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FIGURE E: Fatigue results for small z specimens for as-is and polished, R=0.1. 

 

FIGURE E shows comparative graph between small z and small xy HCF results, showing one of 

the most important conclusions of this study: the anisotropy of the strengths observed between z 

and xy specimens, with the z specimens exhibiting higher fatigue strength than the xy in the same 

build. This is contrary to what was reported in previous work, as z specimens were found to have 

larger concentrations of lack-of-fusion defects due to the larger number of layers perpendicular to 

the build direction.  

It was shown that HCF life does not necessarily correlate with yield strength. The fatigue strength 

weakly correlated with ductility for z specimens (shown in FIGURE F), but this correlation was 

not apparent in the xy build direction. However, xy specimens did weakly correlate with yield 

strength (see FIGURE G), although the reliability of these results can be questioned due to the low 

amount of tensile xy specimens tested. The yield strength was clearly not sensitive to processing 

defects, except when extreme porosity was present. 
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FIGURE F: Fatigue strength (small z, as-is) vs. strain to failure for z specimens. 

 

FIGURE G: Fatigue strength (small xy, as-is) vs. yield strength for z specimens. 

 

The surface roughness value Sa did not show a correlation to fatigue performance (see FIGURE 

H). The fatigue crack nucleation sites in the majority of the cases were located on the narrow sides 

where the Sa value was considerably higher.  However, some poor performing builds with high 

porosity had lower Sa values than better performing builds with lower porosity, suggesting the 
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surface roughness alone cannot provide a definite indicator of fatigue performance. Therefore, 

future work should analyze other roughness parameters such as Sv, or maximum depth of the 

surface, as large depressions found on a couple of the surfaces were sites where fatigue cracks 

formed. 

 

FIGURE H: Average roughness value (Sa, µm) for small z and xy as-is specimens. 

The majority of the fatigue crack formation sites, i.e., the "killer" defects, were associated with 

lack-of-fusion defects, mostly near a surface. In specimens where the lack-of-fusion defects were 

minimal, fatigue cracks tended to form at sites where several carbides were close together and 

acting as stress risers during HCF testing, also typically close to a surface. However, high amounts 

of lack-of-fusion defects were considerably more detrimental than the presence of carbides which 

also tended to be smaller in size than the porosity associated with the lack-of-fusion defects. It was 

also found that when there is a higher the concentration of lack-of-fusion defects, there is a higher  

probability of the fatigue crack forming internally and hence a less dependence of HCF strength 
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to the surface finish. Overall, the observed porosity was build location dependent in both xy and z 

specimens. 
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SUMMARY 

 
This research aims to investigate the influence of the microstructure, defect features, and surface 

roughness on the high cycle fatigue (HCF) strength of IN625 manufactured using Laser Powder 

Bed Fusion (L-PBF) additive manufacturing (AM) process.  11 AM builds each containing several 

fatigue test specimens with axis of specimen oriented in either the z-direction (build direction) or 

transverse direction were manufactured to explore the influence of variations in laser scan speed, 

hatch spacing, and L-PBF machine system.  These processing conditions resulted in variations in 

microstructure, defect features, and surface roughness, all of which can influence fatigue strength.  

All specimens were stress-relieved before removal from build plate and then a hot isostatic press-

ing (HIP) was performed.  Specimens were tested in either as-is condition, with no further machin-

ing or polishing, or in a polished condition to establish the role of surface roughness on fatigue 

strength.  The fatigue strength of each specimen was determined using a step test method. To 

establish a reference stress-life curve and to validate the step test method, fatigue tests were also 

conducted on a cold-rolled IN625 sheet having similar strengths as the AM specimens.  Stress-life 

curves that include the influence of microstructure are estimated using the fatigue strength data 

and the reference stress-life curve from the wrought IN625. The fatigue fracture surfaces were 

characterized with SEM microscopy to determine the microstructure feature associated with fa-

tigue crack nucleation and understand the variability of the fatigue results. Average roughness for 

all builds was measured to find trends with the high cycle fatigue results. Tensile test results for 

various mechanical properties including Young's modulus, yield strength, ultimate tensile strength 

and strain to failure z and xy specimens was plotted against fatigue strength to find trends. Fatigue 

strength was also evaluated against processing parameters to assess the influence and find optimal 

design parameters. Finally, mean stress correction methods for different R values were used to 

calculate average fatigue strength for designer specifications.  
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1. INTRODUCTION 

Improvements in the quality of additive manufacturing techniques has opened doors to new pos-

sibilities in design and manufacture. Although the concept was first introduced by Raymond F. 

Jones in an article known as “Tools of the Trade” as early as the 1950’s, industry adoption of 

additively manufacturing processes is relatively recent. Additive manufacturing offers improve-

ments with respect to more traditional methods producing pieces with shapes that were previously 

not attainable with conventional casting, hot working, and machining processes. Unfortunately, 

new techniques bring new challenges, and additive manufacturing is no different. The purpose of 

this study is to study high cycle fatigue (HCF) of additively manufactured specimens manufactured 

by the Laser Powder Bed Fusion (L-PBF) process and find correlations between tensile mechanical 

properties, internal porosity and roughness for optimal design specifications and future studies 

with IN625. Therefore, the ultimate motivation is to obtain just as good fatigue performance as 

traditional methods, or improve them at the same time as conserving the improvements that addi-

tive manufacturing brings to industry applications, which will give way to new findings and de-

signs.  

Although specimens with good yield strength tend to obtain high fatigue life, it is not always the 

case. This is the motivation behind the tensile tests and the comparison of static mechanical prop-

erties with fatigue stress-life. Furthermore, the design of experiments was set up to introduce var-

iability to the results by modifying processing AM parameters. This will underline the best design 

parameters than generate optimal results for the 11 available builds.  

Due to the nature of process, additive manufactured parts contain defects depending on the pro-

cessing parameters. Although they can be optimized to some extent, the surfaces will have a spe-

cific roughness and internal defects caused by unfused material. High roughness profiles and po-

rosity have been found to be detrimental to high cycle fatigue properties. The motivation is to 

correlate roughness measurement results with fatigue life. In many cases, these properties correlate 

better than static mechanical properties, so a specific design of experiments was created to under-

stand the impact of surface finish and internal defects.  

In other words, the objective is to create a design of experiments for AM L-PBF IN625, obtain 

data from tensile tests, HCF testing, roughness tests and microstructure measurements to design a 

machine learning model than can be used by designers in the future. More in depth explanation of 

this process is detailed in the next chapter. 
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2. BACKGROUND 

The motivation of the study is shown in FIGURE 1. The objective is to establish process-structure-

property-performance (PSPP) relationships using machine learning methods, highlighted by the 

yellow boxes in the diagram. To achieve this, the first step is to develop a database by creating 

different structures generated by different process parameters. For this project, a design of experi-

ment was developed, which consisted in manufacturing different builds of fatigue, tensile, and 

microstructure characterization specimens with the objective of collecting history information, 

treating each of these specimens as a discretized digital volume. Then, the critical features and 

attributes that control properties (tensile and high cycle fatigue) were characterized. This structural 

information of the different specimens is put into a specific form that can be used in machine 

learning methods. The purpose of this tool is to then get a component, collect processing history 

of different locations within that component and relate those processing parameters to structure to 

predict local properties, in this case for high cycle fatigue (HCF). This model can then be used for 

design specifications, process optimization, performance prediction, quality assurance, qualifica-

tion and certification. This thesis reports on the work to generate the structure and property database 

to achieve this objective.  

   

FIGURE 1: PSPP map for IN625 project. 

2.1.  Additive manufacturing  

Additive manufacturing (AM) has opened the gates to new forms of design and production of 

parts. Some of the benefits of AM include: 

1. Reduce number of parts and process steps to fabricate a component, which replaces mul-

tiple “subtractive, joining and formative” [1] processes. Moreover, further machining is 

normally not needed unless the part requires a specific roughness or polish finish.  

2. Increase in automation. 

3. Reduction in waste. 

4. Constraint reduction for different geometrical shapes that cannot be readily manufactured 

by conventional methods. 
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In particular, IN625 can effectively be manufactured by different AM processes including E-PBF 

(Electron Powder Bed Fusion), L-PBF (Laser Powder Bed Fusion), L-DED (Laser Directed En-

ergy Deposition) and binder jetting. The methodology used for this project was Laser Powder Bed 

Fusion (L-PBF). 

2.1.1.  Laser Powder Bed Fusion 

There are two main laser-based processes involving PBF: L-PBF (Laser Powder Bed Fusion) and 

SLS (Selective Laser Sintering). SLS employs a high in energy laser to partially melt powder into 

the desired shape by scanning the laser over the different layers [2]. This process however does 

not fully melt the material; it heats it enough to fuse the particles at a molecular level [3]. On the 

other hand, L-PBF (see FIGURE 2) provides sufficient powder so as to fully melt the powder for 

fusion. This process normally requires additional stress relief while on the build plate but is an 

effective way of synthesizing titanium alloys, steels, and Ni-base alloys like IN625 or IN718. Both 

methods are selective which means they target certain parts of the powder to create the desired 

part. 

  

FIGURE 2: Laser Powder Bed Fusion [4]. 

The microstructure and properties of parts built by PBF are anisotropic and therefore the influence 

of orientation needs to be considered. FIGURE 3 shows the two possible build directions (among 

many others). These directions will affect mechanical and fatigue properties, as additional manu-

facturing can lead to certain anisotropy.  

 

FIGURE 3: Z and XY build directions [19]. 
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2.1.2.  Additive manufacturing parameters for Laser Powder Bed Fusion 

There are several parameters that can be modified in the L-PBF process to optimize properties to 

the desired applications. These include thickness of the layers t (FIGURE 4) , powder size, sub-

strate temperature, scan angle (), hatch spacing D (FIGURE 6), scan speed V and laser power P. 

Further parameters will be related to post-processing of laser manufactured parts.  

Hatch spacing is the distance between two consecutive beam passes, measured from the center of 

one beam pass to the next. A larger spacing will significantly reduce production time, while thin-

ner spacings produced finer features but increase the lead time of the process [5]. Having a larger 

hatch spacing will require a larger diameter laser spot size to avoid the formation of pores within 

the part. Note that there is no real “spacing” between every pass of the laser, as the melt pool be-

tween them overlap. This is necessary ensure the melting of all the powder together, reducing the 

formation of defects.  These beams can be approximated to a Gaussian beam, where the strength 

of the laser beam is higher in the center compared to the edges.   

The scan strategy is the rotation of the scanning direction after each layer. Two common scan 

strategies are 67 and 90 degrees with counterclockwise rotation.  Moreover, scanning direction can 

be alternating or unidirectional, the second being more time consuming.  The scan angle, on the 

other hand, relates to the angle between the position of the laser source and the location of the 

build, with larger angles at locations near the edges of the build. Some of these parameters are 

used to calculate the volumetric energy density (VED) [6]: 

𝑉𝐸𝐷 =
𝑃

𝑉𝐷𝑡
    [eq. 1] 

This represents the amount of energy supplied to the local spot in the powder bed per unit of 

volume. The volumetric energy density will affect the geometry of the melt pool, the quality of the 

fusion, the cooling rate and consequently the microstructure of the manufactured part [7].  

 

                      

 

 

 

 

 

 

 

 

 

 

 

 

 FIGURE 4: Different layers and their thickness [19]. 
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               FIGURE 5: Hatch space [19].        

 

FIGURE 6: 90 vs 67 degrees scan angles [18]. 

2.2.  Inconel 625  

Inconel 625 (IN625) is a high strength, high fatigue resistance Ni-base superalloy. By definition, 

superalloys are alloys capable of withstanding temperatures at a high fraction of their melting point 

[8]. The alloy receives its name from the trademark “Inconel”, which belongs to Special Metals 

Corporation, a company based in New Hartford, USA. IN625 belongs to a family of austenitic 

nickel-chrome alloys with different compositions [9] [10] [11], which can be found in TABLE 1. 

This alloy is considered a modification of IN718 so the solidification studies carried out for IN718 

can be used to extrapolate the behavior of IN625. 

IN625 has a specific composition that gives excellent mechanical and fatigue properties as well as 

resistance to corrosion. Mo and Cr are responsible for a high corrosion resistance and strength 

properties. Elements such as Nb and Fe are used to obtain a higher degree of strength in the mate-

rial. Other elements including Ti and Al are used for refining and for welding purposes [12]. 

Common applications of this alloy include supercritical water reactors or high temperature engines 

[13], and is therefore highly used by the aerospace and energy industries. These outstanding prop-

erties are reflected in the cost, and Inconel parts are considerably more expensive than stainless 

steels, due to a high market price of the elements used in the composition, but have better higher 

temperature strength and durability. 
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2.3.  Solidification of Inconel 625 

Different cooling profiles after solidification and processes will affect the microstructure of the 

material. The existence of different phases will impact the resulting mechanical properties and 

fatigue performance.   

FIGURE 8 shows the TTT diagram for wrought IN625, although TTT diagrams will slightly differ 

depending on the composition. The primary phases that can form include carbides (MC, M6C, 

M23C6), '', Laves, and delta. These phases can improve or impoverish fatigue properties. The most 

relevant phases are their effects are described below. Ju.  

 

FIGURE 8: TTT diagram of IN625 [7] 

 

 

 

 

FIGURE 7: BSE images of the δ-Ni 3 (Nb, Mo) and the Laves phases formed in 

the Inconel 625 [61]. 
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2.3.1. Laves and carbides 

A common microstructure feature of  IN625 are Laves phases, which are intermetallic compounds 

that take the form of A2B. The approximate composition of this phase can be found in FIGURE 7. 

Niobium is the primary element responsible for Laves phases and carbides that appear as a result 

of the enrichment of the interdendritic liquid [14].  These phases have been found to significantly 

reduce room temperature ductility and ultimate tensile strength for IN718 [15]. This reduction is 

caused by several mechanisms, being brittle fracture the most dominant.  Moreover, as they take 

large amounts of Nb, the matrix is depleted of the main hardening agent forming coherent g'' phase. 

In order to minimize the Laves and delta phases and hence increase toughness, the iron and silicon 

content can be reduced.  TABLE 2 shows Charpy V-Notch tests of two different composition 

samples. 

TABLE 2: V-Noch Charpy for standard vs Low Fe, Si specimens. [6] 

 

A loss in ductility and toughness can also be produced by the bands of carbides (see FIGURE  9 

for composition), which can debond and coalesce to localize the fracture. However, the impact of 

carbides to toughness and ductility has been shown to be nowhere near as detrimental as Laves 

phase [16]. 

Moreover, Cieslak et al. [14] concludes that microstructure is heavily influenced by “minor alloy-

ing elements” such as C and Si. The presence of carbon is responsible for the formation of the MC 

carbides. However, it can reduce Laves for low Si alloys, so fine tuning is necessary to obtain 

optimal performance of parts. Furthermore, Si causes the formation of Laves and M6C carbides 

FIGURE  9: Example of carbides detected at the dendritic boundaries of 

the γ-Ni crystals of Inconel 625 clads [63]. 
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for low carbon samples. If both elements are present at a high composition, high amounts of Laves 

phase and carbides in the form of MC will occur.  

Some processes can be performed to mitigate the effect or reduce carbide and Laves phases. As 

for Laves, solution annealing can significantly reduce or eliminate them. MC carbides (e.g., NbC) 

form a stable phase and cannot be eliminated by traditional methods. One way of eliminating car-

bides is solution annealing “at 1093°C or higher” [17] for an exposure of 1 hour.  

2.3.2. Delta phase 

The delta phase is shown in FIGURE 5. This phase is known to form in conventional solid solution 

strengthened when subjected to high temperatures for an extended time period. Industry standard 

stress-relief heat treatments for 1 hour at 870°C has been shown to generate a significant amount 

of this phase in L-PBF [18]. Its chemical composition is Ni3Nb (FIGURE 7), forming a D0a struc-

ture.  Delta phases can be easily observed after etching and form a “needle-like structure”. 

 

FIGURE 10: Delta phase precipitation of Inconel 718 [8].  

Homogenization treatments can be used to mitigate or eliminate formations of delta phase. Zhang 

et al. [19] found out that homogenization treatments will reduce or eliminate delta phase formation 

(see section 2.4.4.).   

2.3.3. Fine tuning 

The influence of the various alloying elements in IN625 on microstructure and properties are sum-

marized in TABLE 3 and TABLE 4, respectively.  Taking Nb as an example, minimizing its con-

centration in the alloy has a very positive effect on reduction of carbides, Laves phase and delta 

phase during solidification and precipitation during heat treatments. However, reducing Nb can 

also have a negative effect on mechanical properties, as it greatly reduces strength of the main 

Nickel matrix. 
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TABLE 3: Effect of microstructure of fine-tuning composition [7]. 

 

 

TABLE 4: Effect of minimizing composition on properties of Alloy 625 [7]. 

 

2.4.  Additive manufacturing of Inconel 625 

2.4.1. Mechanical properties of Inconel 625  

As for many other alloys, mechanical properties will highly depend on the different manufacturing 

processes. However, according to the MMPDS-14 [20], for annealed material at room temperature, 

the Young's modulus is 206 GPa and Poisson ratio is 0.28. Increasing the temperature up to 900°C 

causes a decrease in the Young's Modulus of 50% and an increase of the Poisson ratio of 20%. 

Typical mechanical properties for different forms and conditions of Inconel 625 are provided in 

TABLE 5. 
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TABLE 5: Nominal room temperature mechanical properties [21]. 

Form and Condition 

Tensile 

Strength 

Yield 

Strength 
Elongation Reduction of area Hardness, Brinell 

MPa MPa % %   

ROD, BAR, PLATE           

As-Rolled 827-1103 414-758 30-60 40-60 175-240 

Annealed 827-1034 414-655 30-60 40-60 145-220 

Solution-Treated 724-896 290-414 40-65 60-90 116-194 

SHEET and STRIP           

Annealed 827-1034 414-621 30-55 - 145-240 

TUBE and PIPE, 
      

    

COLD-DRAWN     

Annealed 827-965 414-517 30-55 - - 

Solution-Treated 689-827 276-414 40-60 - - 

 

TABLE 6 summarizes the same mechanical properties of IN625 according reported for different 

additive manufacturing processes, post processing and orientation. The three methods are com-

monly used: L-DED (Laser Direct Energy Deposition), E-PBF (Electron Powder Bed Fusion), and 

L-PBF (Laser Powder Bed Fusion). The post-processing of these parts was one or a combination 

of the following: AF (As Fabricated), SR (Stress Relief), SA (Standard Anneal), and HIP (Hot 

Isostatic Pressing). Each of these treatments is described in more detail below. 

2.4.2. Annealling and Stress Relief Treatments 

Annealing is performed to improve ductility, reduce internal stresses and refine the internal struc-

ture by increasing homogeneity while reducing brittleness. Annealing treatments for IN625 range 

from 900 to 1200°C for 1 hour [22], which are typically temperatures above the recrystallization 

temperature of the metal.  

Stress relief, however, consists of heating to a predetermined temperature below recrystallization 

temperature followed by cooling in air [23].  For the standard stress relief, parts are exposed to a 

temperature of 1600°F (871°C) for an hour. On the other hand, the alternative treatment subjects 

builds to 1475°F (802°C) for 4 hours with the aim to reduce the formation of delta phase which 

can be detrimental to ductility and fatigue properties. These stress relief treatments are typically 

performed before the parts are removed from the build plate. 

2.4.3. Hot Isostatic Pressing (HIP) 

The purpose of Hot Isostatic Pressing, also known as HIPing, illustrated in FIGURE 11, is to re-

duce internal porosity, which improves the mechanical properties. The part is subjected to a high 

isostatic pressure at a high temperature using an inert gas [25]. For IN625, the temperature the part 

is subjected varies between 1170 to 1280°C and the pressure is 100 to 150 MPa. The main objec-

tives of HIPing include reducing internal porosities, removing internal defects and possibly the 

rejuvenation of fatigue or creep damaged parts. Hot Isostatic Pressing or HIPing treatment can 

reduce internal porosities; however, HIPping will not be successful in minimizing porosity in cases 
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where the manufactured parts contain a high porosity after the build process. With ideal processing 

and HIPping parameters, the porosity is less than 0.1-0.25% [26]. 

 

 

FIGURE 11: Diagram describing the HIPing process [24]. 

2.4.4. Homogenization treatment 

Homogenization treatments are often carried out to mitigate the formation of the delta phase for 

IN625. The typical treatment is similar to annealing but includes subjecting components to a higher 

temperature. 1150°C for 1 hour was found to be an effective homogenization treatment of L-PBF 

IN625. This treatment reduces the delta phase formation, but it has been shown to promote grain 

growth, which can be deleterious to mechanical properties [27]. 

TABLE 6 shows shows the tensile properties that have been obtained on AM IN625.  It shows 

that very high yield strengths and ductilities are possible, though there is considerable variability 

in properties reported. Note that the majority of specimens had 0.2% offset yield strengths (YS) 

that exceeded 400 MPa, with 800 MPa being the highest value (data point 8).  Nevertheless, 

some low values where observed for E-PBF (data points 11, 14), probably due to the annealing 

that occurs during the build due to the higher temperature in the build chamber. It is important to 

note that the different post-processing techniques will further affect mechanical properties. 

TABLE 6: Mechanical properties of AM IN625 reported in the literature. 
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1 Xue 2007 L-DED AF X-Y 477 744 48 [28] 

2 Xue 2007 L-DED AF Z 518 797 31 [28] 

3 EOS 2010 L-PBF AF X-Y 725 990 35 [29] 

4 EOS 2010 L-PBF AF Z 615 900 42 [29] 

5 Betts 2011 L-PBF AF X-Y 384 898 60 [30] 

6 Betts 2011 L-PBF AF Z 376 884 57 [30] 

7 Yadroitsev 2009 L-PBF AF X-Y 720 1070 9 [31] 

8 Yadroitsev 2009 L-PBF AF Z 800 1030 9 [31] 
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TABLE 6 continued 

9 Optomec 2012 L-DED AF X-Y 694 1052 33 [32] 

10 Optomec 2012 L-DED AF Z 490 829 43 [32] 

11 Murr 2011 E-PBF AF X-Y 300 590 53 [33] 

12 Murr 2011 E-PBF AF Z 410 750 44 [33] 

13 Murr 2011 E-PBF SA+HIP Z 330 770 69 [33] 

14 Murr 2011 E-PBF SA+HIP Z 230 610 70 [33] 

15 Rombouts 2012 L-DED AF X-Y 480 882 36 [34] [35] 

16 Rombouts 2012 L-DED AF Z 656 1000 24 [34] [35] 

17 Amato 2012 L-PBF SA+HIP X-Y 380 900 58 [36] 

18 Amato 2012 L-PBF SA+HIP Z 360 880 58 [36] 

19 EOS 2011 L-PBF SR X-Y 720 1040 35 [37] 

20 EOS 2011 L-PBF SR Z 650 930 44 [37] 

21 Dutta 2011 L-DED - Z 598 795 14 [38] 

22 MMPDS 2019  AMS 

5666 

Z 414 827 30  

 

Although additively manufactured IN625 can achieve tensile properties comparable or better than 

wrought form, the fatigue strength many not necessarily correlate to the tensile properties. Defects 

such as porosity and high surface roughness may not significantly affect tensile properties, partic-

ularly the yield and ultimate strength, unless porosity is extreme, but can have considerable influ-

ence under cyclic loading. This is because local defects, acting as localized volumes where the 

cyclic stress is raised, drive the local fatigue crack formation process. Therefore, the objective is 

to understand the relationship between the local defects and their impact on fatigue crack formation 

and early crack growth. 

The effects of these process parameter settings together with powder material characteristics on 

the variations of the resultant part quality in terms of density, material properties, dimensional 

quality, surface roughness, and defects are not well understood. [7]. Presently, these parameters 

are established by trial-and-error methods using simple relationships such as VED as guidance. 

Empirical data can help when designing new parts.  FIGURE 12 shows how different combinations 

of scan speed and laser power will generate different depth to width melt pool ratios, with a ratio 

0.5 considered close to optimal [39].  

The common powder size used for IN625 is 15-45 𝜇𝑚 in diameter, though small powder thickness 

variations with respect to the previous thickness has no noticeable effect on properties [40].  

Criales et al. [41] experimented with different parameters to study the influence of processing 

parameters on the microstructure. The variables were scan angle (90° vs 67°), laser power, scan 

speed and hatch distance. The following conclusions were found: 

• Larger energy densities lead to larger grain sizes.  

• A scanning angle of 67° helps with the reduction of the relationship between laser power 

and speed vs. grain growth directions. It also obtains finer sized grains than 90°. 

• Medium to high speeds and medium hatch distances are needed to obtain structures with 

nearly isotropic behavior.  
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FIGURE 12: Melt pool depth to width ratios for different laser power and speed combinations for Inconel 625 (L-PBF). [21] 

 

 

 

FIGURE 13:  Microscope imaging for power and laser speed combinations for IN625 fabricated by L-PBF [21]. 
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FIGURE 14: Porosity measurements (%) for different scan speeds and laser power [21]. 

FIGURE 13 shows optical microscope images showing porosity for different scanning speeds and 

laser power. FIGURE 14 shows the same information porosity quantified as a percentage. There 

is a clear trend: the higher the scanning speed and laser power, the lower the porosity. In other 

words, the higher the energy density provided by the scanner, the lower the porosity and the higher 

the relative density. However, very high energy densities with lead to keyholing defects, increasing 

porosity again as illustrated in FIGURE 15.  

 

FIGURE 15: Experimental curves of constant cross-sectional area for IN625 and an annotation for the keyholing region. Colors 

represent a given cross sectional area. [33] 

Inadequate combinations of the previous parameters will give way to AM defects. High VEDs are 

used to reduce internal porosity, but they can increase surface roughness [42]. However, roughness 

Keyholing 

region 
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and porosity can also be caused by very low VEDs. Moreover, higher roughness can also be caused 

by overhanging geometries due to  the effect of gravity during solidification [26].  

FIGURE 15 shows curves of constant cross-sectional area for a range of source power and laser 

velocity. The region where keyholing has been found to be generated is shown in blue. High power 

with low speeds will promote the formation of this defect and should therefore be avoided [33].   

2.5.  Fatigue of L-PBF parts 

Fatigue describes the process of degradation associated with an applied cyclic load that is sufficient 

to cause of crack to nucleate, typically at some defect or heterogeneity of the microstructure, and 

the subsequent growth the crack and eventual failure of a component [43]. This phenomenon oc-

curs in rotating machines and is one of the most likely causes of component failure. Fatigue pro-

cesses can be classified according to the number of cycles until failure, distinguishing low cycle 

and high cycle fatigue. For this report, only high cycle fatigue (HCF) will be described, as it is the 

process the designed component will undergo.  HCF includes processes with a high number of 

cycles that involve primarily elastic deformation. Stresses applied are typically less than the yield 

stress but plastic deformation is still occurring locally near internal stress concentrations associated 

with the microstructure or defects within the surface or on the surface [44].  

The maximum stress generated by cyclic loading can be well under the yield strength of the mate-

rial, meaning that parts can perform perfectly during a given time, but fail after the component has 

experienced several cycles. Some materials like steel or titanium have an endurance limit or fa-

tigue limit, defined as the stress level that can be endured for infinite cyclic loads in a benign 

environment. However, this endurance limit can be highly affected and reduced by periodic over-

loads and corrosive and high temperature environments. Longer cycles than typically defined as 

the endurance limits (107 cycles) can result in other defects, often internal defects, be site of crack 

nucleation.  Furthermore, this endurance limit is not strictly related to the material, as many vari-

ables can affect the fatigue life. These include surface finish or roughness, temperature, notch 

sensitivity, size, environment and reliability [45]. 

2.5.1. Fatigue review of previous work on L-PBF IN625 

External and internal defects can reduce fatigue life of L-PBF parts. HCF strength is typically 

reduced by an increase in surface roughness [46]. Furthermore, build direction and the size of 

specimens affect fatigue life of L-PBF IN718, as it has been seen that this alloy can develop ani-

sotropic columnar grain structures for certain processing parameters [47]. FIGURE 16 highlights 

the effects of post-processing treatments on grain structure.  

 

FIGURE 16: EBSD IPF map of (a) as built Inconel 718, (b) solution annealed Inconel 718, (c) post HIP Inconel 718. [50] 
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There has been some fatigue tests reported on AM IN625 in the literature. Koutiri et al. investi-

gated the influence of the surface roughness on the HCF of IN625 with results shown FIGURE 17 

suggesting an endurance limit around 200 MPa and that polishing the surfaces to remove the in-

fluence of surface roughness generally increases the fatigue life. 

 

FIGURE 17: SN curve of IN625, fabricated using 180 W of power, 500 mm/s of laser speed and 70 μm of hatch spacing with no 

heat treatment tested under uniaxial loading with R = -1 [6]. 

FIGURE 18 shows results published by Witkin et al. [48] It can be inferred from the data that HIP 

and machining improve the fatigue properties to those similar to wrought.  Hip with shot peening 

of the as-built condition almost has the same benefit as HIP and machining. However, data points 

show that the most important factor for this study was machining L-PBF specimens. It was found 

that machining before testing obtained very similar fatigue properties to wrought IN625 bar.  

  

FIGURE 18: SN Data of IN625 from Witkin et al, fabricated per ASTM E466 (L-PBF parameters not specified by vendor), uniax-

ial loading with R = -1 [48]. 
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In another  study carried out by Witkin et al. [49] a few years later (FIGURE 19) no substantial 

difference between polished and as-is specimens was found. The absence of fatigue resistance 

improvement after abrasive and laser polishing was attributed by the authors to failure of the pro-

cess to alter the stress concentration of the notch-like surfaces. Although average roughness was 

significantly improved (Sa value was reduced), the polishing made the features shallower but did 

not alter the interior. This meant that fatigue life was not increased because these features preserved 

similar elastic stress concentration after the polishing process. 

 

FIGURE 19: SN curve of fatigue results for L-PBF notched IN625 fabricated at 200 W of power, spot size of 30 μm, R=0.1 [49]. 

Anam carried out a cyclic fatigue investigation for IN625, varying build orientation and heat treat-

ment (annealing), although the specifications of the different treatments are not clear in her work 

(50% of samples were heated to 1038°C for 1 hour in an argon-filled furnace for stress relief  and 

quenched (see section 2.4.2) but the other 50% were not heat treated). However, as seen in FIG-

URE 20, the heat treatment did not have a large impact on fatigue performance. It shows the results 

of her investigation, revealing that building along the Z-axis (axial direction of fatigue specimens) 

lead to a lower fatigue life. Anam attributes this to z samples being more likely to develop defects 

such as voids caused by lack-of-fusion or gas entrapment.   



 20  

 

 

FIGURE 20: Plot of maximum stress versus cycles to failure for L-PBF IN625 fabricated using 195 W of power, scan speed of 

800 mm/s, layer thickness of 20 µm, spot size of 100 µm and hatch spacing of 100 µm  for samples with different build orienta-

tions and post-processing under uniaxial loading with R = -1 [39]. 

 

2.6.  Fatigue crack initiation of IN625 

Fatigue crack initiation can take different definitions. From a mechanical engineer standpoint, 

crack detection is the threshold for crack initiation. Materials engineers go deeper in their obser-

vation, and consider nucleation of defects along persistent slip bands or at an internal interface 

between microstructure features as a starting point of the fatigue crack [50]. The principal mecha-

nism that drives crack nucleation of repeated loads in pure ductile metals is stated in Wood’s pos-

tulate (1958): “repeated cyclic straining of the material leads to different amounts of net slip on 

different glide planes”. These displacements are responsible for the increase of surface roughening 

and can be observed as peaks and valleys in the surface. Once these valleys are generated, they 

serve as stress concentration points that aid in fatigue crack nucleation and further slipping. 
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2.6.1. Fracture surfaces and common defects of IN625 

FIGURE 21 to FIGURE 23 show fatigue fractures of different IN625 specimens [51].  FIGURE 

21 shows a HCF fracture surface from a wrought bar specimen.  FIGURE 21b shows the origin of 

the fracture. FIGURE 21c magnifies the previous image and shows a detached feature from the 

nickel matrix, a carbide. Carbides reduce fatigue life due to several factors including increase brit-

tle behavior as they act as stress risers and, as described in the background section, form due to 

specific cooling curves of the material. This feature can be found across different manufacturing 

processes and it is not a defect particular to L-PBF.  

 

FIGURE 21: HCF fracture surface of a wrought bar IN625 specimen hot rolled extruded and annealed at different magnifica-

tions studied using SEM fractography [51]. 

FIGURE 22 shows the fatigue fracture surface of as-deposited additively manufactured IN625 

fabricated using the MELD process. It can be clearly seen on this image the river marks that point 

towards the fracture initiation site, which in this case forms a cracked surface instead of a cracked 

particle as in the last example. Finer microstructures consisting of reduced grain and carbide size 

reduces brittle behavior and generate surface fractures like the one shown in FIGURE 22d.  

 

FIGURE 22: HCF fracture surface of as-deposited Inconel 625 fabricated using the MELD process [51]. 

Another type of fracture that can be observed in L-PBF IN625 is interlayer delamination. Due to 

the nature of the manufacturing process, the material forms layers that may fracture or debond 

when subjected to cyclic loads (FIGURE 23). 
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FIGURE 23:  HCF fracture surface caused by delamination of as-deposited IN625 fabricated by the MELD process [51]. 

Secondary cracks may form with a propagation direction perpendicular to the main crack propa-

gation direction [52]. The occurrence of these cracks on the main crack propagation surface can 

be caused by the local elongation of the material due to tensile stresses parallel to the direction of 

propagation of the main crack, caused by plastic deformations and microstructure heterogeneity. 

This phenomenon can be observed in tensile specimens as well as fatigue samples. FIGURE 24 

shows the mechanism that causes secondary cracks to form.  

Sub-optimal energy densities  will generate different types of porosities caused by gas entrapment,  

vaporization, keyholing, expulsion of metal in the weld pool or lack-of-fusion voids [53]. They 

take specific shapes and forms and are easily distinguished using SEM fractography. Gas entrap-

ment pores are usually rounded while lack-of-fusion voids have jagged or irregular shapes. Gas 

entrapment is caused when rapid cooling of the material causes dissolved gases in the matrix to 

get trapped [39]. Lack-of-fusion voids, however, have been found to be larger and more detri-

mental to tensile and fatigue properties [54]. Keyholing is caused when excessive energy densities 

are used for the manufacture of components (see FIGURE 15 for optimal velocity and power com-

(a) (b) 

                                    FIGURE 24: Secondary crack nucleation (a) and explanation of secondary crack formation (b) [55]. 
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binations to avoid keyholing for L-PBF IN625) and generate porosities on the lower part of the 

melt pool. This is caused by the collapse of the keyhole when the molten material in the upper part 

moves downwards due to gravity and surface tension, which causes entrapment of gas [55]. 

Other features that can be observed in a fatigue fracture surface of hot rolled and annealed IN625 

are shown in FIGURE 25. In this region, a beach marked surface can originate (FIGURE 25b 

and FIGURE 25c) which indicates stable crack growth. As the crack advances and the stress in-

tensity range increases at the crack tip, the rate of the crack growth increases until the fracture 

toughness is reached, and fast fracture occurs.   

 

 

FIGURE 26: LCF specimens of high power L-PBF IN625 fabricated with 0.04 mm laser thickness, 0.1 mm spot size and 1kW of 

laser power. (b) (c) (d) show of lack-of-fusion defects, including unmelted powder and unfused particles [56]. 

 

FIGURE 25: Fracture surface of HCF IN625 specimens fabricated by hot rolling and annealed at 910ºC for 2 hours. Beachmarks or striations  

show a stable crack formation. 

(a)                  (b)                  (c)                  
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3. MATERIALS AND METHODS 

3.1.  Design of the build plate 

As shown in FIGURE 27, several mechanical test specimens, of different sizes and types, were 

built with axis either along the z-direction (build direction) or transverse to the z direction, denoted 

xy direction. The cylindrical dogbone specimens (25-32) correspond to the tensile specimens. The 

HCF specimens (1-24) include four types of flat dogbone specimens (small and large xy speci-

mens, and small and large z specimens). Finally, the small cylindrical specimens (33-41), with 

diameter 10 mm and length 15 mm, correspond to the microstructure characterization specimens. 

The HCF testing and the characterization of the microstructure specimens were performed at the 

Georgia Institute of Technology while the tensile tests were conducted at Southwest Research 

Institute, San Antonio, TX.  

 

FIGURE 27: Build plate set up. Black dot represents front.  

3.2.  Geometry of the HCF specimens 

In order to assess anisotropy on mechanical properties, the HCF specimens were built in the z 

and xy directions. To consider size effects, two different sized fatigue specimens were also con-

sidered. The geometry and dimensions of the small and large specimens is shown in FIGURE 28 

and FIGURE 29. 

 

FIGURE 28: Nominal dimensions in inches of small fatigue specimens. 
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FIGURE 29:  Nominal dimensions in inches of large fatigue specimens 

 

3.3.  Fixed and variable parameters for production of research specimens 

3.3.1. AM systems 

The AM systems used for the L-PBF process are the Concept M2 and the Renishaw AM250. The 

Concept M2 uses a 90 degrees rotation per layer, and each sample is lasered independently before 

moving on to the next.  The Renishaw AM250 uses a pulsed laser as opposed to most of the sys-

tems. Furthermore, argon gas flows right to left on both machines while the wiper for the powder 

moves from right to left on the Concept M2 and back to front on the Renishaw AM250. The dif-

ferences are summarized in TABLE 7. 

TABLE 7: Differences in parameters and methodology. 

 Concept M2 Renishaw AM250 

Laser Continuous  Discrete (pulsed) 

Laser Spot Size 90 µm 70 µm 

Wiper movement direction Right to left Back to front  

Inert gas flow direction (Ar-

gon) 

Right to left  Right to left 

 

3.3.2. Powder  

The powder used by both machines was manufactured using the gas atomization process, vacuum 

induction melt argon gas atomization.  

TABLE 8: ASTM F3056-14 standards for IN625 powder composition [57]. 

Element Ni Cr Mo Nb Fe Mn Co P Si Ti Al S C 

Min (wt 

%) 

 

remainder 

20.0 8.0 3.15 - - - - - - - - - 

Max (wt 

%) 

23.0 10.0 4.15 5.0 0.5 1.0 0.015 0.5 0.4 0.4 0.015 0.1 
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TABLE 9: Composition of the powder used for all specimens. 

Element  Ni  Cr  Mo  Nb+Ta  Nb  Fe  Co  Al  Ti  O  C  

Wt %  63.2  22.2  9.0  3.8  3.8  0.69  0.44  0.33  0.24  0.016  0.01  

Element  Cu  Mn  Si  Ta  V  Zr  P  N  S  B    

Wt %  <0.01  <0.01 <0.01  <0.01  <0.01  <0.01  <0.003  0.0019  0.001  <0.0009    

 

The powder composition has a low amount of C compared to ASTM F3056-14, which should be 

beneficial in limited the number of carbides in the microstructure. The powder used was spherical, 

and the size allowance ranged from 15 to 45 µm, with a mean diameter of 30 µm. TABLE 10 

includes the parameters that were kept constant during the manufacture stage: 

TABLE 10: Build Parameters kept constant. 

 

The parameters in TABLE 11 and the scan pattern were varied across builds. The specific param-

eters varied for each build are stated in TABLE 12.   

TABLE 11: Build parameters that were varied. 

 

 

The complete design of experiments for the 11 builds is shown in TABLE 12. This study consid-

ered two L-PBF systems, with builds 1-6 fabricated on the Concept M2 and builds 7-11 fabricated 

on the Renishaw AM250. 

Parameter  Value 

Layer Thickness 40 µm 

Laser Power 110 W 

Substrate preheating 80 °C 

Alternating laser 

path  

90° (angle is set by Concept M2 machine that only supports 90° 

rotation) 

Parameter  Value 

Laser speed Varied between 800 mm/s and 900 mm/s with a center point of 850 

mm/s 

 

Hatch spacing Varied between 70 and 100 µm with a center point of 85 µm 

Heat treatments Two different treatments were applied:     

1.  (SR + HIP): Industry standard stress relief cycle followed by 

HIPing (1121°C, 101.7 MPa, 4 hr).  

2. (NSR + HIP): Alternative stress relief cycle (based on NIST 

recommendations to avoid delta-phase formation, 802°C/4 hr) 

followed by HIPing (1121°C, 101.7 MPa, 4 hr). 
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3.3.3. Post-processing of L-PBF Parts 

After the completion of the build in the L-PBF machine and before the specimens were removed, 

they underwent a stress relief (SR).  Two different SR were included in the DoE.  SR stands for 

standard stress relief, while NSR stands for the alternative NIST stress relief (see sections 2.4.2. 

and 2.4.4). After removal from the build plate by fatigue from breakout build supports, all speci-

mens except for one microstructure specimen (designated BN-35) underwent hot isostatic press-

ing. The conditions for the heat treatments and HIP are stated in TABLE 11.  

TABLE 12: Design of experiments. 

Build No. Pattern Velocity 

(mm/s) 

Hatch spac-

ing (µm) 

Heat Treat 

Cycle 

Machine Energy 

Density 

(J/mm3) 

1 --- 800 70 SR+HIP Concept M2 49.1 

2 ++- 900 100 SR+HIP Concept M2 30.6 

3 +-+ 900 70 NSR+HIP Concept M2 43.7 

4 -++ 800 100 NSR+HIP Concept M2 34.4 

5 Center 

Point 

850 85 SR+HIP Concept M2 38.1 

6 ++- 900 100 SR+HIP Concept M2 30.6 

7 +++ 900 100 NSR+HIP Renishaw 

AM250 

30.6 

8 -+- 800 100 SR+HIP Renishaw 

AM250 

34.4 

9 Center 

Point 

850 85 SR+HIP Renishaw 

AM250 

38.1 

10 +-- 900 70 SR+HIP Renishaw 

AM250 

43.7 

11 --+ 800 70 NSR+HIP Renishaw 

AM250 

49.1 

 

3.4.  Fatigue Testing Procedures 

3.4.1. Pre-test preparations 

To evaluate both the intrinsic fatigue properties of the material as well as the effects of the surface 

finish resulting from different builds, the testing regime was divided as follows: out of a batch 

of six z specimens (either small or large), one specimen was set aside for X-ray Computed To-

mography (CT) analysis to later be tested, two specimens were polished on all sides of the gage 

section prior to testing, and three specimens were tested with as-is surface finishes. For xy speci-

mens, the bottom edge of all specimens (i.e., the side closest to the build plate) was polished due 

to excessive roughness originating from the use of build supports. In addition to this, two speci-

mens had their other narrow edge polished, and two specimens were tested in the fully pol-

ished state.   

Prior to initializing tests, specimens underwent hardness testing in the grip section if they were the 

first of a build condition. The ratio of specimen hardness to the hardness of a sheet specimen was 

assumed to be similar to the ratios of fatigue strength to estimate the starting stress amplitude, 
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which was set at 80% of the stress value determined by this method. The hardness data was gath-

ered using an AFFRI METALTESTER MKII. The specimens were laid flat on a thin sheet of 

packing foam on top of a table to prevent scratching, and hardness measurements were taken at 

four points on the grip sections; one point per grip face. 

Polishing of the specimens was performed using a drill press and Dremel heads for narrow edges 

of the gage section, and an electric disk sander for wide faces. The sander operates at a constant 

speed and was fit with a 5” (127mm) disk attachment. The processes for polishing are described in 

TABLE 13 and TABLE 14.   

TABLE 13: Polishing procedure for wide faces. 

Step no. Procedure 

1 Initial thickness was recorded. 

2 Disk sander was fitted with 180 grit SiC sandpaper, and water was applied. Sander 

was set to lowest speed at all stages of polishing. Sanding was done by placing 

sander face-up and holding sample with gentle to moderate force against sandpa-

per. Sample was moved in circular patterns regularly during sanding. The direc-

tions of these circular patterns were frequently against the direction of rotation of 

the sander, but both directions of rotation were used.   

3 One face of specimen was polished until pits that originated from the surface were 

not present (viewed under stereoscope), and change in thickness was recorded. 

This was typically approximately 70 microns. Sandpaper was changed out as 

needed. 

4 Steps 2 and 3 were repeated for opposing face. 

5 Specimen was washed in water and acetone and blown dry, sandpaper was 

changed to 240 grit. 

6 One face was polished until scratches from coarser grit are not apparent, change in 

thickness was recorded. As in step 3, it was ensured that residual marks from sand-

ing were aligned in the direction of loading.  

7 Step 6 was repeated for second face  

8 Steps 5 through 7 were repeated using the following grits: 320, 500, 800, and 

1200.  

9 It was ensured that a total of no more than 200 microns of material were re-

moved overall.  
 

TABLE 14: Polishing procedure for narrow faces. 

Step no. Procedure 

1 Initial width was recorded 

2 A Dremel ½ in. sanding drum (part number 407) was fitted with 60 grit sandpaper 

and attached to drill press. 

3 Specimen was moved back and forth continuously over sandpaper to ensure unbi-

ased material removal on both gage and fillet sections of the specimen. It was held 

to the drum with light to moderate pressure, comparable to. Specimen was oriented 

such that residual marks were parallel to direction of loading. 
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4 Edge was polished using sanding drum fitted with 180 grit sandpaper until 

scratches from 60 grit paper were removed. The specimen was held against the 

drum with light to moderate pressure and moved continuously, as in step 3. 

 

5 

Edge was polished with 320, 500, 800, and 1200 grit sandpaper, sequentially, using 

method described in step 3 

6 Above procedure was repeated for other edge if required. 

7 Wide polished faces were repolished by hand as needed to remove any scratches 

from polishing the narrow edges procedure. Specimen was secured by hand and 

polished along loading direction with light pressure, as these scratches were gener-

ally very shallow. 
 

 

FIGURE 30: Specimens ready to test. The specimen on the top followed the polishing procedure. 

After polishing was completed, all specimens were fitted with rectangular G10/FR4 tabs cover-

ing both sides of both grip sections in order to prevent fretting fatigue failure in the wedge clamp-

ing grips, shown in FIGURE 30. The tabs were cut from sheets purchased from McMaster-Carr 

(part numbers were 8667K211 for small specimens and 8667K213 for large specimens), and had 

thicknesses of 1/16 in. (1.59 mm) and 1/8 in. (3.18 mm), respectively. Their nominal dimensions 

were 0.7 in. x 1.2 in. (17.78 mm x 30.48 mm) and 1.3 in. x 1.2 in. (33.02 mm x 30.48mm) for the 

small and large specimens, respectively.  The tabs were cut via waterjet and were glued to the 

specimen using Instant-Bond Adhesive (McMaster-Carr part number 7729A23). Tabs were posi-

tioned on the specimen such that there was a 0.05 in. (1.27 mm) overhang on xy sides of the grip 

section and a 0.1 in. (2.54 mm) overhang on the z sides.   

Prior to testing, surface roughness of the specimens was measured using the steps described in 

section 3.5. 

Just before testing, the dimensions of the gage section of the specimens were measured using a 

caliper.  The average of measurements taken at three points along the gage section (top, middle 

and bottom) was used to determine the cross-section area of each specimen. The widths of the 

small z specimens were all within 0.05 mm (0.002 in.) of the nominal dimension, and specimens 

were both over and undersized. The xy specimens had severely poor tolerances likely from the use 

of support material during the build. The thicknesses of all specimens were oversized but were 

within 0.10 mm (0.004 in.) of the nominal dimension. All specimens of a specific build condition 

were manufactured on a single substrate, with specimens being oriented and labeled as shown in 

FIGURE 27.  

TABLE 14 continued 
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3.4.2. Test Frames  

All tests were performed on uniaxial servohydraulic test systems.  Several systems were used.  These 

included MTS model 370 (rated to 250 kN) and Instron Satec TC-25 servohydraulic test frames fitted 

with MTS  647 hydraulic wedge grips. Machines were equipped with either TestStar IIs or Flextest40 

controllers. The control software was either MTS Multipurpose Testware or MTS TestSuite Multipur-

pose Elite depending on machine used. Test processes were identical for both software packages. All 

grips were rotated and positioned to ensure that grips were parallel. Additionally, lower and upper fix-

tures like the one depicted in FIGURE 31 (lower grip fixture shown) were used to horizontally align 

the specimen. These were aligned by bolting them to the wedge grips and sliding them into place. The 

grips were moved to a fixed z offset such that specimens were leveled against both grips simultane-

ously, and then the bottom grip was closed. The frames were then set to maintain 0 N force, and the 

top grip was quickly secured as well. Grips were spaced apart such that they clamped between 0.9 in. 

and 1.0 in. of the grip section (not including FR4 tabs) ensuring that no pressure was applied to the 

fillet section. Grip pressure ranged from 2500 to 3000 psi, depending on the frame.  

 

FIGURE 31: The fixture used to ensure fatigue specimens are horizontally aligned. 

 

3.4.3. Fatigue Testing Parameters  

All tests were conducted in force control with a stress ratio of  

𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
=  0.1 

and a frequency of 20 Hz, unless otherwise specified. Prior to testing, the frames were warmed up 

with dummy specimens and the PID control parameters of the frames were modified if 

needed. Tests were initialized by ramping the force to the mean value of the fatigue test over a 

period of 5 seconds. The force was then applied as a sinusoidal waveform, which was programmed 
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to stop after a fixed number of cycles (2 million for step tests, 10 million for standard fatigue tests). 

Force, displacement, and force error data were collected from each test as a circular buffer con-

taining the most recent 1024 data points. If the measured force dropped below 100 N during the 

fatigue test (this force is low enough to imply specimen failure), a software interlock was tripped, 

halting the test.  

3.4.4. Fatigue testing of rolled sheet  

In addition to the AM specimens described in the previous sections, numerous specimens ma-

chined from a rolled IN625 sheet were tested to provide a reference value for fatigue strength.  The 

sheet was manufactured by Special Metals via cold rolling.  These specimens were cut from a 

single sheet, nominally 0.093 in. (2.36 mm) thick and 12 in. x 36 in. (304.80 mm x 914.4 mm) us-

ing a waterjet, and the gage and fillet sections were then machined via wire EDM. The wide faces 

of the specimens were polished as described TABLE 13 to remove scratches that were present on 

some of the specimens. The narrow edges of these specimens were not polished and left in the 

EDM condition. No systematic failure on the EDM edges was detected from the tests on the rolled 

IN625 sheet.  

Before beginning testing of AM materials, a stress-life (SN) curve was developed for speci-

mens machined from the rolled IN625 sheet.  Tests were performed at stress amplitudes be-

tween 425 MPa and 250 MPa, with runout being defined at 107 cycles. The loading frequencies of 

the tests were 10 Hz at 425 MPa, 15 Hz at 375 MPa, and 20 Hz for all other stress amplitudes. 

Four specimens were also tested via the step test method to verify the suitability of the step test 

method for IN625. Data was fit via regression to both the Basquin equation: 

𝜎𝑎 = 𝐴(𝑁𝑓)𝑎                         [eq. 2] 

And the double power law: 

𝜎𝑎 = 𝐴(𝑁𝑓)𝑎 +  𝐵(𝑁𝑓)𝑏       [eq. 3] 

3.4.5. The Step Test method  

When assessing high cycle fatigue strength, the length and quantity of tests necessary can often 

limit the amount of data that can be gathered. An alternative method that can be used to determine 

the fatigue strength for a specified number of cycles is the step test, which has been described and 

validated by Bellows et al. [3]. Additionally, if it is assumed that the stress-life (SN) curve of the 

material being tested has a similar slope as a known SN curve, an SN curve of the material being 

tested can be estimated for use to estimate cycles to failure for finite life conditions.  

The workflow of a step test is shown in FIGURE 33. All step tests were performed with a loading 

frequency of 20 Hz. After the first specimen of a set of specimens was tested and a fatigue strength 

measured, the starting stress amplitude of subsequent specimens of the same set was initialized at 

90% of this value. If a step is completed, which occurs after running the test for 2 million cycles, 

then the stress range is increased by 5%, and the next step is initialized. If the specimen fails during 

the step, then the specimen’s fatigue strength is calculated using the following equation:  

𝜎𝑒 = 𝜎𝑝𝑠 + (𝜎𝑓𝑠 − 𝜎𝑝𝑠) 
𝑁𝑓

𝑁𝑟
    [eq. 4] 
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Here, 𝜎𝑒 is the fatigue strength (in terms of stress amplitude for a given R) of the material from 

known test parameters; 𝜎𝑝𝑠 is the stress amplitude of the previous step, 𝑁𝑟 is he cycles to the 

reference cycle, here set at 2x106 cycles, 𝜎𝑓𝑠 is the stress amplitude being applied when failure 

occurred, and 𝑁𝑓 cycles to failure in the step when failure occurred. 

The loading parameters and outcome of the test are recorded for all steps. The face of the broken 

specimen in contact with the top front grip was marked with sharpie, and the approximate crack 

nucleation location was also recorded. Grip sections of broken specimens were secured to one 

another via rubber band with both fracture faces oriented in the same direction and stored in enve-

lopes to protect the fracture surfaces for further characterization.  

If the fatigue specimen fails during the first step, a different relationship is used to establish the 

fatigue strength.  In this case, the number of minimum cycles for the data point to be valid was 

>105 cycles. The fatigue strength was estimated assuming that SN curves of AM materials have 

the same shape on a linear-log SN curve as that of the rolled sheet, but is shifted as illustrated in 

FIGURE 32. Using the double power law, the SN curve for first step failure specimens can be 

calculated assuming a linear shift in a linear-log scale or log scale: 

                                              𝜎𝑓 = 𝐴𝑁𝑓
𝑎 + 𝐵𝑁𝑓

𝑏 +   Δσ      (1) 

                                              𝜎𝑒 = 𝐴𝑁𝑟
𝑎 + 𝐵𝑁𝑟

𝑏 +   Δσ      (2) 

where A, a, B, b are the double power law parameters obtained from the reference rolled sheet SN 

curve and Nr is the reference life set at 2x106 cycles. Solving for Δσ in (1), substituting in (2) and 

simplifying, the following relationship is obtained: 

𝜎𝑒  =  𝜎𝑓 + 𝐴(𝑁𝑟
𝑎−𝑁𝑓

𝑎) + 𝐵(𝑁𝑟
𝑏−𝑁𝑓

𝑏)   [eq. 5] 

In this equation 𝜎𝑓 and 𝑁𝑓 are stress amplitude of the first step and cycles to failure, respectively. 

   

FIGURE 32: Linear-log shift to obtain fatigue strength for first step failures using reference rolled IN625. 

 

 

log 

𝜎𝑎
𝑟𝑒𝑓

= 𝐴𝑁𝑓
𝑎 + 𝐵𝑁𝑓

𝑏
 

𝝈𝒆 

𝜎𝑎 = 𝐴𝑁𝑓
𝑎 + 𝐵𝑁𝑓

𝑏 + ∆𝜎 
𝝈𝒇 
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FIGURE 33: Process diagram for testing specimens using the step test method. 

 

3.4.6. Fatigue life prediction methods 

In order to develop design curves for stress ratios different from R = 0.1, four methods have been 

considered:  Smith Watson Topper (SWT), Goodman, Gerber, and Walker. They relate fatigue 

strengths (stress amplitudes, 𝜎𝑎), and their associated stress ratios 𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
 to their equivalent 

fatigue strengths (stress amplitude, 𝜎𝑎𝑟) under fully-reversed loading.  

 

3.4.7. Smith Watson Topper (SWT) 

The SWT relationship is given by 

𝜎𝑎𝑟 = √σmax σa                 [eq. 6]         

The stress ratio  𝜎𝑚𝑖𝑛 = 𝑅 𝜎𝑚𝑎𝑥   and the stress amplitude σa =
 σmax− σmin

2
 can be used to obtain 

an equivalent relationship of SWT: 
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   𝜎𝑎𝑟 = σa√
2

(1−𝑅)
               [eq. 7]         

3.4.8. Goodman 

Following a similar procedure, an alternate form of the Goodman equation can be obtained. The 

Goodman relationship takes the following form:  

 σa
 σar

+  σm
 σu

= 1                                   [eq. 8]         

Combining the mean stress equation and the stress ratio   σm   =  
 (1+R) σmax 

2
  two alternate forms 

can be obtained: 

 σar =
𝜎𝑎

1−
𝜎𝑎
𝜎𝑢

(
1+𝑅

1−𝑅
)
                                     [eq. 9] 

 σar =
𝜎𝑎𝜎𝑢(1−𝑅)

𝜎𝑢(1 − 𝑅) − 𝜎𝑎(1+𝑅)
                       [eq. 10] 

3.4.9. Gerber 

One of the earliest to be employed, the Gerber parabola takes the form: 

 σa

 σar
+ (

 σm

 σu
)

2

= 1                                   [eq. 11] 

Rearranging the equation 𝜎𝑎𝑟     =
𝜎𝑎

1−(
 σm
 σu

)
2 , using the relationship from the Goodman derivation 

and using the same methodology as in the previous relations, the following forms can be obtained: 

𝜎𝑎𝑟 =
𝜎𝑎

1−(
𝜎𝑎
𝜎𝑢

(
1+𝑅

1−𝑅
))

2               [eq. 12] 

𝜎𝑎𝑟 =  
𝜎𝑎𝜎𝑢

2(1−𝑅)2

𝜎𝑢
2(1−𝑅)2−𝜎𝑎

2(1+𝑅)2        [eq. 13] 

3.4.10.  Walker 

The Walker Equation differs from the rest in that it uses a material constant  γ that needs to be fit 

to a set of fatigue data tested at different stress ratios (R). 

  𝜎𝑎𝑟 = 𝜎𝑚𝑎𝑥
1−𝛾𝜎𝑎

𝛾                              [eq. 14] 

Rearranging the equation,   𝜎𝑎𝑟 =  (
2𝜎𝑎

1 − 𝑅
)

1−𝛾

𝜎𝑎
𝛾  two different forms can be obtained by rear-

ranging: 

𝜎𝑎𝑟  = 𝜎𝑎 (
2

1 − 𝑅
)

1−𝛾

                              [eq. 15] 

𝜎𝑎𝑟 = 𝜎𝑎 (
1 −𝑅

2
)

𝛾−1

                   [eq. 16] 

When  = 0.5, the Walker equation is equivalent to SWT.  These equations serve two purposes: 

determine the equivalent fatigue strength 𝜎𝑎𝑟 for fully-reversed loading and solve for 𝜎𝑎 to deter-
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mine fatigue strength for any value of R if  𝜎𝑎𝑟 is known. From the MMPDS data sheet, 𝛾 =0.42 

for Inconel 625 correlated to fatigue life data with R ranging from -0.5 to 0.5 [58].  We assumed 

this exponent applied for fully-reversed loading too (R = -1) since no other data was available to 

establish a more refined value.  For Goodman and Gerber, the ultimate tensile strength of the 

material 𝜎𝑢 was estimated based on the average ultimate tensile strengths measured in the tensile 

tests conducted on the additive manufactured specimens, removing all outliers that had reduced 

ductility resulting in a reduced ultimate tensile strength. 

3.5. Roughness Measurements Methods 

Roughness measurements were acquired using a Zygo Optical Profiler and analyzed using Zygo 

MX software. The measurement of interest was the Sa value, which is the average roughness value 

for the scanned area in µm. Another potentially relevant measurement is the Sv value, which is the 

maximum depth of the scanned surface. The measurements were taken for specimens in the as-is 

condition before the HCF testing. Measurements were taken on all four sides: wide towards back 

(of the build plate), wide to-wards front; narrow side 1 and narrow side 2 for z specimens; narrow 

side top and narrow side bottom for xy specimens. These sides were differentiated using a notation, 

which varied de-pending on the xy or z configurations: 

                

FIGURE 34: Side denotations for z specimens. 

Wide towards back Wide towards front 
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FIGURE 35: Side denotations for xy specimens. 

The workflow for scanning specimens is described in TABLE 15 for wide sides and TABLE 16. 

TABLE 15: Procedure for roughness scans of wide sides. 

Step no. Procedure  

1 All samples are previously mounted ahead of time with tabs on grips sections. 

 

2 The specimen was fixated using standard tape on its flat side (see FIGURE 36a). 

Reference lines drawn in the stage were used to center specimens.  

3 Find the center of specimen (longitudinal direction), and then find the point in left 

edge that corresponds to the height of the center of the specimen. Set the orgin of 

the stitch. Create a stich size that covers the entire width of the flat side 3x12 

(0.5mm2 per unit, with a total of 36 units). Set the new origin of the stitch in the 

scan unit noted as number three, and  then reduce stitch size to 3x6 (0.5mm). This 

allows the final scan size to be centered in the flat side (FIGURE 36b).  

4 Calculate scan width (lowest valley to highest peak) and begin scan from the high-

est point. 

 
 

TABLE 16: Procedure for narrow sides. 

Step no. Procedure 

1 The samples were taped on their side. The samples were equally centered using the 

reference lines in the platform.  

2 Tape the stand-up sample with two grip ends. Closely tape the side, making sure 

there is no triangular space (there is no space between the tape and the specimen or 

the platform). 

 

3 Use the clamps at both ends to ensure stability of the sample during the scanning. It 

will avoid rotation of the sample during the movements of the machine. The bottom 

of the clamp should rest evenly on the platform (FIGURE 38). 

Wide towards back Wide towards front 

Narrow side top 

back 

Narrow side bottom  
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4 Find the center of the specimen, create a stitch size that covers the entire width 4x5 

(0.5mm2 per scan unit). Note that this scan size is slightly larger than the total  

width, so make sure that the scan area is centered to include all of the narrow side 

in the final output of the program. 

5 Calculate scan width of the profile (lowest valley to highest peak) and start scan 

from highest point downwards. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (a)                                    (b)              

FIGURE 36: Mounting (a) and scanning (b) of flat surfaces. 

 

FIGURE 37: Mounting and scanning of narrow side surfaces. 

 

TABLE 16 continued 
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3.6.  Porosity Measurements Methods 

Each build included microstructure samples with the purpose of measuring porosity and charac-

terizing the microstructure. These samples were mounted, polished using different grit paper, pol-

ished using the diamond polishing technique and imaged with an optical microscope.  

3.6.1. Cutting 

Each sample was cut longitudinally to divide into two equal parts, although the characterization 

was done for only one half.  

3.6.2. Mounting 

Both hot and cold mounting were used to create the microstructure samples. Hot mounts were 1 in. 

(25.4 mm) sized, and the cold mounts 1 ¼ in. (31.75 mm). 

For the cold mounting, the process consisted in mixing hardener with a resin with a 1:4 ratio. The resin 

used was EpoxiCure 2 resin (20-3430-064) 3 (Buehler, Chicago, Il, Usa), while the hardener used was 

EpoxiCure 2 hardener (20-3432). A release agent was applied to extract the mounted samples from the 

cups once the curing was finished (48 hours to fully cure).  

For hot mounting, the Techpress 3 (Allied, Los Angeles, CA) was used. Particularly, the mounting 

mode used for the samples was the conductive program with the following characteristics: 1-mi-

nute curing at 180C and 4408 PSI, and 4 minutes of cooling. The total time for the process is 5 

minutes, making it more desirable than the cold mount if both resources are available.  

3.6.3. Grinding 

After mounting, the samples were grided using progressively finer grit paper. For grinding, the 

orbital sander Rotopol-15 (Struers, Copenhagen, Denmark) was used. Each batch of samples (3 

samples at a time) was grinded at 250 rpm with running water (enough to lubricate the grind).  It 

is important to note that the samples should be thoroughly cleaned between steps to avoid remains 

FIGURE 38: Scanning of the narrow edge of pre-test samples. 



 40  

 

scratching the sample in the next step. Pressurized air was used to dry each sample after cleaning. 

The griding steps are listed in TABLE 17. 

TABLE 17: Steps for grinding microstructure specimens. 

Step No.  Procedure 

1 Sonicate for 5 minutes. 

 

2 5N of applied force, 10 minutes at 250 rpm (500 grit paper). 

 

3 5N of applied force, 10 minutes at 250 rpm (800 grit paper). 

 

4 10N of applied force, 10 minutes at 250 rpm (2000 grit paper). 

 

 

Every step the samples were checked to see uniformity in the scratches before moving on to next 

step. 

3.6.4. Diamond polishing 

Three different diamond polishing liquids were used to obtain a fully polished sample (9, 3,1 μm). 

The water flow was turned off and the diamond fluid was applied to the polisher each 1:30 minutes. 

After polishing with grit paper, TABLE 18 lists the steps performed. 

TABLE 18: Diamond polishing steps for microstructure specimens. 

Step 

No. 

Procedure Comments 

1 5N of applied force, 10 

minutes at 250 rpm with 9 

μm diamond fluid. 

This step can sometimes be problematic, as scratches can 

generate if the samples are not correctly cleaned or the 

exerted force has not been reduced from 10 to 5N. After 

this step the sample should look mirror polished to the 

naked eye but not to the microscope. If scratches remain, 

repeat this process until they have completely disap-

peared. 

 

2 5N of applied force, 10 

minutes at 250 rpm with 3 

μm diamond fluid. 

Check for uniformity of scratches with the microscope. 

 

3 5N of applied force, 10 

minutes at 250 rpm with 3 

μm diamond fluid. 

This step should completely eliminate any scratch, both 

seen by the naked eye and the microscope.  

 

 

3.6.5. Imaging 

An optical microscope was used to image the samples at 100x. The hardware was the Olympus 

BX-40 microscope, using the Motic Images Plus 2.0 ML software. Every image was taken with 

a 3664x2748 pixel resolution. For porosity imaging, 10 images were taken per sample following 
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the diagram in FIGURE 39. The sketch corresponds to the polished surface, and each blue square 

corresponds to each image taken from the samples and their order.  

Before imaging, the polished faces were cleaned using running tap water and dried with com-

pressed air. For unHIPed or porous samples, very thorough cleaning and drying had to be done, 

because dirt, water and polishing diamond liquid gets trapped within the pores and will show in 

the images. Moreover, any scratches present will also negatively affect the quality of the image, 

so if scratches are seen the last steps in TABLE 18 had to be repeated, depending on the width and 

amount of scratches.  

Five small lines were drawn for reference on the lower edge of the polished face to aid with the 

microscope positioning (shown in green in FIGURE 39). The images were taken horizontally from 

the lines in a random manner. Before imaging,  

 

FIGURE 39:  Schematic of the distribution of the images taken. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polished face 
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4. RESULTS AND DISCUSSION 

4.1.  High cycle fatigue data 

4.1.1. High cycle fatigue results of IN625 rolled sheet 

The first step taken was to benchmark the fatigue data by generating a “reference curve” using 

specimens machined from an IN625 rolled sheet (2.36 mm thick). The tensile properties of the 

reference rolled sheet were the following: Elastic Modulus was 190 MPa, the 0.2% offset yield 

strength was 550 MPa, and the UTS was 958 MPa. The complete tensile curves are shown in the 

Appendix. The hardness measured converted to Rockwell scales were 72 HRA, 113 HRB and 41 

HRC. Macroscopic imaging of the fractured tensile specimens revealed ductile failures, as shear 

lips could be observed in most of the fracture surfaces. The SN curve of the Inconel 625 rolled 

sheet is shown in FIGURE 40, where the double power law fit (Eq. 3) the data better than a simple 

Basquin curve (Eq. 2). The data used was acquired as described in section 3.4.4, although the step 

tests are also included.  The double power law coefficients were: A = 31,420 MPa/cycles, a = -

0.485, B = 217 MPa, and b = 0. These were obtained by numerical minimization of the SSE (sum 

of squared errors) of the curve with a constraint that exponents must be nonpositive. The SSE of 

the double power law was 1148 MPa2. The double power law relation with these parameters rep-

resented the reference curve behavior.  It is valid for cycles to failure between 5 x 104 to 107. 

 

FIGURE 40: Double power law curve fit to SN data of Alloy 625 sheet test at R = 0.1. 

This work focuses on the small xy and z specimens. Due to the COVID-19 outbreak, these speci-

mens were prioritized over the large specimens in order to give a comprehensive overview of all 

11 builds. Some large z specimens were tested, but not enough data was gathered to obtain mean-

ingful conclusions and trends. The following SN curves represent the data for the different builds 

and are separated according to the testing conditions: polished or as-is. The graphs include the 

rolled IN 625 plate a reference curve in black and the rest of the builds are color-coded accordingly.  

First step failures with a step count greater than 100,000 were considered valid to obtain a good 

estimate of the curve. The validity of the double power law fit for first step failures can be observed 
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in the different SN curves, as the data points resulting from first step failure do not deviate from 

their SN curves more than other step test points. Each data point represents one fatigue test speci-

men. The points aligned with 2x106 cycles are the fatigue strengths obtained using the step-test 

procedure. Any data points shown plotted as failed at less than 2x106 cycles, fractured during the 

first step. 

4.1.2. High cycle fatigue results of additively manufactured IN625  

FIGURE 41 shows the fatigue strength at 2 million cycles for small z specimens, comparing the 

fatigue strengths for the 11 builds tested in both as-is and polished conditions. The variation bars 

represent the range in fatigue strengths measured from multiple specimens.  In nearly all builds, 

the polished specimens had higher fatigue strength, especially prevalent in the higher fatigue 

strength cases. There is a high variability in the strengths of the specimens across builds. It can be 

observed from the plots that builds 1-3 and 9-11 performed much better than the rest.  In fact, 

builds 3 and 11 in the polished conditions had very similar fatigue strengths to the rolled IN625 

plate. This is explained by the difference in microstructure and presence of defects in the fracture 

surface shown later. It is worth highlighting that the expected strength of the as-is small z speci-

mens for build 11 was higher than the obtained data. This is due to a large porosity defect found 

on the surface of one of the specimens (11-10), and due to lower number of tested specimens (2 

units), the average strength is considerably penalized. Overall, the step test method was successful 

at measuring fatigue lives, with the exception of specimens from build 7 which had very low per-

formance due to extreme lack-of-fusion porosity. 

 

FIGURE 41: Fatigue strengths for the small z specimens in the as-is and polished condition. (R=0.1) 

FIGURE 42 compares the fatigue strengths of the small z and xy specimens tested in the as-is 

condition. For the Concept M2 builds (1-6), a significant difference of fatigue strengths was found 

between the two orientations, especially for the cases with good fatigue strength properties in the 

z-direction. This is consistent with the notion that cases where there is larger amount of porosity, 
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the difference becomes lower or almost negligible because the fatigue crack formation is com-

pletely governed by porosity defects and not surface roughness features. An interesting insight 

from this plot is that there is a larger anisotropy in fatigue strengths between z and xy specimens 

for the Renishaw AM250 than the Concept M2 machine, with the exception of build 11. However, 

as stated earlier, the strength of the small z as-is specimens is expected to rise as additional speci-

mens are tested.  

 

                    FIGURE 42: Fatigue strength for small xy and z specimens tested in the as-is condition. (R=0.1) 

FIGURE 43, FIGURE 44 and FIGURE 45 show the projected SN curves for the small z and xy 

specimens in polished and as-is conditions according to the build. Actual data points from experi-

ments are denoted by a symbol. If the specimen made it to more than 1 step, the strength at 2x106 

was calculated and plotted. Data points that do not plot at 2x106 cycles are first step failures and 

indicate the number of cycles the specimen endured at the applied stress level.  
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FIGURE 43: SN curve for the small z specimens in polished condition. (R=0.1) 

 

FIGURE 44: SN curve for the small z specimens in as-is condition. (R=0.1) 
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FIGURE 45: SN curve for the small xy specimens in the as-is condition. (R=0.1) 
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4.2.  Comparison of fatigue strength to tensile properties 

Tensile tests were performed on both z and xy specimens. These tests were conducted by South-

west Research Institute, San Antonio, TX. There were 8 tensile specimens per build (see FIGURE 

27), 4 xy and 4 z. All tensile specimens were tested in a machined condition to eliminate the in-

fluence of surface roughness. Some specimens could not be tested because they were either too 

warped to be machined or had fractured during the build. These issues were more prominent for 

xy specimens than z specimens, making z tensile results more reliable. The full stress-strain curves 

are given in the Appendix. The test results are summarized for builds 1 through 11 and separated 

according to the build direction. For as-is specimens and for every build direction, all four me-

chanical properties are plotted against build number. 

4.2.1.  z tensile properties  

A comparison of the elastic modulus (E), yield strength (YS), and ultimate tensitle strength (UTS) 

in the z direction is shown in FIGURE 46, FIGURE 47, and FIGURE 48, respectively. A low 

variability in these properties was observed across builds for the same machine. In fact, the values 

are invariant for those builds by the same machine even with variations in the AM process param-

eters. The YS and UTS of the specimens fabricated on the Concept M2 were significantly higher 

than on the Renishaw.  

In contrast, the strain to failure exhibited a high variability across builds (FIGURE 49), very similar 

to the variability seen in the HCF results. Builds with less than 25% strain to failure experienced 

consistently poor fatigue strength while those with over 25% strain to failure had much higher 

fatigue strengths. In fact, a clear correlation can be seen between strain to failure and fatigue 

strength (FIGURE 53). The trend seems to be good with the exception of build 4 which presented 

a very good ductility compared to its HCF strength. 

Overall, no apparent correlation between the previous mentioned mechanical properties (E, YS 

and UTS) and HCF strength of small z as-is specimens was found (FIGURES 50-52). This is a 

relevant observation, as previous studies [39] have found correlations between yield strength and 

fatigue, proving that it does not necessarily have to be the case for HCF.  

4.2.2. xy tensile properties  

The xy specimens exhibited considerably more variability in properties, particularly in strength 

and ductility. The elastic modulus (FIGURE 54) maintains the low variability observed previously 

with z specimens but the strength and ductility show different findings. As a result, no correlation 

has been found between the strain to failure and HCF strength for this xy specimen group. How-

ever, the yield strength does positively correlate with fatigue (FIGURE 59), with the exception of 

build 11 that presented a higher fatigue strength compared to the tensile test result. There is also a 

weak positive correlation between the ultimate tensile strength and fatigue with the exception of 

build 10 (FIGURE 60). However, these results are not as reliable for xy samples as these outliers 

could be due to low number of xy tensile specimens tested for build 10 and 11 (one specimen for 

build 10, two specimens for build 11). This suggests that the tensile strength is controlled by the 

post-build treatments, which was expected before designing the DoE.   
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FIGURE 46: Elastic modulus for the z tensile specimens. 

 

 

FIGURE 47: Yield strength for the z tensile specimens. 
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FIGURE 48: Ultimate tensile strength for the z tensile specimens. 

 

 

FIGURE 49: Strain to failure for the z tensile specimens. 
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FIGURE 50: Fatigue strength (small z, as-is) vs. elastic modulus for z specimens. 

  

FIGURE 51: Fatigue strength (small z, as-is)  vs. yield strength for z specimens. 
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FIGURE 52: Fatigue strength (small z, as-is) vs. ultimate tensile strength for z specimens. 

 

FIGURE 53: Fatigue strength  (small z, as-is) vs. strain to failure for z specimens. 
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FIGURE 54: Elastic modulus vs. build condition for xy tensile specimens. 

 
 

FIGURE 55: Yield strength vs. build condition for xy tensile specimens. 
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FIGURE 56: Ultimate tensile strength vs. build condition for xy tensile specimens. 

 

 

FIGURE 57: Strain to failure vs. build condition for xy tensile specimens. 
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FIGURE 58: Fatigue strength (small xy, as-is)  vs. elastic modulus for xy specimens. 

 

 

FIGURE 59: Fatigue strength (small xy, as-is)  vs. yield strength for xy specimens. 
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FIGURE 60: Fatigue strength (small xy, as-is) vs. ultimate tensile strength for xy specimens. 

 

FIGURE 61: Fatigue strength (small xy, as-is)  vs. strain to failure  for xy specimens. 
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4.3.  Influence of process parameters on fatigue strength 

4.3.1. Small z specimens (as-is and polished) 

This section contains plots to determine if there are any clear correlations of the AM process pa-

rameters with fatigue strength values measured on the small z specimens. A strong positive corre-

lation was seen been VED (Eq. 1) and HCF strength (see FIGURE 64). Each data point corre-

sponds to a build, with separate symbols for polished and as-is specimens. Higher VEDs yield 

better results in the form of improved microstructure, if no excessive VED is used as keyholing 

defects may be generated. As it shown in the SEM fractography (section 4.5), no keyhole defects 

were observed in the fractures but the improvement in strength seems to stagnate for >45 J/mm3, 

suggesting an optimal VED of that value. 

FIGURE 63 shows the relationship between laser velocity and fatigue strength. There is not any 

clear relationship between these parameters. For instance, the highest velocity (900 mm/s) gener-

ated the best (build 3) and the worst (build 7). As seen in FIGURE 13, different combinations of 

power and velocity are known to generate a range of microstructures and defect features. If very 

high power is used, the laser speed should also be increased to avoid added porosity. On the other 

hand, if the power is relatively low, very high laser scan speeds will not yield good results. For 

this project, 110 W was used which lies on the lower end of the typical power range. This factor 

coupled with the variability introduced by the AM machine system and the variations of hatch 

spacing, pattern and post-processing makes the relationship between HCF and scan velocity very 

complex to extract by simple regression of a single parameter.  

A weak negative correlation between HCF and hatch spacing can  be observed in FIGURE 62, 

where higher hatch spacings are associated to lower fatigue strengths. The highest strength was 

obtained for a hatch spacing of 70 µm. Although no clear trends can be found in the literature 

about the hatch spacing, Criales et al. [41] does recommend medium to high hatch spacings to 

obtain an isotropic characteristic. 
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FIGURE 62: Fatigue Strength vs. Hatch Spacing for z specimens. 

 

FIGURE 63: Fatigue Strength vs. Laser Velocity for z specimens. 
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FIGURE 64: Fatigue Strength vs. Volume Energy Density of z specimens. 

 

4.3.2. Small xy specimens (as-is).  

On the other hand, the results for the xy specimens are surprisingly very different. Here, no positive 

correlation with HCF can be observed in the VED plot (FIGURE 67). High VED (50 J/mm3) ob-

tained the best results for small xy, but low VED obtained also good results for some builds. 

Something similar can be observed in FIGURE 65 which compares hatch spacing to fatigue 

strengths.   The highest (100 µm) and lowest (70 µm) values of the tested hatch spacings were the 

ones that generated the best results for this specimen group. The hatch spacing of 100 µm gave 

good results in build 2 but was also associated with the lowest performing builds (7,8).  FIGURE 

66 shows this same U-shaped correlation between fatigue strength and scan velocity, where a laser 

speed of 800 mm/s generated the best results but also the worst. 

Overall, no clear trend between processing parameters and HCF was found for xy specimens. The 

fact that z specimens did correlate with regards to the VED exacerbates the difference in properties 

between z and xy specimens.  
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FIGURE 65: Fatigue strength vs. hatch spacing for xy specimens. 

 

FIGURE 66: Fatigue strength vs. laser velocity for xy specimens. 
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FIGURE 67: Fatigue strength vs. volume energy density of xy specimens. 

4.4.  Estimation of fatigue strength for different stress ratios 

The stress ratio in applications is often not the same as the stress ratio applied in the fatigue test 

program.  Here, all tests were conducted at R = 0.1.  The methods described in Chapter 3 for mean 

stress correction were used to create diagrams to estimate fatigue strengths at 2x106 cycles for 

stress ratios from R = -1 (fully reversed) to R = 0.5.  Fatigue strengths are based on stress ampli-

tude. Diagrams were generated for small z specimens and for each build except build 7 (the one 

with extremely low fatigue strength). These are shown in FIGURES 68-78. For Goodman and 

Gerber, the average ultimate tensile strength was used. The value for the Concept M2 was 910 

MPa (builds 1-6) and 802.4 MPa (builds 7-11). However, considering the fact that both machines 

obtained different values of UTS, the average was calculated for each machine. For the Walker 

analysis, it was assumed that γ = 0.42, which is value found that fit the data reported in MMPDS-

14 for wrought IN625 [58]. It is likely that this value fits the AM specimens reasonably well, 

though no separate regression analysis has been done since we only have data at R = 0.1. Given 

that this γ value is close to 0.5 (for which the Walker equation reduces to the SWT equation), the 

SWT equation is also a reasonable equation to use. 

As was expected from the equation forms, the SWT and Walker equations both predict similar 

fatigue strengths. Also, the Gerber equation provides the most conservative estimates for low val-

ues of R. For builds 1, 2, 3, 6, 9, 10 and 11 the Goodman equation yields similar results to the 

SWT and Walker equations, but it estimates much lower strengths as R approaches -1 for the rest 

of the builds. The reason for the extremely low estimates of fatigue strength of the Gerber equation 

is that the Gerber equation is typically used for highly ductile materials. Finally, FIGURE 78 was 

generated using all four mean stress correction methods to give a range of life values for fully-
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reversed loading (R = -1) in the as-is condition so that the results of the different builds can be 

directly compared.  

  

 

 

 

 

  

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 68: Fatigue strength vs. build 1, small z specimens. 

FIGURE 69: Fatigue strength vs. build 2, small z specimens. 
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FIGURE 70:  Fatigue strength vs. build 3, small z specimens. 

FIGURE 71: Fatigue strength vs. build 4, small z specimens. 
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FIGURE 73: Fatigue strength vs. build 6, small z specimens. 

FIGURE 72: Fatigue strength vs. build 5, small z specimens. 
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FIGURE 75: Fatigue strength vs. build 9, small z specimens. 

FIGURE 74: Fatigue strength vs. build 8, small z specimens. 
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FIGURE 77: Fatigue strength vs. build 11, small z specimens. 

FIGURE 76:  Fatigue strength vs. build 10, small z specimens. 
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FIGURE 78: Estimates of fatigue strength for 2 million cycles under fully-reversed loading (R=-1). 
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4.5.  Fracture surface study  

The fracture surfaces of several fatigue specimens were examined to identify the "killer" defects 

that caused the fatigue cracks to nucleate.  Fatigue specimens from all builds except builds 2 and 

10 were examined. The subset of specimens examined were selected to gain the greatest contribu-

tion to the understanding of the microstructure features influence fatigue strength. The goal was to 

provide explanations for the large variability of fatigue strengths measured among the builds.  

The first step was to conduct a macroscopic visually inspection the fractured surfaces to identify 

the general location where the crack appeared to nucleate in the gage section of the specimen and 

whether it appeared to form on the narrow edge, wide sides, at a corner, or internally. This was 

done to classify the specimens according to the perceived crack nucleation site, distinguishing 

cracks that were thought to nucleate in the internally or at the surface. However, although visual 

inspection and photographs taken with a regular digital camera for documentation are useful for 

classification, further microscopic imaging is necessary to identify the "killer" defect and other 

features of the microstructure that influence the fatigue crack nucleation and its growth. Both a 

digital optical microscope, Keyence VHX-600 and scanning electron microscope TESCAN 

MIRA3 (SEM) were used for the microscopic observations.  Different magnifications were used 

to pinpoint specific features of the surfaces. Each specimen studied includes a macroscopic view 

of the entire fracture surface to clarify the microscopic location examined and its orientation rela-

tive to the build direction. All captions specify specimen number, build direction, specimen type 

and the fatigue strength at 2x106 cycles. All values reported in this section for fatigue strength 

correspond to stress amplitude.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 69  

 

4.5.1. Visual inspection results 

A summary of all small HCF test specimens indicating the likely location of the fatigue crack 

nucleation in shown in TABLE 19.  This table contains a classification of all tested HCF specimens 

through macroscopic visual observation of the fracture surface. For each data point, the visible 

nucleation site is indicated. If this location was very close to one of the sides, the specific side is 

indicated according to the naming criteria established in the DoE. In addition, the Condition col-

umn provides some additional details:  P indicates the gage section of the specimen was polished 

on all four sides and FFS corresponds to a failed first step.  In general, the fatigue crack formed at 

or very close to a surface, with the narrow sides the most likely origin of the fatigue crack (75% 

of all analyzed specimens. Some of the small z specimens nucleated the fracture from the wide 

side. However, all small xy specimens failed from one of the narrow sides except specimen 11-17. 

TABLE 19: Visual inspection of all tested specimens. 

build specimen specimen type crack initiation site  if close to side, which one? Condition 

1 7 small z close to side narrow side 2   

8 small z close to side narrow side 2 P 

9 small z close to side narrow side 2 P 

10 small z       

11 small z close to side narrow side 1   

12 small z close to side narrow side 1   

13 small xy close to side narrow side top FFS 

14 small xy close to side narrow side top   

15 small xy       

16 small xy       

17 small xy       

18 small xy close to side narrow side bottom   

2 7 small z close to side wide side towards front P 

8 small z close to side narrow side 1   

9 small z close to side wide side towards back   

10 small z       

  small z     P 

12 small z close to side wide side towards back   

13 small xy       

14 small xy       

15 small xy       

16 small xy close to side narrow side bottom FFS 

17 small xy close to side narrow side bottom FFS 

18 small xy close to side narrow side bottom   

3 7 small z close to side narrow side 2   

8 small z SCS   P 

9 small z middle   P 

10 small z       

11 small z close to side narrow side 2   



 70  

 

TABLE 19 continued 

12 small z close to side  narrow side 2   

13 small xy close to side wide side towards back   

14 small xy       

15 small xy       

16 small xy close to side narrow side bottom FFS 

17 small xy       

18 small xy       

4 7 small z close to side wide side towards front FFS 

8 small z middle     

9 small z close to side narrow side 1   

10 small z       

11 small z close to side wide side towards front P 

12 small z close to side wide side towards front P 

13 small xy close to side narrow side top   

14 small xy       

15 small xy close to side narrow side top FFS 

16 small xy close to side narrow side bottom FFS 

17 small xy       

18 small xy       

5 7 small z close to side wide side towards front FFS 

8 small z     P 

9 small z close to side wide side towards front P FFS 

10 small z close to side narrow side 1 FFS 

11 small z close to side narrow side 2 FFS 

12 small z close to side wide side towards front   

13 small xy close to side narrow side bottom   

14 small xy       

15 small xy       

16 small xy       

17 small xy close to side  narrow side bottom FFS 

18 small xy       

6 7 small z     P 

8 small z close to side wide side towards back   

9 small z middle   FFS 

10 small z       

11 small z     P 

12 small z       

13 small xy close to side narrow side bottom FFS 

14 small xy       

15 small xy close to side narrow side top   

16 small xy close to side narrow side bottom FFS 

17 small xy       
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TABLE 19 continued 

18 small xy       

7 7 small z not clear   FFS 

8 small z not clear  P FFS 

9 small z       

10 small z       

11 small z       

12 small z       

13 small xy not clear   FFS 

14 small xy       

15 small xy       

16 small xy       

17 small xy       

18 small xy       

8 7 small z close to side narrow side 1 P 

8 small z close to side  narrow side 2 FFS 

9 small z       

10 small z       

11 small z       

12 small z       

13 small xy close to side narrow side top FFS 

14 small xy       

15 small xy       

16 small xy       

17 small xy       

18 small xy       

9 7 small z close to side  narrow side 2   

8 small z       

9 small z       

10 small z close to side  narrow side 2   

11 small z       

12 small z close to side narrow side 2 P 

13 small xy close to side narrow side bottom FFS 

14 small xy not clear     

15 small xy close to side narrow side bottom FFS 

16 small xy       

17 small xy       

18 small xy       

10 7 small z close to side narrow side 2   

8 small z       

9 small z       

10 small z not clear   FFS 

11 small z       
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TABLE 19 continued 

12 small z       

13 small xy close to side narrow side bottom FFS 

14 small xy       

15 small xy       

16 small xy close to side narrow side bottom FFS 

17 small xy       

18 small xy close to side narrow side bottom FFS 

11 7 small z close to side wide side towards back P 

8 small z       

9 small z       

10 small z close to side wide side towards back ]  

11 small z       

12 small z close to side narrow side 2   

13 small xy close to side narrow side bottom ] FFS 

14 small xy close to side  narrow side bottom ] FFS 

15 small xy     X,R 

16 small xy close to side  narrow side bottom FFS 

17 small xy close to side wide side towards back   

18 small xy       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 73  

 

4.5.2. Build 1 

The good performance of build 1 specimens can be attributed to a good microstructure. FIGURE 

79 shows the fatigue crack formation site of specimen 1-8 (small z, polished, 212.15 MPa of fa-

tigue strength amplitude). The nucleation site was on the narrow edge of the specimen, where 

carbides were observed (FIGURE 79a). No major lack-of-fusion defects were found on the fracture 

surface of this specimen.  The fatigue crack nucleation site appears to be associated with the car-

bides that are known to act as stress risers when subjected to fatigue loads.  In this case, several 

carbides were close together resulting in a magnified effect on the cyclic stress concentration  

Similarly, specimen 1-14 (small xy, as-is, 139.9 MPa), shown in FIGURE 80, was also observed 

to have carbides near the edge on the fracture surface. However, the fatigue crack nucleation site 

is associated with the presence of a large, concentrated lack-of- fusion defect close to the carbides. 

The exact origin of the fracture is difficult to pinpoint because the site where the crack appears to 

connect to both defects. Nevertheless, FIGURE 80 makes it clear that large cavities (>400 mm) 

such as the one seen in FIGURE 80a will reduce strength significantly. Therefore, the reduction in 

the fatigue strength for the small xy specimen compared to the small z specimen  in build 1 is due 

to a larger concentration and size of lack-of-fusion defects.  

 yt 

     FIGURE 79: Nucleation site of specimen 1-8 (small z, polished, 212.2 MPa). 
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FIGURE 80: Nucleation site of specimen 1-14 (small xy, as-is, 139.9 MPa). 

a b 
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4.5.3. Build 3  

Build 3 exhibited good fatigue behavior overall, but a large variability was found between as-is 

and polished specimens. Only one small xy specimen from build 3 was tested due to a large number 

of flawed specimens (some were extremely warped, some had visible cracks), which may explain 

the higher variability between small z and xy compared to builds 1 and 2 (see FIGURE 42). For 

this build, two small z specimens (as-is and polished) were imaged to understand the disparity.  

The SEM imaging of specimen 3-9 (FIGURE 81) showed reduced porosity and lack-of-fusion 

defects. This specimen obtained a very high fatigue strength (239.6 MPa). The fatigue crack ap-

peared to have initiated near the surface closer to the middle of the wide side (see FIGURE 81a) 

where a mid-sized lack-of-fusion defect (<250µm) was detected. FIGURE 81a and b reveal the 

presence of a carbide close to the surface of the specimen.  

Carbide particles were also detected toward the edge of the fracture in specimen 3-12 (FIGURE 

82a). However, this specimen obtained significantly less strength, approximately 100 MPa less 

(182.9 MPa). The shape of the fracture of specimen 3-12 suggests that the fatigue crack formed at 

a location where the carbides were most likely the origin near the as-is surfaced. The reduced 

fatigue life could be explained by the fact that the increase in the surface roughness coupled with 

the presence of the carbides near the surface caused the fatigue crack to form, while a larger stress 

was needed to nucleate the fatigue crack at the lack-of-fusion defect located in specimen 3-9.  

 

 

FIGURE 81: Nucleation site of specimen 3-9 (small z, polished, 239.6 MPa). 
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b c 
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FIGURE 82: Nucleation site of specimen 3-12 (small z, as-is), 365.8 MPa. 
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4.5.4. Build 4  

Build 4 presented lower fatigue performance compared to the previous builds and a low variability 

between small z as-is and polished specimens. FIGURE 83a (specimen 4-12, small z, polished, 

133 MPa) shows localized and significant lack-of-fusion defects towards the surface. Another 

specimen (4-11, small z, polished, 124.6 MPa) was imaged to confirm this tendency. The severity 

of the lack-of-fusion defects (>250µm) located close to the surface was likely the reason why the 

difference between polished and non-polished was reduced compared to the previous builds. Fur-

thermore, the small difference between small xy and small z can also be attributed to these local-

ized and large empty voids located near the surfaces.   

 

FIGURE 83: Nucleation site of specimen 4-12 (small z, polished, 133 

MPa). 
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FIGURE 84: Nucleation site of specimen 4-11 (small z, polished, 124.6 MPa). 
b 
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4.5.5. Build 5 

Build 5 presented higher fatigue performance for the polished z specimens compared to build 4, 

but very similar strength between small z as-is and small xy as-is. Two specimens from small z 

build direction and one small xy were imaged to investigate the increase in fatigue performance 

for the polished small z and the matching results for the as-is specimens.  

FIGURE 85 shows specimen 5-12 (small z, as-is, 131.1 MPa). Overall, this specimen presents 

reduced lack-of-fusion defects, but a high number of carbides can be seen (FIGURE 85a,b,c). 

Specimen 5-9 (small z, polished, 168.8 MPa) shows more of these carbides (FIGURE 86a,b). No 

major lack-of-fusion defects can be observed in this specimen, proving once again that significant 

empty voids are more detrimental to HCF strength than carbides. 

As for the xy specimen 5-17 (small xy, as is, 110.8 MPa) shown in FIGURE 87, lack-of-fusion 

defects were found on the narrow edge that was connected to the build plate by supports. Although 

these edges were polished, the size and depth of the empty void in FIGURE 87a (>250µm) was 

the underlying feature behind fracture. FIGURE 87b shows again the presence of a carbide, alt-

hough for this specimen it was not found to be the “killer” defect feature.  
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FIGURE 85: Nucleation site of specimen 5-12 (small z, as-is, 131.1 MPa). 
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FIGURE 86: Nucleation site of specimen 5-9  (small z, polished, 168.8 MPa).  
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FIGURE 87: Nucleation site of specimen 5-17 (small xy, as is, 110.8 MPa). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 

b 

a b 



 84  

 

4.5.6. Build 6  

Build 6 small z specimens presented good microstructure, and reduced carbides in the fracture 

surface. Unlike the rest of the builds (with the exception of the extremely low fatigue strength of 

build 7), build 6 small z specimens were the only ones where the strength of the as-is matched the 

polished. In fact, the results came out to be slightly favorable to the as-is specimens.  

FIGURE 88 shows the fracture surface of specimen 6-8 (small z, as-is, 150.7 MPa). No large voids 

can be observed except for the nucleation site where a relatively small empty void can be seen 

(≈200µm).  

The same feature found in the previous build (specimen 5-17) was present in FIGURE 89 (speci-

men 6-13, small xy, as-is, 110.5). This large lack-of-fusion void (>250µm) could explain the re-

duction in fatigue performance of small xy vs small z for the build.  

  

 FIGURE 88: Nucleation site of specimen 6-8 (small z, as-is, 150.7 MPa). 
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FIGURE 89: Nucleation site of specimen 6-13 (small xy, as-is, 110.5 MPa). 
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4.5.7. Build 7  

As seen in the fatigue results section (section 5.1), build 7 presented extraordinarily lower fatigue 

than the rest of the builds. One specimen (7-13, small xy, as-is, too low fatigue strength) from this 

build was imaged (FIGURE 90). The poor microstructure can be readily perceived with the naked 

eye (FIGURE 90). This particular specimen, apart from having extreme porosity, was the only 

specimen that failed by interlayer delamination. The SEM image shows the delaminated layer per-

pendicular to the build direction. The exact origin of the fracture is not clear, as it could have 

happened in the perpendicular planes simultaneously. The weak bonding between layers, coupled 

with high porosity within the specimen was the reason behind the low fatigue performance of the 

build. The same poor microstructure was observed in the rest of the tested specimens from build 

7.  

 

FIGURE 90: Nucleation site of specimen 7-13 (small xy, as-is, too low fatigue strength). 
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4.5.8. Build 8  

Although build 8 exhibited better fatigue strength than the previous build 7, build 8 had a relatively 

low HCF compared to all of the other builds. FIGURE 91 shows the fractured surface of specimen 

8-13 (small xy, as-is, 45.8 MPa), revealing large and numerous lack-of-fusion voids (>300µm). A 

high variability was found between small xy and small z.  This was attributed to the reduced lack-

of-fusion defects found on the fracture surfaces from the small z specimens. Polishing was also 

found to play a large role within the small z specimens, consistent with the fact that surface finish 

will play a bigger role when as-is roughness conditions are sub-optimal (roughness and internal 

porosity).  

 

FIGURE 91: Fracture surface of specimen 8-13 (small xy, as-is, 45.8 MPa). 

 

 

 

 

 

build direction 
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4.5.9. Build 9 

Build 9 presented a good fatigue resistance for small z specimens in both as-is and polished con-

ditions, but reduced strength for small xy specimens. Two specimens in the as-is condition from 

both build directions were imaged. FIGURE 92 shows the fracture surface of specimen 9-7 (small 

z, as-is, 162.8 MPa), revealing a relatively good microstructure except the large void (≈300µm) 

that can be seen in the top right part of the image. 

On the other hand, specimen 9-14 in FIGURE 93 (small xy, as-is, 79.4 MPa) shows a larger amount 

of these defects, which could explain the high variability of z vs. xy specimens. No polished spec-

imen was imaged as the difference between as-is and polished small z specimens was consistent 

with the average performance improvement when surface roughness was reduced by polishing.  

 

FIGURE 92: Nucleation site of specimen 9-7 (small z, as-is, 162.8 MPa). 
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FIGURE 93: Nucleation site of specimen 9-14 (small xy, as-is, 79.4 MPa). 
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4.5.10. Build 11   

This build presents one of the best microstructures of all of the builds. FIGURE 94 shows specimen 

11-7 (small z, polished, 229.2 MPa), revealing a very good microstructure where the river marks 

clearly point towards the initiation site. The carbide in FIGURE 94a was found to be the reason 

behind fatigue crack nucleation for this specimen. Another two small z specimens were fatigue 

tested, with contradicting results. Specimen 11-10 (small z, as-is, 140.9 MPa) shown in FIGURE 

95 had considerably lower strength compared to the polished specimen, much more than expected. 

FIGURE 95a shows a feature that looks like a deep void on the surface. However, specimen 11-

12 (small xy, as-is, 163.9 MPa) which was not examined in the SEM had a considerably higher 

fatigue strength. This suggests that the previously described defect was responsible for the outlier 

of the small z specimens.  

Furthermore, FIGURE 97 shows the fracture of specimen 11-13 (small xy, as-is, 105.3 MPa). The 

SEM image reveals the presence of a large lack-of-fusion defect towards the bottom narrow side 

where the supports were introduced during manufacture. From there, the fracture initiated and 

propagated through the crack and caused failure of the specimen. Once again, large, concentrated 

lack-of-fusion voids will have detrimental effects and punish the fatigue performance of the spec-

imen, causing a significant difference between xy and z specimens. 
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FIGURE 94: Nucleation site of specimen 11-7 (small z, polished, 229.2 MPa). 
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FIGURE 95: Nucleation site of specimen 11-10 (small z, as-is, 140.9 MPa). 

a 
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       FIGURE 96: Nucleation site of specimen 11-13 (small xy, as-is, 105.3 MPa). 
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4.6.  Surface roughness results 

Comparisons of the Sa values for the small as-is z specimens are shown FIGURE 97.  The Sa 

values ranged from 13-16 m for most of the surfaces in the gage section for the specimens built 

on the Concept M2 (builds 1-6). For reference purposes, the Sa value obtained for polished speci-

mens was <2 m, approximately 80% less rough. The Sa values for the specimens built on the 

Renishaw were generally lower, particular on the wide sides, where the Sa values ranged from 5-

6 m.  The narrow sides were noticeably rougher than the wide sides for the Renishaw, though not 

any rougher than the Concept M2. 

FIGURE 98 summarizes the surface roughness results for the small xy specimens. The Sa value for 

the wide faces was similar for both machines, Sa < 14 µm for most builds, with the exception of 

build 4. The value for the Renishaw was slightly lower than the Concept M2 for the wide faces. 

As for the narrow sides, the narrow side towards the bottom was the roughest, Sa > 30 µm for all 

builds except build 1. The values for the Renishaw were similar to the Concept M2 for the narrow 

side towards the top (Sa ≈30 µm), but considerably higher for the narrow side towards the bottom, 

where the Sa values ranged from 32-53 µm. Overall, the roughness for the narrow sides is consid-

erably higher than the wide sides, with the narrow side towards the bottom being the worst.  

Finally, FIGURE 99 shows both specimen orientations on the same plot. The roughness of all wide 

sides was higher in value for the Concept M2 builds (Sa >10 µm). The Renishaw yielded better 

roughness for the wide sides (Sa < 5 µm). However, the roughness of xy specimens on the narrow 

sides was consistently worse than that of the small z specimens, by a large amount (Sa > 10 µm). 

This difference was more extreme for the Renishaw than the Concept M2. Moreover, the differ-

ence in roughness (Sa) between wide and narrow sides is also more prominent for the Renishaw 

than the Concept M2 builds. In some cases, the increase in Sa from the wide to the narrow > 30 

µm.  

Some values of roughness are missing (for instance, build 2 results in FIGURE 97) because the 

roughness study was initiated after the HCF testing was performed and we learned that the rough-

ness values obtained after fatigue testing were different from before, and hence not directly com-

pariable. Nevertheless, a large number of specimens were tested so these results do provide a com-

prehensive overview of the Sa values for the available builds and all sides. 

From these results, we can observe that the Sa values do not directly correlate to the fatigue per-

formance. For example, consider the z-direction specimens, FIGURE 97, the fatigue strength of 

build 4 was much lower than builds 1 and 3, yet it had lower surface roughness. Furthermore, 

builds 7 and 8 had the worst fatigue lives and had better surface roughness than builds 1-6 for 

small z specimens. The fact that the Sa value is consistently worse for narrow sides may explain 

why fatigue cracks often nucleated on the narrow sides (TABLE 19). Nevertheless, although the 

roughness results seem to point towards the narrow side 1 of the z specimens, no clear trend was 

seen between the visual inspection and the measured roughness, as the fatigue cracks formed 

mostly from one of the narrow sides indistinctively.  
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FIGURE 97: Sa values in microns for all sides of small z specimens. 

The surface roughness of the small xy specimens shown in FIGURE 98 weakly correlate to the 

fatigue strengths. Good performing builds (1, 2, 3, 6, 10, 11) had lower Sa values on the wide sides 

(Sa < 14 µm) than worse performing builds (4, 5, 9) (Sa > 14 µm). This could be due to the fact 

that surface defects were associated with fatigue crack formation for small xy specimens, while 

the majority of the "killer" defects in the z specimens occurred as a result of internal features like 

lack-of-fusion defects and carbides described in the previous section. Similar pattern within each 

build was observed, where in this case the narrow side towards bottom is the side with the greatest 

roughness, in many cases Sa >10 µm of difference between sides. TABLE 19 does show a ten-

dency of the small xy specimens to form fatigue cracks on  the narrow side towards the build plate 

(i.e., bottom side). This is in line with the previous statement that roughness drove a larger amount 

of fractures in small xy than small z due to a larger Sa value for this group of specimens. However, 

a low Sa value for builds 7 and 8 indicates that fatigue is not necessarily correlated with Sa values 

when internal defects are the sites where fatigue cracks are forming. Although surface finish is an 

important factor when determining fatigue, other roughness values such as Sv (maximum depth) 

could be more significant when predicting performance as shown in FIGURE 95. 
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FIGURE 98: Sa values in microns for all sides of xy specimens. 

 

 

FIGURE 99: Sa values in microns for both xy and z specimens. 
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4.7.  Estimation of stress-life curves for each build 

Using the fatigue strength results, stress-life (SN) curves are estimated for each build and com-

pared to SN curves of additively manufactured IN625 reported in the literature.  The SN curves 

are plotted for fully-reversed loading using the Walker equation (eq. 15) with 𝛾 = 0.42. The SN 

curves for the small z specimens are separated into two plots (FIGURE 100 and FIGURE 101) in 

order to avoid crowded plots. This is also present in FIGURE 102, where the strengths of builds 7 

are also not seen. All plots include the baseline wrought estimate from MMPDS-14 [58], and the 

additively manufactured IN625 from Koutiri et al. [13] and Anam [39]. Koutiri et al. results are 

only shown on the xy plot, as this author only tested fatigue specimens in this direction. Alterna-

tively, Anam results are separated as this author tested specimens in both directions.  

The MMPDS-14 data is standard benchmark used for wrought, annealed and unnotched IN625. 

The fatigue data from the rolled plate is comparable to the MMPDS-14 data. Small z specimens 

(FIGURE 100 and FIGURE 101) from builds 3 and 11 in the polished conditions offered the clos-

est tensile and fatigue properties compared to both wrought curves.  

It is relevant to note that the results obtained by Anam showed the greatest fatigue strength even 

better than the data for wrought material in all orientations. Furthermore, Anam obtained better 

results for xy (FIGURE 102) than z specimens, which is the opposite of what was obtained in this 

study. Anam attributes this anisotropic behavior to a higher porosity found in z samples, caused 

by the increase in probability of obtaining lack-of-fusion defects within layers.  However, if these 

defects are absent, z specimens should obtain better fatigue properties due to favorable columnar 

grain distribution. For z specimens, the crack grows perpendicularly to the grain growth, making 

propagation more difficult. Alternatively, the crack growth for xy specimens is parallel to the grain 

orientation. However, columnar crystallographic grains were only observed in the Concept M2 

specimens. The HIP process resulted in recrystallization for the Renishaw specimens, meaning 

that there should have been less microstructure anisotropy for the Renishaw. However, the fatigue 

results show more anisotropic behavior for the Renishaw than the Concept M2. This suggests that 

the features of the crystallographic grain size and morphology did not influence the HCF strength 

for the specimens tested here; instead, the HCF strength was mainly controlled by either lack-of-

fusion defects or carbides, with added influence of the stress concentrations associated with in-

crease in surface roughness. 

As seen on the fracture surfaces, small z specimens obtained in many cases had fewer lack-of-

fusion defects than the small xy specimen. One possible reason for the increase in fatigue strength 

observed by Anam is the specimen geometry used in his investigation.  The fatigue tests used an 

hourglass test section with minimum diameter of 4 mm. This specimen type reduces the volume 

of material experiencing the greatest cyclic stress to a plane.  When fatigue strength is controlled 

by the weak-link defects, this test specimen will have higher fatigue strength than one that uses a 

uniform gage section that all of the other investigations reported here have used. 

Koutiri et al. results are very similar to the results gathered for the higher strength small xy builds 

(FIGURE 102). This author did obtain slightly better performance for the polished specimens, 

although not as much as expected. The author explains that this is due to similar sized defects 
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located further away from the edges, known as “killer defects”. These were found in both polished 

and as-is specimens. This was the case for some builds from this project specially for the worse 

performing small z builds where internal defects were the driving mechanism behind failure (see 

builds 4 and 6 from FIGURE 100). 

 

FIGURE 100: SN plot for fully-reversed (R=-1) loading using Walker equation ( = 0.42) for small z, builds 1-6. 
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FIGURE 101: SN plot for fully-reversed (R=-1) loading using Walker equation (  = 0.42) for small z, builds 7-11. 

  

FIGURE 102: SN plot for fully-reversed loading using Walker equation ( = 0.42) for small xy, builds 1-11. 
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4.7.1. Estimated fully-reversed (R=-1) life relationships for all builds  

The SN curves for all builds is given by  

𝑁𝑓 = 4.78 × 109 (𝜎𝑎𝑟 − (𝐵𝑢𝑖𝑙𝑑𝑥𝑝𝑎𝑟))
−2.06

       [Eq. 17] 

where 𝜎𝑎 has units of MPa and is generally applicable for fatigue lives between 105 and 107 cy-

cles. TABLE 20 and TABLE 21 contain the parameters for the small z and small xy specimens, 

respectively, that can be used to obtain the fully-reversed curves for all builds except for 7 which 

had very low fatigue strength.  

TABLE 20: build parameter (𝐵𝑢𝑖𝑙𝑑𝑥𝑝𝑎𝑟) for  small z specimens (eq. 17). 

Build no. 

Polished 

(MPa) 

As-is 

(MPa) 

1 277 235 

2 263 216 

3 331 233 

4 157 142 

5 221 147 

6 175 188 

7 N/A N/A 

8 186 102 

9 277 212 

10 238 216 

11 216 195 
 

TABLE 21: build parameter (𝐵𝑢𝑖𝑙𝑑𝑥𝑝𝑎𝑟) for  small xy specimens (eq. 17). 

Build no. As-is (MPa) 

1 176 

2 174 

3 165 

4 141 

5 138 

6 154 

7 N/A 

8 28 

9 98 

10 126 

11 190 
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5. CONCLUSIONS 

The results show that the high cycle fatigue (HCF) performance can be obtained for L-PBF IN625 

for different combinations of processing parameters and microstructures using a fatigue step test 

method. The fatigue step test was found to have considerable utility for obtaining fatigue infor-

mation efficiently. Another application of the step test method is the evaluation of one-of-a-kind 

witness specimens built adjacent to components on the build plate that can be used for quality 

assurance and as data for digital threads. This work showed the high variability of HCF strength 

with different internal microstructures and surface roughnesses. The data gathered shows a com-

plex relationship between processing parameters, structure, and fatigue life. Considerable structure 

and property differences between two different L-PBF machines using nominally the same pro-

cessing conditions was observed suggesting that the type of machine will exacerbate variability. 

Volumetric energy density (VED) has been found to be the stronger indicator for high cycle fatigue 

performance in the case of small z specimens, as the highest energy densities exhibited lower po-

rosity and higher fatigue strength. The large amount of lack-of-fusion “killer” defects suggests that 

the volumetric energy density used was not large enough in the DoE. A higher energy density 

should be used to mitigate this defect, but without incurring in too high VED values to avoid 

keyholing defects. HIPping was found to not reduce porosity completely particularly when lack-

of-fusion defects were widespread, making optimal choice of processing parameters more im-

portant when extending the fatigue life of specimens. 

It was shown that HCF life does not necessarily correlate with yield strength. The fatigue strength 

weakly correlated with ductility for z specimens, but this correlation was not apparent in the xy 

build direction. However, xy specimens did weakly correlate with yield strength, although the 

reliability of these results can be questioned due to the low amount of tensile xy specimens tested. 

The yield strength was clearly not sensitive to processing defects, except when extreme porosity 

was present. 

Several processing influences were studied under HCF. The surface roughness was shown to play 

some role as polishing the surfaces was found to increase the fatigue longevity for the vast majority 

of builds particular for the small z HCF specimens. The increase in fatigue strength with polishing 

was more prominent for the builds with fewer defects and higher fatigue strengths, for which the 

internal defects did not override the surface roughness effect. The most relevant result of this study 

is the anisotropy of the strengths observed between z and xy specimens, with the z specimens 

exhibiting higher fatigue strength than the xy in the same build. This is contrary to what was re-

ported in previous work, as z specimens were found to have larger concentrations of lack-of-fusion 

defects due to the larger number of layers perpendicular to the build direction.  

The majority of the fatigue crack formation sites, i.e., the "killer" defects, were associated with 

lack-of-fusion defects, mostly near a surface. In specimens where the lack-of-fusion defects were 

minimal, fatigue cracks tended to form at sites where several carbides were close together and 

acting as stress risers during HCF testing, also typically close to a surface.  However, high amounts 

of lack-of-fusion defects were considerably more detrimental than the presence of carbides which 

also tended to be smaller in size than the porosity associated with the lack-of-fusion defects. It was 

also found that when there is a higher the concentration of lack-of-fusion defects, there is a higher  

probability of the fatigue crack forming internally and hence a less dependence of HCF strength 

to the surface finish. Overall, the observed porosity was build location dependent in both xy and z 

specimens. 
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The surface roughness value Sa did not show a correlation to fatigue performance. The fatigue 

crack nucleation sites in the majority of the cases were located on the narrow sides where the Sa 

value was considerably higher.  However, some poor performing builds with high porosity had 

lower Sa values than better performing builds with lower porosity, suggesting the surface rough-

ness alone cannot provide a definite indicator of fatigue performance. Therefore, future work 

should analyze other roughness parameters such as Sv, or maximum depth of the surface, as large 

depressions found on a couple of the surfaces were sites where fatigue cracks formed. 
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APPENDIX 

A.1   Stress-strain diagrams  
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build 6 
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A.2   Alligment with Sustainable Development Goals 

As stated previously, the objective of this work is to design and implement a DTMM for a state-

of-the-art injector of a RDE (rotating detonation engine). This engine is being developed by several 

companies, being Aerojet Rocketdyne one of them. These engines work by using an specific pres-

sure gain, where constant detonations travel around an annular channel. This design is thought to 

have many applications, being transport and energy production the most promising. These engines 

need injectors capable of withstanding high temperature and pressure, which is why IN625 was 

the chosen material. Most importantly, these turbines are set to improve fuel consumption effi-

ciency by 25%, in line with a sustainable alternative to traditional turbines. Obtaining such fuel 

consumption applications like the energy field could reduce greenhouse gas emissions of com-

bined cycle power plants, for instance. 

Additive manufacturing is opening doors to new designs and alternatives. Improving the process 

and learning more about outcomes is a way to develop further the tool. AM incurs in a reduced 

footprint compared to other traditional processes and can have a decentralizing effect to the indus-

try. This means that parts can be produced locally with more ease so less energy will be used for 

transportation of components, which is in many cases the highest footprint when considering life-

cycle assessments of parts. Furthermore, being able to generate specific components with less post-

processing makes production quicker and more efficient. Moreover, additive manufacturing re-

duces the need of having specific machinery for parts. In this case, the injector could need specific 

machinery built for the cause, increasing the marginal cost. AM machines used for the manufacture 

of this injector can also use different powders and materials, so the initial investment to generate 

new components can be reduced as well. 

Furthermore, the development of a DTMM for the production of components is an efficient strat-

egy to come up with new designs. Once the tool is sufficiently trained, new components can be 

designed with less effort, meaning less consumption of resources and a reduced energy and eco-

nomic impact of the process. This model can also predict several outcomes which can reduce the 

number of failures and malfunctions. Therefore, machine learning methods could reduce mainte-

nance investment and improve asset management of components, extending their life and decreas-

ing the carbon footprint and use of resources. 

In conclusion, additive manufacturing methods can bring sustainability improvements. DTMM 

intends to improve overall efficiency and make the design process of new components less chal-

lenging and resource demanding. Finally, the development of a RDE could help with a more sus-

tainable future. 
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