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SUMMARY  



 

SUMMARY  
Nickel-based superalloys, such as INCONEL® 718 (IN718), are widely used in 

aeroengine components, due to their excellent properties, especially at elevated 

temperatures. IN718 is typically processed through ingot metallurgy (forging and 

machining). However, the energy consumption of this process is really high and the 

efficiency is low, so the buy to fly ratio is approximately 10:1. Therefore, it is necessary 

to develop an alternative manufacturing method, which allows improving the efficiency 

and energy consumption. Net shape hot isostatic pressing (NSHIP) powder metallurgy 

route offers a new solution since this would lead to the elimination or at least a high 

reduction in machining operations and thus, the buy to fly ratio can be decreased from 

10:1 to close 1.5:1, leading to a significant reduction in material waste, energy 

consumption and costs. However, the main issue of HIP powder route of nickel-based 

superalloys is the achievement of the mechanical properties required by aeronautic 

industry. Therefore, present thesis is focused on the study, analysis, characterisation and 

optimisation of the different steps involved in the IN718 HIPping powder metallurgy 

route to achieve the microstructural and mechanical requirements for IN718 

aeronautic material. 

First, a complete characterisation of IN718 powders manufactured by diverse 

methods was done. The quality of raw material, morphology, physical properties, fraction 

size and chemical composition of the powders have high influence on the mechanical 

properties. Therefore, all these properties were studied to select the most appropriate 

powder. High flowability, high tap density, low carbon and oxygen content, and adequate 

boron, niobium, aluminium and titanium content are desired. Besides, a method to reduce 

the oxygen content of the powder was also investigated and developed. The system is 

based on hydrogen reduction at moderate temperatures and it was observed a decrease of 

approximately 30 % in the oxygen content by weight in all powders. 

After that, an outgassing procedure to keep the as-manufactured properties of the 

powder after HIP step was developed. Powder composition, especially oxygen and carbon 

content for their strong influence on mechanical properties, cannot be modified during 

degassing and canning prior to HIP cycle and thus, the development of a new outgassing 

method was mandatory.  



 

 

Afterwards, the powder was HIPped at different conditions to evaluate the influence 

of many parameters (type of powder, fraction size, temperature, time, pressure, chemical 

composition and cooling rate) on the microstructure and mechanical properties of the 

HIPped IN718. This activity allowed determining the optimum HIP window for this 

processing route. Below, heat treatments (HT) were studied to precipitate the necessary 

phases to achieve the mechanical properties required. Finally, the properties of the HIP 

and HIP with HT materials were analysed (microstructure, grain size, chemical 

composition, hardness, tensile test, toughness, stress rupture and high cycle fatigue). After 

these complete analysis was made, the results showed that, using the optimum powder 

with the adequate chemical composition, interstitials content, morphology and fraction 

size, and HIP and HT conditions, specially temperature, cooling rate and time of HIP 

cycle, all properties achieved the required values, except toughness. In order to increase 

toughness and ductility, a new low niobium IN718 powder was designed and gas 

atomised. Niobium content was selected to have after HT the same volume fraction of 

gamma double prime precipitates as it is achieved in forged material. With this new 

powder both ductility and toughness increase by 20 %, with UTS and yield strength in 

line with more demanded aeronautic standards. 

In conclusion, the HIP powder route developed in this work is suitable to 

manufacture IN718 aeroengine components with the required microstructure and 

mechanical properties. 
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RESUMEN  
Las superaleaciones base níquel, como el INCONEL® 718 (IN718), son 

ampliamente usadas en componentes de motores aeronáuticos, debido a sus excelentes 

propiedades, especialmente a temperaturas elevadas. El IN718 se procesa normalmente 

por metalurgia clásica (forja y mecanizado). Sin embargo, el consumo de energía durante 

el procesado es alto y la eficiencia baja, siendo el ratio material necesario versus vuelo 

aproximadamente 10:1. Así, es necesario un sistema alternativo que mejore la eficiencia y 

el consumo de energía. La ruta pulvimetalúrgica de prensado isostático en caliente (HIP) 

en forma neta ofrece una solución, permitiendo la eliminación o al menos una gran 

reducción del proceso de mecanizado, y por lo tanto, se puede reducir el ratio material 

necesario versus vuelo de 10:1 a aproximadamente 1.5:1, produciéndose una reducción 

enorme de material necesario, consumo de energía y costes. Sin embargo, el principal 

problema de esta ruta en las superaleaciones base níquel es conseguir las propiedades 

mecánicas requeridas por la industria aeronáutica. Por lo tanto, esta tesis se centra en el 

estudio, análisis, caracterización y optimización de las diferentes etapas de la ruta 

pulvimetalúrgica mediante HIP del IN718 para conseguir las propiedades 

microestructurales y mecánicas requeridas para este material en aeronáutica. 

Primero, se realizó una completa caracterización de los polvos de IN718 fabricados 

por distintos métodos. La calidad de la materia prima, la morfología, las propiedades 

físicas, la fracción de polvo y la composición química de los polvos tienen una enorme 

influencia en las propiedades mecánicas. Por lo tanto, todas estas propiedades fueron 

estudiadas para seleccionar el polvo más apropiado. Se desea tener alta fluidez y densidad 

de llenado, bajo contenido de carbono y oxígeno, y contenidos adecuados de boro, niobio, 

aluminio y titanio. Además, se investigó y desarrolló un método para reducir el contenido 

de oxígeno en el polvo. Este sistema consiste en una reducción en hidrógeno a 

temperaturas moderadas y se observó una disminución del 30 % del contenido en peso del 

oxígeno en todos los polvos. 

Después, se desarrolló un procedimiento de encapsulación para mantener iguales las 

propiedades del polvo después del ciclo de HIP. La composición del polvo, especialmente 

el contenido de oxígeno y carbono por su gran influencia en las propiedades mecánicas, 

no deben ser modificadas durante la etapa de encapsulación previa al HIP y por lo tanto, 

un nuevo sistema de evacuación fue desarrollado.  



 

 

A continuación, se realizaron ciclos de HIP para evaluar la influencia de diversos 

parámetros (tipo y fracción de polvo, temperatura, tiempo, presión, composición química 

y velocidad de enfriamiento) en la microestructura y las propiedades mecánicas del 

IN718. Esta actividad permitió determinar la ventana óptima de HIP. Además, se 

estudiaron varios tratamientos térmicos (HT) para precipitar las fases necesarias para 

alcanzar las propiedades mecánicas. Finalmente, las propiedades de los materiales HIP y 

HIP con HT se analizaron (microestructura, tamaño de grano, composición química, 

dureza, tracción, tenacidad, ruptura por tensión y fatiga). Los resultados mostraron que, 

usando el polvo adecuado con la debida composición química, contenido de intersticiales, 

morfología y fracción, y las condiciones de HIP y HT óptimas, especialmente la 

temperatura, velocidad de enfriamiento y tiempo del ciclo de HIP, se alcanzan los valores 

requeridos para todas las propiedades, excepto tenacidad. Para aumentar la ductilidad y la 

tenacidad, un nuevo polvo de IN718 con bajo contenido de niobio fue diseñado y 

atomizado por gas. El contenido de niobio fue seleccionado para tener después de los 

tratamientos térmicos la misma fracción en volumen de precipitados gama doble prima 

que tiene el material forjado. Con este nuevo polvo la ductilidad y la tenacidad 

aumentaron un 20 %, manteniéndose el límite elástico y la máxima resistencia a la 

tracción en línea con los estándares aeronáuticos más exigentes. 

En conclusión, esta ruta pulvimetalúrgica mediante HIP desarrollada en este trabajo 

es un método viable para la manufacturación de componentes de motores aeronáuticos 

de IN718 con la microestructura y propiedades mecánicas requeridas. 
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OVERVIEW  
Introductory Chapter 1 is focused on the development of the materials employed in 

aeronautic industry and their requirements and manufacturing route used for making the 

different jet engine components. This thesis will try to solve the problems derived from 

the current production methods. The aim and objectives throughout this work will also 

be explained. 

Chapter 2 sets out the state of the art which reviews the history of gas turbine 

engines, their structure, performance and materials, the manufacturing technologies of 

nickel-based superalloys and a complete description of these materials.  

Chapter 3 explains the analysis techniques and methods used in this thesis, as well 

as the materials and experimental conditions. 

The results obtained in this work are shown and discussed in Chapter 4. This 

chapter is divided in several points: 

  Section 4.1 is focused on the new manufacturing route proposed. 

 Section 4.2 is centered on the characterisation of IN718 powders. 

Section 4.3 is where the outgassing procedure will be commented and 

purging system to reduce oxygen content is described. 

Section 4.4 discusses the optimisation of hot isostatic pressing (HIP) and 

heat treatments (HT) parameters and the study of microstructure and 

mechanical properties of the different materials developed. 

Section 4.5 presents the industrial applications of the work done in 

the thesis. 

Section 4.6 is a global review of the manufacturing route developed in 

this work. 

Chapter 5 deduces from the results and discussion the most important conclusions 

reached in this investigation. 

 



 

 

Chapter 6 suggests further studies that could be carried out from this project. 

Finally, the contributions carried out up to the edition of present manuscript are 

gathered in Chapter 7. 
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Chapter 1 

INTRODUCTION AND 

OBJECTIVES 

1.1. Introduction 

Aeronautic industry is one of the most advanced and developed sectors. The best 

technologies, processes and materials available are used to optimise the behaviour of 

airplanes. Specifically, gas turbine engines must support extreme conditions, so they are 

exposed to a wide variety of service conditions, including high temperatures and thermal 

gradients, corrosive gases, vibrations, constant stresses and fatigue. For these reasons, 

intense research and development (R&D) and substantial progresses have been carried 

out in the performance of gas turbine engine in the last decades, most of them related to 

the development of engine materials. The materials employed must have high elevated 

temperature properties together with suitable low temperature properties for 

manufacturing process, operation service and engine maintenance.   

One of the first materials employed in the fabrication of gas turbine engine were 

steels (1930s and 1940s). However, steels have very short service life, due to their 

inadequate fatigue, creep strength and limited oxidation resistance at high temperatures. 

New materials, with higher work temperature and properties, such as titanium or nickel-

based superalloys, were introduced in the fabrication of gas turbine engine to reduce the 

use of steels and increase the efficiency. Nickel-based superalloys, such as INCONEL® 

718 (IN718), have played a key role in the advances of aeroengines, due to their 

outstanding properties, better than steels and titanium alloys. Nickel-based superalloys 



Chapter 1 

2 

 

were widely developed during the last 50 years, which led enormous improvements in gas 

turbine engine efficiency. These materials exhibit outstanding room temperature strength 

and retain high strength to a temperature of approximately 1000 ºC. High oxidation and 

corrosion resistance and creep resistance over the required temperature range are also 

other properties of nickel-based superalloys. Therefore, they are employed in a wide 

variety of aeroengine components, such as hotter parts of compressors, turbine blades, 

discs and combustion chambers. 

However, the main issue of these materials is the manufacturing process. Normally, 

the relatively less alloyed nickel-based superalloys, such as IN718, are processed through 

conventional ingot metallurgy (forging and machining). The most important problems of 

this processing technology are the efficiency and the energy consumption, which is really 

high. The effiency in terms of material usage is low, the buy to fly ratio (relationship 

between the amount of raw material used and material the final part has) can be as high 

as 10:1. An alternative manufacturing method to decrease the buy to fly ratio is net shape 

hot isostatic pressing (NSHIP) powder metallurgy (PM) route. NSHIP offers a new 

solution to the high cost of manufacturing components via ingot metallurgy since it would 

allow the elimination or at least a high reduction machining operations and thus 

considerable cost reduction. Hence, using new net shape HIPping powder route the 

efficiency can be improved and thus, the buy to fly ratio can be decreased from 10:1 to 

close to 1.5:1, leading to a significant reduction in material waste, energy consumption 

and costs. This research field is very interesting and in the last years some works have 

been carried out. The main problems of these investigations are that they were not able to 

achieve via NSHIP the mechanical properties required by aeronautic industry and 

obtained via ingot metallurgy. Ductility, creep and fatigue properties are the most critical, 

mainly at elevated temperature. In conclusion, it is necessary to do an effort to develop 

this new net shape HIPping powder route and thus, an intense R&D activity with the aim 

of achieving by NSHIP the mechanical properties required for IN718 in jet engines is 

mandatory. This investigation has to include a complete study, analysis, characterisation 

and optimisation of the different steps involve in the IN718 NSHIP PM route. 
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1.2. Objectives 

The present thesis has been carried out within the European project NESMONIC 

(Net Shape Manufacture of Nickel Superalloy Engine Casing), a Clean Sky Joint 

Undertaking project whose aim is to develop and validate a cost effective net shape hot 

isostatic pressing (NSHIP) route for IN718 parts for aeroengine application. The main 

objective of this thesis is the development of the HIP processing window for IN718 

powder to achieve the mechanical properties required by the aeronautic industry and the 

original equipment manufacturer (OEM), Industria de Turbo Propulsores (ITP), which 

demands higher mechanical properties than aeronautic standards. Therefore, the research 

activity has been focused on the study and optimisation of many different parameters and 

factors that can modify or have any influence on the performance of IN718 developed by 

HIP PM route. In particular, the most important and relevant objectives are: 

▪ To obtain an IN718 powder with the desired properties by a reproducible method. 

To achieve this goal a wide variety of characteristics of each powder have been 

assessed, such as manufacturing method, morphology, physical properties, fraction 

size and chemical composition.  

▪ To develop an outgassing procedure to encapsulate the powder into canisters 

without modifying its initial as-manufactured properties. 

▪ To achieve an optimum HIP processing window for the material that allows 

obtaining fully dense samples with the desired microstructure prior to the 

heat treatments. 

▪ To select the optimum heat treatments (HT) for as-HIP materials to successfully 

obtain the microstructural and mechanical requirements. 

▪ To achieve the mechanical properties and microstructural characteristics 

demanded by the aeronautic industry and the original equipment manufacturer. 

▪ To understand the relation between the mechanical properties and microstructural 

characteristics with the processing parameters. 
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Chapter 2 

STATE OF THE ART 

A review of the state of the art of the main topics of this thesis is made in Chapter 2. 

The most important theoretical contents together with observations, analysis and 

compiled results from the literature are exposed. 

The chapter has been divided into two main groups. On the one hand, gas turbine 

engines are described. History of these turbines and operation of a modern turbine engine 

are described. Besides, the different materials used in the fabrication of these engines 

are studied.  

On the other hand, processing technologies and alloy development for nickel-based 

superalloys are explained. The diverse possibilities to manufacture these materials are 

revised. Moreover, the technology proposed in this work is examined in depth, including 

the advantages and issues in comparison with other technologies. A detailed study of 

nickel-based superalloys is carried out. The development, the microstructure, the role of 

heat treatments and mechanical properties of these materials are analysed, with a special 

focus on the material utilised in this work, INCONEL® 718 (IN718). 

Finally, the aim of this thesis is explained. Initial hypothesis is exposed and 

different challenges to achieve the final goal are examined. 
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2.1. The gas turbine engine 

Aeronautic industry is one the most developed and advanced industrial sectors. 

New technologies and processes are continuously investigated and presented in different 

parts of jets. Airplanes have to support extreme conditions, so it is necessary the best 

skills available will be used in their components. For this reason, many researches and 

significant progresses have been carried out in the performance of gas turbine engine in 

the past decades, most of them related to develop of engine materials. These, especially 

gas turbine engine elements, are exposed to a wide variety of service conditions, 

including high temperatures and thermal gradients, corrosive gases, vibrations, constant 

stresses and fatigue [1][2][3][4][5]. Hence, the materials employed need to have high 

elevated temperature properties together with suitable low temperature properties for 

fabrication, operation and engine maintenance. In conclusion, the continuous 

development and application of new manufacturing processes and higher performance 

materials is stimulated by the demand of improving gas turbine efficiency, which is 

highly dependent on turbine inlet temperature, and its costs of fabrication [6][7][8]. 

2.1.1. From the beginning to nowadays 

The aeolipile of Heron, often called “Hero” of Alexandria, was the first form of jet 

reaction and it could be traced back to around 100 B. C. [9][10]. The structure of this 

machine developed by Hero is exposed in Figure 2. 1. He explained in detail what is 

thought to be the first working steam engine, which was obviously not very efficient. This 

device was a sealed caldron filled with water and placed over a heat source to a boiling 

condition. The steam rose into the tubes and into the hollow sphere. Two exhaust nozzles 

located on opposite sides of the sphere and pointing in opposite directions were used to 

introduce the steam with high velocity and rotate the sphere with torque around and axis. 

The aeolipile is the first known machine that could transform steam into rotary motion. 

The principle used in the design is similar to that of today´s jet propulsion. In the eleventh 

century, “Trotting Horse Lamp” [11] was used by Chinese at lantern fairs as early as the 

Northern Song dynasty (Figure 2. 1). “Trotting Horse Lamp” has already had the 

rudiment of gas turbine. When the lamp or the candle is lit, the hot generated gas rises 

upward and pushes the impeller to rotate with the vertical shaft and cross-bar. 
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Figure 2. 1. (a) Aeolipile of Heron, and (b) Troting Horse Lamp. 

From the sixteenth to the nineteenth century, various researches developed systems 

that employ hot gas or steam to create motion. First, Leonardo da Vinci designed the 

“Chimney Jack” in 1500 (Figure 2. 2) [5][12][13]. Hot air generated from a fire lifts 

through a single step axial turbine rotor mounted into the exhaust duct of the fireplace and 

turning the roasting spit with the help of a series of gears. In 1629, Giovanni Branca 

developed jet reaction system (Figure 2. 2) [5][12][13], where streams of steam rotated an 

impulse turbine and with the help of a bevel gear then drove a working stamping mill. A 

few years later, in 1678, Ferdinand Verbiest fabricated a model carriage relying on a 

steam jet for power (Figure 2. 2) [5][12]. In 1680, two years later, Sir Isaac Newton 

explained the laws of motion. Gas turbines, which use the theory of jet propulsion, are 

based on these laws. Newton´s steam wagon is an example of his reaction principle 

(Figure 2. 2) [12]. In the eighteenth century (1791), John Barber patented the first gas 

turbine  (Figure 2. 2) [12][13][14]. This device had most of the elements present in the 

modern day gas turbines. The machine was developed to power a horseless carriage. In 

1808, John Dumbell developed and patented a device with a series of vanes within a 

cylinder, like the sails of a windmill, causing them to rotate together with the shaft to 

which they were fixed [12][14]. Bresson, in 1837, designed a system to deliver heat and 

compress air in a combustion chamber and mix with fuel gas [12][14]. In 1850, 

Fernimough created a device, which was a mix of steam and gas turbine. Air was blown 

through a coal grate while water sprayed into the hot gases. The gas and steam mixture 

then acted to drive a two bladed rotor. Then, the mix burnt, the combustion products were 

cooled by the addition of more air, and the final product was used to drive turbine 

blades [12]. Marc Antoine Francois Mennons and Nicolas de Telescheff patented a 

caloric engine [15] in 1861, which it was a gas turbine and the system showed it applied 
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to a locomotive. A decade later, in 1872, Frank Stolze combined the ideas of Barber and 

Dumbell and drew a gas turbine engine [5][12][14][16], but the machine never ran under 

its own power. Simultaneously work by Samuel Brown, Sadi Carnot, Samuel Morel, 

William Barnett, and others develop the design of the internal combustion engine [5][14].  

 

Figure 2. 2. (a) “Chimney Jack” developed by Da Vinci, (b) Branca´s jet reaction system, 

(c)Verbiest´s apparatus, (d) machine designed by Newton, and (e) equipment patented by Barber. 

Sir Charles Parsons developed in 1884 the first steam turbine [12][14][17]. This 

system had two separate components: the steam generator-combustor and the turbine. It is 

considered this machine as a predecessor to the modern gas turbine. In addition, he also 

patented his idea for the gas turbine, which he called multiple motor. In 1888, Charles de 

Laval´s application (Figure 2. 3) of Giovanni Branca´s device was an impulse for steam 

turbine and did workable hardware emerge. In the final years of nineteenth century, many 

researchers in the impulse turbine designs were developed by August C. Rateau, Charles 

Curtis and Dr. Zoelly. The knowledge learnt in the development of hardware for steam 

turbines was directly transferable to gas turbines, so the ideas of the previous centuries 

were finally being transformed into working hardware. In 1903, Rene Armengaud and 

Charles Lemale built and successfully tested the first of several experimental gas turbines 

using a Rateau rotary compressor and a Curtis velocity compounded steam 

turbine [12][14][18]. These turbines had internally water cooled disks and blades. 

Dr. Holzwarth designed an explosion constant volume turbine, which worked without a 

compressor, in 1905 [14][16]. The apparatus was built in 1909 and experiments were 

carried out between 1909 and 1913, but not put into commercial use. 



 State of the art 

 

9 

 

 

Figure 2. 3. Laval´s turbine of DEMAG DELAVAL Turbomachinery Corporation. 

Developments of the gas turbine in the first half of the twentieth century were 

slowly. There were lots of limitations avoiding the advances, such as manufacturing 

capability, the availability of high strength and high temperature resistant materials for 

use in compressor, turbine and combustor components. As a consequence of these 

limitations compressor pressure ratios, turbine temperatures, and efficiencies were low. 

To overcome the turbine temperature limits, the injection of steam and water to cool the 

combustor and turbine materials was used extensively. After all these investigations and 

advances, the construction of the first commercial gas turbine successfully worked 

expressly for power generation was performed in 1939 by Brown and 

Boveri [5][12][14][17][19]. This unit was based on the simple cycle and it was only 

designed for standby power. It was demonstrated in running condition at the Swiss 

National Exhibition at Zurich in 1939. In the same decade of 1930s, extensive and strictly 

independent research and development were carried out in Germany and Great Britain on 

gas turbines to propel an airplane. Frank Whittle, known as the inventor of jet engine, 

patented the first modern propulsion gas turbine in 1930. This patent was for a compound 

axial centrifugal compressor, a reverse flow combustion chamber and a single axial stage 

turbine, but the first prototype using this gas turbine was completed in May 

of 1941 [12][14][19][20]. However, the first flight using a gas turbine took place in 1939 

in Germany. Hans Von Ohain, in collaboration with Max Hahn, patented his own engine 

design in 1936, which was utilised for this aircraft. This system was a combination of 

axial flow and centrifugal compressor stages [12][14][19][20]. A few years later, Anselm 

Franz developed the German Junkers Jumo 004. This design was the first engine to be 
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mass produced [19][20]. In these days, Whittle and Von Ohain equally shared credit for 

independently inventing the jet engine. Table 2. 1 is a chronology of key events in the 

development of the gas turbine as it progressed in conjunction with the steam turbine. 

Table 2. 1. Chronology of the gas turbine developments. 

Date Name Invention 

100 B.C. Hero of Alexandria Reaction steam turbine 

1000 Northern Song dynasty Rudiment turbine 

1500 Leonardo Da Vinci Smoke mill 

1629 Giovanni Branca Impulse Steam Turbine 

1678 Ferdinand Verbiest Steam turbine 

1680 Sir Isaac Newton Laws of motion 

1791 John Barber Steam turbine and gas turbine 

1808 John Dumbell Steam turbine and gas turbine 

1837 Bresson Steam turbine 

1850 Fernimough Gas turbine 

1861 Marc Antoine Francois Mennons 

and Nicolas de Telescheff 

Gas turbine 

1872 Frank Stolze Gas turbine 

1884 Sir Charles Parsons Reaction steam turbine and gas turbine 

1888 Charles de Laval Impulse steam turbine Branca´s type 

1903 Rene Armengaud and  

Charles Lemale 

Gas turbine 

1905 Dr. Holzwarth Gas turbine 

1930 Frank Whittle Aero gas turbine (jet engine) 

1936 Hans Von Ohain Aero gas turbine (jet engine) 

1939 Brown and Boveri First commercial axial compressor and 

turbine 

1947 Anselm Franz First engine mass produced 

 

Throughout the war years many variations were carried out in the design of these 

engines: radial and axial turbines, straight through and reverse flow combustion 

chambers, and most notably the axial compressor. The compressor pressure ratio, which 
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started at 2.5:1 in 1900, went to 5:1 in 1940, 15:1 in 1960, and is currently 

approaching 40:1. In the past decades, from the second half of twentieth century to 

nowadays, important developments have been made for the turbine engines. 

Developments in metallurgy have made possible the use of high temperatures in the 

combustor and turbine components. Background of aerodynamic and thermodynamic 

knowledge has been accumulated and computer technology has been used in the design 

and simulation of turbine airfoils and combustor and turbine blade cooling configurations, 

allowing an incredible development of turbine engine. Nowadays, three companies 

(General Electric, Rolls-Royce and Pratt and Whitney) control the global commercial 

aeroengine market. These manufacturers are able to produce engine to any of current 

airplanes. Figure 2. 4 illustrates the Rolls-Royce´s most advanced Trent XWB high 

bypass ratio turbofan engine. Aerospace industry is continuously growing up with an 

increase demand of aircraft. Therefore, the gas turbine engine industry shows an immense 

marketing potential and it will definitely move forward over a long period. The main 

advances and developments of turbine engine design, efficiency and performance will 

inevitably depend on the development and application of new manufacturing processes 

and more advanced materials [12][14][16][20]. 

 

Figure 2. 4. Trent XWB jet engine of Rolls-Royce. 

2.1.2. Structure and performance 

The operation of a gas turbine (Figure 2. 5 and Figure 2. 6) is very 

simple [5][21][22][23][24]. It is an internal combustion engine that employs air as the 
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working fluid. The gas turbine burns fuel in a high pressure combustion chamber, 

extracting chemical energy. In this process, many products are obtained and introduced 

into a turbine. A turbine has specially engineered blades attached to a central shaft and the 

shaft spins with incredible force due to the fact that the high pressure gasses flow through. 

A connexion between the shaft and a generator, which creates electric power, is common, 

and it is also sometimes connected to a compressor. This compressor is utilised to 

compress vapour or gas for a myriad of commercial and industrial uses. The engine 

transforms the chemical energy from fuel and, using the gaseous energy of the working 

fluid (air), converts it to mechanical energy to drive the engine and propeller, which, in 

turn, propel the airplane. 

 

Figure 2. 5. Operation of a gas turbine engine [5]. 

 

Figure 2. 6. The principle of gas turbine operation [24]. 

The common modern aero gas turbine engine has four main sections [22][23][25]: 

the inlet section, the compressor, the combustion chamber and the turbine and exhaust, as 
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it is shown in Figure 2. 7. Due to the fact that the different processes taking place, there is 

also a wide variety of temperatures and pressures in the different parts of a turbine 

engine (Figure 2. 8). 

 

Figure 2. 7. The components of a jet engine [7]. 

 

Figure 2. 8. Variation in pressure, temperature and velocity through the core of a modern 

turbofan engine [26]. 

Below, the main parts of a typical turbine engine are precisely 

described [22][23][25]:  

Inlet: Clean and unrestricted airflow to the engine is provided by the air inlet duct 

and protects the engine extending engine life by preventing erosion, corrosion and foreign 
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object damage (FOD). Hence, it is important to consider some atmospheric conditions 

when designing the inlet system, such as powder, industrial pollution, salt, foreign objects 

(birds, bolts and nuts) and temperature (icing conditions). To guarantee minimum airflow 

losses to the engine at all airflow conditions, fairings must be installed between the inlet 

duct and the engine air inlet housing. The inlet duct assembly is normally developed and 

produced as a separate system rather than as part of the design and production of 

the engine. 

Compressor: Providing the turbine all the air needed at high static pressures by 

efficient way is the main activity of the compressor. In an axial flow compressor, a 

normal single step of compression involves a set of rotor blades attached to a rotating 

disk, followed by stator vanes attached to a stationary ring. The flow area between the 

compressor blades and between compressor vanes are divergent, but more for vanes. The 

efficiency of a compressor is the main issue and is determined by the smoothness of the 

airflow. During design, the most important aspect is keeping the air flowing smoothly 

through the compressor to minimise airflow losses due to friction and turbulence. This is 

very difficult, since the air is forced to flow into ever higher pressure zones and not to 

natural tendency toward low pressure zones. Seals are introduced at the base of each row 

of vanes to prevent air leakage and increasing the efficiency of the compressor. 

Moreover, the tip clearances of the rotating blades are also positioned at a minimum by 

the use of coating on the inner surface of the compressor case. All components employed 

in the flow path of the compressor are shaped in the form of airfoils to keep the smoothest 

airflow possible. Any change from the maximum rated speed introduces a modification of 

the characteristics of the airflow within the compressor. For this reason, bleed valves are 

used in most of commercial engines, which unload the force of excess air in the 

compressor when it works at less than optimum speed.  

Diffuser: The initial function of diffuser structure is aerodynamic. Air leaves the 

compressor through exit guide vanes, which convert the radial component of the air flow 

out of the compressor to straight-line flow. Then, the air goes into the diffuser part of the 

engine, which is a very divergent duct. Most of the air´s rate (Pi) is converted by the 

divergent duct shape into static pressure (Ps). As a consequence, the highest static 

pressure and lowest velocity in the entire engine is at the point of diffuser discharge and 

combustor inlet. It is also necessary having a short flow path, uniform flow distribution 

and low drag loss. These aerodynamic aspects are very important and have to be 
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considered in the design of diffuser section. Moreover, the diffuser also delivers other 

functions, not only critical aerodynamic purposes. The most important functions provides 

are: sustenance for the real compressor bearing and seals; assembling for the fuel nozzles; 

bleed air ports, which provide pressurised air for: engine inlet anti-icing, regulation of 

acceleration bleed air valves, and airframe customer requirements (air conditioning, and 

so on); engine structural support, including engine mounting to the nacelle; and pressure 

and scavenge oil passages for the rear compressor and front turbine bearings.  

Combustor: After the air leaves the diffuser it arrives at the combustion section, 

also called combustor. The main activity, key factor and difficult task of this section is the 

control of the burning of high amounts of fuel and air. The combustor should release the 

heat in a correct way, where the air is expanded and accelerated to give a smooth and 

stable stream of uniformly heated gas at all starting and operating conditions. Maximum 

heat release and minimum pressure loss must accomplish this activity. In addition, the 

combustion liners must position and control the fire avoiding flame contact with any 

metal piece. The combustion liners have to be situated within an annulus created by inner 

and outer combustion cases. Combustion takes place in the forward end or primary zone 

of the liners. Combustion process is supported by the primary air, which amounting to 

about one fourth of the total engine´s total airflow. The secondary or dilution air, the 

remaining air, is introduced into the liners in a controlled manner. This air controls the 

flame pattern, cools the liner walls, dilutes the temperature of the core gasses, and 

provides mass. The flame temperature is higher than the metals in the engine can endure, 

so this cooling air is dangerous and critical. For this reason, it is mandatory the fuel 

nozzles and combustion liners assure a total regulation of the burning and mixing of fuel 

and air under all conditions, avoiding excess temperatures reaching the turbine or 

combustion cases. The rear third of the combustion liners is the transition section, which 

has a very convergent duct shape. In this section of combustor, accelerating of the gas 

stream and reducing the static pressure in preparation for entry to the turbine part begins. 

Turbine: In this section the gaseous energy of the burned mix of air and fuel is 

converted into mechanical energy to drive the compressor, driven accessories and the 

propeller through a reduction gear. This conversion is produced by expanding the hot, 

high pressure gases to a lower temperature and pressure. A row of stationary vanes is 

each stage of the turbine, followed by a row of rotating blades. The order is the opposite 

of the compressor, where energy is added to the gas by the rotor blades, and below 
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converted to static pressure by the stator vanes. In the turbine, the stator vanes increase 

gas rate, and then the rotor blades obtain the energy. A smooth flow of the gases is 

obtained by the vanes and blades, which are airfoils. The airstream arrives from the 

combustion section and it is accelerated through the first stage stator vanes. The stator 

vanes or nozzles, which are convergent ducts, transform the gaseous heat and pressure 

energy into higher gas flow rate (Pi). This is not the unique work of the vanes, so they 

turn the flow to direct it into the rotor blades at the optimum angle. The gaseous energy is 

converted to mechanical energy due to the fact that the mass of the high gas flow rates 

across the turbine blades. Temperature, pressure and rate of the gas are sacrificed in 

benefit to rotate the turbine to generate shaft power. Besides, one of the most important 

issues of the turbine is the efficiency, which is determined by how well it obtained 

mechanical energy from the hot, high gases. This activity is easy to achieve because air 

flows from a high pressure to a low pressure zone. All air should flow through the airfoils 

to guarantee maximum efficiency of the turbine. For this reason, the first three stages of 

the turbine blades have tip shrouds to minimise gas flow around the blade tips. In 

addition, to achieve this goal it is necessary the use of adequate placed airfoils, which 

allowing a smooth flow and expansion of gases across the blades and vanes in the turbine, 

and seals, which are employed to minimise gas flow around the vanes instead of across 

the intended gas path at the base of the vanes. 

Exhaust: The gas is discharged through the exhaust after it has passed through the 

turbine. A significant amount of powder always remains in the exhaust gas, although 

most of the gaseous energy is transformed by the turbine into mechanical energy. The 

convergent duct shape of the exhaust accelerated the gas energy to make it more useful as 

jet thrust, so the force of the exhausted air drives the airplane forward. 

Compromises are made in aero gas turbine engine design to achieve the optimum 

balance of power, efficiency, cost, engine life, and other factors [19][21][22][23][25]. 

One of the most important issues to reach the optimum balance of these parameters is the 

material employed in each part of the aero gas turbine engine. As work temperature of 

each section of the engine is completely different (Figure 2. 8), in consequence, diverse 

materials are used (Figure 2. 9). Maximum temperature of an aero gas turbine engine is 

achieved in the turbine section of the engine. The materials employed in this part of the 

engine limit the maximum temperature at which a gas turbine engine can work. 

Therefore, these materials used in the turbine section have a strong influence in the final 
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design of the engine. Fundamentally, nickel-based superalloys are used in hotter part of 

an aeroengine while the cooler pieces are mainly made of titanium alloys. Steels are still 

employed to make some components like shafts, where high tensile strength and good 

creep properties at temperatures up to 500 ºC are needed. In addition, fibre composites 

materials have been introduced in the containment system, mainly due to their low cost 

and light weight. 

 

Figure 2. 9. Different types of materials employed in an aero gas turbine engine (aluminium: 

yellow, composites: green, nickel: red, steel: brown, and titanium: blue)  [27]. 

Another important issue is the temperature and pressure of the inlet air. Increasing 

the temperature and pressure of the inlet air increases the efficiency of the engine. 

Mainly, titanium alloys, which have high specific tensile strength, are the preferred 

materials for rotor blades and stator vanes in the low pressure area, while nickel-based 

superalloys, such as IN718 and 901, are employed for the blades and discs in the 

rear of the compression system, where high pressure and temperature are encountered 

(Figure 2. 9). An increase of turbine inlet temperature is better to the efficiency of the gas 

turbine. Figure 2. 10 and Figure 2. 11 show how increased turbine inlet temperatures 

decrease both specific fuel and air consumption while increasing efficiency [22][23].  
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Figure 2. 10. Specific air consumption and pressure ratio relationship at different turbine inlet 

temperatures [28]. 

 

Figure 2. 11. Specific fuel consumption and pressure ratio relationship at different turbine inlet 

temperatures [28]. 

The development and use of high performance new materials continue at an 

increasing rate due to the fact that higher temperature in gas turbine allowing increase the 

efficiency of the gas turbine engines. Figure 2. 12 shows the advances and increment of 

work temperature turbine of the engines in the last decades, and thus, the increase of the 

efficiency of the gas turbine engines. In addition, the other key factor of gas turbine 
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engine is manufacturing costs. It is very important to find an appropriate balance between 

optimum efficiency of engine and manufacturing costs. Nowadays, one of the most 

important problems of manufacturing gas turbine parts is the high buy to fly ratio 

(relationship between the amount of raw material used and material the final part finally 

has). Less than 10 % of the raw material is used for making an engine part. Decreasing 

the buy to fly ratio employed [7][29][30], the costs will be reduced, so this is another very 

interesting research field. 

 

Figure 2. 12. Development of turbine entry temperature (TET) in the twentieth century [24]. 

2.1.3. Materials 

Many different materials are used in the fabrication of gas turbine engines. As it is 

mentioned in the previous section, the efficiency of the gas turbine engine is extremely 

dependent on the turbine temperature section and, in consequence, on the work 

temperature available of the materials. For this reason, a wide variety of developments in 

gas turbine engine performance can be achieved to the employ of an improved material. 

Below, the diverse materials employed in gas turbine engines are described (Figure 2. 9). 

2.1.3.1. Steels 

One of the first materials employed in the fabrication of gas turbine engine were 

steels, in 1930s and 1940s. These materials were used almost all the main engine 

components, such as bearings, shafts, blades, discs, casing and gears. Austenitic and 

martensitic steels were employed for manufacturing these parts. In the decade of 1950, 

steel had still a strong position and they are used for more than 60 % by weight of all 

engine elements [31]. Nowadays, steels are still used for making wide variety parts of gas 
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turbine engines, such as rotor, compressor blades, inlet components, casings or transition 

pieces [32]. Some steels employed for making gas turbine engine elements are described 

in Table 2. 2. These steels are coated and modified to improve their mechanical 

properties, such as corrosion, erosion resistance, fatigue strength, tensile strength and 

high cycle fatigue. However, one of the most important issues of steels is still their very 

short service life, due to their inadequate fatigue, creep strength and limited oxidation 

resistance at high temperatures [31]. New materials, which higher work temperature and 

properties, such as titanium or nickel-based superalloys, were introduced in the 

fabrication of gas turbine engines to reduce the employ of steels and increase 

their efficiency. 

Table 2. 2. Chemical composition of different steels used in the fabrication of gas turbine 

engine components [33].  

Grade 

designation 

Nominal chemical 

composition 

Remarks 

AISI 403 Fe12Cr0.11C Martensitic stainless steel 

AISI 403+Nb Fe12Cr0.2Nb0.15C Martensitic stainless steel with Nb 

addition 

GTD-450 Fe15.5Cr6.3Ni0.8Mo0.03C Precipitation hardening stainless steel 

CrMoV steel Fe1Cr0.5Ni1.25Mo0.25V0.30C Medium carbon low alloy steel 

M152 Fe12Cr2.5Ni1.7Mo0.3V0.12C Creep and corrosion resistant 

martensitic stainless steel 

 

2.1.3.2. Titanium alloys 

Titanium was one the first elements employed to replace steels in gas turbine 

engines, due to its high strength to weight ratio. The influence of titanium in the 

engines has increased from 3 % in 1950s to about 33 % today of the aeroengine weight 

(Figure 2. 13). Mainly, it is dominant in compressor stages in aeroengines [24][34]. 
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Figure 2. 13. Titanium content (weight %) in aeroengines [34]. 

High titanium alloys have found extensive application in jet engines. Titanium 

alloys are employed in a wide variety of engine parts, such as most of the blades and discs 

in the low and intermediate section of the compressors of modern aeroengines. The most 

common titanium alloys use in gas turbine engine components are described in Table 2. 3. 

In addition, Ti-6Al-4V alloy, one of the most common titanium materials, is employed for 

static and rotating components in gas turbine engines. Castings are used to manufacture 

the more complex static parts. Forgings are mainly utilised for the rotating components. 

This alloy has a main role in by-pass (fan-jet) engines for which a large front fan 

is needed.  

Table 2. 3. Titanium alloys employed in parts of aeroengines [33]. 

Grade 

designation 

Nominal chemical composition Maximum service 

temperature (ºC) 

Ti64 Ti-6Al-4V 315 

Ti811 Ti-8Al-1Mo-1V 400 

Alloy 685 Ti-6Al-5Zr-0.5Mo-0.25Si 520 

Ti6242  Ti-6Al-2Sn-4Zr-2Mo 540 

Ti6242S  Ti-6Al-2Sn-4Zr-2Mo-0.2Si  540 

Alloy 829 Ti-5.5Al-3.5Sn-3Zr-1Nb-0.25Mo-0.3Si 550 

Alloy 834 Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si-0.06C 600 

Ti1100 Ti-6Al-2.8Sn-4Zr-0.4Mo-0.4Si 600 
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However, the use of titanium alloys is limited to components operating in general 

below a temperature of 550 ºC due to their lack of high temperature strength, oxidation 

and creep resistance [34][35]. For this reason, most of the aeroengine components have to 

be manufactured from nickel-based superalloys, due to their better mechanical properties 

(Table 2. 4), as it happens nowadays (Figure 2. 14). Manufacturing more components 

with titanium alloys required an effort to improve these materials and they can be used at 

temperatures of 600 ºC or higher. 

Table 2. 4. Titanium, titanium aluminium alloys and superalloys properties comparison [34]. 

 

 

Figure 2. 14. Evolution of materials used (weight %) in gas turbine engines [34]. 

2.1.3.3. Nickel-based superalloys 

These materials have played a key role in the advances of aeroengines, due to their 

properties, better than steels and titanium alloys. Nickel-based superalloys have been 

widely developed during the last 50 years, which have led enormous improvements in gas 
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turbine engine efficiency. These materials exhibit outstanding room temperature strength 

and retain high strength to a temperature of approximately 1100 ºC [31][36]. High 

oxidation, corrosion, fatigue and creep resistance over the required temperature range are 

also other properties of nickel-based superalloys. They are employed in a wide variety of 

aeroengine components, such as hotter parts of compressors, turbine blades, 

discs and combustion chambers, where working temperatures are over 550 ºC [33][34]. 

Table 2. 5 shows some of the most important nickel-based superalloys employed in 

aeroengine components. 

Table 2. 5. Nickel-based superalloys presented in aeroengine components [33]. 

Grade 

designation 

Nominal chemical composition 

IN718 Ni19Cr18.5Fe3Mo0.9Ti0.5Al5.1Nb0.03C 

IN718Plus Ni19Cr10Fe9Co3Mo0.7Ti1.5Al5.1Nb1W0.03C 

IN706 Ni16Cr37Fe1.8Ti2.9Nb0.03C 

IN713 74.2Ni12.5Cr4.2Mo2Nb0.8Ti6.1Al0.1Zr0.12C0.01B 

IN738 61.5Ni16Cr8.5Co1.75Mo2.6W1.75Ta0.9Nb3.4Ti3.4Al0.04Zr0.11C0.01B 

IN792 60.8Ni12.7Cr9Co2Mo3.9W3.9Ta4.2Ti3.2Al0.1Zr0.21C0.02B 

IN100 60Ni10Cr15Co3Mo4.7Ti5.5Al0.15C 0.015B 0.06Zr1.0V 

Rene 95 61Ni14Cr8Co3.5Mo3.5W3.5Nb2.5Ti3.5Al 0.16C0.01B0.05Zr 

LC Astroloy 56.5Ni15Cr 15Co5.25Mo3.5Ti4.4Al 0.06C0.03B0.06Zr 

MERL-76 54.4Ni12.4Cr18.6Co3.3Mo1.4Nb4.3Ti5.1Al0.02C0.03B0.35Hf0.06Zr 

Rene88 DT 56.4Ni16Cr13Co4Mo4W0.7Nb3.7Ti 2.1Al0.03C0.015B0.03Zr 

Udimet 720 55Ni18Cr14.8Co3Mo1.25W5Ti2.5Al0.035C 0.033B0.03Zr 

 

Nickel-based superalloys are the basis of the materials used for the turbine section. 

Despite their age, it still looks they will be the material employed for many years. 

Therefore, these materials have been intensively studied for many years to improve the 

heat treatments, processing, alloys chemistry and surface modifications, whit the aim of 

further maximising their operating temperature. Basically, a wide variety of factors have 

to been taken into account to choose the adequate materials for turbine engine use, among 

which high strength to weight ratio and temperature capability are the most important. A 

reduction of engine operation stresses could be obtained by decreasing engine weight and 

thus increases the service life of engine components [31]. Figure 2. 15 shows the 
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temperature dependence of specific strength for diverse aeroengine materials. At low and 

intermediate temperature titanium alloys are the best materials and has the highest 

specific strength. However, at elevated temperatures, these materials have a dramatic 

decrease. At these temperatures nickel-based superalloys show better capability and 

specific strength. In consequence and according to the property requirements and 

operation conditions, diverse materials are usually employed in the different parts of a 

modern aero gas turbine engine (Figure 2. 9). 

 

Figure 2. 15. Specific strength versus temperature for a variety of common 

aeroengine materials [24]. 

2.1.3.4. Other materials 

The development of high amount of materials in the last decades has allowed the 

use of new advanced materials in the aeroengine components, such as composites. Many 

progresses have been made with reference to development and employ of composites in 

the cold section of engines. These materials are used due to their light weight and also 

low cost, resulting in substantial weight and cost savings [33]. There is a wide variety of 

composites used in aeroengine components, such as polymer matrix composites, 

titanium-based metal matrix composites and ceramic matrix composites (CMCs). 

Basically, they are employed in the containment system and fan blades. Although 

composites are the most important new advanced materials employed in gas turbine 

engine parts, there are many different research with a diverse of new materials to their use 

in the fabrication of aeroengine components, mainly for gas turbine section, such as 

platinum, molybdenum and chromium-based alloys, ceramics and intermetallics [24][33]. 
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Finally, other important research field in the last decades has been the 

coatings [32][33]. It is really difficult to design superalloys which have the required creep 

strength on one side and the necessary resistance to corrosion and oxidation on the other 

side. Coatings have emerged as a solution to provide the required corrosion protection to 

the blades [32][37]. The main purpose of the coating is to act as reservoir of elements 

which will form very protective and adherent oxide layers, thus protecting the underlying 

base material from oxidation, degradation and corrosion attack. There are three basic 

types of coatings used in aeroengine components: aluminium diffusion coatings (the most 

common type for environmental protection of superalloys and the prevent corrosion until 

800-950 ºC), overlay coatings (there are more varied corrosion resistant compositions, the 

thickness is not limited by process considerations and they can be used above 900 ºC) and 

thermal barrier coatings (TBCs) (they provide enough insulation for superalloys to work 

at temperatures as much as 1150 ºC above their customary upper limit) [32][38]. 

2.2. Manufacturing technologies of nickel-based superalloys 

As it is described in the previous sections of this document, nickel-based 

superalloys are mainly employed in hot parts of a gas turbine engine, such as discs and 

casings. These parts have been predominantly manufactured by machining of material 

forgings. The preparation of the billets for forging or extrusion used has three different 

approaches, two are used in the industry (forging and HIP plus forging) and one is under 

investigation (direct HIP) (Figure 2. 16). Normally, it is employed the conventional 

forging - ingot metallurgy, which involves thermomechanical working of materials 

produced by vacuum induction melting (VIM), vacuum arc remelting (VAR) and 

electro-slag remelting (ESR) [1][2][3][39]. On the other hand, powder metallurgy (PM) 

involves production and consolidation of powder alloys to obtain billets [1][2][40]. 

Depending of diverse factors, one of the two possible routes is selected, but basically it is 

widely related by the chemical composition of the superalloy [1][3]. Relatively less 

alloyed nickel-based superalloys, such as IN718 and Waspaloy, are normally processed 

through forging - ingot metallurgy. These materials contain a low level of strengthening 

elements (Al, Ti and Nb). However, PM route is preferred for the heavily alloyed 

nickel-based superalloys, such as Rene 95, LC Astroloy, RR 1000, MERL 76 and 

Rene88 DT [41]. These materials have been developed as high strength superalloys to 

respond the demand for improving efficiency for gas turbine engine and they have higher 
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additions of strengthening elements (Al, Ti, Nb, Ta, W and Mo). For these heavy 

superalloys, extensive segregation in cast ingots, and thus considerable reduction in hot 

workability, are obtained when they are processed by ingot metallurgy [1][39]. A 

common issue is cracking for these cast ingots during thermomechanical working. Hence, 

PM route is selected for these materials [1][39]. The efficiency of this process is better 

than forging, but raw material (powder) is expensive and the buy to fly ratio (relationship 

between amount of raw material used and material the final part finally has) is equally 

bad for this powder route. This buy to fly ratio in ingot metallurgy is really low, 

approximately 10:1. However, net shape HIPping offers a possible solution for this high 

cost of manufacturing components from powder since it would lead to the reduction in 

forging and machining operations and thus to considerable cost reduction [1][2][3][42]. 

NSHIP is very interesting and it has been further spurred by the remarkable achievement 

in dimensional accuracy in last years through modelling [43][44]. In conclusion, a 

reduction of cost, in terms of required energy for manufacturing, raw material and the buy 

to fly ratio, is possible by PM route if a good relationship between net shape HIPping and 

modelling takes places (Figure 2. 16) [29]. 

 

Figure 2. 16. Possible processing sequences for a gas turbine compressor disks showing the input 

weight reductions possible with powder metallurgy (PM) superalloy technology [39]. 
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2.2.1. Forging – ingot metallurgy 

Relatively less alloyed nickel-based superalloys, such as IN718 and Waspaloy are 

manufactured by forging. The different processes involve manufacturing superalloy 

forgings by ingot metallurgy are shown in Figure 2. 17 [1][39]. First, vacuum induction 

melting (VIM) happens. Below, electro-slag refining and vacuum arc remelting (VAR) 

take place. Then, annealing is made to improve the compositional homogeneity and 

followed by thermomechanical work and finally, the billet is undergone a series of 

forging operations [1][39]. 

 

Figure 2. 17. Diagram of different processes employed for manufacturing turbine disc alloys by 

ingot metallurgy [1]. 

The first stage is vacuum induction melting (VIM) (Figure 2. 18) [1][39][45]. VIM 

of superalloys provides a considerable reduction in the concentrations of nitrogen and 

oxygen due to vacuum conditions of the melt and through degassing, which allowing to 

avoid the oxidation of reactive elements such as aluminium, titanium zirconium and 

hafnium. As fewer oxides and nitrides are obtained, the micro cleanliness of vacuum 

melted superalloys is really good. In addition, the entry of high vapour pressure elements 

such as lead and bismuth at the scrap circuit during the manufacture of superalloy parts is 

substantial reduced during the melting process. Therefore, the vacuum melted superalloys 

are improved in fatigue and stress properties. The charge also remains very close in 

composition to the nominal initial chemistry. In addition, most of the stages of VIM 

process include a desulphurisation, which can be made by adding fluxing agents or lime 



Chapter 2 

28 

 

(CaO). The main problem of this process is its expensive cost. It is necessary to produce 

high amounts of material to reduce the cost of this step. 

 

Figure 2. 18. (a) Schematic of double chamber VIM and (b) crucible of VIM machine 

in detail [39]. 

An additional secondary melting process, such as vacuum arc remelting (VAR) 

(Figure 2. 19) and possibly also electro-slag remelting (ESR) (Figure 2. 19) is made after 

VIM step to reduce the level of segregation, casting defects, such as solidification pipe, 

cracks and porosity, and refractory particles of ceramic introduced from the VIM 

process [39][45][46]. These stages are mandatory due to the slow solidification rate of 

previous process. These stages are really important to promote a substantial reduction of 

ingot pipe and an improvement of the yield and forgeability of the large ingots. 

 

Figure 2. 19. (a) VAR scheme (b) ESR diagram [39]. 

After VAR and ESR processes, ingots have to be converted to a smaller cross 

section and longer length parts, so some treatments are necessary to break down the 
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as-cast structure by repeated working and reheating of the material, and to reduce the 

grain size to adequate levels from a few tens of millimetres to a few tens of 

microns [39][46]. This stage of the process is known as ingot to billet conversion and it is 

commonly achieved by a process known as cogging. This process changes the diameter of 

the cylindrical ingot by hot forging, which is reduced in size by a factor of 

approximately 2, so that its length increases four fold. At the same time this happens, the 

same deformation applied to the ingot promotes significant recrystallisation to a finer 

grain structure, while the heating temperatures are carefully selected to inhibit grain 

growth. In last years, many research have been studied and developed systems to predict 

the ingot and billet grain size, due to the demand of control this point, which is one of the 

most important to obtain an adequate forged part in the last step of the process [1][46]. 

Finally, once cogging stage has been performed and a fine grained uniform 

structure has been obtained, the billets are completely ready for forging. Forgings 

obtained will be exposed to suitable heat treatments to obtain the desired microstructure 

and properties. The last step will be the machining into the final expected components. 

During machining high amount of material is removed and thus, the buy to fly ratio 

substantially increases. As it has been described, the buy to fly ratio of forging – ingot 

metallurgy is high and thus, new alternatives have to be evaluated. 

2.2.2. Powder metallurgy 

New heavily alloyed superalloys developed in 1970s such as Rene 95, LC Astroloy, 

RR 1000, MERL 71 and Rene88 DT [41], which have higher levels of strengthening 

elements than earlier alloys such as Waspaloy or IN718, induced the use of PM for 

manufacturing turbine engine parts of these materials. These new materials cannot be 

processed via ingot metallurgy route, due to their extensive segregation and considerable 

reduction in hot workability [1][39][47]. Therefore, PM route is preferred for these 

materials [1][39][47]. Initially, this route was limited to gas turbine engines for military 

purpose. However, commercial applications have also emerged due to experience 

accumulated. Nowadays, the employment of PM route for manufacturing turbine engine 

components has become widespread. 

The diverse processes employed for manufacturing superalloys forgings by 

conventional PM are shown in Figure 2. 20 [1][39][46]. First, vacuum induction 
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melting (VIM) is employed as well. Below, remelting and inert gas atomisation to 

produce powder are carried out. Then, the powder is sieved to remove any large 

non-metallic inclusions inherited from the processing. Sieving improves the cleanliness of 

the product, so it is really critical. Next step is canning that includes the encapsulation, 

degassing and sealing of the powder into a can prior to be consolidated. Canning is also 

important, it is necessary for keeping the powder properties. Oxidation of the powder is 

one of the most important problems during canning and thus, keeping the oxygen at the 

level of as-atomised powder is mandatory. Hot isostatic pressing (HIP) applies both 

isostatic high pressure and temperature and it is normally used to consolidate the powder. 

Hot press compaction system is an alternative and it can also be employed to consolidate 

the powder. After that, extrusion is made to obtain a material with adequate grain size and 

mechanical properties. Finally, the billet is ready for forging. 

 

Figure 2. 20. Diagram of the different stages for manufacturing turbine discs superalloys by 

conventional HIP powder metallurgy route [39]. 

The first step of the process in the production of PM engine parts is the powder 

fabrication. This stage is one of the most important and there are many different methods 

to produce powder (Table 2. 6) [48]. Mainly, it is used inert gas atomisation from master 

melts produced by VIM processing (Figure 2. 21). Specifically, IN718, the material 

employed in this thesis, is also fabricated by plasma atomisation (PA) [49][50] and 



 State of the art 

 

31 

 

plasma rotating electrode process (PREP) [51]. Plasma atomisation uses argon plasma 

torches to melt and atomise into fine droplets a wire of the material to be atomised 

(Figure 2. 22). The main advantage of this technique is the morphology of the powders 

obtained. Plasma atomised powder particles are more spherical than VIM gas atomised 

powder particles and free of satellites, flakes and aggregates. On the other hand, PREP 

process involves again the use of a plasma source (Figure 2. 23). It is a method for 

producing metal powders where the end of a metal bar is melted by plasma while it is 

rotated about its longitudinal axis. Molten metal is centrifugally ejected and forms 

droplets that solidify to spherical powder particles. The main advantage of this technique 

is also the shape of powder particles, obtaining spherical powders without the presence of 

defects. However, the main issue of plasma atomisation and PREP process is the price. 

These techniques are really expensive, so normally VIM gas atomisation is used to 

manufacture powders. In addition, PREP powders are coarser and plasma atomisation 

powders have a coarser microstructure than VIM gas atomisation powders because of 

their higher cooling time. 

A critical point of powder production is the cleanliness of the powder 

manufactured. It is highly important since any contamination will be inherited by powder. 

Molten metal is poured into a tundish, which contains a specific designed ceramic nozzle 

surrounded one or more inert gas jets. Argon and nitrogen are commonly used and 

preferred. Then, a continuous stream of gas at high pressure is delivered to the stream of 

molten metal received at the nozzle, providing the disintegration of molten metal into 

spherical particles of a wide variety of sizes. The atomisation chamber is fabricated to be 

long enough to allow solidification of the particles before they reach the walls of the 

chamber. Cooling rates of the process are commonly higher than 100 ºC/s, being greater 

for finer than coarser particles. 
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Table 2. 6. Different powder production methods available in the industry [39]. 

 

 

Figure 2. 21. (a) Nozzle detail and (b) system of gas atomisation device for producing 

superalloy powder [1]. 

 

Figure 2. 22. System of plasma atomisation (PA) used for manufacturing superalloy powder [52]. 



 State of the art 

 

33 

 

 

Figure 2. 23. System of plasma rotating electrode process (PREP) employed for manufacturing 

superalloy powder [53]. 

A cleaning process of gas atomisation powder obtained is needed before being 

subjected to consolidation, to remove the possible presence of ceramic inclusions, which 

are caused by erosion of the melt crucible, tundish or nozzle [1][39]. A sieving process is 

made and it involves the passing of powder through sieves of different mesh sizes, which 

removes the oversized particles, into which category the most damaging non-metallic 

inclusions fall. Large powder particle sizes allow a greater chance of defects in the final 

component and thus would have potential application penalties in the form of reduced life 

capability [48]. For these reasons, the screening process is really important and it has a 

strong influence in the final result of the part. In addition, depending on the final 

application, a specific powder size range is selected in this process. 

The following important step in the PM route is the consolidation of the 

powder [39][48]. First, the powder with the required size range is filled into a completely 

cleaned and annealed canister, which is commonly fabricated with steel. After filling, the 

canister is outgassed and sealed. It is really important the outgassing procedure avoids the 

oxidation of powder. Therefore, to keep oxygen level at the level of as-atomised powder 

it is necessary to take place a degassing of the canister in high vacuum during many 

hours. Then, the canister is sealed and subsequently compacted by hot isostatic pressing 

(HIPping) or hot compaction. Hot isostatic pressing (HIP) involves the application of 

both high temperature and isostatic pressure at the same time to obtain fully 

dense material. 
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After consolidation process, extrusion can be needed to achieve the adequate grain 

size and mechanical properties of the final material [2][39]. A very high tonnage press 

with specific tooling is employed to extrude the material to the high reduction rations 

mandatory for fine grained billet. Fine grain size, smaller than ASTM 12, can be 

achieved. In this extrusion process, any non-metallic inclusions and defects still present 

are dispersed and most of the prior particles boundaries (PPBs) are broken down in the 

billets. Therefore, extrusion plays an important role to achieve an adequate final engine 

component. This structure is perfect for inspection of the billet and gives the material 

with superplasticity due to its fine grain size, which allows isothermal forging possible. 

Isothermal forging is the main system employed for making engine components 

with the desired finished shape and grain structure, but in some forging operations on 

powder superalloys can also be used the hot die route [1][3]. Nowadays, isothermal 

forging provides greater control of structure, such as recrystallisation and controlled grain 

growth, and the ability to forge quite complex, due to the fact that lower strain rates are 

employed during deformation. Therefore, near net shapes can be achieved, which enable 

substantial reductions in material input weight and machining time. 

As it has been described in this section, PM route has many advantages in 

comparison with ingot metallurgy. The most important of these advantages are exposed in 

the following lines: 

▪ Heavily alloyed superalloys developed to produce turbine section engine 

components such as Rene95 or LC Astroloy are very difficult to forge by 

conventional methods, so PM route is the unique available alternative production 

method to manufacture engine parts of these materials. 

▪ Homogeneity and segregation are improved with this route, especially in complex 

nickel-based superalloys. 

▪ Control of microstructure, finer grain size and better uniformity within a part can 

be achieved than what is possible in cast and ingot metallurgy wrought products. 

▪ Elimination of macrosegregation and thus alloy development flexibility 

are obtained. 
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▪ Consolidated powder products are often superplastic and suitable to isothermal 

forging, reducing force requirements for forging. 

In addition, as it is described in the following section of this chapter, PM route can 

be improved using net shape process, reducing raw material needed and machining cost. 

2.2.3. Net shape HIPping 

Net shape HIPping is a new advanced PM processing technology which eliminates 

extrusion and forging procedures and most of the massive machining work by using 

appropriate tooling for direct HIPping to produce near net shape or net shape 

components [29]. Differences between ingot metallurgy, conventional PM and net shape 

HIPping PM routes are shown in Figure 2. 16. NSHIP is a technology with many 

advantages, and also some issues. Manufacturing of nickel-based superalloys to produce 

aeroengine components can be improved using this new processing route and thus many 

research activities have been focused in this field in the last years [2][3]. 

2.2.3.1. Advantages 

Net shape HIPping, as a specific PM process, has many strengths from the 

conventional PM route, such as elimination of casting defects (freckles, white spots and 

laves phases) and macrosegregation, homogeneous microstructure and fine grain size, and 

thus uniform and higher mechanical properties [2][39]. Besides, net shape HIPping 

manufacturing technology has another important advantage in comparison with 

conventional metallurgy, the elimination of extrusion and forging procedures together 

with massive reduction in input raw materials and machining leads to a substantial 

decrease in cost and energy consumption, but mainly a significant enhancement in 

component production efficiency (the buy to fly ratio is considerable improved) [1][3]. 

As it has been mentioned previously ingot metallurgy and conventional metallurgy have a 

really low buy to fly ratio (approximately 10:1), while net shape HIPping can achieve buy 

to fly ratios close to 1.5:1 [29], so the improvement is clearly visible and the efficiency of 

the process substantially increases. As extensive machining and harmful chemical are not 

also employed, its environmental impact is really less than current methods. In addition, 

NSHIP allows manufacturing of graded component functionality or hybrid components 

for advanced high pressure and temperature designs. These parts are essential to 
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successfully achieve substantial reductions in fuel burn (CO2) for future large civil gas 

turbine engines [42][48]. 

The industrial sectors where NSHIPping is applied are: aeronautic, power 

generation and oil&gas. In all of them main issues are to reach the required mechanical 

properties [3][29] and to develop computational models able to predict the dimensions of 

the final components with high accuracy [43][54]. The success in those two activities is 

reached NSHIP activity will be expanded and consolidated in high added value 

industrial sectors. 

2.2.3.2. Issues 

There are still some critical issues to be overcome before NSHIP processing 

technology could be widely employed in producing aeroengine components. These issues 

have to be solved to produce gas turbine parts with appropriate properties. Three are the 

main issues to be overcome from the microstructural point of view: non-metallic 

inclusions, prior particles boundaries (PPBs) decorated with carbides and oxides and 

thermally induced porosity (TIP). These issues have to be minimised to achieve the 

mechanical properties required by the industry. 

2.2.3.2.1. Non-metallic inclusions 

One of the main issues of net shape HIPping technology is the presence of 

non-metallic inclusions. It is important to know non-metallic inclusions are still presented 

processing materials by ingot metallurgy, even in higher concentrations. The majority of 

nickel-based superalloys have high content of reactive metal and the solubility product of 

their inclusions is extremely small. Therefore, at normal atomisation temperatures, there 

is a dispersion of oxides and nitrides in equilibrium with the liquid metal together with 

the random occurrence of exogenous oxide inclusions, characteristic of metal processed 

in ceramic vessels [55][56]. 

These particles have a substantial influence on the mechanical properties of PM 

materials, especially decreasing low cycle fatigue (LCF) property [57][58][59]. Ceramic 

inclusions are mostly originated in the atomisation process. The inclusions are created 

from the melting crucible, atomising nozzle or pouring tundish. The composition of these 

particles is mainly dominated by aluminium and silicon in oxide form (AlO2 and SiO2) 

with zirconium, magnesium or calcium also incorporated in different amounts [60]. The 
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inclusions have a wide range of sizes, from several nanometres to hundred micrometres. 

These defects mainly affect in fatigue, acting as origins for fatigue cracks and thus 

decreasing tensile properties and low cycle fatigue (LCF) capability of PM superalloys 

parts produced [61]. The size, location and number of ceramic inclusions are closely 

related to the LCF life of a PM superalloy, as it has been reported in many different 

researchers [55][56]. The inclusion composition or type is not often an important factor 

and it has not a strong effect on LCF property. However, the location is the most 

important factor, so it is more difficult to nucleate a fatigue crack when the inclusion is 

internal, and thus surface inclusions in a part are the most dangerous. In addition, when 

inclusion size is higher, the LCF life of PM superalloy dramatically decreases [55][56]. 

 Elimination of these particles, or at least a considerable reduction, has to be done 

to improve the efficiency of net shape HIPping route. To achieve this objective many 

different investigation have been carried out to decrease amount and/or size of these 

defects. Gradually finer sieve sizes were used to screen out non-metallic inclusions. 

Reasonable success eliminating inclusions has been made by the advances and 

development of nozzles for high yield and cleanliness powder production [56]. Other 

methods developed was triboelectric separation to remove ceramic defects from 

superalloy powders [62]. Another alternative is the zero inclusion technique, which use 

electron beam melting in the raw material to produce the melt to achieve oxygen and 

nitrogen levels that avoid the precipitation of any inclusions, even at temperatures above 

the solidus [56]. The production of the powder by cold crucible or electrode induction 

melting gas atomisation (EIGA) is other possible solution as clean methods without the 

contamination by refractory [63][64]. Finally, if cleanliness of superalloy powders 

increases, the interest in powder based manufacturing techniques will be spurred. 

Therefore, it is necessary to do an effort to optimise atomisation process of powders to 

obtain a material with the required quality. 

2.2.3.2.2. Prior particle boundaries 

The most important issue of net shape HIPping of nickel-based superalloys is prior 

particle boundaries (PPBs) precipitation, which dramatically limits the application of this 

technology in the industry [65]. PPBs are generated by many different ways. They are 

caused by particle contamination and atomic segregation [66]. In addition, both result in 

precipitation at PPBs, either as oxides, carbides, oxycarbides or even as 
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oxycarbonitrides [67][68]. Oxides such as ZrO2, TiO2 and Al2O3 could be nucleation sites 

for the preferential precipitation of MC type carbides along the PPBs, as it has been 

reported in many investigations [69]. PPBs precipitates can also be generated on the 

powder particle surface during atomisation [70] or compaction of the powder on HIP 

machine [70]. Moreover, there are many different factors which affect PPBs precipitates, 

so when oxygen and carbon content increase the precipitation of these defects also 

increases [70][71]. The concentration of PPBs precipitates is also dependent on many 

other things including in the steps which they are created, such as the atomisation method, 

particle size used, preconsolidation handling and consolidation parameters [72]. Finally, 

once these defects have been formed, post-HIP heat treatments can also modify the 

amount and morphology of PPBs [73][74][75]. 

PPBs precipitates have a strong influence on mechanical properties, as it has been 

clearly reported on the literature [70][75]. The presence of these defects decorated with 

oxides and carbides significant decrease the bonding between powder particles during 

HIPping process and thus the crack initiation and growth sites under load easy 

becomes [70]. This effect is more clearly visible at elevates temperatures and leads to 

substantial degradation of high temperature tensile ductility, stress creep rupture, fracture 

toughness and low cycle fatigue properties [75][76]. 

As it can see, PPBs precipitates can be generated and modified in many different 

steps of net shape HIPping PM route, and they dramatically decrease the majority of 

mechanical properties of the nickel-based superalloys. Specifically, in IN718, PPBs is one 

of the main issues to achieve mechanical properties required by aeronautic industry. 

Consequently, many different research works have been carried out to eliminate or at 

least decrease the amount of PPBs precipitates [71][77][78]. As it has been described, 

oxygen and carbon content of powder is one of the main issues of PPBs, so many 

investigations have evaluated the influence of lower contents of these elements and they 

had a positive result, which decreased or even eliminated PPBs content [70][71]. Other 

possible solution investigated was the use of rotating electrode process, by electric arc 

melting as an electrode and by continuously feeding the consumable electrode, to 

fabricate the powder. It is a less disturb and inert atmosphere method than gas atomisation 

and thus enables powders of less oxygen content to be obtained [3][29][39]. However, the 

powder obtained is more expensive. The raw material employed was other important 

factor evaluated. Pure raw materials improved the quality of the final powder, obtaining 
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lower oxygen and carbon contents [29][79]. HIPping parameters, mainly temperature, 

was other typically method employed to reduce PPBs by promoting the grain boundaries 

to go beyond PPBs [80]. However, HIPping temperature is limited and too high 

temperatures might lead to grain boundary melting or formation of continuous grain 

boundary films and abnormal grain growth, which dramatically decreases mechanical 

properties [80]. Higher temperature solution treatment was also tried to eliminate PPBs 

by dissolution of carbides [73][81]. Addition of strong carbide formers such as Ta or Hf 

to promote interior stable carbide precipitation and thus reducing the carbide precipitation 

at PPBs was also suggested [82]. In some nickel-based superalloys, PPBs precipitates are 

mainly carbides, so it was proposed a heat treatment prior to HIPping to decrease these 

defect by promotion carbide formation and coarsening in the interior of powder 

particles [69]. Finally, post-HIP heat treatments over the solvus temperature of PPBs 

precipitates was suggested as possible solution to eliminate these defects. However, these 

treatments created porosity and new HIPping cycle was required [29][74].  

2.2.3.2.3. Thermally induced porosity 

The third and last typical issue of net shape HIPping PM route is the presence of 

thermally induced porosity (TIP) [83]. Nowadays, with the HIP machines available in the 

industry, it is relatively easy to achieve full densification of nickel-based superalloys by 

applying both high pressure and temperature. Normally, during HIPping cycles at high 

temperature and pressure conditions, any possible gas left in a sealed canister or gas 

entrapped into powder particles during gas atomisation process (generally, argon or 

nitrogen), if the powder has been manufactured by this method, could be consolidated, 

compressed and dissolved into the powder particles surface or matrix [84]. However, after 

HIP cycle, the material are commonly heat treated to precipitates different phases, which 

are essential to achieve the mechanical properties required by this superalloy. In these 

heat treatments at high temperature and without pressure, swelling can take place as gas 

establishes an equilibrium pressure dependent on the surface energy and gas bubbles 

might again reopen [84]. This thermally induced porosity (TIP) is an important defect and 

becomes other issue for net shape HIPping technology. These defects decreases seriously 

mechanical properties, mainly low cycle fatigue and fracture toughness properties. These 

pores could be the initial nuclei of a crack [83][84].  
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Massive efforts have been taking placed to study possible solutions for thermally 

induced porosity (TIP). Chemical composition of nickel-based superalloys has been 

analysed, especially the influence of grain boundary elements such as boron, carbon and 

hafnium on porosity [83][85][86]. The most influential element was boron. Increasing 

boron content led to increase grain boundary triple point hole formation and tendency for 

TIP. High boron content promotes an increase of amount of incipient melting and thus 

TIP is created by weakening of grain boundary triple points [86]. Therefore, high 

amounts of boron are detrimental and decreases mechanical properties such as creep life 

and low cycle fatigue due to the pore initiation sites. The main purpose to avoid TIP is the 

minimisation of the gas in closed pores. This could be achieved by correctly degassing 

the compact and avoiding temperatures where some of the elements can dissolve or react 

to create a vapour [84]. This could be made by vacuum sintering to the closed pore 

conditions, prior to pressurisation, to avoid trapped gas. In addition, it is also very 

important an optimum chemical composition of the nickel-based superalloy, an 

appropriate process of manufacturing of the powder and adequate post-HIP heat 

treatments. These processes and parameters have to be carefully studied and the optimum 

conditions have to be selected to avoid TIP formation [61][83][86]. 

2.2.3.3. HIPping behaviour 

In the previous section, it has been described the relevance of finding a solution for 

the issues of HIP technology. It is mandatory these issues are optimised to achieve the 

mechanical properties required by the industry. However, it is necessary at the same time 

to have optimum modelling software to the shrinkage of the material during HIP cycle to 

obtain a net shape component. The efficiency of this new technology is in the reduction of 

forging and machining steps and thus, the final dimensions of the HIPped component has 

to be successfully predicted by modelling. To develop a modelling system that allows 

determining with high accuracy the final dimensions of a part after HIP cycle it is 

mandatory to know the densification mechanisms involves in during compaction at both 

high temperature and pressure in the HIP vessel. 

Several densification mechanisms participate during HIPping process to consolidate 

the powder, such as diffusion, plastic yield, elastic, mechanical compacts and 

creep [87][88][89][90][91][92]. Initially, in a HIPping cycle pressure is applied into the 

powder canister. This pressure is transferred through the powder particles as a set of 
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forces acting across the particles contacts. First, the deformation at these contacts is 

elastic, but the pressures rises and thus the contact stress increases, promoting plastic 

yielding and expanding the points of contact into contact areas. The contact area is 

continuously increased when the particles deform plastically and the contact stress is 

reduced for a constant applied pressure. As the contact stress decreases, finally the 

contact stress will be below the yield stress and densification by plastic yielding will 

cease. Holes and voids surrounded by spherical thick shells would remain at the end of 

plastic yielding process. Further densification promotes diffusion of material from a grain 

boundary source or lattices to the hole or void surface and power law creep in the contact 

zones. In the final stage of power law creep, densification process is guided by the creep 

of the thick spherical shell surrounding each hole. Diffusion of material can carry out 

across the contact areas between particles when densification happens by diffusion from 

interparticle boundaries. Therefore, the particles began a closely movement together and 

the hole and void spaces between them are filled, so the material becomes denser. 

Densification takes place during HIPping as described above if all particles powder 

will have the equal size, but powders used in HIPping process have a wide particle size 

distribution (PSD). Therefore, inhomogeneous deformation for particles with these 

different sizes might occur. Some particles may be experiencing plastic yield while some 

others might be just subject to creep or even remain undeformed. Normally, researchers 

believe smaller particles undergo more extensive deformation than larger [93], leaving 

behind undeformed boundaries of the large powder particles in the final consolidate. 

These undeformed boundaries are prior particles boundaries (PPBs) (there are also 

deformed particles decorated by PPBs) and they are detrimental for mechanical 

properties. Hence, it is also a critical factor of this technology the employed PSD of 

the powder. 

A complete understanding of mechanisms played a part of densification during HIP 

cycle is a strong task, because many mechanisms acting in each step and it is not so clear 

the influence of each one in each individual powder particle. The study of densification 

behaviour of nickel superalloys powders requires applying a densification constitutive 

model for powder compacts. Several researches have been focused on the analysis of 

these densification mechanisms. The densification model of Abouaf et al. [94] is the most 

popular and it is based on finite element analysis software. It has been used to describe 

the densification behaviour of many superalloys. In the last years, many different 
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developed models to describe densification mechanisms during HIPping cycle have been 

published, comparing experimental data with theoretical calculations obtained by 

their models [95][96][97][98]. 

2.3. Nickel-based superalloys  

2.3.1. History, composition and crystallography 

The origin and development of nickel-based superalloys is due to the requirements 

of aeroengine industry of materials with higher properties at elevated temperature, mainly 

for the turbine section of the engine. The advances and development of nickel-based 

superalloys is highly dependent on alloy chemistry. The role of the 

elements presented in nickel-based superalloys has been widely studied and understood 

(Table 2. 7) [39][99][100]. As commonly in material science, the effect of the alloying 

elements in the mechanical properties of nickel-based superalloys depends on the 

microstructural changes they introduce.  

Table 2. 7. Function of different alloying elements in nickel-based superalloys [99]. 

Effect Elements 

γ solid solution elements Co, Fe, Cr, Mo, W, Ni 

γ´ forming elements Al, Ti, Ta, Nb 

γ´´ forming elements Nb, V 

Carbide  

forming  

elements 

MC type Ti, Ta, Hf, Nb, Mo, W 

M23C6 type Cr, Mo, W 

M6C type Ni, Co, Mo, W 

Grain boundary strengthening elements  Zr, Hf, B, C, Nb  

Topologically close packed phase elements  Cr, Mo, W, Ni, Co  

Elements that increase oxidation resistance  Al, Cr 

 

Nowadays, there is a wide variety of nickel-based superalloys with different 

chemical composition and diverse amount of elements involved in precipitation of 

gamma phases, which carefully determine the final mechanical properties of the material 

(Table 2. 8). The early nickel-based superalloys developed were materials, such as 

Waspaloy or IN718, which show relatively simple chemical compositions 
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characterised by a low addition of gamma prime forming elements, such as Al, Ti, Ta or 

Nb (Table 2. 8) [1][99]. As a result of the low amount of these elements, it was really 

difficult to manipulate and fabricate these alloys by PM route and thus they are 

manufactured by ingot metallurgy [1][39][99]. However, the demand of aeroengine 

industry for improved jet engine efficiency and performance, allowing the development 

of new heavily alloyed nickel-based superalloys such as Rene 95, IN 100 and Astroloy 

(Table 2. 8) [1][101]. These materials have higher amount of gamma prime former 

elements and strong solid solution strengthening elements. In addition, these alloys have 

higher grain boundary strength due to addition of carbon, boron and zirconium. As a 

result of different chemical composition, these heavily alloyed superalloys are typically 

manufactured by conventional PM route. High alloyed nickel-based superalloys show 

higher strength levels and high working temperature than the earlier alloys (IN718 and 

Waspaloy). However, addition of carbon provides the oxide and carbide precipitation at 

PPBs, which dramatically affects the mechanical properties of the final material. 

Therefore, new nickel-based superalloys with have lower carbon content [99], such as 

MERL 75, were developed (Table 2. 8). 

Table 2. 8. Chemical compositions (in weight %) of nickel-based superalloys [102]. 

 

Many different researchers have studied these heavily alloyed nickel-based 

superalloys processed by conventional HIP PM route (conventional PM route is press and 

sinter) [103][104][105][106][107]. As compared with the materials with low level of 

strengthening elements such as IN718 and Waspaloy, these superalloys manufactured by 

PM tend to put more emphasis on seeking a good combination of mechanical properties, 
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microstructural stability, chemical composition and HIP capability. In the last years, these 

materials were analysed for net shape HIPping manufacture of turbine engine 

components [108]. However, not enough research activity has been carried out for the 

early nickel-based superalloys [3][75]. IN718 and Waspaloy are and will be materials 

widely used in the aeroengine components due to its properties. Therefore, a complete 

study of the optimum manufactured conditions by NSHIPping, including chemical 

composition, microstructural stability, heat treatments, HIP capability and mechanical 

properties is really important.  

Chemical composition of nickel-based superalloys is not the unique factor that 

influences processing technology. The crystallography and different phases involved on 

nickel-based superalloys have significant importance in their final mechanical properties. 

Phases are mainly gamma phase (γ) and gamma prime (γ´) and/or gamma double 

prime (γ´´) [109][110][111]. The continuous matrix, also known as gamma, is a face 

centered cubic (fcc) nickel-based austenitic phase, which normally contains a high 

amount of solid solution elements and a random distribution of the different species of 

atoms (Figure 2. 24). However, the primary strengthening phase in nickel-based 

superalloys is gamma prime. It is a coherent precipitation phase with an ordered solid 

solution face centered cubic (fcc) crystal structure. It has a primitive cubic lattice in 

which the nickel atoms are at the face-centers and the aluminium or titanium atoms at the 

cube corners (Figure 2. 24). The chemical composition of this phase is typically Ni3Al. 

Other elements can substitute for either nickel or aluminium or both in highly alloyed 

nickel-based superalloys, so the composition can be better expressed as 

(Ni, Co)3(Al, Ti, Ta). Gamma prime precipitates homogeneously throughout the matrix 

and have long time stability. It is also ductile and thus improves strength to the matrix 

without lowering the fracture toughness of the alloy. The other strengthening phase is 

gamma double prime, a body centered tetragonal structure with an ordered arrangement 

of nickel and niobium atoms (Figure 2. 24). The chemical composition of this phase is 

Ni3Nb or Ni3V. The most common and typical gamma double prime nickel-based 

superalloy is IN718, the material used in the present thesis. The influence of gamma 

double prime phase on the mechanical properties of IN718 is really important. However, 

most of the precipitate strengthened nickel-based superalloys are only gamma 

prime strengthened.  

http://cst-www.nrl.navy.mil/lattice/struk/a1.html
http://cst-www.nrl.navy.mil/lattice/struk/a1.html
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Figure 2. 24. Crystal structures of (a) gamma, (b) gamma prime, and (c) gamma 

double prime [111]. 

Table 2. 7 summarises the influence of chemical elements presented in nickel-based 

superalloys on the microstructure. As it has been described in this section, the strength of 

polycrystalline nickel-based superalloys is obtained by a combination of solid solution 

strengthening of the disordered gamma matrix and the precipitation hardening of the 

ordered gamma prime and/or gamma double prime phases with multiple size ranges. 

Carbon is other important element in the final polycrystalline structure of the alloy. This 

element combines with reactive and refractory elements such as hafnium, tantalum and 

titanium to from carbides. During heat treatments and service, carbides begin to 

decompose and form lower carbides such as M23C6 and M6C (both fcc), which have a 

tendency to be situated on the grain boundaries, decreasing mechanical properties in most 

superalloys. There are also other elements that limit grain growth such as zirconium, 

hafnium, boron, carbon and niobium. These elements act controlling the grain size by 

their precipitation in grain boundaries during heat treatments or service, so in some alloys 

such as IN718, delta phase (δ), which has an orthorhombic crystal structure, precipitates 

(Ni3Nb) and controls the grain growth of the material. Topologically close packed phases 

can also be formed in these alloys. They are brittle undesirable phases that can form 

during heat treatments or service. The crystal structure of these phases has close packed 

atoms in layers separated by large interatomic distances. These phases (σ, μ or laves) 

normally appear as plates and dramatically decrease mechanical properties. They tie up 
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gamma, gamma prime and gamma double prime strengthening elements in a non-useful 

form and thus reducing creep strength and acting as crack initiators. Finally, there are 

some elements such as aluminium and chromium that can prevent the oxidation by their 

self-passivating characteristics. Therefore, different mechanisms contribute to the final 

polycrystalline structure, depending of the nickel-based superalloy. 

It is also important to remember that net shape HIPped nickel-based superalloys 

typically show some unique microstructural characteristics, including non-metallic 

inclusions, prior particles boundaries precipitates as oxides and carbides and thermally 

induced porosity.  

2.3.2. Heat treatments 

Nickel-based superalloys employed for manufacturing aeroengine components need 

to be heat treated to achieve the appropriate microstructure and obtain the mechanical 

properties required by aeronautic industry. Basically, these materials undergo a two stage 

heat treatment, which precipitates different phases. It is important to optimise heat 

treatment parameters to obtain the adequate amount, size, morphology and distribution of 

the phases precipitated. Solution treatment (ST) is the first stage. It is made at a 

temperature near or above the solvus temperature, the gamma prime, the gamma double 

prime and/or delta phase, and its duration is typically between 30 minutes and 2 hours. 

Dissolution of the precipitate phases, mainly gamma prime, gamma double prime and/or 

delta phase and carbides in some instances, prior to their controlled precipitation during 

cooling or ageing/precipitation treatment, is the main aim of this treatment. The second 

stage is an ageing/precipitation treatment, which normally is carried out in the range of 

600-800 ºC for 1-24 hours. The purpose of this treatment is to refine the gamma prime 

precipitate morphology in the materials that this phase has been obtained during ST, in 

particular the tertiary gamma prime, and/or the precipitation of gamma prime and double 

prime to strengthening the material, and to relieve residual stresses in the alloy, which 

might be present as a result of fast cooling after solution treatment. 

2.3.2.1. Solution treatment 

The solution treatment stage is really important to achieve the mechanical 

properties required by aeroengine industry. The main objective of this treatment is the 

dissolution of the precipitates phases (gamma prime, gamma double prime and/or delta 
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phases, and even some carbides). Besides, grain growth is highly dependent on solution 

treatment temperature. This temperature has to be carefully selected to dissolve the 

precipitates and at the same time obtain the desired grain size according to mechanical 

properties requirement. Coarser grains, produced by higher solution temperature, improve 

elevated temperature rupture properties. However, finer grain sizes, which are obtained 

with low solution temperature, are better to the low temperature tensile and fatigue 

properties. Therefore, an adequate balance between low and high temperature has to be 

found to achieve the optimum temperature that allow obtaining required grain size and 

mechanical properties and the dissolution of the phases previously precipitated. 

Grain growth is normally dominated by grain boundary precipitates such as primary 

gamma prime, delta phase, carbides or oxides and even borides. Grain boundary 

migration will be strongly pinned by primary gamma prime and grain growth will be 

difficult when the solution treatment is less than gamma prime solvus temperature. If the 

treatment is done above gamma prime solvus temperature, those elements that make up 

the gamma prime phase will be in solid solution and homogeneously distribute 

throughout the gamma matrix and other phases, such as carbide or oxides, are relied upon 

to limit grain growth [112]. It is also important an adequate cooling rate to provide a 

specific distribution of intragranular gamma prime. This rate from solution temperature 

determines the initial size, distribution, morphology and volume fraction of gamma 

prime, and thus, it determines the mechanical properties of the nickel-based 

superalloys [112][113]. 

However, gamma prime precipitation does not take place in some nickel-based 

superalloys with low levels of strengthening elements, such as IN718. During the solution 

treatment, instead gamma prime precipitation, gamma prime and gamma double prime 

precipitates are dissolved and delta phase is produced [75][81][114]. This thermodynamic 

stable phase generally precipitates above 900 ºC. This phase does not contribute 

substantially to the hardening of the alloy due to its incoherence with the matrix. On the 

contrary, its presence implies a loss of hardenability due to the depletion of gamma 

double prime, since both phases are niobium based. Moreover, its presence has been 

associated with an increased susceptibility to hot cracking [114][115]. The phase also has 

certain beneficial effects. Moderate fractions are effective in limiting grain growth during 

solution treatments and grain boundary delta with an appropriate morphology has been 

shown to provide resistance to grain boundary creep fracture [114][116]. 
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Other important factor of solution treatment for powder net shape HIPped materials 

is the temperature [85][114][115][116]. Increasing the temperature it is easier the 

formation of thermally induced porosity, as reviewed in previous section of this chapter. 

In addition, the solidus temperature of the nickel-based superalloy should be taken into 

account since solution temperatures above the solidus would lead to local melting, 

especially at grain boundaries, and thus the risk of intergranular fracture would increase. 

Therefore, excessively high solution temperature should be avoided, in terms of 

avoidance of local melting and suppression of thermally induced 

porosity [85][114][115][116]. 

2.3.2.2. Ageing/precipitation treatment  

The ageing/precipitation treatment is made after the solution treatment stage. The 

main aim of this treatment is to refine the gamma prime precipitate morphology in most 

of the superalloys, in the nickel-based superalloys with high levels of strengthening 

elements, such as Waspaloy or Astroloy. The cooling rate from solution treatment fixes 

the initial distribution of gamma prime. This treatment promotes further nucleation of 

tertiary gamma prime through particle coarsening [112][117]. Therefore, the major goal 

of the ageing treatment is to maximise gamma prime precipitation from still saturated 

matrix due to high cooling rate from solution treatment. However, the ageing time should 

not be too long to produce overageing and softening. In addition, too high temperature of 

this treatment will produce secondary gamma prime could even coarsen and morphology 

change with treatment progress. In conclusion, the experimental parameters of this 

treatment have to be carefully selected to obtain the appropriate behaviour [112][117]. 

However, in some nickel-based superalloys, mainly with low levels of 

strengthening elements, such as IN718 gamma prime and gamma double prime phases 

precipitate during this treatment [75][81][118][119][120][121]. In these alloys, delta 

phase precipitates during the solution treatment to control grain growth and in this stage it 

is necessary the precipitation of gamma prime and gamma double prime to obtain a final 

material with the adequate strength [75][81]. The precipitation of the delta phase and 

carbides at the grain boundaries in the solution treatment, which led to the partial 

consumption of niobium, controls the precipitate fraction produced in this ageing stage. It 

is really critical to optimise the relationship of niobium between delta and gamma double 

prime phases to achieve the mechanical properties required by the 
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industry [81][114][120]. The gamma prime and gamma double prime phases precipitate 

between about 600 and 900 ºC as uniformly distributed small particles and form the basis 

for the precipitation hardening of the alloy.  

Finally, this treatment can also be used to relieve residual stresses in the 

nickel-based superalloys, presented due to the fact that high cooling rate employed after 

solution treatment.  

2.3.3. Strengthening mechanisms  

Nickel-based superalloys are mainly strengthened by two ways: solid solution and 

precipitation hardening. There are also two more mechanisms that can be considered, 

grain size hardening and cross slip induced hardening, but their influence is residual in 

comparison with the others.  

2.3.3.1. Solid solution strengthening 

The introduction of solute atoms of different sizes, which create elastic strains in 

the crystal, is the main mechanism of strengthening in the disordered gamma phase. 

These strains are either tensile or compressive, depending on the size difference between 

the solution atom and the parameter of the host lattice. The elements of nickel-based 

superalloys are selected to provide the largest amount of strain, without precipitation of a 

new phase, and thus obtaining the optimum degree of solid solution strengthening. 

Basically, in nickel-based superalloys these elements are cobalt, chromium, tungsten and 

molybdenum. For example, chromium and molybdenum are added in IN718 to give solid 

solution strengthening. There are diverse mechanisms working to strengthen the material 

such as atomic size mismatch, elastic modulus mismatch and short distance order which 

all increase the stress needed to deform the material [122]. 

2.3.3.2. Precipitation hardening by gamma prime and gamma double prime 

The other main strengthening mechanism in nickel-based superalloys is 

precipitation hardening. Dislocation movements through precipitates are hindered by the 

ordered structure of the precipitates and this promotes the hardening effect. The order of 

the atoms should be modified for a dislocation to pass through the precipitate, which 

means that a thermodynamically less attractive state is achieved by the creation of 

antiphase boundary (APB), which means that more energy is required to move a 
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dislocation through the precipitate. Dislocations have to travel in pairs to restore order, 

referred to as superdislocations, where the first dislocation destroys the order and the 

second restores it. There are some situation that it is not even enough for two dislocations 

to cooperate but even more have to move together [1][39]. 

The contribution to strength by the gamma prime and gamma double prime phases 

arise due to the fact that the precipitates blocking the movement of dislocations, through 

different mechanisms dependent on factors that might modify the hardening by coherent 

precipitates. These diverse factors include coherency strains, differences in elastic moduli 

between particle and matrix, existence of order in the particles, difference in stacking 

fault energy of matrix and particle, increases in lattice resistance of particles with 

temperature and energy to create additional particle and matrix interface. There are six 

different factors that affect precipitation hardening, but coherency strains and existence of 

order in the particles are the most important. Therefore, the coherency strains and 

antiphase boundary energies related with the movement of dislocations through the 

intermetallic precipitates are briefly reviewed in the following lines. 

Order strengthening: The coherent precipitates promote dislocations to cut through 

or bow around them. Atomic movements will take place when a a/2<110>{111} 

dislocation cuts through the ordered gamma prime, which leaves behind a surface of 

disorder such as antiphase boundary (APB). Order might be restored by a second 

a/2<110>{111} dislocation to remove the APB established by the first one. Therefore, the 

dislocations should travel through the gamma and gamma prime structure in pairs, as it 

has been supported by TEM evidence [123]. The associated antiphase boundary energy 

represents a barrier which has to be overcome if particle cutting it to happen. The 

activation energy responsible for gamma prime shearing is determined by the energy 

necessary to generate the APB and thus provides significant order strengthening, which is 

believed to make the largest contribution to the strengthening of nickel-based 

superalloys [124]. Many different mechanisms can dictate the dislocation interaction 

when a pair of dislocations shears a precipitate [125]. These mechanisms basically 

depend on the size of the precipitates and the APB energy. For small precipitates 

(approximately less than 20 nm) the pair of dislocations might not lie within an individual 

precipitate (Figure 2. 25). Weak pair coupling is denominated this situation. The trailing 

dislocation enters a precipitate before the leading dislocation exits with the precipitates 

larger (Figure 2. 25) and in this case strong pair coupling is taken placed. A comparison 
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of the stress necessary to push a pair of dislocations through a precipitate for each 

mechanism as function of precipitate size is also shown in Figure 2. 25. The active 

mechanism modifies from weak pair coupling to strong pair coupling as the gamma 

prime increases. 

 

 

Figure 2. 25. (a) Configuration of dislocations and precipitates during weak pair coupling, (b) 

configuration of dislocation and precipitates during strong pair coupling, and (c) relative 

strength due to each mechanism versus precipitate size [125]. 

The optimum strength is obtained when gamma prime size is of a value that 

maximises the resistance to cutting by weakly coupled dislocation pairs [125]. This 

critical and important size is different in each nickel-based superalloy. 

Coherency strains: The cube-cube orientation of the gamma and gamma prime unit 

cells helps the development of coherency strains, due to the similarities in the lattice 

parameters of the phases. It is really important the sign and magnitude of the mismatch to 

determine the microstructure and the interactions between dislocation and the 

precipitates [126]. 
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2.3.3.3. Grain size hardening 

Grain size hardening is really important to strength in nickel-based superalloys at 

temperatures below about 0.5 absolute melting temperature (Tm) (Equation 2. 1). 

However, at higher temperatures larger grains are to be preferred as they give better creep 

resistance by reducing the amount of grain boundaries in the material. This behaviour is 

due the resistance of grain boundaries to dislocation motion. The effect of average grain 

size on mechanical strength of a superalloy is often modelled employing the Hall-Petch 

equation, which is described as: 

σy = σ0 +
k

√d
 

Equation 2. 1 

 

Where, 

 σy: yield stress 

 σ0: lattice friction stress (constant) 

k: grain boundary resistance (constant) 

d: grain diameter  

This equation relates the yield strength of a superalloy to its grain size. When the 

grain size decreases, superalloy strength will increase. The grain boundary surface area 

per unit volume is higher for a fine grained microstructure. The grain boundaries are an 

obstacle to plastic deformation and thus increase yield strength [127]. However, optimum 

creep resistance values are obtained for large grain sizes [128], since grain boundary 

sliding and cavity formation would become aggravated with increased grain boundary 

areas and thus decreased grain size. 

2.3.3.4. Cross slip induced hardening 

Other possible mechanism that can influence the strengthening of nickel-based 

superalloys is cross slip induced hardening. This mechanism is residual in comparison 

with previous described. Dislocation slip in the gamma and gamma prime phases takes 

place on the {111} glide plane in the <110> direction. However, when the temperature 

increases, dislocations in the gamma prime phase to cross slip on the {100} planes are 

preferred, where they have lower antiphase domain boundary energy. There are some 

situations where the extended dislocation is then partly on the close packed plane and 
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partly on the cube plane. Such a dislocation initiates locked, producing to an increase in 

strength of materials at elevated temperatures [129]. 

In conclusion, coarsening, growth and the nucleation of precipitates for a specific 

heat treatment process results in a characteristic precipitate distribution. The size and 

distribution of precipitates and the degree of mismatch between the precipitate and the 

matrix are really critical to achieve optimum strength. It is also necessary the precipitate 

will be coherent with the matrix as most of the strength is lost in the event of precipitates 

becoming incoherent with the matrix [39]. Differences in precipitate size will inevitably 

lead to the operation of diverse mechanisms. A wide variety of strengthening mechanisms 

make their own contributions to the materials strengthening. A comprehensive model by 

taking into account different variables was developed by Kozar et al. [130]. This method 

is able to predict the contribution of each strengthening mechanism to yield strength as 

well as the dominant strengthening mechanism.  

2.3.4. Mechanical properties 

One of the most important factors of nickel-based superalloys are their mechanical 

properties. Their processing and manufacturing are carefully made to achieve the 

mechanical properties and grain size required by aeronautic industry to its engine 

components. Therefore, it is really critical to know the behaviour of different mechanical 

properties studied in these materials, as it has been done in the following lines.  

2.3.4.1. Crack propagation  

Fatigue is normally the life limiting factor in modern aeroengine components. High 

resistance to fatigue crack propagation is important as well as resistance to crack 

initiation, since a crack once present must not propagate to failure between inspection 

intervals. Crack propagation has been extensively studied in nickel-based 

superalloys [131][132]. Grain size is one of the most important factors in crack 

propagation behaviour. Fine grain size leads to accelerated crack growth, especially at 

elevated temperatures [133]. Further, high fatigue crack propagation rates are obtained 

with fine grain sizes. These results have been associated with an intergranular mode of 

failure even at relatively rapid test frequencies. To evaluate why finer grain sizes in 

nickel-based superalloys exhibit faster fatigue crack propagation, many different 

mechanisms relating grain size and grain boundary chemistry to fatigue crack propagation 
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resistance have been assessed [133]. These mechanisms proposed that since decreasing 

grain sizes increases grain boundary volume it effectively decreases the concentration of 

important elements such as boron or zirconium at grain boundaries. Both elements are 

thought to enhance grain boundaries properties in superalloys and their effective dilution 

may therefore responsible for the rapid intergranular fatigue crack propagation observed 

with grain sizes. In addition, fatigue crack growth of most superalloys is mainly a cycle 

dependent damage process with little frequency effect at very high frequencies. At 

relatively low frequencies, crack growth includes time dependent processes, which were 

generally ascribed to environmental degradation processes and/or phenomena involving 

creep, described in the following section of this chapter (section 2.3.4.2). 

2.3.4.2. Creep  

When a load applies in a material at elevated temperature, a time dependent plastic 

deformation will be produced, called creep. The associated strains that develop over time 

are creep strains. At the rear part of casings the material operating temperature might 

possibly be in excess of 0.5 Tm, where Tm is the absolute melting temperature. In these 

conditions of relatively low mechanical loading and high temperature lead thermally 

assisted movement of dislocations and results in creep deformation. Creep is tested at a 

constant desired temperature by subjecting a sample of known geometry to a constant 

tensile or compression load and measuring the strain evolution as a function of time. The 

most common creep curve showing the macroscopic deformation response is shown in 

Figure 2. 26. Initially, an instantaneous response including elastic and time independent 

plastic flow is obtained. Then, the three typical stages of creep are achieved. First, a 

period of primary creep where the strain rate is high, followed by secondary creep where 

the rate decreases. Finally, in the tertiary creep the strain rate increases again, accelerating 

until failure takes place. 
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Figure 2. 26. Typical creep curve, strain versus time under constant load and temperature, 

showing three stages leading to creep failure [134]. 

Primary creep: During this step, nickel-based superalloys strain hardens. Before this 

stage, there are initial deformations, which are not reported on in the context of creep 

studies. However, they cannot be neglected because of the inelastic nature of the initial 

plastic flow. In addition, these deformations, which depend on the loading rate, might be 

important under service conditions with intermediate to rapid temperature ramps. After 

this fast initial step, primary creep takes place. It is characterised by a period of 

decreasing creep rate during which hardening is taking place faster than softening due to 

the high temperature.  

Secondary creep: For most of nickel-based superalloys, secondary creep is the 

dominant deformation mode at temperatures above 0.5Tm. Constant creep rate as strain 

hardening takes place and simultaneously recovery mechanisms operate. Deformation 

promotes strain hardening due to the generation and movement of dislocations. However, 

these mechanisms are balanced by dislocation recovery processes such as climb and cross 

slip during steady state creep. The consequence is dislocations acquire lower energy 

arrangements or annihilating one another. For design purposes, minimum creep rate is 

typically obtained by the gradient of this part of the creep curve. 

Tertiary creep: Final region is characterised by an increase again in strain rate until 

the test specimen ruptures. The complete fracture of the sample will be produced when 

the remaining load bearing material is unable to support the applied load. Fast 

acceleration takes place and it can be attributed to a diverse number of factors such as the 

microstructural instability from prolonged high temperature exposure, stress 
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concentration at cracks or cavities developed in the grain boundaries, and gradual 

increases in the true stress levels due to the decrease in cross sectional area 

under constant. 

2.3.4.2.1. Creep mechanisms 

There are many different mechanisms which might participate in creep processes. 

These mechanisms are strong dependent on the microstructure, especially the structure 

and number of grain boundaries, due to the fact that a finite amount of strain is 

accommodated internally within the grain. The most important creep mechanisms that 

dominate the process are mainly governed by temperature and strain rate [135]. 

Dislocation creep: It involves the movement of dislocations, which overcome 

barriers by thermally assisted mechanism associated with the diffusion of vacancies or 

interstitials. It is a combination of dislocation glide and vacancy diffusion. The movement 

of a dislocation is made by action of the glide process until appears an obstacle, such as a 

gamma prime or gamma double prime precipitate or a solute atom. The precipitate will 

pin the dislocation until the external stress and any thermally activated diffusion process 

can promotes the dislocation to overcome it. The dominant mechanism, mainly at 

elevated temperatures, for overcoming obstacles is dislocation climb, which requires 

diffusion of vacancies to the dislocation [136]. 

Diffusion controlled creep: This mechanism involves the diffusion of atoms and 

vacancies within nickel-based superalloys. A single grain within a polycrystalline 

material is subjected to both a tensile and compressive stress. Compressive stress 

decreases the separation of atoms on grain boundaries that are parallel to the stress axis, 

and tensile stress increases the separation of atoms on grain boundaries that are normal to 

the stress axis. As consequence, it is obtained a driving force for diffusion transport of 

atoms from grain boundaries parallel to the tensile stress to boundaries normal to the 

tensile stress. There is a flow of vacancies in the opposite direction and thus this diffusion 

produces a plastic deformation. The specimen elongates as atoms are added to grain 

boundaries perpendicular to the stress. This process is highly dependent on the grain size 

and the magnitude of the external load. There are two different types of creep: 

Nabarro-Herring creep when it takes place by diffusion through the crystal, and Coble 

creep when it occurs by diffusion along the grain boundaries. Temperature promotes 

increases of the ratio of lattice diffusion to grain boundary diffusion due to the fact that 
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the activation energy for grain boundary diffusion is lower than that for lattice diffusion. 

Therefore, Nabarro-Herring creep is dominant at elevated temperatures and Coble creep 

is more important at low temperatures. 

Grain boundary sliding: it is a thermally activated viscous flow in nature in 

polycrystalline materials [136]. If grain boundary sliding is the unique active mechanism, 

there will be an accumulation of material at one end of each boundary on which sliding 

took place and a deficit at the other end. Other deformation mechanism, which involves 

dislocation motion, diffusion or grain boundary migration, has to relieve this 

incompatibility. Therefore, along the boundaries the damage is accumulated and leads to 

the initiation and growth of cavities and cracks at grain boundaries, which causes the 

failure of nickel-based superalloys under creep conditions.  

2.3.4.2.2. Creep deformation 

Creep deformation, as all creep process, is highly dependent to the microstructure 

of the nickel-based superalloy, especially grain size, grain boundary structure and 

precipitates. Basically, many researchers believe that a microstructure with coarse grain 

has more creep resistant than fine grains [135]. The prominent formation of creep damage 

in polycrystalline nickel-based superalloys is creep cavitation at the gamma grain 

boundaries due to grain boundary sliding and this is less influential as the grain size 

increases. Grain boundary structure also has influence for creep properties, as it has been 

studied by different researchers [136]. The presence of carbides, borides, gamma prime 

and gamma double prime at grain boundaries acts to avoid grain boundary sliding and 

cavity nucleation and thus leads to decrease of the secondary creep rate. Finally, 

precipitate hardening is also important for creep deformation. It is normally due to the 

complex interaction between dislocations and gamma prime and gamma double prime 

precipitates [1][39].  

2.3.4.3. Impact toughness  

The impact toughness behaviour is also one of the major mechanical properties for 

nickel-based superalloys. A wide variety of investigations have been focused on the 

impact toughness of different superalloys and the factors that have an influence on this 

property [137][138][139]. One of the most important factors to the impact toughness is 

the temperature. When temperature increases, the impact toughness also increases [138]. 
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This is due to the combined effect of high strain rate and temperature sensitivity of plastic 

flow. Other important factors are the grain size and the chemical composition of the 

material. Normally, fine grain sizes are better for impact toughness [138]. The material is 

harder and it is more difficult to initiate a fracture. In addition, the content of alloying 

elements is really important to impact toughness. Higher contents of manganese and 

molybdenum improve impact toughness due to the fact that stabilise the microstructure of 

the material, they stabilise the matrix of the material [138]. Moreover, adequate heat 

treatments could alter microsegregation of elements and produce unique bimodal 

structure (combination of small and large grains) which can retard crack growth and 

absorb more energy during impact fracture process [138].  

2.3.4.4. Fatigue  

Fatigue is one of the most important properties of aeroengine components. It is 

really critical and controls the service life of the nickel-based superalloy part. For several 

decades, fatigue has been known as one of the major causes of failure in engineering 

structures and thus also in aeroengine components. Several parameters have now been 

identified as playing significant roles in affecting the growth of defects, such as alloying 

elements, heat treatment, microstructure, grain size, morphology and distribution of 

precipitates, elastoplastic behaviour, crack geometry, load amplitude, stress load ratio, 

frequency, and nature, composition, and temperature of the environment surrounding the 

crack tip [140]. The most important of these parameters are described in the 

following lines: 

Microstructure: It is critical to determine the fatigue and fracture properties of 

nickel-based superalloys. Aging accompanied by the precipitation of gamma prime and 

gamma double prime precipitates leads to enhanced fatigue properties, exhibiting crack 

closure. Therefore, the driving force for the crack propagation decreases, which results in 

lower crack growth rates [140]. 

Grain size: It has also been shown to influence fatigue properties. Crack growth 

rates are reduced and threshold values increase as the grain size increase. Increasing the 

grain size results in a decrease of yield stress and an increase in the roughness of the 

fracture surface, and thus, the roughness induced crack closure [140]. 
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Morphology and distribution of precipitates: The morphology and volume fraction 

of gamma prime and gamma double prime precipitates affect the crack growth behaviour 

and the low cycle fatigue life. It has been studied that the finer precipitates can result in 

an extension of the short crack propagation regime. In addition, the minimisation of 

localised stress concentrations at grain boundaries by coarsening the precipitates can 

increase resistance to high temperature crack growth [140]. 

Stress ratio: It has an important role on the fatigue crack growth properties. If the 

load ratio increases, the fatigue crack growth rate in the threshold region will increase. 

The change in rates is dependent on the microstructure. It is observed that the effect of the 

load ratio on crack growth is higher in the threshold region [140]. 

Frequency: This parameter also influences fatigue behaviour. Fatigue crack growth 

behaviour is governed by the loading pattern and the characteristic response of the 

alloying materials. Normally, transgranular failure is observed when cycled at high 

frequencies (around 10 Hz). At low frequencies (around 0.05 Hz), the crack growth mode 

becomes highly rate sensitive, with intergranular failure predominant [140]. 

Testing environment: Environmental degradation is a result of oxygen penetration 

at the crack tip. Oxidation mechanisms can be classified into short and long range oxygen 

diffusion processes. In short range diffusion, oxides are formed at the crack tip, which 

results in high stresses that promotes rupture at grain boundary intersections and thus, 

accelerated intergranular crack growth rates. On the other hand, in long range diffusion, 

oxygen diffuses along slip planes and grain boundaries and reacts to form embrittlement 

agents [140]. 

Most materials for engineering application are subjected to fluctuating stresses. 

These stresses cause a larger number of failures, which are due to fatigue and it should be 

distinguished from static failures. These failures are produced by a combination of cyclic 

stresses and steady state stresses. The contribution of each of these stresses is variable and 

depends on a host of parameters, which include the relative stress levels for each and the 

temperature of service. Nickel-based superalloys have to prevent and combat the result of 

the superposition of these stresses at elevated temperatures. Therefore, most of the failure 

situations are produced by pure fatigue not pure creep. The analysis of these mechanisms 

is important since it gives an insight into the contribution of each. 
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Fatigue testing involves all mechanical testing in which fluctuating stresses are 

considered and thus, a wide variety of different conditions are involved. A high 

proportion of fatigue tests are made with specific engineering applications in view. 

Consequently it is difficult to compare the results of different alloys. The available data 

are sometimes of limited applicability, and the comparison of properties is not 

straightforward. Therefore, fatigue is really difficult to separate in groups and it can be 

classified in many ways based on different parameters. Basically, using the number of 

cycles for failure, it can be broadly classified into two regimes: high cycle fatigue (HCF) 

and low cycle fatigue (LCF). 

2.3.4.5. Tensile properties 

Tensile properties are typically one of the most important requirements for many 

gas turbine components. The yield stress of the materials should be adequate to ensure 

that the stresses experienced do not exceed this value during operating conditions. In 

addition, there must be appropriate ductility in the material to allow for some plastic 

deformation whilst not compromising critical tolerances. It is really important to achieve 

an optimum balance between yield stress and ductility to ensure the best possible work 

conditions of the components. The responsible of all these properties is the microstructure 

of the superalloy. 

Several works have studied the influential factors for the strength of a 

polycrystalline nickel-based superalloy [70][81]. Basically, the grain size and gamma 

prime and gamma double prime size and distribution are the predominant microstructure 

features affecting the strength of a nickel-based superalloy. It was also described the yield 

and fracture properties are highly temperature dependent. In most of these materials, 

strength decreases with the temperature (Figure 2. 27) and ductility increases with 

increasing temperature (Figure 2. 28). 
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Figure 2. 27. Tensile strength of some nickel-based superalloys versus testing temperature [141]. 

 

Figure 2. 28. Variation of tensile properties of forged IN718 with the temperature [142]. 

This behaviour is different when nickel-based superalloys are processed by net 

shape HIPping powder metallurgy route [70][75][81]. The strength has the same 

behaviour and it decreases with the temperature, but ductility also decreases with 

increasing temperature, in contrast with ingot metallurgy route [70][75], and thus it is 

really critical to select the optimum experimental conditions to achieve the best balance 

between the strength and ductility and it is more difficult to achieve the tensile properties 

required by aeroengine industry, especially ductility and mainly at 

elevated temperatures [75][81]. 
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Chapter 3 

MATERIALS AND  

EXPERIMENTAL PROCEDURE 

In this chapter, a description of materials under study, the equipment used and the 

overall experimental process is made. The structure of the chapter is according to the 

different steps of the experimental work carried out. First, the material of interest utilised 

is described. Below, the information of experimental techniques employed to characterise 

the material is shown. Then, the procedure for making the HIP cycles and heat treatments 

is explained. Finally, equipment used to characterise the materials and analyse the 

microstructure and the mechanical properties is presented. 

All the experimental work and the overall experimental procedure followed in the 

present thesis made are shown in Figure 3. 1.  
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Figure 3. 1. Overall experimental process made in this work. 

3.1. INCONEL® 718 

INCONEL® 718 (IN718) is the material used in this work. This material has been 

selected according to the objectives of this thesis, due to its characteristics and properties. 

3.1.1. Composition 

IN718 is a nickel-base superalloy widely studied and used in many industries. The 

chemical composition of this material, according to AMS specifications [1] can be 

observed in Table 3. 1. The chemical composition is very important to determine the 

amount of the oxides, carbides, different compounds and phases in final parts, and in 

consequence, the mechanical properties of final products.   
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Table 3. 1. Chemical composition of IN718, according to AMS specifications [1]. 

Element Weight percentage (wt.%) 

Al 0.20 – 0.80 

B ≤ 0.006 

C ≤ 0.08 

Co ≤ 1.0 

Cr 17.00 – 21.00 

Cu ≤ 0.30 

Fe 15.00 – 21.00 

Mn ≤ 0.35 

Mo 2.80 – 3.30 

N ≤ 0.03 

Ni 50.00 – 55.00 

Nb 4.75 – 5.5 

P ≤ 0.015 

S ≤ 0.015 

Si ≤ 0.35 

Ti 0.65 – 1.15 

 

3.1.2. Powders used in the thesis 

In this thesis, IN718 powders were acquired from different suppliers. A wide 

variety of manufacturing methods were studied (Table 3. 1), such as gas atomisation 

(GA), plasma atomisation (PA) and plasma rotating electrode process (PREP). Figure 3. 2 

shows the typical morphology of powders manufacturing by these techniques. 
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Table 3. 2. Different powders studied in this work. Supplier, processing technology and fraction 

size are indicated. 

Powder Manufacturing process Fraction size (μm) 

AP&C 1 Plasma atomisation (PA) +45-180 

AP&C 2 Plasma atomisation (PA) +20-180 

Carpenter Gas atomisation (GA) +125-250 

Erasteel 1 Gas atomisation (GA) +45-150 

Erasteel 2 Gas atomisation (GA) +45-150 

Erasteel 3 Gas atomisation (GA) +45-150 

Erasteel 4 Gas atomisation (GA) +45-150 / +20-150 / +20-53 

Osprey Gas atomisation (GA) +45-180 

Sandvik 1 Gas atomisation (GA) +45-180 

Sandvik 2 Gas atomisation (GA) +53-180 / +15-53 

TIMET Plasma rotating electrode process (PREP) +125-177 

 

 

Figure 3. 2. (a) Gas atomised (GA), (b) plasma atomised (PA) and (c) plasma rotating electrode 

processed (PREP) IN718 powders. 

3.2. Characterisation of INCONEL® 718 powders 

All different IN718 powders employed in this thesis have been characterised. 

Below, the techniques, experimental procedures and equipment utilised in the 

characterisation are detailed.  

3.2.1. Physical properties 

Four different physical properties have been measured in the powders. On the one 

hand, flow rate (FR) provides the ability of each powder to flow. On the other hand, 

apparent density (AD) and tap density (TPD) offer values of density under two different 
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specific conditions. Finally, the density of the powder allows estimating the internal 

porosity of the powders. 

Balance 

It is necessary a balance for measuring the physical properties of the powders. A 

precision balance (Figure 3. 3) has been used for this purpose. To ensure the highest 

accuracy in the measurements, METTLER TOLEDO NewClassic MS3002TS analytical 

balance has been chosen. This precise balance has a weighing capacity up to 3.2 kg and a 

readability of 0.01 g. 

 

Figure 3. 3. METTLER TOLEDO NewClassic MS3002TS analytical balance. 

3.2.1.1. Flow rate 

The flow rate (FR) is defined as the time required for a powder sample of standard 

mass (50 g) flowing through a standard orifice (2.54 mm) in a defined funnel according to 

a specified standard (MPIF # 3). The ability of the powder to flow depends on inter 

particle friction, humidity and moisture content. Wet or moist powder may not flow and 

flow is slowed as inter particle friction increases. FR is important in many PM processing 

routes. More specifically, it indicates how fast and easy a HIP canister can be filled with 

powder, which has a great influence in the production of parts. 

The Hall flowmeter funnel is chosen as the preferred method to determine the flow 

ability of metal powders. In this method, 50 grams of powder are carefully loaded into the 

flowmeter funnel while keeping the discharge orifice at the bottom of the funnel closed 

by placing a dry finger under it. The stopwatch shall be started at the same time the finger 

is removed from the discharge orifice and stopped at the instant the last of the powder 

leaves the orifice. 
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The FR is calculated multiplying the elapsed time by a correlation factor. This 

factor is calculated measuring the FR of a standard powder and dividing the result by 

40 s/50g. In the present work, the correlation factor was always 1. The results of FR are 

expressed in s/50g. The Hall flowmeter funnel used to analyse the powder and determine 

the FR is shown in Figure 3. 4. The Hall flowmeter funnel is also shown in detail 

in Figure 3. 5. 

 

Figure 3. 4. Scheme of flow rate measurements: (a) hall flowmeter funnel, (b) stand and (c) 

assembly. 

3.2.1.2. Apparent density 

The apparent density (AD) is measured according to MPIF standard #4 or #28, for 

free-flowing metal powders, using a Hall flowmeter funnel. It is of significant importance 

as it bears a relationship to the mass of powder that will fill a fixed volume press cavity or 

canister when parts are being made. The AD is a function of particles shape, particle size 

distribution, surface roughness and the degree of porosity of the particles. It may also be 

modified by moisture, temperature and additives, such as oils, lubricants, graphite and 

so on. 

Apparent density is reported as any other density as the mass per unit volume of 

powder usually expressed as gram per cubic centimetre (g/cm
3
). The AD is calculated by 

filling carefully a volume approximately from 30 to 40 cm
3
 of metal powder through a 

standardised flowmeter funnel, which has a discharge orifice (Ø 2.54 mm), into a small 

cylindrical density cup (25 cm
3
). A support is used to hold the flowmeter funnel 

concentric with the density cup so that the bottom of the orifice is approximately 25 mm 

above the top of the density cup. When the density cup is completely filled and the 
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powder overflows the periphery of the density cup, the funnel has to be rotated 

approximately 90 º in a horizontal plane so that the remaining powder falls away from the 

cup. The surplus powder, the powder from the density cup, shall be levelled with the help 

of a non-magnetic spatula, with the blade held perpendicular to the top of the cup. Finally, 

the powder contained in the cup is weighed. 

The AD, expressed in g/cm
3
, is determined by dividing the mass of the powder that 

filled the density cup, in grams, by the volume of the cup, in cubic centimetres. The set up 

for this procedure is shown in Figure 3. 5. 

 

Figure 3. 5. Apparent density apparatus. 

3.2.1.3. Tap density 

The tap density (TPD) is measured according to MPIF standard #46. Tap density is 

usually expressed in grams per cubic centimetre (g/cm
3
). In this method, a clean 

graduated glass cylinder is filled with previously weighed powder, carefully placed in a 

vibratory machine with care (use hard rubber slap to avoid any breakage in the glass) and 

tapped until no further decrease in the volume of the powder takes place. The tapping will 

be such that a densification of the powder can take place without any loosing of its 

surface layers. The graduated glass cylinder and the amount of powder are selected 

according to the Table 3. 3. The tap density is the result of dividing the mass of the 

powder, in grams, by the volume of the tapped powder, in cubic centimetres. The tap 

density set up is shown in Figure 3. 6. 
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Table 3. 3. Appropriate glass cylinder capacity and accuracy, and mass of sample to measure tap 

density as function of apparent density.  

Apparent density  

(g/cm
3
) 

Cylinder capacity 

(mL) 

Mass of sample  

(g) 

Cylinder accuracy 

(mL) 

< 1 100 50 ± 0.2 0.5 

1 – 4 100 100 ± 0.5 0.5 

> 4 25 100 ± 0.5 0.2 

 

 

Figure 3. 6. Tap density apparatus. 

3.2.1.4. Density 

A pycnometer was used to measure the density of the powders. The equipment used 

to do these analyses is the pycnometer AccuPyc 1330. This instrument is able to analyse 

densities of regular and irregular solid samples, in powders or solid pieces. The density 

measurement is based on the movement of gas produced by the sample. The values of 

density reported in this work are always the average of five measurements. 
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The equipment has two chambers separated by a valve. In one of the chambers, the 

samples (M) are introduced. Figure 3. 7 shows the structure of the pycnometer.  

 

Figure 3. 7. Simple diagram of pycnometer structure. 

Assuming both chambers (VCEL and VEXP) are at room temperature (approximately 

25 ºC) and atmospheric pressure (approximately 1 atmosphere), and the valve, which 

separates, is closed, when VCEL is charged the pressure will be increased to P1. The 

equation of the gases through the cell sample (VCEL) can be described as: 

P1(VCEL − VM) = nCRTa Equation 3. 1 

Where, 

nc: number of moles of gas in the cell sample 

R: universal gas constant 

 Ta: room temperature 

The equation for cell volume expansion (VEXP) is: 

PaVEXP = nERTa Equation 3. 2 

Where, 

nE: number of moles of gas in the cell volume expansion 

Pa: atmospheric pressure 

When the valve is opened the pressure drops to an intermediate value, P2, and mass 

balance equation is: 

P2(VCEL − VM + VEXP) = nCRTa + nERTa Equation 3. 3 

Replacing to the expressions described above the following equation is obtained: 
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𝑃2(𝑉𝐶𝐸𝐿 − 𝑉𝑀 + 𝑉𝐸𝑋𝑃) = 𝑃1(𝑉𝐶𝐸𝐿 − 𝑉𝑀) + 𝑃𝑎𝑉𝐸𝑋𝑃 Equation 3. 4 

And operating: 

VM = VCEL +
VEXP

P1 − Pa

P2 − Pa
− 1

 
Equation 3. 5 

Considering the pressures P1 and P2 can be redefined as: 

P1g = P1 − Pa and P2g = P2 − Pa Equation 3. 6 

Therefore, the equation that defines the working principle of the pycnometer is: 

VM = VCEL +
VEXP

P1g

P2g
− 1

 
Equation 3. 7 

Previous to the measurements, calibration procedures have to be done to determine 

VCEL and VEXP. The measuring cell used (3.5 cm
3
 of volume) has been calibrated with a 

WC ball of 14.96 g/cm
3
.  

The pressures are measured by a pressure transducer. The equipment, cell and 

calibration ball can be seen in Figure 3. 8. 

 

Figure 3. 8. (a) Pycnometer AccuPyc 1330 and (b) cell and WC calibration ball employed. 

3.2.2. Morphology and microstructure 

In order to analyse the morphology and microstructure of the powders, scanning 

electron microscopy fitted with energy dispersive spectroscopy (EDS) analysis facilities 

was used. To analyse the morphology of the powder (its shape), it was directly collocated 

in the microscope. However, prior to the microstructure of the powders could be analysed 

it needed to be correctly prepared in a metallurgy laboratory. 
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3.2.2.1. Preparation 

On the one hand, the powder was placed on a sticker, which is placed on a stub, to 

study its morphology. This platform, with the powder of interest, was introduced in the 

scanning electron microscopy (SEM) to analyse the shape and microstructure of the 

powder. On the other hand, the powders were cold mounted to analyse their 

microstructure using the conductive resin Demotec 70, which has two components, a 

powder and a liquid (Figure 3. 9). The powder is a binder and the liquid hardens. To do 

this, the same amount of powder and liquid was blended in a plastic cup. When the 

mixture was homogeneous, a small amount was added in the mould (Figure 3. 9), powder 

of interest to analyse was also put and all was mixed to obtain a homogeneous mixture 

between resin and powder. Then, the remaining mix was cast onto the mould. Finally, the 

mix was allowed to cool for about 1 hour and a cold mounted specimen was obtained. All 

samples cold mounted were grinded and polished. Silicon carbide sandpapers of 

decreasing size (400, 600, 800, 1200 and 4000) were used to eliminate the irregularities 

on the surface, scratches and surface marks (400, 600, 800, 1200 and 4000 are numbers 

that correspond with the grain size of the silicon carbides in each sandpaper: 30, 25, 20, 

12 and 6 microns, respectively). Then, the sample was polished to remove very fine 

scratches and to obtain a specular surface. The sample was polished with polishing cloth 

containing sequentially 6 micron diamond slurry paste, 1 micron diamond slurry paste 

and colloidal silica suspension for final polishing.  

 

Figure 3. 9. (a) Demotec 70 resin in powder and liquid form, and (b) reusable plastic mold for 

could mounting. 
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3.2.2.2. Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to study of the microstructure and 

morphology of materials. This technique uses high energy electrons, which are focused 

into a fine beam. The beam scan the surface of the sample and a wide variety of radiations 

are produced, such as secondary electrons, backscattered electrons, specific X-rays, 

photons and Auger electrons, by complex interactions of beam electrons with the atoms 

of sample analysed. The images can be obtained from secondary electrons (SE), which 

have low energy and depth of field and show topographic contrast, or from primary or 

backscattered electrons (BSE), which have high energy and represent different chemical 

compositions by atomic contrast. 

PHILIPS XL30 was the equipment used in the study of microstructure and 

morphology of powders. This microscope uses a W filament and has an energy dispersive 

analyser of X-ray EDAX DX-4 to do the chemical analysis (EDS analysis) (qualitative 

and quantitative) of powders, in a specific point, a zone of interest or all sample. 

The equipment has an accelerating voltage of up to 30 kV and the resolution is 3.5 nm. 

Figure 3. 10 shows this equipment. 

 

Figure 3. 10. PHILIPS XL30 SEM used in this work. 
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3.2.2.3. Field emission gun–scanning electron microscopy 

Field emission gun–scanning electron microscopy (FEG-SEM) was employed in 

this work for the analysis of the surface of the powders with high accuracy. ZEISS 

SIGMA 500 was the FEG-SEM microscope used (Figure 3. 11), which is equipped with 

GEMINI® column, designed for high resolution and analytical applications. 

GEMINI® column has a Schottky type field emission gun. The accelerating voltage 

ranges from 0.02 to 30 kV whereas the spatial resolution goes down to 0.8 nm. It is 

remarkable that, in addition to the SE and BSE detectors, it also owns an IN LENS 

detector, which is a surface BSE detector. Regarding the EDS system, a high resolution 

X-ray detector INCA X-MAX 50 refrigerated through Peltier effect is attached to ZEISS 

SIGMA 500 microscope. For the acquisition and analysis of the X-rays, Automated 

AZtecEnergy software is available.  

 

Figure 3. 11. ZEISS SIGMA 500 FEG-SEM utilised in this work. 

3.2.3. Chemical composition 

The chemical composition of powders, as-HIPped and HIP plus HT samples and 

tensile, charpy, stress rupture and high cycle fatigue tested specimens was analysed using 

three different equipment. Two LECO instruments were used in this work to measure the 

interstitials content: LECO TC-400 for oxygen and nitrogen determination and LECO 

CS-200 for carbon and sulphur measurements. An inductive coupled plasma (ICP) 

equipment, Varian 725-ES ICP-OES, was utilised to determine the amount of the rest of 

elements in the IN718 samples of interest. 
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In addition, it was also considered convenient to determine the interstitials content 

for different fractions of powder according to the particle size. Therefore, previously, 

sieving of powders in the fractions of interest is needed. 

Sieve analysis 

A little amount of powder (approximately 100 g) was employed for particle size 

distribution analysis, with also the purpose of subsequently analysing the oxygen content 

for each fraction of the powder obtained. 

Particle size analyses were performed by sieving according to MPIF 05 standards, a 

method by which particles are separated into unique particle size fraction using steel 

meshes. In this thesis, Filtra sieves with opening ranging from 20 to 180 micrometres 

were used (Figure 3. 12). These sieves are 200 mm in diameter and 50 mm in depth and 

are fitted with stainless steel wire. 

In this system, the sieves were piled up in increasing order of sieve opening as 

shown in Figure 3. 13. The sequence of sieves used from bottom to top was 20, 45, 63, 

75, 106, 150 and 180 microns of opening ranging. A standard test specimen of 

approximately 100 g was poured into the first sieve, which is the sieve with the biggest 

opening. Then, a digital electromagnetic sieve shaker (Figure 3. 13) was used for enough 

time, normally 45 minutes, to obtain the different fractions of powder. These fractions 

were determined by the sieve opening. 

 

Figure 3. 12. Metallic sieves used in laboratory for particle size determination. 
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Figure 3. 13. Digital electromagnetic sieve shaker. 

Mass of the fractions 

An analytical balance (Figure 3. 14) was used for the purpose of obtaining the mass 

of the samples needed that will be subsequently processed through LECO or ICP 

instruments. To ensure the highest accuracy in the measurements, Sartorious CPA225D 

analytical balance was chosen. This precise balance has a weighing capacity up to 100 g 

and a readability of 0.01 mg.  

 

Figure 3. 14. Sartorious CPA225D analytical balance. 
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3.2.3.1. Measurement of oxygen and nitrogen content 

A LECO TC-400 Series Oxygen/Nitrogen fusion analyser was used to determine 

the final oxygen and nitrogen content of the diverse samples, such as as-atomised 

powders and their different particle sizes, reduced powders, as-HIPped and HIP plus HT 

samples and tensile, charpy, stress rupture and high cycle fatigue tested specimens. In the 

present study, oxygen levels are extremely significant because the relationship they bear 

to PPBs. The detector can measure from 2 ppm (0.0002 wt.%) to 0.2 wt.% of oxygen and 

from 2 ppm (0.0002 wt.%) to 0.5 wt.% of nitrogen, for samples of 1 gram, and therefore, 

the size of the samples were selected in accordance with the required ranges. Prior to 

conducting the tests, it was necessary to check leaks. For that purpose, the filter was 

changed and helium circulates through the all system in order to find any leak. After the 

leak check, three blank experiments were performed with helium, to ensure the 

cleanliness of the equipment. Furthermore, a verification of the calibration curve was 

conducted using patterns in accordance with the expected range of oxygen and nitrogen in 

the samples that were going to be analysed. In this thesis 501-147 calibration standard 

with 0.00234 ± 0.0003 wt.% of oxygen and 502-195 calibration standard with 

0.0238 ± 0.0008 wt.% of nitrogen were used as calibration samples.  

For measuring the oxygen and nitrogen, the weighed sample was wrapped with tin 

foil cup (Figure 3. 15) and then placed in a nickel basket (Figure 3. 15). Below, the nickel 

basket was introduced in a graphite crucible (Figure 3. 15) and fused under a helium 

stream at high temperature, 2000 ºC, to release the oxygen and nitrogen present in the 

sample. The oxygen reacts with the carbon from the crucible and forms carbon dioxide 

and carbon monoxide. The latter is converted into carbon dioxide by a catalyst and the 

fraction of oxygen is determined by means of an infrared (IR) cell. Nitrogen passes 

through a thermal conductivity (TC) cell for its determination. 

 

Figure 3. 15. (a) Tin foil cup, (b) nickel basket and (c) graphite crucibles used in the LECO 

Oxygen and Nitrogen measurements. 
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The values of oxygen and nitrogen reported in this work are always the average 

of three measurements. The LECO TC-400 equipment used in this work is shown 

in Figure 3. 16. 

 

Figure 3. 16. LECO TC-400 Oxygen and Nitrogen analyser. 

3.2.3.2. Measurement of carbon and sulphur content 

A LECO CS-200 Series Carbon/Sulphur combustion analyser was used to 

determine the final amount of carbon and sulphur in the different samples. In the present 

study, carbon levels are extremely significant because the relationship they bear to PPBs. 

The detector can measure between 0.004 and 35 mg of carbon and between 0.004 and 

4 mg of sulphur, and therefore, the size of the samples selected were such that the content 

of these two elements is well within the required ranges. In this thesis, samples weighing 

around 1 g were used. The measurements of the samples were made after cleaning of the 

system, a leak check revision and a verification of the calibration curve, using a standard 

pattern, which in this investigation is 501-503 pattern with 0.176 ± 0.003 wt.% of carbon 

and 0.0160 ± 0.0015 wt.% of sulphur, respectively.  

For measuring the carbon and sulphur content, the weighed samples were placed 

inside alumina crucibles (Figure 3. 17) along with a flux, LECOCELL II. The equipment 

has an induction furnace that heats the samples in an oxygen atmosphere which leads to a 
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combustion and thus the formation of CO, CO2 and SO2 compounds. CO is converted to 

CO2 by Pt-SiO2 catalyst. The carbon and sulphur content is determined by a dual infrared 

(IR) cell that enables the determination of the two elements to be made at the same time. 

 

Figure 3. 17. Alumina crucibles employed in LECO Carbon and Sulphur measurements. 

The values of carbon and sulphur reported in this work are always the average 

of three measurements. The LECO CS-200 equipment used in this work is shown 

in Figure 3. 18. 

 

Figure 3. 18. LECO CS-200 Carbon and Sulphur analyser. 

3.2.3.3. Analysis of INCONEL® 718 non-interstitials composition 

Chemical composition of powders was analysed by ICP-OES (Inductively Coupled 

Plasma-Optical Emission Spectrometry). The equipment utilised for the measurements 

was a Varian 725-ES (Figure 3. 19). This instrument has light source unit, optical part, 
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spectrometer, detector and acquisition data part. This analytical technique was used for 

the chemical determination of many different elements, being able for detecting trace of 

metals, due to its low detection limit for a high amount of elements. ICP-OES technique 

is based on the coupling of a method for generating ions (ICP – Inductively Coupled 

Plasma) and other method for detecting these ions (OES – Optical Emission 

Spectrometry), allowing the analysis of a high amount of elements of the periodic table in 

the range of ng/L or mg/L.  

 

Figure 3. 19. Varian 725-ES ICP-OES analyser. 

The most important and critical part of the process is sample preparation. The 

samples that will be measured have to be in solution. First, small samples were weighed 

(the approximate value is calculated in order to prepare the standard solution for the 

calibration curve). Then, these samples were dissolved using a mixture of acids to obtain 

the liquid solution. An internal pattern was added to calibration curve and samples to 

correct any possible experimental deviation or mistake. After that, calibration curve and 

samples dissolved were measured in the equipment. They were injected by a peristaltic 

pump in a nebuliser that transforms the aqueous solution into an aerosol. The aerosol is 

carried by a stream of gas, usually argon, to the induced plasma, where it quickly 

evaporates, releasing atoms or ions gaseous in high oxidation states. After that, these 

particles are relaxed by emission of photons with specific wavelengths for each element 

and they are transmitted through an optical system to detector. Finally, the detector 

(CCD - Charge Coupled Device) converts the image obtained to electrical signals with 

proportional intensities to the concentration of each element in the sample. The best 

signals, those where there are not interferences or noise, were chosen. Finally, 
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calculations were made to determine the exact concentration of each element in the 

sample analysed. The chemical compositions reported in this work are always the average 

of two measurements. Therefore, this technique is able to measure from 

high concentrations (%) to small amounts of an element or analysis of trace elements 

(ppm – parts per million and/or ppb – parts per billion). Besides, many different elements 

can be studied at the same time, so it can be described as a simultaneous multi-element 

analysis technique. A schematic picture of all ICP-OES process is shown in Figure 3. 20.  

 

Figure 3. 20. General diagram of ICP-OES operation [2]. 

3.2.4. Thermal analysis 

The powders used in this work was thermally analysed to know their behaviour and 

determine their phase transformations when heated up or cooled down. A differential 

scanning calorimetry/thermogravimetry (DSC/TGA) equipment was used, SETARAM 

SETSYS EVOLUTION 16-18 (Figure 3. 21), which has a simultaneous dispositive 

DSC/TGA. This equipment was used to do calorimetric and thermogravimetric studies 

and it was used to detect mass variations, phase changes or reactions occurring during 

heating and cooling of samples. The instrument has a cylindrical furnace with graphite 

heating elements, which are protected by the flow of argon for analysis stages. The 

cooling system of the furnace is by water circulation. In Figure 3. 21 the transducer and 

crucibles used in the studies can be seen. There are two different types of transducers: one 

of W-Re for reducing atmospheres (hydrogen or mixtures of hydrogen) and other of 

Pt-Pt/Rh for inert atmospheres (argon), oxidising atmospheres (air) or vacuum. In the 

analysis two crucibles are used, one for the samples of interest and other empty to 

reference. Both are from alumina and have a volume of 100 µl.  
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Figure 3. 21. (a) SETARAM SETSYS EVOLUTION 16-18 equipment and (b) calorimeter 

cell detail. 

DSC measures the difference in potential between the thermocouples of the 

reference and sample, in µV. This voltage is proportional to the temperature difference 

between reference and sample, and accordingly it is proportional to the difference of heat 

flow to each of them. Therefore the signal can be directly linearised and converted into 

heat flow rate (φm), in mW. φm sign is positive when an exothermic process occurs in the 

sample and negative if an endothermic process takes place. The sample temperature (Tm) 

is measured by a type K thermocouple, so the equipment provides data of φm versus Tm. 

In this work, different experimental conditions were used in the analysis (different 

temperatures, cooling and heating rates, atmospheres and powders). In addition, for each 

test condition, a preliminary test was performed with empty sample in order to generate a 

baseline, which then will be automatically subtracted from the signal obtained with 

the sample. 

3.2.5. X-ray diffraction 

This technique was used to characterise the phases present in the powders. The 

diffractometer utilised, PHILIPS PW1825, is shown in Figure 3. 22. It has the X´Pert 

High Score software for the acquisition and analysis of data. The radiation employed 

corresponds to the Cu Kα line (λ = 1.542 Å). The electrons are generated by a W filament 

excited with a current of 40 mA, while the accelerator potential of these electrons is 

40 kV. Diffracted beams by the sample are monochromated by a graphite crystal placed 

at the beginning of a gas detector. In the scans 2θ values go from 20º to 100º, with a step 

size of 0.020º. The holding time in each step was 3 seconds. After obtaining the 
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diffraction peaks, these were identified with patterns available in the ICDD 

database PDF2 2009. 

 

Figure 3. 22. PHILIPS PW1825 diffractometer utilised in this thesis. 

3.2.6. Particle size distribution 

The log-normal distribution was used in this work as theoretical statistical 

distribution to properly adjust the particle size distributions of plasma and gas atomised 

powders. The density function of this distribution is shown in the following equation: 

ϕ (lnD) =  
1

𝐷𝜎√2𝜋
exp [−

(𝑙𝑛𝐷 −  𝜇)2

2𝜎2
] 

Equation 3. 8 

Where, 

D: particle size of the powder 

μ: average of normal distribution 

σ: standard deviation of normal distribution 

In consequence, both parameters are characteristic of the log-normal distribution 

and they are calculated by least-squares regression techniques of MATLAB® software. A 

detailed description of the procedure used can find in the reference [3]. 

3.2.7. Surface chemical analysis 

X-ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), is a surface sensitive quantitative spectroscopic technique 
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that measures the elemental composition, empirical formula of pure materials, possible 

contamination on a surface, oxidation state of elements in the surface, uniformity of 

elemental composition across the top surface and uniformity of elemental composition as 

a function of ion beam etching (depth profile). It can be used to analyse all elements with 

an atomic number of 3 (lithium) or above, and detection limits for most of the elements 

are in the ppt (parts per thousand) range. This technique allows the analysis of much 

different kind of samples, such as powders, oils, inorganic compounds, glasses, ceramics 

or paints. 

Kratos AXIS Ultra DLD was the equipment used to characterise the surface of the 

powders (Figure 3. 23). This spectrophotometer is in Advanced Microscopy Laboratory 

(LMA) of Institute of Nanoscience of Aragon (INA). This institution belongs to the 

University of Zaragoza. The equipment has a monochromatic source of X-ray Al Kα 

(1486.6 eV). XPS spectra are obtained by irradiating a sample with X-ray while kinetic 

energy and number of electrons plucked from the surface of material analysed (from the 

top 0 to 10 nm) are measured. The photoelectrons impinge on the sample at an angle of 

90º to the plane of the sample. The energy analysis of photoelectrons and its intensity 

provide information about elements present in the sample, its concentration, its oxidation 

state and its variation in depth profile studies, where argon ions are used to remove 

material and allow the analysis at different depths. All binding energies of different XPS 

spectra were referenced to C1s peak of 284.9 eV, to provide accurate energy calibration, 

and a surface of 750 x 250 µm
2
 was always analysed. 

 

Figure 3. 23. Kratos AXIS Ultra DLD XPS equipment used to surface chemical analysis 

of powders. 
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3.2.8. Oxygen reduction in as-atomised powders 

On the one hand, heat treatments of the powders in air, vacuum and hydrogen at 

different temperatures and times were carried out trying to reduce the oxygen content of 

as-atomised powders. A Jones high vacuum furnace (Figure 3. 24) was used for the heat 

treatments in vacuum at 900 ºC and at 1260 and 750 ºC in hydrogen. The heat treatments 

at 80 and 150 ºC in air were carried out in a Thermolyne 62700 furnace (Figure 3. 24). 

The heating and cooling rates were always 20 ºC/min. 

 

Figure 3. 24. (a) Jones high vacuum furnace and (b) Thermolyne 62700 furnace used in this 

thesis to heat treated the powders. 

On the other hand, the powders were heat treated within a canister to reduce the 

oxygen content. The canisters used were made of ST52 steel. The design was a can with a 

diameter of 70 mm and a height of 80 mm and two tubes of 304 stainless steel welded at 

different locations as shown in Figure 3. 25. The gas tube of 6 mm in diameter allowed 

the purging gas to flow into the can while the central tube of 8 mm was used as an 

evacuation tube. Before making use of them, the canisters were washed with ethanol and 

acetone, distilled water, and finally, only ethanol, and left in a heater at moderate 

temperature for 24 hours so that if there was any remainder or humidity, it 

was evaporated. 

(a) (b)
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Figure 3. 25. Canister used for powder reduction. 

First, hydrogen purging was carried out as follow. When the powder was introduced 

in the canisters, the tubes were connected to the hydrogen bottle and vacuum pump, as 

shown in Figure 3. 26. A rotatory vacuum pump that can reach 10
-2

 mbar was turned on 

and then, hydrogen purging in vacuum occurred. Finally, the rotatory pump was turned 

off and the powder was removed from the canister. Hydrogen bottles employed were 

from Air Liquide and they contained pure hydrogen at a pressure of 200 bar. The level of 

impurities in the gas was 3 ppm of water, 2 ppm of oxygen and 0.5 ppm hydrocarbons. 

 

Figure 3. 26. Encapsulation scheme of hydrogen purging. 
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An optimisation of this process, evaluating different temperatures, pressures and 

times, was carried out. To study different temperatures a salt bath furnace was used. This 

type of furnace provides a rapid and uniform heating thanks to the molten salts it 

contains. The operating temperatures were around 300 ºC and RB-137 salt was used. 

Figure 3. 27 shows the salt bath furnace employed and the salt used in this work. 

 

Figure 3. 27. (a) Salt bath furnace and (b) RB-137 salt employed in this work. 

The characterisation of this treatment was carried out by oxygen 

measurements (section 3.2.3.1), thermal analysis (section 3.2.4) and surface chemical 

analysis (section 3.2.7). 

3.3. Encapsulation 

After the characterisation of powders and prior to carry out hot isostatic pressing 

(HIP) cycles, the encapsulation of the canisters is carried out. Below, a description of 

material employed to encapsulate it and the outgassing method carried out in this work 

is made.  

3.3.1. Canisters 

The canisters used in this thesis were chosen with specific dimensions to the 

subsequent mechanical properties analysis. The canisters employed were made of 

ST52 steel. They had a can with a diameter of 90 mm and a height of 115 mm and a tube 

of 304 stainless steel welded in the central part, with a diameter of 8 mm, which was used 

to fill the canister with the powder and after that, as evacuation tube in the encapsulation 

process. This canister can be seen in Figure 3. 28. Before making use of them, the 

canisters were cleaned with the same process described in the section 3.2.8.  
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Figure 3. 28. Canister employed for powder encapsulation and HIP in this work. 

3.3.2. Outgassing procedure 

The encapsulation process developed in this thesis allowed the elimination of all air 

and/or humidity and avoids the increase of oxygen for encapsulation and HIP, obtaining 

HIP dense specimens with the same oxygen content than initial powders. First, the 

powder was filled into the canister with vibration trying to reach tap density, and after 

that, the evacuation tube was connected to vacuum system, which has two vacuum 

pumps, a rotatory pump that can reach 10
-2

 mbar and a turbomolecular pump that can 

reach 10
-4

 or 10
-5

 mbar. The encapsulation procedure started with 12 hours of vacuum 

(rotatory and turbomolecular pumps are turned on) at room temperature followed by 

between 3 and 5 hours of vacuum at 200 ºC, to remove any remainder or humidity. Salt 

bath furnace, described in section 3.2.8, is used to heat at 200 ºC. Then, the canister was 

left to cool down while keeping the vacuum pump activity for approximately 6 hours. 

Subsequently, the tube was heated with a blowtorch of oxygen and butane and closed 

with the aid of a hydraulic group (Figure 3. 29). Once the tube was closed, the vacuum 

system was disconnected. The encapsulation set up is shown in Figure 3. 30. 
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Figure 3. 29. Hydraulic group used to close HIP canisters. 

 

Figure 3. 30. Encapsulation scheme of HIP canisters. 
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3.4. Hot isostatic pressing 

Once the canister, with the powder inside it, is encapsulated, the next step is the hot 

isostatic pressing (HIP) cycle. Many different HIP cycles were carried out in this thesis 

using a wide variety of different parameters. A description of HIP unit and HIP cycles 

carried out in this work is done in this section. 

3.4.1. HIP press 

The ASEA QIH6 HIP press was the equipment used in this work (Figure 3. 31). It 

has a working zone of diameter 120 mm and height 200 mm. The maximum work 

temperature is 2000 ºC and the maximum operating pressure is 2000 bar.  

HIP cycles were carried out in order to consolidate the powder into a fully dense 

specimen. Densification takes place at relatively elevated temperature and high isostatic 

pressure is applied simultaneously on the canister. The pressure is applied by 

compressing argon (Ar) in a vessel and a heating element, which is graphite or 

molybdenum, in the interior of the vessel allows the heating of the gas and working load. 

The pressure is applied through the canister to the powder. After a HIP cycle, the canister 

is removed from the equipment and subsequently the material can be characterised or 

post-processed. In addition, it is observed shrinkage in the canister, in height and 

diameter, due to the densification of powder material. 

 

Figure 3. 31. (a) HIP controller and (b) ASEA QIH6 HIP press used in this work. 
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3.4.2. HIP cycles 

A wide variety of experimental conditions were tested in the HIP cycles in the 

present thesis, such as fraction size, chemical composition, method of powder fabrication, 

temperature, pressure and time of HIP cycle and cooling rate. In Table 3. 4 there are 

shown the HIP cycles carried out in this work.  

Table 3. 4. HIP cycles carried out in this thesis (FC is free cooling rate). 

Powder 
Fraction 

size (μm) 

Temperature 

(ºC) 

Pressure 

(MPa) 

Time 

(Hours) 

Cooling 

rate 

(ºC/min) 

Variable of the study 

Erasteel 4 GA +20-150 1220 118 2 3 Cooling rate 

Erasteel 4 GA +20-150 1220 118 2 10 Cooling rate 

Erasteel 4 GA +20-150 1220 118 2 30 – FC 

Cooling rate, Tª, pressure, 

time, PSD, oxygen 

content and 

manufacturing fabrication 

Erasteel 4 GA +20-150 1220 118 2 100 Cooling rate 

Erasteel 4 GA +20-150 1220 118 2 200 Cooling rate 

Sandvik 2 GA +53-180 1220 118 2 3 Cooling rate 

Sandvik 2 GA +53-180 1220 118 2 10 Cooling rate 

Sandvik 2 GA +53-180 1220 118 2 30 – FC 
Cooling rate, Tª, PSD and 

carbon content 

Erasteel 4 GA +20-150 1150 118 2 30 – FC Tª 

Erasteel 4 GA +20-150 1180 118 2 30 – FC Tª 

Erasteel 4 GA +20-150 1240 118 2 30 – FC Tª 

Erasteel 4 GA +20-150 1280 118 2 30 – FC Tª 

Sandvik 2 GA +53-180 1150 118 2 30 – FC Tª 

Sandvik 2 GA +53-180 1180 118 2 30 – FC Tª 

Sandvik 2 GA +53-180 1240 118 2 30 – FC Tª 

Erasteel 4 GA +20-150 1220 175 2 30 – FC Pressure 

Erasteel 4 GA +20-150 1220 118 4 30 – FC Time 

Erasteel 4 GA +45-150 1220 118 2 30 – FC 
PSD, interstitials and 

boron content 

Erasteel 4 GA +20-53 1220 118 2 30 – FC PSD 

Sandvik 2 GA +15-53 1220 118 2 30 – FC PSD 

Sandvik 1 GA +45-180 1220 118 2 30 – FC Carbon and boron content 

Osprey GA +45-180 1220 118 2 30 – FC Interstitials content 

Erasteel 4 GA 

reduced 
+20-150 1220 118 2 30 – FC Oxygen content 

AP&C 2 PA +20-180 1220 118 2 30 – FC Manufacturing fabrication 
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To complete the characterisation and study of the effect of the HIP cooling rate in 

the material some of the materials HIPped of Table 3. 4 were re-HIP and re-re-HIP. The 

experimental conditions of these cycles are shown in Table 3. 5. 

Table 3. 5. HIP, re-HIP and re-re-HIP cycles carried out to study the effect of the HIP cooling 

rate in the material. 

Powder 
Fraction 

size (μm) 

Temperature 

(ºC) 

Pressure 

(MPa) 

Time 

(Hours) 

Cooling 

rate 

(ºC/min) 

Erasteel 4 GA +20-150 1220 118 2 3 

Re-HIP 1220 118 0.75 30 – FC  

Re-re-HIP 1220 118 0.75 3 

Erasteel 4 GA +20-150 1220 118 2 10 

Re-HIP 1220 118 0.75 30 – FC 

Re-re-HIP 1220 118 0.75 10 

Sandvik 2 GA +53-180 1220 118 2 3 

Re-HIP 1220 118 0.75 30 – FC  

Re-re-HIP 1220 118 0.75 3 

Sandvik 2 GA +53-180 1220 118 2 10 

Re-HIP 1220 118 0.75 30 – FC 

Re-re-HIP 1220 118 0.75 10 

3.5. Heat treatments 

After HIP cycles, heat treatments (HT) are necessary to achieve the mechanical 

properties required by the industry for this material. Two different types of heat 

treatments were used in this work: solution and precipitation. These heat treatments allow 

precipitation of different phases, such as delta (δ), gamma prime (γ´) and gamma double 

prime (γ´´), which are important and critical to get the target mechanical properties. 

3.5.1. Solution treatment 

Solution treatment allows the dissolution of gamma prime and gamma double prime 

precipitates obtained during HIP cooling step. The precipitation of δ phase is also carried 

out during this treatment. The solution treatment was carried out at high vacuum (10
-4

 or 
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10
-5

 mbar) in a furnace of Material Research Furnaces Inc. (MRF), model 

F-14x14z14-W-W/M-1800-VD-GH2 (Figure 3. 32). The system is a versatile furnace 

with a vacuum system and inert and hydrogen gases. The equipment allows working in a 

wide variety of atmospheric conditions until 1800 ºC. Above 600 ºC the furnace has a 

temperature uniformity of ± 10 ºC. The furnace chamber has a high usable work zone, 

305 mm x 305 mm x 305 mm. Vertically oriented three phase tungsten mesh heating 

elements are provided on sides, front and rear of the heat zone and multiple-layer 

(2-tungsten/4-molybdenum sheets), refractory metal, radiation heat shields completely 

surround the heat zone. Solution treatment was carried out at 970 ºC during 1 hour. 

Heating rate used was 20 ºC/min and cooling was forced with argon, to have a high 

cooling rate, approximately 70-80 ºC/min until 200 ºC. Figure 3. 33 shows the solution 

heat treatment done in this work. 

Other solution treatments different from the standard previously explained were 

carried out to promote more amount of delta phase. Two different temperatures were used 

for these new solution treatments, 1050 ºC for 30 minutes to dissolve all precipitates of 

as-HIP material and subsequent 970 ºC during 1 or 2 hours to promote more amount of 

delta phase than standard solution treatment. Heating rate used was 20 ºC/min, 10 ºC/min 

were employed to cool from 1050 to 970 ºC and cooling was forced with argon, to have a 

high cooling rate, approximately 70-80 ºC/min until 200 ºC. Figure 3. 34 shows these 

solution heat treatments carried out to obtain more amount of delta phase. 

 

Figure 3. 32. Front loading vacuum and controlled atmosphere furnace manufactured 

by Materials Research Furnaces Inc. 
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Figure 3. 33. Solution treatment (ST) carried out in this thesis. 

 

Figure 3. 34. Solution treatments developed to promote more amount of delta phase. 

3.5.2. Precipitation treatment 

Precipitation treatment (PT) was carried out to strengthen the material. This 

treatment allows the precipitation of strengthening gamma prime and gamma double 

prime phases. The treatment was carried out by two different ways to study their 

influence on the material: inside HIP unit during cooling step of HIP cycle and outside in 

a standard chamber furnace Carbolite CWF 13/23, with a thermocouple type R, a volume 

of 23 litres and a maximum operating temperature of 1300 ºC (Figure 3. 35). Precipitation 

treatment was always done at 750 and 650 ºC to precipitate gamma prime and gamma 

double prime, respectively. Different holding times were studied. Heating rate use was 
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5 ºC/min from room temperature to 750 ºC, cooling rate from 750 ºC to 650 ºC was 

55 ºC/h and from 650 ºC samples were cooled down in air. Figure 3. 36 and Figure 3. 37 

show the precipitation treatments carried out in this thesis inside HIP unit and in the 

Carbolite CWF 13/23, respectively. 

 

Figure 3. 35. Carbolite CWF 13/23 employed to do precipitation treatments in this thesis. 

 

Figure 3. 36. Precipitation treatment (PT) done in HIP cycle during cooling step. 
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Figure 3. 37. Precipitation treatments (PT) carried out in the Carbolite CWF 13/23 furnace. 

3.6. Microstructural characterisation 

A complete microstructural characterisation of materials developed by HIP was 

made in this work. First, it was necessary a strong preparation of samples through a 

conventional metallographic route, including machining, cutting, hot mounting, grinding, 

polishing processes. After these steps, an intensive microstructural characterisation of the 

material by FEG-SEM, EBSD and TEM was made. In addition, density analysis and 

chemical composition measurements (LECO and ICP) were carried out. Chemical 

composition measurements of HIP samples were analysed in the same way as powders, 

which are described in sections 3.2.3.1, 3.2.3.2 and 3.2.3.3. Finally, mechanical properties 

were measured to evaluate the quality of each material developed by HIP. 

3.6.1. Preparation 

After HIP cycle and possible heat treatments, a microstructural characterisation of 

the materials was done. To this objective, the specimens were processed through a 

conventional metallographic route. The canister was removed through machining and 

samples are cut with a Struers Accutom-5 high precision saw (Figure 3. 38) for LECO 

and ICP measurements (section 3.2.3), density analysis and microstructural 

characterisation (microstructure analysis by FEG-SEM and TEM, grain size 

measurements and determination of some mechanical properties, such as hardness). The 

samples that undergo LECO, ICP or density analysis were cleaned with acetone using an 
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ultrasonic unit. The samples for microstructural characterisation were hot mounted, 

grinded and polished. 

 

Figure 3. 38. (a) Struers Accutom-5 precision saw and (b) cutting disk with holder. 

To study the microstructure of the specimens developed by HIP, the samples were 

hot mounted using Bakelite which is a grey thermoplastic acrylic resin. This resin is 

conductor and then avoids charging effects during FEG-SEM analysis and 

allows a correct visualisation in the electron microscope. Struers LaboPress-3, shown in 

Figure 3. 39, was used to hot mount the samples. The process was carried out at 20 kN 

operating pressure and 180 ºC thermosetting temperature for 5 minutes followed by 

3 minutes water cooling, where the process is relatively fast and the polymer is hard 

enough after mounting. 

 

Figure 3. 39. Struers LaboPress-3 hot mounting. 
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After hot mounting, the samples were grinded and polished. Silicon carbide 

sandpapers were used to eliminate the irregularities on the surface, scratches and surface 

marks. Grinding was carried out with the following sandpapers in order indicated 400, 

600, 800, 1200 and 4000 (400, 600, 800, 1200 and 4000 are numbers that correspond with 

the grain size of the silicon carbides in each sandpaper: 30, 25, 20, 12 and 6 microns, 

respectively). Then, the samples were polished to remove very fine scratches and to 

obtain a specular surface. The samples were polished with a polishing cloth using 3 

micron diamond slurry, 1 micron diamond slurry paste and colloidal silica suspension for 

final polishing. 

Finally, etching process was necessary to reveal the microstructure of the specimen 

under the microscope. Etching takes place due to the preferential attack of the metal by 

the reagent. The most preferred sites for chemical attack are grain boundaries, different 

phases (due to different chemical compositions), and different grain orientations. The 

as-polished samples were etched in Kalling´s 2 solution (5 g CuCl2, 100 ml Ethanol and 

100 ml HCl) to reveal the microstructure. The etching was at room temperature and the 

time necessary for the samples varied from 20 seconds to 1 minute, depending on 

each sample. 

For TEM analysis, specimen blanks of thickness of 0.5 mm and diameter of 3 mm 

were obtained by wire electrical discharge machining (EDM). These discs weree ground 

to a thickness between 150 and 200 microns using 400, 600, 800 and 1200 sandpapers. 

Then, the specimens were electropolished to perforation using a twin jet electropolisher 

(Figure 3. 40). A polishing solution containing 10 % perchloric acid  and 90 % methanol 

was used operating at approximately – 20 ºC with an applied voltage of 25 to 30 V and a 

current of around 100 – 200 mA. The equipment electropolishes the specimen 

simultaneously on both sides to achieve a fine layer with a hole as small as possible. The 

thickness is controlled by an infrared light and the process is finished as soon as the first 

light can pass through the hole.   
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Figure 3. 40. Struers Tenupol-5 electropolished machine employed to prepare TEM foils. 

3.6.2. Density 

Density of HIP specimens was measured to assure the total densification of 

IN718 powder for HIP cycle. These measurements were made by immersion in water, 

using a scale with a precision of ±0.0003 g. The Mettler Toledo AB204 scale is used to 

study the density. The equipment and a schema of the forces present when the samples 

are submerged are shown in Figure 3. 41. The test samples were weighed on the scale 

before being introduced into a paraffin bath at 80 ºC. If material is completely dense after 

HIP cycle, no bubbles are observed. Then, samples were air cooled and any excess 

paraffin was removed, to be weighed again to obtain the mass of sample with paraffin in 

the possible pores. Finally, the paraffin covered sample was submerged in water and 

weighed. The values of density reported in this work are always the average of 

three measurements. 

 

Figure 3. 41. (a) Mettler Toledo AB204 and (b) diagram of forces during the measurement. 
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According to the principle of Archimedes, a system, when submerged in a liquid, 

experiences an ascending force referred to as a push that is equal to the weight of the 

displaced liquid. Considering this phenomenon and the forces present in the system 

(Figure 3. 41), these equations can be described: 

F = P − E Equation 3. 9 

F =  mwater ∙ g Equation 3. 10 

P =  mparaffin  ∙ g Equation 3. 11 

E =  Vspecimen  ∙  ρwater  ∙ g Equation 3. 12 

Taking into account these four equations and this other equation: 

ρspecimen =  mspecimen / Vspecimen Equation 3. 13 

The following equation is obtained to determine the density: 

ρ =  
mspecimen

mparaffin − mwater
 ∙  ρwater 

Equation 3. 14 

Where, 

 mspecimen: mass of the specimen 

 mparaffin: mass of the specimen after submergence in paraffin 

 mwater: mass of the specimen submerged in water 

 ρwater: density of water 

 ρ: density of the specimen 

3.6.3. Grain size 

In order to analyse the grain size of the different samples obtained by HIP, and 

compare with the actual forged material, electron backscatter diffraction (EBSD) and 

orientation imaging microscopy (OIM
TM

) are a powerful technique. Additionally, this 

technique has also proven to be very illustrative in order to distinguish the orientations of 

grains in these samples examined. The EBSD/OIM
TM

 equipment allows the interpretation 

of diffraction patterns or Kikuchi lines generated from the backscattered electrons from a 

point on the studied area, obtaining the orientation of each point (Figure 3. 42). 
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Figure 3. 42. (a) Kikuchi figure and (b) detection of the more intense bands and indexed. 

All samples investigated by EBSD were polished in a colloidal silica solution. To 

do an analysis in EBSD it is necessary to have perfect polish surface, specular surface, of 

the sample. The EBSD scans were carried out in a PHILIPS XL30CP scanning electron 

microscope (Figure 3. 43) equipped with OIM
TM

 software. Several rectangular zones 

were scanned using this technique for each sample. Two different types of scans were 

used in this work, depending of the grain size expected for each sample, 650 x 650 µm
2
 

for small grain sizes, and 1000 x 1000 µm
2
 for large grain sizes. 

 

Figure 3. 43. PHILIPS XL30CP SEM used to EBSD scans. 

The sample was introduced into the SEM and rotated 75°, achieving an angle 

between the incident electron beam and the surface of sample smaller than 20°, allowing 

obtaining a greater proportion of scattered electrons available to diffract. After 

introducing the camera, the signal was captured, processed and sent to the computer. All 

these steps were done in real time, obtaining the following parameters for each scan point 

at each instant: 
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▪ Three Euler angles, which define the crystal orientation of each point relative to 

an external reference. 

▪ The confidence index CI or parameter, which determines the degree of reliability 

in obtaining the crystallographic orientation of each point.  

▪ The IQ value or image quality, which is useful as a quality measure of the 

diffraction pattern of a point determined by comparison with a theoretical pattern. 

▪ The spatial position of the point. 

▪ The crystalline structure. 

When these parameters were obtained, via software OIM
TM

, different maps were 

acquired, in order to analyse, manipulate and visualise the data obtained with the 

EBSD technique.  

Grain size data 

EBSD technique is a useful tool to obtain systematically and quickly grain size 

measurements. To define a grain, a certain criterion is used, in which grains are created 

by an algorithm, where connected and oriented similarly points are grouped. Depending 

on the microstructure analysed, minimal disorientation between neighbouring grains is 

defined by entering this value in the OIM
TM

. For each scan point it is found that the 

neighbours have a lower disorientation than minimum previously selected. If a point is 

within this minimal disorientation of neighbouring points, it is necessary a new revision 

to see if its neighbours are themselves within the minimum disorientation. The procedure 

is repeated until the group of connected points is delimitated by points that exceed the 

minimum disorientation between neighbouring grains. Minimum grain size has also to be 

defined. Therefore, the definition of a grain can be different depending on the minimum 

grain size and the corresponding values of a minimal disorientation between neighbours. 

Grain sizes obtained by EBSD are calculated according to the following equations: 

A = nº pixels ∗  step size2 ∗   
√3

2
 

Equation 3. 15 

D = 2  √
A

π
 

Equation 3. 16 
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Where, 

A: equivalent area of the units with higher disorientations than defined minimum 

disorientation. 

D: equivalent diameter of the units with higher disorientations than defined 

minimum disorientation. 

A minimum grain size corresponds to three pixels was used in this work and the 

minimum disorientation was 15º. The step size of each scan was 1 or 1.5 µm, depending 

on the microstructure and acquired resolution. In addition, it is necessary step size will be 

less than 10 % of the average grain size of the microstructure analysed. 

Interpretation of data by OIM
TM

 

Different types of maps, including image quality and unique grain colour maps, 

were analysed to represent and study the data obtained by EBSD: 

Image quality map (IQ): It is a measure of the quality of the diffraction pattern 

compared to the theoretical pattern. Using these values it is possible to obtain an image in 

grayscale, the image quality map (IQ). In this map each point has assigned a shade of 

grey, which is darker the farther the theoretical pattern is. Thus, the more distorted the 

areas of the material, such as the grain boundaries and areas of high dislocation density, 

appear darker shades because they produce more diffuse patterns, with a lower IQ value. 

Unique grain colour map (UGC): It is the best way to see how the points are 

grouped into grains. In this map, each grain has assigned a colour, but these colours do 

not denote an orientation, the grains are simply coloured to distinguish them from 

neighbouring grains. 

Inverse pole figure map (IPF): It represents the different crystallographic directions. 

Each of the corners of the inverse pole figure are assigned with a colour to form the 

colour scheme. For each map, a reference sample direction is selected and the colour 

assignment is done based on determined crystal orientation and selected viewing 

direction. 

 

 

http://www.azom.com/ads/abmc.aspx?b=17222
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Coincidence site lattices 

The microstructure of the metals consists of a network of single crystals (grains) 

and the boundaries between these crystals (grain boundaries). The orientations between 

two grains relative to each other is random but for certain angles some lattice points of 

one grain coincide with points of another grain lattice creating a coincident site lattices 

(CSL) and the reciprocal density of coinciding sites is designated as Ʃ. The amount of Ʃ3 

or twin boundaries of the material was calculated from data obtained by EBSD and 

represented in EBSD IPF maps. 

3.6.4. Microstructure 

A dual beam FEG-SEM – FIB (field emission gun-scanning electron 

microscopy - focused ion beam) was used to the microstructural characterisation of the 

samples. The equipment employed in this work was a DUAL BEAM QUANTA 3D FEG 

of FEI (Figure 3. 44). This microscope has two guns, one of electrons and other of ions, 

which are collocated at 52º. The electron gun works the same way that a FEG-SEM. 

However, ion gun uses gallium ions finely targeted and high beam currents for machining 

specific zones. In this work only electron gun is used to characterise the microstructure of 

the samples. Besides, this equipment has an INCA Energy 350 analyser of Oxford 

Instruments to do the chemical analysis (EDS analysis) (qualitative and quantitative) of 

materials developed by HIP, in a specific point, a zone of interest or all sample. The 

behaviour and operation of the equipment is the same as scanning electron microscopy 

(SEM) described in section 3.2.2.2 of this chapter. The equipment has an accelerating 

voltage of up to 30 kV and the resolution is 1.2 nm. In this work, secondary (SE) and 

backscattered (BSE) images of the same area are recorded at the same time, the 

accelerating voltage used is 15 kV, the spot size is 1.0 and all images are captured at 

high vacuum.  
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Figure 3. 44. FEG-SEM – FIB microscope employed in microstructural characterisation. 

Transmission electron microscopy (TEM) was also employed to the microstructural 

characterisation of the samples, especially to determine the precipitates present in the 

different microstructures. The equipment employed in this work was a JEOL JEM-2100 

TEM (Figure 3. 45). This microscope uses a filament of LaB6 and utilises an accelerating 

voltage up to 200 kV. It also has an INCA Energy TEM 250 analyser of Oxford 

Instruments to do the chemical analysis (EDS analysis) (qualitative and quantitative) of 

the materials. In this work, the accelerating voltage has been 200 kV and chemical 

analysis has been done when the size of the precipitates were enough to use 

EDS analyser. The analyses were carried out according to the reference [4], using the 

same diffraction pattern and points to detect and differentiate gamma prime and gamma 

double prime phases. 
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Figure 3. 45. JEOL JEM-2100 TEM employed in microstructural characterisation. 

3.6.5. Volumetric fraction of δ phase 

The amount of δ phase in the final microstructure of the materials is important. 

There is a strong relationship between mechanical properties and δ phase. For this reason, 

volumetric fraction of δ phase was studied in this work. MATLAB® application, 

developed by CEIT, was used to calculate the amount of δ phase in each material. High 

magnification images obtained by FEG-SEM are necessary to the analysis. In this work, 

three different images per samples of 100 x 100 μm
2
 were analysed to determine the 

volumetric fraction of δ phase of each material. 

3.7. Mechanical properties 

To evaluate the performance of the materials developed in this work by HIP and 

compare it with the current forged materials, it was necessary to measure different 

properties, such as hardness, tensile properties, toughness, stress rupture or high cycle 

fatigue. Below, the properties analysed of these materials are described. 
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3.7.1. Hardness 

Hardness measurements were carried out to assure the material achieved 

requirements of the industry. Hardness measures the resistance to plastic deformation 

since indentation that offers a material. Hardness Rockwell C (HRC) was selected in this 

work for all measurements of the materials. The equipment used for Rockwell C 

measurements was a MITUTOYO ATK-F1000 durometer (Figure 3. 46), which has a 

resolution of ± 0.1 unities.  

 

Figure 3. 46. MITUTOYO ATK-F1000 durometer used in this thesis. 

This instrument employs a diamond cone indenter with an angle of 120º and 

rounded apex forming a spherical cap of 0.20 mm of radius. Initially, a small footprint on 

the material surface is performed by applying a load of 10 kg, and this position is taken as 

reference (X0). Then, a load of 150 kg is applied and it corresponds to a new position of 

the indenter, X1. The penetrated length, X1-X0, results in hardness through the 

following equation: 

HRC = 100 −  
(X1  −  X0)

0.002
 

Equation 3. 17 

A calibration pattern, CENTAUR (44.9 ±0.5 HRC), was measured prior and after to 

the samples to assure the quality of the measurements. In this work, ten measurements of 

hardness were done per sample to estimate an average of the hardness of the material. 
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3.7.2. Tensile test 

Tensile tests were carried out to determine the strength and ductility of HIP 

materials. This test study the resistance offered by a material to a slowly applied uniaxial 

force in tension. Figure 3. 47 shows the INSTRON 5982 tensile testing machine and the 

furnace to elevated temperature tests used in this work. The values of tensile tests 

reported in this work are always the average of three measurements. 

 

Figure 3. 47. INSTRON5982 testing machine and the furnace to elevated temperature tests used 

for tensile tests measurements. 

Tensile testing was carried out using Industria de Turbo Propulsores (ITP) standard 

specimens (Figure 3. 48). The tests were carried out at room temperature and 650 ºC. The 

specimens were of nominal diameter 6 mm and parallel length (Lc) 36 mm, marked with 

4D & 5D gauge lengths for the determination of elongation. The room temperature 

specimens were instrumented with a strain gauge extensometer over a 25 mm gauge 

length, which is capable of measuring up to 12.5 mm extensions and contractions of 2.5 

mm. At elevated temperature, the strain was determined by the difference in distance 

between two marks on the specimens, before and after the tests. The elevated temperature 

specimens were tested at 650 ºC, with a heating up step of 60 minutes, and 30 minutes of 

soaking step. All tensile testing were done at a rate of deformation of 2.1 mm/min and 

with a load cell of 100 kN.  
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Figure 3. 48. ITP standard specimen employed in tensile testing.  

It was necessary to measure the length and width of the specimens prior and after 

tests. These values are important to calculate elongation and reduction of area of each 

sample. The experiment begins after entering the length and width details in the computer 

program, which slowly exerts an axial pull so that the material is stretched until it breaks. 

During the test, the load required to make a certain elongation on the material is recorded. 

A load versus elongation curve I plotted by an x-y recorder, so that the tensile behaviour 

of the material can be obtained. The test provides information on proof stress, yield point, 

tensile strength, elongation and reduction of area. The engineering stress is defined by 

load F over area A0, which is expressed by N/mm
2
 or MPa in Equation 3. 18. In these 

measurements, controlled strength are: the yield strength, which is the load safely applied 

at 0.2 % plastic offset, and UTS which is the maximum stress before the material failure. 

Strain or elongation and reduction area are also obtained, and they are given by the 

change in length ΔL by the original length L0 and the change in cross sectional area ΔA 

by the original area A0 according to the Equation 3. 19 and Equation 3. 20, respectively: 

σ =  
F

A0
 

Equation 3. 18 

ε =  
L −  L0

L0
∙ 100 % =  

∆L

L0
 ∙ 100 % 

Equation 3. 19 

RA =  
A −  𝐴0

A0
∙ 100 % =  

∆A

A0
 ∙ 100 % 

Equation 3. 20 

Where, 

 F: load applied 

 A0: original cross sectional area 
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 ΔL: change in length 

 L0: original gauge length 

 ΔA: change in cross sectional area 

The deformation of the specimen is plotted against the applied load to obtain yield 

and UTS values of the specimen. Three specimens per sample and temperature were 

tested to determine the mechanical properties of each material. 

3.7.3. Charpy test 

Impact tests were carried out to evaluate the toughness of the materials, the failure 

characteristics of the material under sudden load, measuring the energy absorbed during 

fracture. This test was employed in order to determine the behaviour of the material when 

subjected to a single high rate of loading which causes failure of the material and predicts 

the likelihood of a brittle or ductile fracture. The equipment used for the measurements in 

this work, the impact test machine, is shown in Figure 3. 49. The values of charpy tests 

reported in this work are always the average of three measurements. 

 

Figure 3. 49. Tinius Olsen impact tester. 
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Charpy impact testing was carried out using Industria de Turbo Propulsores (ITP) 

standard specimens (Figure 3. 50). The tests were carried out at room temperature 

and 650 ºC. The specimen was fixed in the specimen holder supported at both ends. In the 

test, a heavy pendulum which starts at an elevation h0, swings through its arc, strikes and 

breaks the specimen, and reaches a lower final elevation hf. By knowing the initial and 

final elevations of the pendulum, the difference in potential energy can be determined. 

This difference is the impact energy absorbed by the specimen during failure. The energy 

absorbed in fracture is read directly from a dial on the impact tester. The room 

temperature specimens were directly tested. However, the elevated temperature 

specimens tested at 650 ºC had previously a heating up step of 60 minutes, and 30 

minutes of soaking step. It was used Thermolyne 62700 furnace for these tests 

at 650 ºC (Figure 3. 24). 

 

Figure 3. 50. (a) ITP standard specimen used for charpy impact testing and (b) enlarged view 

on notch. 

3.7.4. Stress rupture test 

Stress rupture tests were carried to determine the behaviour of the material at the 

optimum processing HIP conditions. These tests were made by Westmoreland [5]. This 

property was selected to know the approximate behaviour of the material in a future creep 

tests. The values of stress rupture tests reported in this work are always the average of 

three measurements. 

Stress rupture testing was carried out using Industria de Turbo Propulsores (ITP) 

standard specimens (Figure 3. 51). The tests were carried out at 650 ºC. Different stresses 

were performed (651, 699 and 793 MPa) and all tests were running to rupture.  
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Figure 3. 51. ITP standard specimen employed in stress rupture testing. 

3.7.5. High cycle fatigue test 

High cycle fatigue (HCF) tests were carried out to determine the behaviour of the 

material at the optimum processing HIP conditions. These tests were made by 

Westmoreland [5]. Knowing the behaviour of the material and determining an 

approximately service life of the material was the purpose of these tests. The values of 

high cycle fatigue (HCF) tests reported in this work are always the average of 

three measurements. 

High cycle fatigue (HCF) testing was carried out using Industria de Turbo 

Propulsores (ITP) standard specimens (Figure 3. 52) at three different loads (650, 875 and 

1065 MPa). The tests were carried out at 650 ºC and using an R-ratio of 0.03. HCF testing 

was conducted on in a load control servo-hydraulic fatigue machine employing a 

sinusoidal waveform, operating at a frequency of 60 hertz. 

 

Figure 3. 52. ITP standard specimens used for HCF testing. 
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Chapter 4 

RESULTS AND  

DISCUSSION 

In this chapter, the exposition and discussion of the experimental results obtained in 

this work is made. The chapter has been divided into different sections according to the 

production steps of the developed processing route. First, the hot isostatic pressing (HIP) 

powder metallurgy route employed is described. Below, the results achieved in each 

experimental step are analysed. Finally, a global review of the manufacturing route 

proposed is carried out. Hence, the most important sections of this chapter are: 

▪ Manufacturing route proposed. 

▪ Study of INCONEL® 718 (IN718) powders. 

▪ Outgassing procedure. 

▪ Hot isostatic pressing and heat treatments 

▪ Industrial applications. 

▪ Global review of the manufacturing route. 
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4.1. Manufacturing route proposed 

INCONEL® 718 (IN718), a nickel-based superalloy, is typically processed through 

ingot metallurgy (forging and machining). However, the energy consumption of this 

process is really high and the efficiency is low, the buy to fly ratio is sometimes as high 

as 10:1. Therefore, an alternative manufacturing route to improve the energy consumption 

and the buy to fly ratio is proposed in this thesis: Net Shape Hot Isostatic Pressing 

(NSHIP) Powder Metallurgy (PM). NSHIP would lead to the elimination of forging and a 

high reduction in machining operations and thus, the buy to fly ratio can be decreased 

from 10:1 to close 1.5:1, leading to a significant reduction in material waste, energy 

consumption and costs. Figure 4. 1 shows the sequential scheme for manufacturing IN718 

aeroengine components by the HIP powder route proposed in this thesis. First, the powder 

is manufactured. Below, prior to HIP cycle, the powder is filled into the canister and 

degassed. After that, HIP cycle of sealed canister is carried out. Then, the canister is 

removed by machining or chemical attack and finally, heat treatments take place to 

successfully obtain the final product with the desired properties. 

 

Figure 4. 1. Scheme of the hot isostatic pressing (HIP) IN718 powder metallurgy route. 

Present thesis has been carried out in the frame of a European project, NESMONIC 

(Net Shape Manufacture of Nickel Superalloy Engine Casing) [1], a Clean Sky Joint 

Undertaking whose aim is to develop and validate a cost effective NSHIP route for IN718 

parts for aeroengine application. Many different issues were overcome to achieve the 

final goal of the project. This thesis is only focused in some of these issues and the 

partnership of the project works in the remaining challenges, such as modelling shrinkage 

of HIP canisters to achieve net shape components after HIP cycles, canisters designs, 

studying of additive manufacture technologies in the fabrication of the canisters and 
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developing a cost model for the proposed route. As it has been mentioned in Chapter 1, 

the main objective of this thesis is the development of the HIP processing window for the 

powder to achieve the mechanical properties required by the aeronautic industry and the 

original equipment manufacturer (OEM). To achieve this aim, different IN718 powders 

have been studied and the most appropriate was defined and produced, an optimum 

outgassing procedure was developed, the best processing HIP and HT conditions were 

defined and an in depth microstructural and mechanical characterisation and analysis of 

the final materials were carried out. Therefore, this work studies and optimises many 

different parameters and factors that can modify or have any influence on the IN718 HIP 

PM route. The results obtained in these studies are described below. 

4.2. Study of INCONEL® 718 powders 

The raw material for the processing route described in Figure 4. 1 is powder. 

Consequently, a complete characterisation of different IN718 powders is made. A wide 

variety of parameters of the diverse powders are analysed. This activity has been carried 

out because the properties of the powder have a strong influence on the microstructure 

and consequently the mechanical properties of the final material. The characteristics of 

the powders to be taken into account are [2][3][4][5][6][7][8][9]: 

▪ Flow rate: It is important the powder material has a high flow rate. If the powder 

has a high flow rate, the homogeneous and complete filling of the canister will be 

easier. This property is more relevant in complex canisters geometries, where filling 

process is more difficult and thus, high flow rate could assure the correct filling of 

all cavities. 

▪ Tap density: Powders with high tap density (at least close to 65 % of theoretical 

density (TD)) are desired. High tap density improves the filling of the canister, 

reduces shrinkage and allows better control of the shrinkage of the canister during 

HIP cycle. An improvement of prediction of the shrinkage is mandatory to obtain 

net shape components and reduce the overstock of the as-HIPped component and 

thus, intensive activity has to be carried out to obtain a powder with a high 

tap density. 

▪ Oxygen and carbon content: It has been described in Chapter 2 the influence of 

these elements in the presence of prior particle boundaries (PPBs) on the HIP 
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material. Low contents of these elements decrease the presence of oxides and 

carbides in PPBs and thus, improve the mechanical properties of the material. The 

oxygen and carbon content in the powder selected has to be as low as possible to 

guarantee a final material with the optimum microstructure. 

▪ Morphology: The presence of flakes, satellites and aggregates in the powder is 

detrimental to achieve the mechanical properties required. They have a strong 

influence on the flow rate and tap density, and can also act as the origin points of 

fracture in the final material. Therefore, it is necessary their minimisation by the 

optimisation of manufacturing process. Spherical powders are the more suitable. 

▪ Fraction size: It has to be defined in order to optimise flow rate, tap density, 

oxygen content, the amount of flakes, satellites and aggregates and also future grain 

size of the material. Once it has been defined, the manufacturing process of the 

powder also has to be optimised to obtain the highest possible yield, so the price of 

the powder will be cheaper. Generally speaking, wider fraction sizes are more 

interesting because the tap density of the powder increases and higher yield in each 

atomisation is achieved. 

The different powders studied in this thesis are shown in Table 4. 1.  

Table 4. 1. Different powders studied in this work. Supplier, processing technology and fraction 

size are indicated. 

Powder Manufacturing process Fraction size (μm) 

AP&C 1 Plasma atomisation (PA) +45-180 

AP&C 2 Plasma atomisation (PA) +20-180 

Carpenter Gas atomisation (GA) +125-250 

Erasteel 1 Gas atomisation (GA) +45-150 

Erasteel 2 Gas atomisation (GA) +45-150 

Erasteel 3 Gas atomisation (GA) +45-150 

Erasteel 4 Gas atomisation (GA) +45-150 / +20-150 / +20-53 

Osprey Gas atomisation (GA) +45-180 

Sandvik 1 Gas atomisation (GA) +45-180 

Sandvik 2 Gas atomisation (GA) +53-180 / +15-53 

TIMET Plasma rotating electrode process (PREP) +125-177 
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Six different powder suppliers are analysed to evaluate commercial available IN718 

(Advanced Powders & Coatings (AP&C) – Canada, Carpenter – USA, Erasteel – France, 

Osprey – UK, Sandvik – Sweden, and TIMET – USA). In addition, three diverse types of 

pre-alloyed IN718 powders are down selected, so an analysis of difference between these 

processing technologies will take place. Finally, a wide range of fraction sizes are 

employed to determine the best fraction powder of work. This wide variety of powder 

parameters analysed allows guaranteeing the definition of optimum powder to achieve the 

mechanical properties required. The diverse analyses carried out on the powders are 

described in detail in the following sections of this chapter. 

4.2.1. Physical properties 

Flow rate, apparent density and tap density have been measured for all the powders. 

Table 4. 2 is showing the obtained results. Flowability, apparent and tap density were 

measured according to ASTM B213-13, ASTM B212-09 and ASTM B527-06 

standards respectively.  

Tap density determines the amount of material needed for filling the HIP canister 

and controls the shrinkage of the canister during the HIP cycle in which the powder is 

transformed into a fully dense component. The highest possible tap density is preferred 

but to avoid distortion of complex large component during HIPping tap density higher 

than 60 % TD is mandatory and at least 65 % TD is desired [10][11]. AP&C powders and 

Erasteel 4 (+45-150 and +20-150 μm) have a tap density around the value required due to 

their morphology with a less amount of flakes, satellites and aggregates, as it is shown in 

section 4.2.2 and their wide PSD. 

In addition, the flowability of powders with fine fractions decreases and powders 

are not able to flow through a Ø 2.5 mm funnel. This could be a problem when filling 

canisters, but these powders flow without any problem through a Ø 5 mm funnel, so a 

solution will be using a large diameter filling tube. Nevertheless, more time will be 

required to fill complex geometries with these powders with low flow rate. 

Finally, apparent density is also related with the tap density. It determines some 

parameters of powder compaction such as the shape and size of canisters. This density 

typically depends on the particle size distribution and the shape of the powder. In the 

powder analysed, apparent density is higher when fraction size is wider and the 
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manufacturing process of the powder is plasma atomisation (PA) or plasma rotating 

electrode process (PREP), due to the fact that these powders have a spherical shape, with 

the presence of low amount of satellites, aggregates and flakes. 

Table 4. 2. Physical properties of powders employed in this thesis. 

Powder Type Fraction 

size (μm) 

Flow rate 

(s/50g)  

Ø 2.5 mm 

Apparent 

density 

(g/cm
3
) 

Tap 

density 

(g/cm
3
) 

Tap 

density 

(% TD) 

AP&C 1 PA +45-180 12 5.0 5.3 64.6 

AP&C 2 PA +20-180 No flow No flow 5.4 65.9 

Carpenter GA +125-250 17 4.3 4.8 58.5 

Erasteel 1 GA +45-150 19 4.3 4.7 57.3 

Erasteel 2 GA +45-150 16 4.3 4.9 59.8 

Erasteel 3 GA +45-150 17 4.3 4.9 59.8 

Erasteel 4 GA +45-150  17 4.5 5.1 62.2 

Erasteel 4 GA +20-150 No flow No flow 5.3 64.6 

Erasteel 4 GA +20-53 No flow No flow 4.8 58.5 

Osprey GA +45-180 19 4.3 5.0 61.0 

Sandvik 1 GA +45-180 19 4.2 4.7 57.3 

Sandvik 2 GA +53-180 18 4.2 4.8 58.5 

Sandvik 2 GA +15-53 No flow No flow 4.5 54.9 

TIMET PREP +125-177 12 4.9 5.0 61.0 

 

The density of the different powders used in this work was measured in a 

pycnometer to estimate the internal porosity of the powders. The results obtained of these 

measurements are shown in Table 4. 3. All powders have a density close to the theoretical 

density of wrought IN718 or exactly the same (8.22 g/cm
3
). The lower density of 

Carpenter, Erasteel 1 and AP&C 2 powder can be an indication of higher amount of 

internal porosity. The internal porosity of the other powders is not high enough to 

decrease the theoretical density. 
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Table 4. 3. Density measurements of the different powders used in this work. 

Powder Type Fraction size (μm) Density (g/cm
3
) 

AP&C 1 PA +45-180 8.22 

AP&C 2 PA +20-180 8.20 

Carpenter GA +125-250 8.17 

Erasteel 1 GA +45-150 8.19 

Erasteel 2 GA +45-150 8.22 

Erasteel 3 GA +45-150 8.22 

Erasteel 4 GA +45-150  8.22 

Erasteel 4 GA +20-150 8.22 

Erasteel 4 GA +20-53 8.22 

Osprey GA +45-180 8.22 

Sandvik 1 GA +45-180 8.22 

Sandvik 2 GA +53-180 8.22 

Sandvik 2 GA +15-53 8.22 

TIMET PREP +125-177 8.22 

 

4.2.2. Morphology and microstructural characterisation 

The powder particles morphologies have been analysed by SEM. Figure 4. 2 to 

Figure 4. 8 are representative secondary electron SEM images of the different powders. 

Gas atomised (GA) powders are in general spherical however particles are surrounded by 

satellites and there are also flakes and aggregates. In contrast, plasma atomised powder 

particles are spheres with a small presence of satellites and plasma rotating electrode 

processed powder particles are directly spheres. For this reason, PA and PREP powders 

have higher apparent and tap densities than GA powders for the same particle size 

distribution (PSD) of powder. In addition, Erasteel 4 powder has lower amount of these 

defects (satellites, flakes and aggregates) in comparison with the others Erasteel GA 

powders and thus, the tap density of this powder is the highest. Erasteel 4 powder is the 

result of a strong work with the company from its first powder (Erasteel 1) to improve the 

quality of the raw material and optimise the atomisation. This activity has allowed finally 

obtaining Erasteel 4, which has morphology with the presence of low amount of defects 

and thus, being the unique Erasteel powder with a tap density close to 65 % TD. Other 
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GA powders (Carpenter and Sandvik) have higher amounts of satellites and the presence 

of some flakes and aggregates. Therefore, these defects make that their tap densities are 

less than 60 % TD. Osprey GA powder also has the presence of these defects, but in 

lower amount than Carpenter and Sandvik powders, and thus, its tap density is 61 % TD, 

less than desired to control the shrinkage of HIP canister. In consequence, the 

morphology of the powder is critical to successfully achieve the desired tap density of the 

powder and Erasteel 4 (+45-150 and +20-150 μm) is the unique GA powder with a 

suitable morphology to achieve a tap density close to 65 % TD. Finally, it is also visible 

the powders with narrow PSD, such as Erasteel 4 (+20-53 μm) and 

Sandvik 2 (+15-53 μm), have lower amounts of satellites, flakes and aggregates, but their 

tap densities substantially decrease. This behaviour is due to the fact that the powder 

particles are small and the PSD of the powders is narrow.   

 

Figure 4. 2. Secondary electron SEM images of AP&C PA powders. 
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Figure 4. 3. Secondary electron SEM images of Carpenter GA powder. 

 

Figure 4. 4. Secondary electron SEM images of various Erasteel GA powders. 
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Figure 4. 5. Secondary electron SEM images of different fraction size employed of 

Erasteel 4 GA powder. 

 

Figure 4. 6. Secondary electron SEM images of Osprey GA powder. 
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Figure 4. 7. Secondary electron SEM images of Sandvik GA powders. 

 

Figure 4. 8. Secondary electron SEM images of TIMET PREP powder. 
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The surface of the as-atomised powders has also been analysed by scanning 

electron microscopy. The objective is to study the as-atomised powder to know the 

composition of the surface. Erasteel 4 powder (+20-150 μm) is selected for these 

analyses. Using backscattered detector, the presence of darker particles has been detected 

in the powder at low magnification (Figure 4. 9). These particles are probably rich in 

oxides, but to confirm this aspect it is necessary to study them at high magnification and 

compare the chemical composition with the normal/bright particles. Figure 4. 10 shows 

powder morphology at high magnification. In these images, it is also visible the presence 

of darker particles. The chemical composition of normal and darker particles has been 

analysed by EDS (Table 4. 4) and mappings (Figure 4. 11 to Figure 4. 15). Both systems 

provide the same information. Darker particles are always very rich in oxygen, aluminium 

and titanium. Therefore, these elements are concentrated on the surface of darker powder 

particles. Titanium is also detected on the surface of normal particles, but aluminium is 

not present, being only on the surface of darker particles. It is also observed in some of 

the darker particles the presence of high concentrations of molybdenum and chromium, 

but not in all these particles. Oxygen, titanium and aluminium are the only elements 

always present on darker particles. 

 

Figure 4. 9. Backscattered electron SEM images of Erasteel 4 (+20-150 μm) GA powder at 

low magnification. 
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Figure 4. 10. Backscattered electron SEM images of Erasteel 4 (+20-150 μm) GA powder at 

higher magnification than in Figure 4. 9. 

Table 4. 4. Content of the elements, determined by EDS, present on the surface of 

Erasteel 4 (+20-150 μm) normal and dark powder particles (wt.%). 

Element Normal/bright particles Dark particles 

Ni 43.97 32.30 

Fe 14.36 9.61 

Cr 16.45 7.95 

Nb 8.30 7.81 

Mo 2.65 2.02 

Ti 13.11 26.86 

Al 0.16 2.71 

O 1.00 10.74 

 

50 μm

60 μm

30 μm

80 μm
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Figure 4. 11. Backscattered electron SEM image of Erasteel 4 (+20-150 μm) GA powder and 

mapping of the elements present in the particles. 

 

Figure 4. 12. Backscattered electron SEM image of Erasteel 4 (+20-150 μm) GA powder and 

mapping of the elements present in the particles. 
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Figure 4. 13. Backscattered electron SEM image of Erasteel 4 (+20-150 μm) GA powder and 

mapping of the elements present in the particles. 

 

Figure 4. 14. Backscattered electron SEM image of Erasteel 4 (+20-150 μm) GA powder and 

mapping of the elements present in the particles. 
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Figure 4. 15. Backscattered electron SEM image of Erasteel 4 (+20-150 μm) GA powder and 

mapping of the elements present in the particles. 

 

Erasteel 4 powder (+20-150 μm) has also been studied at higher magnification. The 

presence of segregations at grain boundaries on the powder surface has been detected 

(Figure 4. 16 and Figure 4. 17). Chemical composition of these segregations has been 

obtained by mappings (Figure 4. 18 to Figure 4. 20). According with these mappings the 

powder surface is composed by a solid solution of nickel, chromium and iron and the 

segregations are rich in niobium and molybdenum. Carbon is also detected in some of 

these segregations, so it is probable niobium and molybdenum are concentrated in these 

zones as carbides. Titanium and aluminium are not detected in these zones. Aluminium is 

detected as oxides on the powder particles but not in segregations (Figure 4. 19).  
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Figure 4. 16. Backscattered electron SEM images of Erasteel 4 (+20-150 μm) GA powder at high 

magnification showing segregations. 

 

Figure 4. 17. Backscattered (left images) and secondary (right images) electron SEM images of 

Erasteel 4 (+20-150 μm) GA powder at high magnification showing segregations. 
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Figure 4. 18. Backscattered electron SEM image of Erasteel 4 (+20-150 μm) GA powder and 

mapping of the elements present in the segregations. 
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Figure 4. 19. Backscattered electron SEM image of Erasteel 4 (+20-150 μm) GA powder and 

mapping of the elements present in the segregations. 
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Figure 4. 20. Backscattered electron SEM image of Erasteel 4 (+20-150 μm) GA powder and 

mapping of the elements present in the segregations. 
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The microstructure of the powders has also been studied by SEM after polishing. 

Representative backscattered electron SEM images of the different powders are shown in 

Figure 4. 21 to Figure 4. 27. Different PSD of Erasteel 4 and Sandvik 2 powders are 

analysed in this work. There are not significant differences in the microstructure between 

the diverse fraction sizes of these powders used and thus, these two powders only 

appears once for all fraction sizes employed in the following images (Figure 4. 24 and 

Figure 4. 26). The EDS (Energy Dispersive X-Ray Spectroscopy) analyses carried out are 

also visible in Figure 4. 28 and Figure 4. 29, and Table 4. 5 and Table 4. 6.  

The microstructure of all powders is really similar with a dendritic shape and 

segregation on the dendrites arms. It is also detected the presence of black particles in the 

microstructure. The size of the dendrites in all powders is similar, except in AP&C 

powders, whose size is larger. Therefore, the cooling rate during the atomisation of 

AP&C powders is slower, a typical behaviour of the powders produced by plasma 

atomisation. The segregation is mainly composed by niobium, molybdenum and titanium 

(Figure 4. 28 and Table 4. 5). In addition, argon trapped is observed in Carpenter GA 

powder (Figure 4. 22). This argon is probably due to the atmosphere used during the 

atomisation. It is also important the presence of two different particles in all powders 

(Figure 4. 29 and Table 4. 6). On the one hand, some of these particles are rich in 

titanium, niobium and molybdenum. On the other hand, the other particles are rich in 

aluminium and titanium. Both particles also have high concentration of oxygen and 

carbon and thus, they are oxides and carbides. These particles observed in all powders 

have especially higher size in AP&C 2 PA and Carpenter GA powder.  
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Figure 4. 21. Backscattered electron SEM images of AP&C PA powders. 
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Figure 4. 22. Backscattered electron SEM images of Carpenter GA powder. 
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Figure 4. 23. Backscattered electron SEM images of various Erasteel GA powders. 
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Figure 4. 24. Backscattered electron SEM images of Erasteel 4 GA powder. 

 

Figure 4. 25. Backscattered electron SEM images of Osprey GA powder. 
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Figure 4. 26. Backscattered electron SEM images of Sandvik GA powders. 

 

Figure 4. 27. Backscattered electron SEM images of TIMET PREP powder. 
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Figure 4. 28. EDS analysis of the general microstructure and the segregations of the 

Erasteel 4 GA powder. 

Table 4. 5. Chemical composition of EDS analysis of Figure 4. 28 (wt.%). 

Spectrum C O Ni Fe Cr Nb Mo Ti Al 

General analysis 1.74 1.11 52.42 16.70 18.20 6.01 2.64 0.82 0.36 

Segregation 4.60 0.80 33.85 9.94 11.22 28.54 6.97 3.83 0.24 
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Figure 4. 29. EDS analysis of the general microstructure and the particles rich in titanium, 

aluminium, niobium and molybdenum of the Erasteel 4 GA powder. 
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Table 4. 6. Chemical composition of EDS analysis of Figure 4. 29 (wt.%). 

Spectrum C O Ni Fe Cr Nb Mo Ti Al 

General analysis 1.72 1.14 52.61 16.48 18.35 5.85 2.68 0.83 0.34 

Particle 1 21.83 11.04 3.95 1.85 2.19 8.41 4.34 46.30 0.09 

Particle 2 27.22 22.96 11.73 4.47 5.91 3.05 1.42 5.79 17.45 

 

4.2.3. Chemical composition 

Previous research works [2][7][8][12][13][14][15][16][17] showed that the content 

of different elements of IN718, such as carbon, oxygen, boron, phosphorous and niobium, 

is strongly affecting the final mechanical properties of the components. Consequently, an 

analysis and evaluation of the interstitials and non-interstitials elements is made with the 

different powders available. 

4.2.3.1. Interstitials analysis 

Intense collaboration with powder producers has been carried out in order to get 

oxygen and carbon content as low as possible with a target of < 100 ppm. Table 4. 7 and 

Table 4. 8 show interstitial contents, in weight % (wt.%) and parts per million (ppm), of 

the different powders used in this work. In addition, it is shown the maximum content of 

carbon and sulphur allowed for IN718 according to aeronautic standard (AMS 5662). 

Oxygen and nitrogen content are not limited by this standard. 

Oxygen and carbon content of the powder mainly depends on the quality of the raw 

material and the atmosphere during the atomisation. The purer the material, the lower 

oxygen and carbon content is achieved. In addition, the control of the atmosphere in the 

atomiser is also critical to successfully achieve low oxygen and nitrogen content. Purging 

cycles have to be properly carried out before atomisation to have low oxygen content in 

the melting and the atomisation chamber during the manufacturing of the powder, which 

allows obtaining a powder with low oxygen and carbon content. Therefore, pure raw 

material and optimum purging cycles and atmosphere during atomisation improve the 

quality of the powder manufactured, achieving lower oxygen and carbon content. Powder 

handling in inert atmosphere up to packing also contributes to keep low level of 

oxygen content. 
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Erasteel 4 and Sandvik 1 are the only powders with oxygen and carbon content less 

than 100 ppm. There are other powders with only oxygen or carbon content less than 

100 ppm such as AP&C 2, Erasteel 3, Sandvik 2 and TIMET. Finally, there are also 

powders with the content of both interstitials elements higher than 100 ppm, such as 

Carpenter and Osprey. Besides, all powders have carbon and sulphur contents allowed for 

the AMS 5662 aeronautic standard. An evaluation of the influence of these interstitials 

content in mechanical properties is done in this work. Finally, it is important to mention 

after strong interaction with Erasteel they were able to successfully achieve low carbon 

content (Erasteel 4 powder) and they atomised many times this powder with high 

reproducibility, obtaining always low carbon content. AP&C was also able to 

successfully achieve the carbon content required in its second powder (AP&C 2). 

However, Sandvik reproducibility is not optimum, obtaining high carbon content (more 

than 100 ppm) in its second atomisation (Sandvik 2). 

Table 4. 7. Interstitials elements content (wt.%) in IN718 powders. 

Powder Type Fraction size 

(μm) 

wt.% 

Oxygen 

wt.% 

Nitrogen 

wt.% 

Carbon 

wt.% 

Sulphur 

AP&C 1 PA +45-180 0.0110 0.0191 0.0451 0.0024 

AP&C 2 PA +20-180 0.0125 0.0070 0.0065 0.0030 

Carpenter GA +125-250 0.0180 0.0400 0.0480 0.0010 

Erasteel 1 GA +45-150 0.0100  0.0050 0.0280  0.0020 

Erasteel 2 GA +45-150 0.0146 0.0250  0.0290 0.0020  

Erasteel 3 GA +45-150 0.0090 0.0177 0.0180 0.0043  

Erasteel 4 GA +45-150  0.0085 0.0042 0.0035 0.0022 

Erasteel 4 GA +20-150 0.0090 0.0043 0.0035 0.0021 

Erasteel 4 GA +20-53 0.0105 0.0041 0.0034 0.0023 

Osprey GA +45-180 0.0240 0.1000 0.0400 0.0020 

Sandvik 1 GA +45-180 0.0090 0.0105  0.0050  0.0004 

Sandvik 2 GA +53-180 0.0095 0.0075 0.0121 0.0034 

Sandvik 2 GA +15-53 0.0132 0.0076 0.0123 0.0032 

TIMET PREP +125-177 0.0070  0.0008  0.0500  0.0010  

AMS 5662 and 5663       

(maximum content) 
No value No value 0.0800  0.0150 
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Table 4. 8. Interstitials elements content (ppm) in IN718 powders. 

Powder Type Fraction size 

(μm) 

Oxygen 

(ppm) 

Nitrogen 

(ppm) 

Carbon 

(ppm) 

Sulphur 

(ppm) 

AP&C 1 PA +45-180 110 191 451 24 

AP&C 2 PA +20-180 125 70 65 30 

Carpenter GA +125-250 180 400 480 10 

Erasteel 1 GA +45-150 100 50 280 20 

Erasteel 2 GA +45-150 146 250 290 20 

Erasteel 3 GA +45-150 90 177 180 43 

Erasteel 4 GA +45-150  85 42 35 22 

Erasteel 4 GA +20-150 90 43 35 21 

Erasteel 4 GA +20-53 105 41 34 23 

Osprey GA +45-180 240 1000 400 20 

Sandvik 1 GA +45-180 90 105 50 24 

Sandvik 2 GA +53-180 95 75 121 34 

Sandvik 2 GA +15-53 132 76 123 32 

TIMET PREP +125-177 70 8 500 10 

AMS 5662 and 5663       

(maximum content) 
No value No value 800 150 

 

4.2.3.2. Non-interstitials analysis 

The chemical composition of the powders, except interstitials elements, was 

analysed by ICP-OES. The concentration of some elements of this nickel-based 

superalloy, such as silicon, aluminium, titanium, niobium, boron and 

phosphorous is critical due to their influence on the mechanical properties of the final 

component. Table 4. 9 shows the chemical composition in weight % (wt.%) of the wide 

variety of powder used in this work and the concentration limits of these elements 

according to AMS 5662 aeronautic standard. In addition, different fraction sizes of 

Erasteel 4 and Sandvik 2 powders were also analysed. Chemical composition of the 

diverse fraction sizes of these powders is the same, only oxygen content is different. 

For this reason, chemical composition of these two powders only appears once in 

the Table 4. 9. 
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Table 4. 9. Chemical composition of IN718 powders employed in this work. 

 Weight % (wt.%) 

Powder Al B Co Cr Cu Fe Mn Mo Ni Nb P Si Ti 

AP&C 1 0.39 <0.001 0.01 18.02 <0.01 19.05 0.130 2.98 53.01 4.78 0.006 0.27 0.95 

AP&C 2 0.74 0.002 0.01 19.20 <0.01 18.61 0.015 3.12 52.46 4.99 <0.005 0.06 0.98 

Carpenter 0.67 <0.001 0.02 18.88 <0.01 19.23 0.032 3.17 51.59 5.05 <0.005 0.20 1.03 

Erasteel 1 0.55 0.004 0.02 19.23 <0.01 19.62 0.072 3.05 51.42 4.94 <0.005 0.06 0.95 

Erasteel 2 0.59 0.004 0.02 18.43 <0.01 18.11 0.052 3.00 53.33 5.07 <0.005 0.09 1.03 

Erasteel 3 0.54 0.005 0.02 19.72 <0.01 18.31 0.111 2.89 51.67 5.11 <0.005 0.21 1.08 

Erasteel 4 0.29 0.006 0.01 19.69 <0.01 18.11 0.003 2.84 52.78 5.07 <0.005 0.03 1.04 

Osprey 0.53 <0.001 0.02 18.32 <0.01 18.56 0.067 3.08 52.97 5.01 <0.005 0.19 1.00 

Sandvik 1 0.63 <0.001 0.01 18.76 <0.01 18.96 0.059 3.09 51.95 5.37 <0.005 0.08 0.97 

Sandvik 2 0.32 0.001 0.01 18.91 <0.01 19.62 0.011 2.91 52.18 4.95 <0.005 0.02 0.91 

TIMET 0.49 <0.001 0.01 19.01 <0.01 18.46 0.004 2.97 52.52 5.27 0.006 0.02 1.02 

AMS 

5662 and 

5663 

0.20 

– 

0.80 

0.006 

max. 

1.0 

max. 

17.00 

– 

21.00 

0.30 

max. 

15.00 

– 

21.00 

0.35 

max. 

2.80 

– 

3.30 

50.00 

– 

55.00 

4.75 

– 

5.45 

0.015 

max. 

0.35 

max. 

0.65 

– 

1.15 

 

The chemical composition of all powders is inside the concentration limits allowed 

by AMS 5662 aeronautic standard. The content of silicon, aluminium, titanium and 

niobium is really similar in all powders. These elements are important since they appear 

as oxides and carbides at prior particle boundaries (PPBs), decreasing the mechanical 

properties, and thus, a control of these elements is necessary. AP&C 1, Erasteel 4 and 

Sandvik 2 powders have the lowest aluminium content. Erasteel powders have always 

similar niobium content, it is reproducible. However, Sandvik powders have high 

difference of niobium content between different atomisations. In addition, phosphorous 

and boron can modify the mechanical properties. In the powder analysed, there is not 

significant differences in phosphorous content, however there are diverse boron contents. 

Erasteel powders have higher boron content and a study of the influence of this element 

on the mechanical properties will be carried out.  
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4.2.4. Thermal analysis 

Thermal analyses of the diverse powders have taken place to evaluate the behaviour 

of the material when it is heated up or cooled down. It is important to know the 

temperatures of solution of the diverse phases, carbides or oxides, any mass variations 

and possible reactions to improve the design of HIP cycle. DSC curves help in the choice 

of best HIP temperature as a function of required microstructure. An evaluation of 

different heating and cooling rates is also carried out to detect their possible effects. 

Erasteel 4 (+20-150 μm) and Sandvik 2 (+53-180 μm) are the powders selected. The 

typical DSC behaviour of IN718 powders is shown in Figure 4. 30 [18][19]. It is visible 

during first heating melting occurs in a wide range of temperatures (1260 – 1360 ºC). 

Below, after solidification of gamma matrix, laves precipitates around 1170 ºC during the 

first cooling (Figure 4. 31). Then, in the second heating laves dissolution occurs 

approximately at 1170 – 1180 ºC and melting is now more concentrated in a narrow range 

of temperatures (at higher temperatures than in the first melting). Finally, in the second 

cooling laves precipitates again and it is observed the precipitation of niobium carbides 

(approximately at 1260 ºC) after solidification. 

 

Figure 4. 30. Typical DSC curves of IN718 powder. 
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Figure 4. 31. Laves precipitates in IN718 matrix. 

First, Erasteel 4 powder has been studied. Different DSC cycles have been carried 

out in argon atmosphere, between 20 and 1300 ºC using diverse heating and cooling rates 

(Table 4. 10). Two different heating rates and three different cooling rates have been 

selected to analyse the behaviour of the powder at different experimental conditions and 

determine if a high or slow rate during heating or cooling process allows the precipitation 

of different phases. In addition, different rates during the cooling process of the same 

DSC cycle have also been analysed, being the rate slow (3 ºC/min) in the range between 

1000 or 800 ºC and 400 ºC, to study the zones of gamma prime and gamma double prime 

precipitation, which have in those ranges their temperature of precipitation. The results 

obtained are shown in Figure 4. 32 to Figure 4. 36. For these four different conditions it is 

obtained the same DSC traces. There is not any substantial difference, obtaining the same 

behaviour at diverse heating and cooling rates. The main difference is that the peaks have 

better resolution when the rate (heating or cooling) is faster. It is also observed during 

heating niobium carbides dissolution at 1260 ºC and below melting takes place, and 

niobium carbides and laves precipitates during cooling rate. 

Table 4. 10. Experimental conditions of DSC cycles of Erasteel 4 powder. 

DSC Heating rate (ºC/min) Cooling rate (ºC/min) 

A 10 10 

B 3 10 

C 3 30 (1300 – 1000 ºC), 3 (1000 – 400 ºC), 10 (400 – 20 ºC) 

D 3 30 (1300 – 800 ºC), 3 (800 – 400 ºC), 10 (400 – 20 ºC) 
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Figure 4. 32. DSC cycles of Erasteel 4 powder at different heating and cooling rates. 

 

Figure 4. 33. DSC cycle A of Erasteel 4 powder. 

 

Figure 4. 34. DSC cycle B of Erasteel 4 powder. 
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Figure 4. 35. DSC cycle C of Erasteel 4 powder. 

 

Figure 4. 36. DSC cycle D of Erasteel 4 powder. 
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the behaviour of the material and subsequent DSC analyses do not provide more 

information about the behaviour of the material at different temperatures.  

 

Figure 4. 37. Second DSC cycle carried out to the specimens tested in the cycles of Table 4. 10. 

 

Figure 4. 38. Third DSC cycle carried out to the specimens with two prior DSC cycles. 
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except the mass variation of DSC cycle A of Erasteel 4 powder of Table 4. 10, which is 

shown in Figure 4. 42 as example it does not help to better understand the behaviour of 

the material. 

Table 4. 11. Multi-DSC conditions of Erasteel 4 and Sandvik 2 powders. 

Cycle of DSC Heating rate (ºC/min) Cooling rate (ºC/min) 

1 10 10 

2 10 10 

3 10 10 

 

 

Figure 4. 39. First DSC cycle of multi-DSC analysis of Erasteel 4 and Sandvik 2 powders. 

 

Figure 4. 40. Second DSC cycle of multi-DSC analysis of Erasteel 4 and Sandvik 2 powders. 
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Figure 4. 41. Third DSC cycle of multi-DSC analysis of Erasteel 4 and Sandvik 2 powders. 

 

Figure 4. 42. Percentage of mass variation for DSC cycle A of Erasteel 4 powder of Table 4. 10. 
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Figure 4. 43. X-ray diffraction analysis of IN718 powders. 

 

Figure 4. 44. Zoom of  X-ray diffraction analysis of IN718 powders to show the peak due to the 

body centered tetragonal structure. 
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larger fraction sizes (specially >180 μm). They have higher amount of smallest fraction 

size (<20 μm) than AP&C and Sandvik powders. In addition, the highest amount of 

powder is obtained for the fraction +20-45 μm, between 25 and 30 wt.%, in comparison 

with AP&C powders, which have low amount of powder in this fraction size. Plasma 

atomisation normally manufactures powders with larger particle sizes than gas 

atomisation. In the other fractions between 45 and 150 microns, the amount of powder is 

homogenously distributed in all Erasteel powders, obtaining approximately the same 

amount for each fraction size, except for the fraction +63-75 μm, which is the narrowest 

fraction size and for this reason it is obtained lower amount of powder. Finally, Sandvik 

powders have low amounts of smallest and largest fraction sizes (<20 μm and >180 μm, 

respectively), and a similar behaviour of Erasteel powders. However, the powder is 

approximately homogenous in the other fractions between 20 and 180 microns, not 

obtaining the highest amount of powder for the fraction +20-45 μm as Erasteel powders.  

 

Figure 4. 45. Weight percentage (wt.%) of the different fraction size for various powders used in 

this thesis. 

All powders have a log-normal distribution (Figure 4. 46 to Figure 4. 49), as it is 
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for the properties of the powders and the industry, which needs to know the amount of 

powder obtained in the fraction size of interest in each heat. The price of the final 

component is influenced by this yield. 

Figure 4. 46 to Figure 4. 49 show in log-normal representation the cumulative 

weight percentage versus the particle size of the powders and Table 4. 12 reports the 

values of D10, D50, D90 (being D10, D50 and D90 the values of the particle size in which the 

10, 50 and 90 weight percentage (wt.%) of the distribution has smaller powder particle 

size, respectively), μ and σ (obtained by MATLAB® application), σLN (the exponential 

of σ) and R squared of the theoretical distribution calculated from μ and σ values. D50 is 

very similar for AP&C and Sandvik powders. Erasteel powders have lower D50, 

approximately 60 microns versus 75 microns of the other powder suppliers. Therefore, 

Erasteel powders have approximately the 50 wt.% of the powder particles with a diameter 

less than 60 microns and for AP&C and Sandvik powders this diameter is 75 microns. In 

addition, AP&C powders have higher D10 in comparison with Erasteel and Sandvik 

powders, because they are manufactured by plasma atomisation, which normally 

produced powders with higher particle size. AP&C PA powders have the lowest σLN 

(1.51 and 1.59) and their distributions are bimodal (Figure 4. 45 and Figure 4. 47). 

Erasteel and Sandvik GA powders have σLN values between 1.78 and 1.96, in the range of 

powders manufactured by gas atomisation, so the yield of the atomisation is normal.  

 

Figure 4. 46. Log-normal distribution of cumulative percentage (wt.%) versus particle size for 

various powders used in this thesis. 
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Figure 4. 47. Log-normal distribution of cumulative percentage (wt.%) versus particle size for 

AP&C PA powders. 

 

Figure 4. 48. Log-normal distribution of cumulative percentage (wt.%) versus particle size for 

Erasteel GA powders. 

 

Figure 4. 49. Log-normal distribution of cumulative percentage (wt.%) versus particle size for 

Sandvik GA powders. 
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Table 4. 12. Particle size distribution of the powders (D10, D50 and D90), μ, σ, σLN values and 

R squared of the theoretical distribution calculated from μ and σ values. 

Powder D10 D50 D90 μ σ σLN R
2 

AP&C 1 45 74 132 4.29 0.41 1.51 0.9950 

AP&C 2 35 73 137 4.27 0.46 1.59 0.9956 

Erasteel 1 23 61 145 4.10 0.66 1.94 0.9965 

Erasteel 2 24 62 144 4.12 0.67 1.96 0.9945 

Erasteel 3 23 58 136 4.05 0.64 1.91 0.9975 

Erasteel 4 22 57 133 4.02 0.65 1.92 0.9974 

Sandvik 1 29 72 150 4.26 0.60 1.83 0.9930 

Sandvik 2 29 76 148 4.31 0.58 1.78 0.9944 

 

Finally, the experimental log-normal distribution obtained by sieving a small 

amount of the powder is compared with the theoretical distribution calculated by 

MATLAB® application from μ and σ values. The results are shown in Figure 4. 50 to 

Figure 4. 53. The relation between both results for AP&C powders is optimum for all 

fraction sizes, except for the fraction <20 microns in AP&C 2 powder. The experimental 

amount obtained of this fraction is higher than theoretical estimation due to the presence 

of small holes on the sieve of 20 microns [23]. Erasteel and Sandvik GA powders also 

have an optimum correlation between experimental data and theoretical estimation, 

without substantial differences.  

 

Figure 4. 50. Experimental (individual points) and theoretical (dashed line) comparison of 

log-normal distribution of cumulative percentage (wt.%) versus particle size for various powders 

used in this thesis. 
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Figure 4. 51. Experimental (individual points) and theoretical (dashed line) comparison of 

log-normal distribution of cumulative percentage (wt.%) versus particle size for 

AP&C PA powders. 

 

Figure 4. 52. Experimental (individual points) and theoretical (dashed line) comparison of 

log-normal distribution of cumulative percentage (wt.%) versus particle size for 

Erasteel GA powders. 
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Figure 4. 53. Experimental (individual points) and theoretical (dashed line) comparison of 

log-normal distribution of cumulative percentage (wt.%) versus particle size for 

Sandvik GA powders. 

4.2.7. Oxygen content in the bulk and surface of the powders 

Some powders with wide PSD have been sieved to evaluate the oxygen content of 

the different fraction sizes. The powders with oxygen and carbon content according to the 

target of < 100 ppm have been selected: AP&C 1 and 2, Erasteel 1, 2, 3 and 4, and 

Sandvik 1 and 2 powders. The results obtained are shown in Table 4. 13 and Figure 4. 54 

to Figure 4. 57. In these pictures, it is observed that oxygen content increases when 

particle size decreases. This behaviour is due to an increase of the specific surface in the 
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the atomisation and containing a large amount of oxygen, and thus, oxygen increases. 
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content versus the inverse of powder diameter. Representing the data it is possible to split 
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abscissa axis would be x = 0, and thus, the value of the oxygen content in the y-intercept 

provides an indication of the value of the oxygen in the bulk of the powder. The rest of 

the oxygen would be at the surface (Figure 4. 58 to Figure 4. 61). As mentioned above, 

decreasing the particle size of the powder, it has a larger surface area, and thus, a higher 

oxygen concentration. The specific surface area is the ratio of the surface area of the 
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sample and its mass. It can be calculated for IN718 powder particles, due to the fact that 

they are spherical, by the following equation [24]: 

S0  =  
6

ρ Dm
 

Equation 4. 1 

Where, 

 S0: specific surface area of the powder. 

 ρ: powder density. 

 Dm: average diameter of each fraction size of powder. 

Table 4. 13. Oxygen content (ppm) as function of fraction size for AP&C PA, Erasteel GA and 

Sandvik GA powders. 

 Oxygen (ppm) 

Fraction 

size (μm) 

AP&C 

1 

AP&C 

2 

Erasteel 

1 

Erasteel 

2 

Erasteel 

3 

Erasteel 

4 

Sandvik 

1 

Sandvik 

2 

<20 No 

sample 

225 270 No 

sample 

194 123 No 

sample 

137 

+20-45 178 175 130 180 145 106 141 128 

+45-63 140 138 124 177 113 97 94 102 

+63-75 132 131 109 146 100 93 88 99 

+75-106 118 119 86 140 91 78 80 96 

+106-150 102 105 81 136 80 64 76 86 

+150-180 100 101 85 148 102 77 69 81 

>180 156 161 No 

sample 

No 

sample 

147 97 112 97 
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Figure 4. 54. Oxygen content versus particle size for various powders used in this work. 

 

Figure 4. 55. Oxygen content versus particle size for AP&C PA powders. 

 

Figure 4. 56. Oxygen content versus particle size for Erasteel GA powders. 
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Figure 4. 57. Oxygen content versus particle size for Sandvik GA powders. 

 

Figure 4. 58. Oxygen content versus the inverse of powder diameter for various powders used in 

this work. 

 

Figure 4. 59. Oxygen content versus the inverse of powder diameter for AP&C PA powders. 
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Figure 4. 60. Oxygen content versus the inverse of powder diameter for Erasteel GA powders. 

 

Figure 4. 61. Oxygen content versus the inverse of powder diameter for Sandvik GA powders. 
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inside powder particles (bulk oxygen content is approximately 70 wt.% of total oxygen 

content for all powders), being its presence on the surface clearly lower. In addition, 

Erasteel 3 and 4 and Sandvik 1 powders have lower bulk oxygen content than the rest of 

powders because their melt quality and purging of the atomisation chamber were better. 

In these figures the oxygen content approximately linearly increases when the 

specific surface of the powder increases. This behaviour occurs because the oxide 

thickness layer is independent of the powder particle sizes [25][26][27]. In addition, the 

superficial oxidation of the powder takes place after the step in which the melt is broken 

by the gas, in the atomisation process. If oxidation carries out in this step, the oxide 

thickness layer increases with particle sizes, since larger particles need more time to cool 

down and thus, more oxidation will take place. Therefore, the particles are oxidised at the 

bottom of the atomisation tower, where they are collected, and quickly reach the same 

temperature, so they have the same oxide thickness layer [25][26][27]. 

 

Figure 4. 62. Oxygen content versus the inverse of powder diameter for various powders with the 

trendline, the equation and R squared to estimate the bulk oxygen content. 
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Figure 4. 63. Oxygen content versus the inverse of powder diameter for AP&C PA powders with 

the trendline, the equation and R squared to estimate the bulk oxygen content. 

 

Figure 4. 64. Oxygen content versus the inverse of powder diameter for Erasteel GA powders 

with the trendline, the equation and R squared to estimate the bulk oxygen content. 

 

Figure 4. 65. Oxygen content versus the inverse of powder diameter for Sandvik GA powders 

with the trendline, the equation and R squared to estimate the bulk oxygen content. 
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Table 4. 14. Estimated bulk oxygen content (ppm) for the powders analysed. 

Sample Bulk oxygen (ppm) 

AP&C 1 80 

AP&C 2 84 

Erasteel 1 69 

Erasteel 2 120 

Erasteel 3 59 

Erasteel 4 60 

Sandvik 1 50 

Sandvik 2 72 

 

As mentioned above, the mechanical properties of the material are very dependent 

of oxygen content. Oxygen forms oxides at PPBs that dramatically decreases the 

mechanical properties. The presence of these oxides is higher when oxygen content 

increases. Therefore, it is mandatory the definition and control of the oxygen content of 

the powder and the fraction of interest of the powder that will be used on HIP cycle. 

Many different actions have been carried out focusing on this key factor to keep or even 

reduce the oxygen content of the powders and the presence of oxides at PPBs. 

4.2.8. Surface chemical analysis 

In the previous section, total amount of oxygen content was split in between bulk 

and superficial oxygen and it is deduced there is an oxide layer on powder particles, 

which has a thickness independent of particle size. The objective of this section is the 

study of both, the oxides and the oxide layer. X-ray photoelectron spectroscopy (XPS) is 

the technique employed to analyse with high accuracy the surface of the powders [28]. 

Erasteel 4 (+20-150 μm) and Sandvik 2 (+53-180 μm) are also the powders selected to do 

this study. In this section the characterisation of as-atomised powders has been completed 

by XPS analyses. In addition, an intense study and analysis of XPS results of the powder 

at different conditions (reduced, oxidised and as-atomised) will be carried out in a 

following section of this chapter (section 4.2.9.3). 
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4.2.8.1. Analysis of powder surface 

First, an analysis at low resolution of the surface of the powders is made, up to a 

maximum depth of 10 nm (only the surface is analysed but any beam can penetrate up 

to 10 nm). This analysis allows determining the elements present in the surface, but 

without differentiating between metal and oxidation state. In Table 4. 15, Table 4. 16, 

Figure 4. 66 and Figure 4. 67 the content of each element is shown with and without 

interstitials, respectively. Interstitials content is overestimated because the sample has 

been exposed to the atmosphere (for example, in the preparation of the sample prior to the 

analysis) and the technique is very sensitive and detects this behaviour. 

This overestimation normally appears as an increase of  C-O and C-H peaks for 

carbon, OH
-
 peak for oxygen and C-NH2 peak for nitrogen [29][30][31]. In addition, 

Figure 4. 68 shows the XPS spectra obtained at low resolution for Erasteel 4 and 

Sandvik 2. It is important to mention the presence of a high concentration of titanium, 

niobium and aluminium on the surface of both powders. These elements have higher 

concentration on the surface than the nominal value measured on the powder by ICP. This 

result is expected due to the fact that these elements typically form oxides and carbides on 

the surface of the powders and thus, there is common a segregation of these elements on 

the surface [29][30][31]. In addition, the same behaviour is observed in both powders, 

without any significant difference. 

Table 4. 15. Content of the elements present on the surface of Erasteel 4 and 

Sandvik 2 GA powders determined by XPS analysis at low resolution (at.%). 

 Atomic % (at.%) 

Powder Ni Fe Cr Ti Nb Al C N O 

Erasteel 4 11.59 2.00 4.85 3.98 2.64 1.61 22.99 4.07 46.27 

Sandvik 2 12.64 2.34 5.34 3.83 2.83 1.66 23.23 1.60 46.51 

 

Table 4. 16. Content of the elements, without interstitials, present on the surface of Erasteel 4 and 

Sandvik 2 GA powders determined by XPS analysis at low resolution (at.%). 

 Atomic % (at.%) 

Powder Ni Fe Cr Ti Nb Al 

Erasteel 4 43.46 7.49 18.18 14.94 9.89 6.03 

Sandvik 2 44.12 8.18 18.65 13.35 9.89 5.81 
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Figure 4. 66. Concentration of the elements present on the surface of Erasteel 4 and 

Sandvik 2 GA powders determined by XPS analysis at low resolution. 

 

Figure 4. 67. Concentration of the elements, without interstitials, present on the surface of 

Erasteel 4 and Sandvik 2 GA powders determined by XPS analysis at low resolution. 

 

Figure 4. 68. General XPS spectra of the analysis at low resolution on the surface of Erasteel 4 

and Sandvik 2 GA powders. 
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After this initial study of the surface of the powders at low resolution, an analysis of 

the surface of Erasteel 4 powder at high resolution has been made. This experiment 

allows determining the oxidation state of the different elements present on the 

surface of the powder. The different XPS spectra obtained for each element detected in 

prior analysis at low resolution are shown in Figure 4. 69 to Figure 4. 76. In all pictures 

the experimental data are shown in black, the convolutions of each peak of different 

oxidation states of the elements are presented in red, green and blue, the total convolution 

in dark blue dashed line and the background in brown. In the spectra it is visible in many 

elements such as nickel, chromium, titanium and niobium the presence of the metallic 

component. This result is probably due to the fact that the powder is covered by a thin 

oxide layer with a thickness of few nanometres as mentioned in references [32][33]. If the 

thickness of the oxide layer is greater, the metallic component will not be visible in any 

element. A depth profile analysis of the powder to characterise its oxide layer (its 

composition and thickness) is necessary [34][35]. Nickel Ni2p spectrum (Figure 4. 69) 

shows the presence of the metallic component (red convolutions) and two different oxides 

(NiO and Ni2O3 [29][30][31], green and blue convolutions respectively). The two peaks 

obtained for each different oxidation state are due to Ni2p
3/2

 and Ni2p
1/2

, respectively. 

Iron Fe2p spectrum (Figure 4. 70) only shows the Fe2p
1/2

 zone because Fe2p
3/2

 zone is at 

the same binding energy as one of the XPS nickel peaks. It is only visible the presence of 

iron oxide (red convolution), not the metallic component. Chromium Cr2p spectrum 

(Figure 4. 71) shows the presence of the metallic component (red convolutions) and one 

kind of oxide (CrO2 or Cr2O3 [29][30][31], green convolutions). There is also visible in 

titanium Ti2p spectrum (Figure 4. 72) the presence of the metallic component (only one 

red convolution (Ti2p
3/2

) because the second metallic component signal (Ti2p
1/2

) is low 

and it is not possible to detect with the time of analysis selected) and one kind of oxide 

(TiO2 [29][30][31], green convolutions). Niobium Nb3d spectrum (Figure 4. 73) is 

similar to titanium. It is observed the presence of the metallic component (only one red 

convolution (Nb3d
5/2

) because the second metallic component signal (Nb3d
3/2

) is low and 

it is not possible to detect with the time of analysis selected) and one kind of oxide 

(Nb2O5 [29][30][31], green convolutions). Aluminium Al2p spectrum (Figure 4. 74) has a 

similar problem as iron. Many elements appear at near binding energy zone of Al2p and 

the noise of this zone is critical. Therefore, it is only detected the presence of one the two 

peaks of aluminium oxide (Al2O3 [29][30][31], red convolution). In addition, it is not 

observed the presence of carbides on XPS C1s spectrum (Figure 4. 75) and thus, it is 
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corroborated the concentration on the surface of niobium, titanium and aluminium 

observed on XPS spectra at high resolution of these elements is due to the presence of 

oxides. Finally, oxygen spectrum (Figure 4. 76) shows of two types of oxygen: oxides 

and hydroxides, which are probably due to the adsorption of humidity of the atmosphere 

during the preparation of the samples prior to the analysis.  

 

Figure 4. 69. High resolution XPS spectrum at binding energies of Ni2p peaks of the surface of 

Erasteel 4 GA powder. 

 

Figure 4. 70. High resolution XPS spectrum at binding energies of Fe2p peaks of the surface of 

Erasteel 4 GA powder. 
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Figure 4. 71. High resolution XPS spectrum at binding energies of Cr2p peaks of the surface of 

Erasteel 4 GA powder. 

 

Figure 4. 72. High resolution XPS spectrum at binding energies of Ti2p peaks of the surface of 

Erasteel 4 GA powder. 

 

Figure 4. 73. High resolution XPS spectrum at binding energies of Nb3d peaks of the surface of 

Erasteel 4 GA powder. 
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Figure 4. 74. High resolution XPS spectrum at binding energies of Al2p peaks of the surface of 

Erasteel 4 GA powder. 

 

Figure 4. 75. High resolution XPS spectrum at binding energies of C1s peaks of the surface of 

Erasteel 4 GA powder. 

 

Figure 4. 76. High resolution XPS spectrum at binding energies of O1s peaks of the surface of 

Erasteel 4 GA powder. 
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4.2.8.2. Depth profile analysis of Erasteel 4 powder 

Depth profile analyses of Erasteel 4 powder at low resolution were made to study 

the evolution of the elements as function of the distance to the surface. In Table 4. 17, 

Table 4. 18, Figure 4. 77 and Figure 4. 78 the content of each element is shown with and 

without interstitials, respectively. Interstitials content is again overestimated as it was 

explained in previous section (section 4.2.8.1). Carbon and oxygen dramatically decrease 

inside the powder. At greater depths, titanium and aluminium also decrease. These 

elements tend to be on the surface, probably as oxides [29][30][31]. The concentration of 

the rest of the elements increases at greater depths. In addition, molybdenum is observed 

from 5 nm.  

Table 4. 17. Content of the elements present on Erasteel 4 GA powder determined by XPS depth 

profile analysis at low resolution (at.%). 

 Atomic % (at.%) 

Depth 

(nm) 

Ni Fe Cr Ti Nb Al Mo C N O 

0 11.59 2.00 4.85 3.98 2.64 1.61 0 22.99 4.07 46.27 

2 18.95 3.21 11.72 5.88 5.54 1.14 0 8.27 5.63 39.66 

5 38.57 4.33 13.19 3.10 5.73 0.81 0.11 3.83 7.30 23.04 

7 39.57 5.02 14.61 2.63 5.66 0.77 1.19 4.40 7.65 18.59 

10 43.56 5.20 15.17 1.88 6.11 0.26 2.03 2.93 7.68 15.18 

15 42.33 5.01 15.10 1.50 6.13 0.29 2.61 4.67 9.86 12.49 

20 43.49 8.05 17.50 1.07 5.53 0.23 2.37 3.42 9.30 9.04 

30 47.40 9.11 19.04 0.46 5.58 0.62 3.14 1.32 6.82 6.50 

40 45.60 10.31 19.31 1.03 4.71 1.24 2.68 1.40 9.07 4.63 

60 49.59 10.67 22.43 0.68 4.36 0 3.11 0.97 7.29 1.89 
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Table 4. 18. Content of the elements, without interstitials, present on Erasteel 4 GA powder 

determined by XPS depth profile analysis at low resolution (at.%). 

 Atomic % (at.%) 

Depth 

(nm) 

Ni Fe Cr Ti Nb Al Mo 

0 43.46 7.49 18.18 14.94 9.89 6.03 0 

2 40.81 6.91 25.24 12.65 11.93 2.45 0 

5 58.58 6.57 20.03 4.71 8.71 1.23 0.16 

7 56.98 7.23 21.03 3.78 8.15 1.11 1.72 

10 58.70 7.00 20.44 2.53 8.24 0.35 2.74 

15 58.00 6.87 20.69 2.06 8.41 0.40 3.58 

20 55.59 10.29 22.37 1.37 7.07 0.30 3.01 

30 55.54 10.68 22.31 0.54 6.53 0.72 3.68 

40 53.71 12.15 22.75 1.22 5.55 1.46 3.16 

60 54.08 11.87 24.97 0.76 4.85 0 3.47 

 

Figure 4. 77. Depth profile obtained by XPS analysis at low resolution of Erasteel 4 GA powder. 
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Figure 4. 78. Depth profile, without interstitials, obtained by XPS analysis at low resolution of 

Erasteel 4 GA powder. 

Finally, depth profile analysis of Erasteel 4 powder at high resolution has been 

made. Based on references [32][35][36][37][38][39], powder particles are covered by a 

homogeneous oxide layer and the rest of oxides are as particulate oxides and 

agglomerates. Specifically, the surface of the nickel-based superalloys powders is covered 

by thin uniform nickel oxide/hydroxide layer with seldom presence of the islands formed 

by fine particulate features of thermodynamically stable Al-Cr-Ti-Si oxides [37][38]. The 

thickness of this layer can be determined by the intensity of the oxygen and metal peaks 

(metal component) at different depths. In Erasteel 4 GA powder the morphology of the 

particles is spherical and thus, the thickness of the oxide layer correspond to the depth at 

which the intensity of the metal is 65 % from its maximum, if the thickness is greater than 

three times the electron mean free path (EMFP) or λ´´, that is to say the distance that an 

electron can travel into a solid before colliding with something, that in the case of nickel 

oxide is 1.1 nm [34][35][40][41]. Other method to determine the thickness of the oxide 

layer is the depth value to the average relative intensity between the maximum and 

minimum intensity of oxygen [32][34][35]. The thickness obtained corresponds to a 

homogeneous oxide layer and it is supposed the rest of oxides are as agglomerates or 

particulate oxides, as it is shown in Figure 4. 79. 
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Figure 4. 79. Schematic picture of the surface of a powder particle atomised by gas [32]. 

Erasteel 4 GA powder has been studied in other conditions, as it will be described 

in a following section of this chapter (section 4.2.9.3). These analyses allowed to find out 

nickel oxide/hydroxide is the homogeneous layer that covers as-atomised powder 

particles. Knowing this behaviour of the material, depth profile analysis of 

Erasteel 4 powder at high resolution was used to determine the intensity of oxygen and 

nickel (metal component) at different depths (Figure 4. 80). Then, the thickness of the 

nickel oxide/hydroxide layer has been calculated as described above using oxygen and 

nickel intensities. The results of both methods are quite similar and the thickness of nickel 

oxide/hydroxide layer that covers Erasteel 4 GA powder is approximately 3.5 nm. 

Although still unexposed information and results have been used to determine nickel 

oxide/hydroxide is the layer that covers powder particles, at this point this result is 

exposed and advanced to complete the characterisation of as-atomised Erasteel 4 powder. 

In addition, surface chemical analysis of this powder at different conditions, including 

as-atomised, will be in detail shown and analysed in a following section of this 

chapter (section 4.2.9.3). 

 

Figure 4. 80. Normalised intensity of nickel metal (Ni2p) and oxygen (O1s) peaks versus sputter 

depth for Erasteel 4 GA powder. 
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4.2.9. Oxygen reduction in as-atomised powders 

Many different actions have been carried out to reduce oxides and carbides at PPBs, 

and then improving the final mechanical properties, the most important issue of the new 

manufacturing route proposed in this thesis. Heat treatments of the powders in air, 

vacuum and hydrogen at different temperatures in standard muffle and a high vacuum 

furnace were one of the actions made with this objective. The results obtained from those 

heat treatments are shown in Table 4. 19 to Table 4. 23, where the interstitials content 

before and after heat treatment is reported.   

In all experiments the same behaviour is achieved. Oxidation took place, increasing 

dramatically the oxygen content of the powder. Initially, a heat treatment at 1260 ºC for 

30 minutes in hydrogen (Table 4. 19) was carried out to promote a reduction of oxygen 

content. This temperature was selected because it is near to melting range of IN718 and it 

could be possible a partial dissolution of the material, which provides a decrease of 

oxygen content. However, the results obtained show a substantial oxidation of the 

powder. After that, two heat treatments (Table 4. 20 and Table 4. 21) were carried out at 

intermediate temperature (750 and 900 ºC) in hydrogen and vacuum. These intermediate 

temperatures were selected to improve the behaviour of the treatment and do easier the 

reduction of the material in comparison with room temperature. However, the results 

obtained show a strong oxidation of the material and thus, new experimental conditions 

were analysed. Finally, two heat treatments (Table 4. 22 and Table 4. 23) were done at 80 

and 150 ºC in air, respectively. These moderate temperatures and air atmosphere have 

been selected to reduce any rest of humidity of the powder and thus, reducing its oxygen 

content. However, oxidation took place, being both heat treatments discarded. Oxidation 

of the powder was always the result obtained after the different heat treatments. 

According to the Ellingham diagram (Figure 4. 81), at the different temperatures and 

atmospheres used in the heat treatments commented, aluminium, titanium and chromium 

are the easier elements to oxidise and thus, these elements have been oxidised during the 

heat treatments carried out with the powder, and the oxygen content increases. Therefore, 

this action is not interesting to reduce oxygen at PPBs and it was discarded.  
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Table 4. 19. Interstitials concentration (wt.%) of Erasteel 1 powder before and after a heat 

treatment at 1260 ºC for 30 minutes in hydrogen.  

Powder Condition wt.% 

Oxygen 

wt.% 

Nitrogen 

wt.% 

Carbon 

wt.% 

Sulphur 

Erasteel 1 

(+45-150 μm) 

Before HT 0.0100  0.0050 0.0280  0.0020 

After HT 0.4835 0.0050 0.0282 0.0023 

 

Table 4. 20. Interstitials concentration (wt.%) of Erasteel 1, Osprey and TIMET  powders before 

and after a heat treatment at 750 ºC for 2 hours in hydrogen. 

Powder Condition wt.% 

Oxygen 

wt.% 

Nitrogen 

wt.% 

Carbon 

wt.% 

Sulphur 

Erasteel 1 

(+45-150 μm) 

Before HT 0.0100  0.0050 0.0280  0.0020 

After HT 0.0523 0.0049 0.0282 0.0019 

Osprey  

(+45-180 μm) 

Before HT 0.0240 0.1000 0.0400 0.0020 

After HT 0.0637 0.1002 0.0410 0.0032 

TIMET  

(+125-177 μm) 

Before HT 0.0070  0.0008  0.0500  0.0010  

After HT 0.0308 0.0010 0.0515 0.0007 

 

Table 4. 21. Interstitials concentration (wt.%) of Erasteel 1 powder before and after a heat 

treatment at 900 ºC for 6 hours in vacuum of 10
-5

mbars. 

Powder Condition wt.% 

Oxygen 

wt.% 

Nitrogen 

wt.% 

Carbon 

wt.% 

Sulphur 

Erasteel 1 

(+45-150 μm) 

Before HT 0.0100  0.0050 0.0280  0.0020 

After HT 0.0376 0.0052 0.0309 0.0021 

 

Table 4. 22. Interstitials concentration (wt.%) of Erasteel 1 powder before and after a heat 

treatment at 80 ºC in air. 

Powder Condition wt.% 

Oxygen 

wt.% 

Nitrogen 

wt.% 

Carbon 

wt.% 

Sulphur 

 

 

Erasteel 1 

(+45-150 μm) 

Before HT 0.0100  0.0050 0.0280  0.0020 

After 24 hours 0.0121 0.0052 0.0284 0.0026 

After 48 hours 0.0131 0.0051 0.0272 0.0023 

After 72 hours 0.0136 0.0053 0.0277 0.0017 

After 96 hours 0.0154 0.0051 0.0279 0.0018 
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Table 4. 23. Interstitials concentration (wt.%) of Erasteel 1 powder before and after a heat 

treatment at 150 ºC in air. 

Powder Condition wt.% 

Oxygen 

wt.% 

Nitrogen 

wt.% 

Carbon 

wt.% 

Sulphur 

 

Erasteel 1 

(+45-150 μm) 

Before HT 0.0100  0.0050 0.0280  0.0020 

After 24 hours 0.0141 0.0051 0.0282 0.0018 

After 48 hours 0.0156 0.0053 0.0282 0.0022 

 

Figure 4. 81. Ellingham diagram showing the temperature dependence of the stability of 

metal oxides. 
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Other heat treatments were also carried out to reduce oxygen content of the powder. 

Based on Ellingham diagram (Figure 4. 81) and the results of the characterisation of the 

surface of the powder particles (section 4.2.8), argon, hydrogen and mixtures of both have 

been employed at room and moderate temperatures to reduce the oxygen content of 

IN718 powders during outgassing step. Finally, hydrogen purges at moderate 

temperatures have shown promising results, reducing the oxygen content in all powders 

analysed and keeping the other interstitials at the level of as-atomised powder.  

The system employed for making hydrogen purges during degassing step of the 

canister was described in Chapter 3 and it has the following steps. First, the canister filled 

with the powder is connected to the vacuum during 12 hours. It is used a vacuum of 

approximately 10
-2 

mbar due to the fact that turbomolecular pump cannot be used at the 

same time hydrogen is introduced in the canister. Then, the canister, connected to the 

vacuum, is introduced in a furnace at moderate temperature for 6 hours. During this time, 

the purge with hydrogen takes place. After that, the canister is cooled and kept 6 more 

hours in vacuum and finally, the powder is picked up in a closed recipient to determine 

the oxygen content. Taking into account the type of oxides identified on the surface of the 

powder particles and their stability (Ellingham diagram, Figure 4. 81, [42][43]), 

experiments have been designed at moderate temperatures in order to reduce some oxides 

without promoting the oxidation of the metallic elements. Many different experimental 

conditions have been studied to optimise this process.  

4.2.9.1. Oxygen measurements 

Different temperatures, times and pressures have been tested to determine the 

optimum conditions of hydrogen purges during canning. After each experiment it was 

necessary to analyse the oxygen content of the powder. The powder used for the 

optimisation of this process was Erasteel 2. In addition, the effectiveness of the reduction 

process has been tested for all powders, which have different oxygen content. First, 

hydrogen purging has been conducted at 0.4 mbar, 1 hour and 300 ºC, and a reduction in 

oxygen content was observed. The as-atomised Erasteel 2 (+45-150 μm) powder had an 

oxygen content of 146 ppm, but after purging, the powder presented an oxygen content 

of 111 ppm, in line with the bulk oxygen content estimated for this powder (Table 4. 14). 

Table 4. 24, Figure 4. 82 and Figure 4. 83 illustrate this reduction. In these table and 
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figures the oxygen content for the different particle size intervals before and after purging 

is shown, and the reduction is observed for all fraction sizes. 

Table 4. 24. Oxygen content (ppm) as function of particle size of Erasteel 2 (+45-150 μm) powder 

before and after hydrogen purging at 0.4 mbar, 1 hour and 300 ºC. 

 Oxygen (ppm) 

Fraction size (μm) As-atomised After purging 

<20 No sample No sample 

+20-45 180 124 

+45-63 177 113 

+63-75 146 112 

+75-106 140 107 

+106-150 136 104 

+150-180 148 No sample 

>180 No sample No sample 

 

 

Figure 4. 82. Oxygen content (ppm) as function of particle size for Erasteel 2 powder before and 

after hydrogen purging at 0.4 mbar, 1 hour and 300 ºC. 
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Figure 4. 83. Oxygen content (ppm) versus the inverse of powder diameter for Erasteel 2 powder 

before and after hydrogen purging at 0.4 mbar, 1 hour and 300 ºC. 

 

A reduction in oxygen content for all particle sizes took place during the treatment, 

being significantly higher for small size particles. More tests have been conducted to 

confirm that this new purging system does reduce oxygen content in IN718 powders. 

First, a wide variety of hydrogen pressures were studied to optimise this parameter. In all 

those tests, temperature and time were always 300 ºC and 1 hour. The results obtained are 

gathered in Table 4. 25, Table 4. 26, Figure 4. 84 and Figure 4. 85. In view of these 

results it can be asserted that the purging with low pressure of hydrogen at moderate 

temperatures decreases oxygen content in the initial powder which in other words means 

that surface oxygen on powder particles is partially removed. Hydrogen purging is more 

effective that only vacuum purging. Only with vacuum keeping constant the rest of the 

variables there is also a decrease in the oxygen content for the smaller particle size 

fractions. This reduction in the oxygen content is due to the removal of humidity and 

adsorbed oxygen. It can be observed that the best result is achieved when the process 

takes place at 2 mbar, with flowing hydrogen. 
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Table 4. 25. Oxygen content (ppm) of Erasteel 2 (+45-150 μm) powder before and after hydrogen 

purging at 300 ºC, 1 hour and different pressures. 

Condition Oxygen (ppm) 

As-atomised 146 

After only vacuum 142 

After purging 0.2 mbar 124 

After purging 0.4 mbar 111 

After purging 1 mbar 109 

After purging 2 mbar 103 

After purging 6 mbar 119 

 

Table 4. 26. Oxygen content (ppm) as function of particle size of Erasteel 2 (+45-150 μm) powder 

before and after hydrogen purging at 300 ºC, 1 hour and different pressures. 

 Oxygen (ppm) 

Fraction 

size (μm) 

As-

atomised 

After only 

vacuum 

After 

purging 

0.2 mbar 

After 

purging 

0.4 mbar 

After 

purging 1 

mbar 

After 

purging 2 

mbar 

After 

purging 6 

mbar 

<20 No sample No sample No sample No sample No sample No sample No sample 

+20-45 180 155 132 124 129 117 139 

+45-63 177 150 130 113 122 109 133 

+63-75 146 144 127 112 114 105 126 

+75-106 140 140 121 107 109 101 115 

+106-150 136 134 112 104 103 94 106 

+150-180 148 No sample No sample No sample No sample No sample No sample 

>180 No sample No sample No sample No sample No sample No sample No sample 
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Figure 4. 84. Oxygen content (ppm) as function of particle size of Erasteel 2 powder before and 

after hydrogen purging at 300 ºC, 1 hour and different pressures. 

 

Figure 4. 85. Oxygen content (ppm) versus the inverse of powder diameter for Erasteel 2 powder 

before and after purging at 300 ºC, 1 hour and different pressures. 

 

Knowing the best pressure, the following step consists on determining the best 

temperature. Tests at different temperatures at 0.4 mbar for 1 hour have been conducted. 

The results obtained are shown in Table 4. 27, Table 4. 28, Figure 4. 86 and Figure 4. 87, 

and indicate that the best temperature is 300 ºC. 
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Table 4. 27. Oxygen content (ppm) of Erasteel 2 (+45-150 μm) powder before and after hydrogen 

purging at 0.4 mbar, 1 hour and different temperatures. 

Condition Oxygen (ppm) 

As-atomised 146 

After purging at 250 ºC 123 

After purging at 300 ºC 111 

After purging at 400 ºC 119 

 

Table 4. 28. Oxygen content (ppm) as function of particle size of Erasteel 2 (+45-150 μm) powder 

before and after hydrogen purging at 0.4 mbar, 1 hour and different temperatures. 

 Oxygen (ppm) 

Fraction size 

(μm) 

As-atomised After purging 

at 250 ºC 

After purging 

at 300 ºC 

After purging 

at 400 ºC 

<20 No sample No sample No sample No sample 

+20-45 180 140 124 143 

+45-63 177 133 113 136 

+63-75 146 125 112 133 

+75-106 140 119 107 129 

+106-150 136 111 104 123 

+150-180 148 No sample No sample No sample 

>180 No sample No sample No sample No sample 
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Figure 4. 86. Oxygen content (ppm) as function of particle size of Erasteel 2 powder before and 

after hydrogen purging at 0.4 mbar, 1 hour and different temperatures. 

 

Figure 4. 87. Oxygen content (ppm) versus the inverse of powder diameter for Erasteel 2 powder 

before and after purging at 0.4 mbar, 1 hour and different temperatures. 
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Table 4. 30. Oxygen content (ppm) as function of particle size of Erasteel 2 (+45-150 μm) powder 

before and after hydrogen purging at 2 mbar, 300 ºC and different times. 

 Oxygen (ppm) 

Fraction size 

(μm) 

As-atomised After purging 

for 30 minutes 

After purging 

for 1 hour 

After purging 

for 2 hours 

<20 No sample No sample No sample No sample 

+20-45 180 140 117 129 

+45-63 177 130 109 124 

+63-75 146 124 105 120 

+75-106 140 118 101 116 

+106-150 136 115 94 110 

+150-180 148 No sample No sample No sample 

>180 No sample No sample No sample No sample 

 

 

Figure 4. 88. Oxygen content (ppm) as function of particle size of Erasteel 2 powder before and 

after hydrogen purging at 2 mbar, 300 ºC and different times. 
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Figure 4. 89. Oxygen content (ppm) versus the inverse of powder diameter for Erasteel 2 powder 

before and after purging at 2 mbar, 300 ºC and different times. 

Purging with hydrogen does reduce the oxygen content regardless of the particle 

size which means that superficial oxygen is being removed. In addition, the optimum 

experimental conditions determined in this work are 1 hour, 2 mbar and 300 ºC. In those 

conditions, 30 wt.% of reduction of the oxygen content of the Erasteel 2 (+45-150 μm) 

powder has been achieved. Subsequently, other interesting powders have been analysed 

in order to study the reduction of their oxygen content at the optimum hydrogen purging 

conditions. Table 4. 31, Table 4. 32 and Figure 4. 90 to Figure 4. 95 show the obtained 

results. It is observed the same behaviour, a decrease in the oxygen content in all powder 

and all fraction size evaluated. This reduction is approximately 30 wt.%. Moreover, it is 

visible for all powder that the oxygen content, even after reduction process, increases 

when the specific surface of the powder increases. This behaviour is due to the fact that 

the oxide thickness layer is independent of the powder particle sizes. Therefore, using the 

same procedure employed in section 4.2.7 of this chapter, the bulk oxygen of the powders 

is estimated after reduction process (Figure 4. 91, Figure 4. 93 and Figure 4. 95). The 
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Sandvik 1 powder. In the rest of powders, it is obtained lower bulk oxygen content 
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or adsorbed oxygen is typical in these powders. In addition, for the same reason after 

reduction process the R squared to estimate the bulk oxygen is higher in Erasteel 1, 2 and 

4, probably because these powders have higher amount of humidity and adsorbed oxygen 

and it is removed during hydrogen purging, allowing to improve the trendline and R 

squared of the oxygen content as function of the particle size representation. Finally, after 

these oxygen measurements, it is necessary to do an intense characterisation of this 

process to understand what occurs during the hydrogen purging of the powders. The 

discussion about the reduction mechanism responsible for the 30 wt.% decreasing of the 

oxygen content in the powders is explained in next sections (sections 4.2.9.2 and 4.2.9.3). 

Table 4. 31. Oxygen content (ppm) of different powders before and after hydrogen purging at 

optimum conditions (1 hour, 2 mbar and 300 ºC). 

 Oxygen (ppm) 

Powder As-atomised After purging 

AP&C 1 (+45-180 μm) 110 84 

AP&C 2 (+20-180 μm) 125 92 

Erasteel 1 (+45-150 μm) 100 78 

Erasteel 2 (+45-150 μm) 146 103 

Erasteel 3 (+45-150 μm) 90 62 

Erasteel 4 (+45-150 μm) 85 59 

Erasteel 4 (+20-150 μm) 90 65 

Sandvik 1 (+45-180 μm) 90 64 

Sandvik 2 (+53-180 μm) 95 66 
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Table 4. 32. Oxygen content as function of particle size of different powders after hydrogen 

purging at optimum conditions (1 hour, 2 mbar and 300 ºC) (in brackets as-atomised 

oxygen content). 

 Oxygen (ppm) 

Fraction 

size (μm) 

AP&C 

1 

AP&C 

2 

Erasteel 

1 

Erasteel 

2 

Erasteel 

3 

Erasteel 

4 

Sandvik 

1 

Sandvik 

2 

<20 No 

sample 

No 

sample 

No 

sample 

No 

sample 

No 

sample 

No 

sample 

No 

sample 

No 

sample 

+20-45 105 

(178) 

104 

(175) 

105 

(130) 

117 

(180) 

99   

(145) 

71   

(106) 

70   

(141) 

82   

(128) 

+45-63 95 

(140) 

99 

(138) 

97   

(124) 

109 

(177) 

79   

(113) 

64     

(97) 

66     

(94) 

75   

(102) 

+63-75 89 

(132) 

95 

(131) 

85   

(109) 

105 

(146) 

67   

(100) 

61     

(93) 

62     

(88) 

71     

(99) 

+75-106 81 

(118) 

90 

(119) 

72     

(86) 

101 

(140) 

62     

(91) 

58     

(78) 

61     

(80) 

67     

(96) 

+106-150 81 

(102) 

87 

(105) 

67     

(81) 

94   

(136) 

60     

(80) 

54     

(64) 

60     

(76) 

64     

(86) 

+150-180 80 

(100) 

84 

(101) 

No 

sample 

No 

sample 

No 

sample 

No 
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Figure 4. 90. Oxygen content (ppm) as function of particle size of AP&C powders before 

(continuous line) and after hydrogen purging (dashed line) at optimum conditions (1 hour, 

2 mbar and 300 ºC). 

 

Figure 4. 91. Oxygen content (ppm) versus the inverse of powder diameter for AP&C powders 

before (continuous line) and after hydrogen purging (dashed line with the equation and R squared 

to estimate the bulk oxygen content) at optimum conditions (1 hour, 2 mbar and 300 ºC). 
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Figure 4. 92. Oxygen content (ppm) as function of particle size of Erasteel powders before 

(continuous line) and after hydrogen purging (dashed line) at optimum conditions (1 hour, 

2 mbar and 300 ºC). 

 

Figure 4. 93. Oxygen content (ppm) versus the inverse of powder diameter for Erasteel powders 

before (continuous line) and after hydrogen purging (dashed line with the equation and R squared 

to estimate the bulk oxygen content) at optimum conditions (1 hour, 2 mbar and 300 ºC). 
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Figure 4. 94. Oxygen content (ppm) as function of particle size of Sandvik powders before 

(continuous line) and after hydrogen purging (dashed line) at optimum conditions (1 hour, 

2 mbar and 300 ºC). 

 

Figure 4. 95. Oxygen content (ppm) versus the inverse of powder diameter for Sandvik powders 

before (continuous line) and after hydrogen purging (dashed line with the equation and R squared 

to estimate the bulk oxygen content) at optimum conditions (1 hour, 2 mbar and 300 ºC). 
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Table 4. 33. Bulk oxygen content (ppm) estimated for as-atomised and reduced powders. 

Sample As-atomised bulk oxygen (ppm) Reduced bulk oxygen (ppm) 

AP&C 1 80 74 

AP&C 2 84 81 

Erasteel 1 69 57 

Erasteel 2 120 89 

Erasteel 3 59 43 

Erasteel 4 60 50 

Sandvik 1 50 56 

Sandvik 2 72 57 

 

4.2.9.2. Thermal analysis 

In addition to the thermal analysis previous explained in section (section 4.2.4), 

now more thermal analysis of Erasteel 4 (+20-150 μm) powder have been carried out 

focus in the interval of temperatures of reduction process to evaluate the behaviour of the 

material. It is important to know if any mass variations and possible reactions in the range 

of temperatures of reduction process take place. DSC cycles have been carried out in 

hydrogen, argon atmosphere and vacuum until 550 ºC. Diverse heating and cooling rates 

have also been analysed. The same results are always achieved for all experiments carried 

out. In consequence, only experimental results obtained by DSC cycles in hydrogen at a 

heating and cooling rate of 3 ºC/min are shown. Figure 4. 96 and Figure 4. 97 show the 

obtained results. There are not any significant mass variations or possible reactions 

observed in these images. Therefore, these DSC cycles do not provide any substantial 

information about reduction treatment and new experiments were carried out to 

characterise it. 
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Figure 4. 96. DSC cycle of Erasteel 4 powder. 

 

Figure 4. 97. Percentage of mass variation for DSC cycle of Figure 4. 96. 

 

4.2.9.3. Surface chemical analysis 

X-ray photoelectron spectroscopy (XPS) is the technique employed to analyse with 

high accuracy the reduction process developed. The objective is to study the as-atomised 

and reduced powder and compare the results obtained to understand the decrease in the 

oxygen content due to hydrogen purging. Erasteel 4 (+20-150 μm) is the powder selected 

for these analyses due to their optimum physical properties, morphology, interstitials and 

chemical composition. In addition, in this section a complete description of XPS analyses 

is shown in order to understand the behaviour of IN718 powder in different conditions. 

For this reason, Erasteel 4 powder has also been oxidised in air in a muffle to study the 

behaviour of the powder in three diverse conditions: as-atomised (90 ppm), reduced 

(lower oxygen content, 65 ppm) and oxidised (higher oxygen content, 500 ppm). 
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4.2.9.3.1. Analysis of powder surface 

As for the as-atomised powder (previous section 4.2.8) the analyses started with an 

analysis at low resolution. Table 4. 34 and Figure 4. 98 show the content of each element. 

Figure 4. 99 shows the XPS spectra obtained at low resolution for the three experimental 

conditions of Erasteel 4 powder described above. Once again a high concentration of 

titanium, niobium and aluminium on the surface of as-atomised and reduced powder has 

been detected (Table 4. 34 and Figure 4. 98). These elements have higher concentration 

on the surface than the nominal value measured on the powder by ICP. This result is 

expected because these elements typically form oxides and carbides on the surface of the 

powder and thus, segregate on the surface. These segregations and oxide particles of these 

elements on the surface were shown and discussed in the analysis of surface of the 

powder (section 4.2.2). In addition, high concentrations of nickel and iron on oxidised 

powder have been measured, due to the oxidation of those elements during oxidation 

treatment of Erasteel 4 powder in a muffle. In the oxidised powder, nickel and iron can 

form an oxide layer covering the surface of the powder particles [32][35], but more 

surface chemical analysis are needed to be carried out to better understand the oxidation 

treatment and the results are set out in this section in the following paragraphs. 

Table 4. 34. Content of the elements, without interstitials, present on the surface of 

Erasteel 4 powder at different experimental conditions determined by XPS analysis at low 

resolution (at.%). 

 Atomic % (at.%) 

Erasteel 4 Ni Fe Cr Ti Nb Al 

As-atomised 43.46 7.49 18.18 14.94 9.89 6.03 

Reduced 43.57 7.58 18.82 13.69 9.65 6.69 

Oxidised 73.06 22.27 1.82 2.00 0 0.85 
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Figure 4. 98. Concentration of the elements, without interstitials, present on the surface of 

Erasteel 4 powder at different experimental conditions determined by XPS analysis at 

low resolution. 

 

Figure 4. 99. General XPS spectra of the analysis at low resolution of the surface of 

Erasteel 4 powder at different experimental conditions. 
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Table 4. 35. Concentration of the different element states (oxides and metallic) present on the 

surface of Erasteel 4 powder at different experimental conditions determined by XPS analysis at 

high resolution (at.%). 

 Atomic % (at.%) 

Erasteel 4 O Ni Fe Cr Ti Nb Al 

 

As-atomised 

Oxides 60 86 100 96 81 80 100 

Metallic 40 (OH
-
) 14 0 4 19 20 0 

 

Reduced 

Oxides 50 65 100 95 84 81 100 

Metallic 50 (OH
-
) 35 0 5 16 19 0 

 

Oxidised 

Oxides 80 100 100 100 100 0 100 

Metallic 20 (OH
-
) 0 0 0 0 0 0 

 

Based on references [32][35][36][37][38][39], powder particles are covered by a 

homogeneous oxide layer and the rest of oxides and hydroxides are as discrete oxides and 

agglomerates (Figure 4. 108). Some of these papers, references [32][35][36][39], describe 

that gas and water steel atomised powders are covered by a homogeneous layer of iron 

oxide of few nanometres and the rest of oxides on the surface are as big particulate oxides 

and agglomerates of tens or hundreds of nanometres. In addition, the presence of internal 

oxides inside powder particles (Figure 4. 108) was also mentioned. The other papers, 

references [37][38], explain that nickel-based superalloys powders are covered by thin 

uniform nickel oxide/hydroxide layer with seldom presence of the islands formed by fine 

particulate features of thermodynamically stable Al-Cr-Ti-Si oxides. In the Table 4. 35 

the amount of metallic nickel increases after hydrogen purging, decreasing the amount of 

nickel oxides. Therefore, nickel oxide/hydroxide could be the homogeneous layer that 

covers powder particles, but first it is necessary a complete analysis of the high resolution 

spectra of the different elements obtained from the surface of the powder at three different 

conditions (as-atomised, reduced and oxidised). 

Figure 4. 100 shows the nickel Ni2p XPS spectra of the surface of as-atomised, 

reduced and oxidised powders. The metallic component (red convolutions) is visible in 

as-atomised and reduced powders, but not after oxidation treatment. The amount of this 

metallic component is higher in the reduced powder (Table 4. 35) due to the reduction of 

the nickel oxide. In addition, the same two types of nickel oxides (NiO and 

Ni2O3 [29][30][31], green and blue convolutions respectively) are observed in 

as-atomised and reduced conditions, being two more oxides obtained in the oxidised 
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powder (one formed by the adsorbed oxygen during oxidation treatment and the other a 

mixed oxide [29][30][31], yellow and purple convolutions respectively). As it mentioned 

previously, the two peaks obtained for each different oxidation state are due to Ni2p
3/2

 

and Ni2p
1/2

, respectively. Therefore, the results obtained are in agreement with the 

assumption of reduction process allows decreasing the thickness of the homogenous 

oxide layer that covers powder particles. Moreover, oxidation treatment increase the 

amount of nickel oxides, the thickness of the oxide layer increases and two new oxides 

appear, and for this reason the metallic component disappears. 

Iron Fe2p XPS spectra of as-atomised, reduced and oxidised powders visible in 

Figure 4. 101 only shows the Fe2p
1/2

 zone because Fe2p
3/2

 zone is at the same binding 

energy as one of the XPS nickel peaks. It is visible at all conditions the presence of iron 

oxide (FeO [29][30][31], red convolution), but not the metallic component. In addition, 

other kind of iron oxide (Fe2O3 [29][30][31], green convolution) is visible after oxidation 

treatment. The amount of oxides is also higher after oxidation treatment. 

Chromium Cr2p spectra (Cr2p
3/2

 and Cr2p
1/2

 zones) at different conditions are 

shown in Figure 4. 102. The metallic component (red convolutions) is observed in 

as-atomised and reduced powders. After oxidation treatment, the metallic component 

disappears. One type of oxide (CrO2 or Cr2O3 [29][30][31], green convolutions) is 

obtained at all conditions. However, the amount of this oxide at the surface is lower in the 

oxidised powder because nickel and iron the elements massively oxidised at the 

surface (Table 4. 34 and Figure 4. 98). 

Titanium XPS behaviour is similar to chromium analysed previously. Ti2p spectra 

(Ti2p
3/2

 and Tu2p
1/2

 zones) at different experimental conditions (Figure 4. 103) show the 

presence of the metallic component (red convolution/s) in the as-atomised and reduced 

powder. After reduction treatment it is visible the metallic component of Ti2p
1/2

, which is 

not obtained in the as-atomised powder due to the noise of this analysis and the amount is 

really low. One type of oxide (TiO2 [29][30][31], green convolutions) is detected for the 

three powders. The relative amount of this oxide is lower after oxidation treatment (scale 

in the spectra is six times higher), being nickel and iron the elements massively oxidised 

(Table 4. 34 and Figure 4. 98) and they cover the titanium obtained as oxide in the 

as-atomised powder. 
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Niobium XPS behaviour is again similar to chromium and titanium XPS spectra 

analysed. Nb3d spectra (Nb3d
5/2

 and Nb3d
3/2

 zones) at different conditions are shown in 

Figure 4. 104. The presence of the metallic component (only one red convolution 

(Nb3d
5/2

) because the second metallic component signal (Nb3d
3/2

) is low and it is not 

possible to detect with the time of analysis selected) is observed in the as-atomised and 

reduced powder. In addition, it is observed the presence in both powders of one kind of 

oxide (Nb2O5 [29][30][31], green convolutions). Finally, it is not visible any peak after 

oxidation treatment since the oxide present in the as-atomised powder is covered by the 

nickel and iron oxidised during oxidation and thus, niobium of the surface of as-atomised 

powder disappear after this treatment. 

Aluminium Al2p spectra (Figure 4. 105) (Al2p
3/2

 and Al2p
1/2

 zones) has a similar 

problem as iron. Many elements appear at near binding energy zone of Al2p and the noise 

of this zone is critical. Therefore, it is only detected the presence of one the two peaks of 

one type of aluminium oxide (Al2O3 [29][30][31], red convolution) at all experimental 

conditions, being the amount of this oxides lower after oxidation treatment for the same 

reason explained previously for chromium, titanium and niobium. 

In addition, carbides on XPS C1s spectra are not present (Figure 4. 106) and thus, it 

is corroborated the concentration on the surface of the three powders of niobium, titanium 

and aluminium observed on XPS spectra at high resolution of these elements is due to the 

presence of oxides [29][30][31]. Moreover, the peak of C-O (green convolution) obtained 

in the as-atomised powder, due to the atmosphere contamination of the powder, 

disappears after reduction or oxidation treatment because this adsorbed carbon is an 

atmosphere contamination easier to eliminate. 

Finally, oxygen spectra (Figure 4. 107) of the three powders show the presence of 

two types of oxygen: oxides (red convolution) and hydroxides (green convolution), which 

are probably due to the adsorption of humidity of the atmosphere during the preparation 

of the samples prior to the analysis in the as-atomised powder. Hydroxides increase in the 

reduced powder due to the hydrogen used during purging. This hydrogen reacts with the 

oxygen and it creates hydroxide groups and thus, its peak has higher intensity after 

reduction treatment. Finally, oxidation treatment produces an increase of the 

oxygen content of the powder and in consequence, the amount of oxides, nickel and iron 

(Table 4. 34, Figure 4. 98, Figure 4. 100 and Figure 4. 101), are higher. Therefore, the 
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peak of oxides is higher in the oxidation treatment as result of the nickel and iron oxides 

formed during oxidation treatment. 

In conclusion, these high resolution XPS spectra of the three powders (as-atomised, 

reduced and oxidised) corroborated for oxidised powder the behaviour observed in the 

analysis of low resolution (Table 4. 34 and Figure 4. 98). In these new experiments at 

high resolution, oxidation treatment is characterised, being visible that the powder is 

oxidised and all elements are as oxides without the presence of metallic component 

visible in as-atomised powder. Therefore, during oxidation treatment the thickness of 

nickel oxide/hydroxide layer increases and large iron oxides on the surface of the powder 

are created, as it mentioned in references [32]. Due to nickel and iron oxidation, the rest 

of elements are only as oxides and their intensity is very low, even niobium disappear and 

it is not on the surface. To determine the thickness of this oxide layer is necessary to do a 

depth profile analysis, as it takes place in reference [41]. 

In the case of reduced powder, in these new analyses of the surface of the three 

powders at high resolution, a difference in the proportion between metallic 

nickel and oxides before and after hydrogen purging has been detected (Table 4. 35 and 

Figure 4. 100). After purging treatment the amount of metallic nickel increases and also 

decreases the amount of oxides. The reduction heat treatment decreases the total oxygen 

signal, but increases the fraction of hydroxides in total peak intensity (Figure 4. 107). 

This increase is due to the reduction of the powder by hydrogen. It reacts with oxygen 

creating hydroxide groups, and even to exposure to the air after treatment and thus, fast 

built of the hydroxide, which is typical for nickel-based superalloys [29][31][35]. 

Therefore, during hydrogen purging, nickel oxides are reduced. Besides, the thin oxide 

layer that covers the powder is nickel oxide/hydroxide [31][32][33]. After reduction 

treatment the metallic component of chromium, titanium and niobium is more intense and 

it is better defined, even the second peak of metallic titanium is visible (Ti2p
1/2

), because 

nickel oxide/hydroxide thin layer that covers the as-atomised powder has been partially 

removed. Observing the Ellingham diagram (Figure 4. 81), it is also expected nickel 

oxide will be the compound reduced. Nickel oxide is the easiest compound of the material 

to be reduced at the temperature of hydrogen purging (300 ºC). It is necessary to do a 

depth profile analysis of the different conditions of the powder to determine the thickness 

of the nickel oxide/hydroxide layer of Erasteel 4 as-atomised and after hydrogen purging, 

as it mentioned in references [34][35][41].  
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Figure 4. 100. High resolution XPS spectra at binding energies of Ni2p peaks of the surface of 

Erasteel 4 powder at different experimental conditions. 
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Figure 4. 101. High resolution XPS spectra at binding energies of Fe2p peaks of the surface of 

Erasteel 4 powder at different experimental conditions. 

In
te

n
si

ty
 (

A
. 
U

.)

Fe2p

As-atomisedFeO50 cps

In
te

n
si

ty
 (

A
. 
U

.)

Fe2p

Reduced30 cps

716718720722724726728730732

In
te

n
si

ty
 (

A
. 
U

.)

Binding energy (eV)

Fe2p

Oxidised
80 cps

FeO

Fe2O3



Results and discussion 

215 

 

 

Figure 4. 102. High resolution XPS spectra at binding energies of Cr2p peaks of the surface of 

Erasteel 4 powder at different experimental conditions. 
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Figure 4. 103. High resolution XPS spectra at binding energies of Ti2p peaks of the surface of 

Erasteel 4 powder at different experimental conditions. 
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Figure 4. 104. High resolution XPS spectra at binding energies of Nb3d peaks of the surface of 

Erasteel 4 powder at different experimental conditions. 
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Figure 4. 105. High resolution XPS spectra at binding energies of Al2p peaks of the surface of 

Erasteel 4 powder at different experimental conditions. 
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Figure 4. 106. High resolution XPS spectra at binding energies of C1s peaks of the surface of 

Erasteel 4 powder at different experimental conditions. 
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Figure 4. 107. High resolution XPS spectra at binding energies of O1s peaks of the surface of 

Erasteel 4 powder at different experimental conditions. 
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Figure 4. 108. Schematic representation of the oxides distribution for gas and water atomised 

steels powder particles (powder cross-section) [32]. 

4.2.9.3.2. Depth profile analysis  

Depth profile analysis of Erasteel 4 powder at different conditions at low resolution 

has been made to study the evolution of the elements as function of the distance to the 

surface. In Table 4. 36 and Figure 4. 109 the content of each element is shown.  

In the as-atomised and reduced powders, the results are very similar (Table 4. 36 

and Figure 4. 109). Titanium, aluminium and niobium have a higher concentration on the 

surface, observing at greater depths a lower concentration. These elements tend to be on 

the surface, probably as oxides or carbides [29][30][31], as shown in a previous section of 

this chapter (section 4.2.2). It is also observed the presence of molybdenum only inside 

the powder particles, from 5 nm. At 0 and 2 nm some small amount of molybdenum 

could be, but in XPS the noise of the signal is so high that it is not possible to detect it. 

The concentration of the rest of elements (nickel, iron and chromium) increases at greater 

depths as they are the main components of the alloy. These elements are not as strongly 

oxide and carbide formers as titanium, aluminium and niobium and do not segregate to 

the surface. Therefore, as high resolution XPS spectra showed previously (Table 4. 35 

and Figure 4. 100), it is assumed that as-atomised and reduced powder particles are 

covered by a thin oxide layer of nickel oxide/hydroxide of few nanometres, which is 

partially reduced during hydrogen purging, and the rest of oxides on the surface are as big 

particulate oxides, aggregates and segregations, whose composition mainly is dominated 

by titanium, aluminium and niobium, as it mentioned in references [32][35]. In the 

powder after oxidation treatment, the most relevant result is the presence of a high 

concentration of nickel and iron on the surface (Table 4. 36 and Figure 4. 109). Nickel 

oxide/hydroxide layer of as-atomised powder that covers powder particles probably 
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increases its thickness during oxidation treatment and oxidised iron appears as particulate 

oxides. Nickel and iron are practically the only elements visible on the surface of this 

powder (Table 4. 36 and Figure 4. 109). Nickel concentration is high up to 15 nm and its 

content gradually decreases from 15 to 60 nm. 

Table 4. 36. Content of the elements, without interstitials, present on Erasteel 4 powder at 

different conditions determined by XPS depth profile analysis at low resolution (first line: 

as-atomised; second line: reduced; and third line: oxidised) (at.%).  

 Atomic % (at.%) 

Depth 

(nm) 

Ni Fe Cr Ti Nb Al Mo 

 

0 

43.46 

43.57 

73.06 

7.49 

7.58 

22.27 

18.18 

18.82 

1.82 

14.94 

13.69 

2.00 

9.89 

9.65 

0 

6.03 

6.69 

0.85 

0 

0 

0 

 

2 

40.81 

39.53 

75.75 

6.91 

4.44 

20.22 

25.24 

24.07 

2.53 

12.65 

14.34 

1.50 

11.93 

12.45 

0 

2.45 

5.16 

0 

0 

0 

0 

 

5 

58.58 

52.69 

77.16 

6.57 

6.50 

19.35 

20.03 

18.25 

2.76 

4.71 

10.37 

0.73 

8.71 

8.81 

0 

1.23 

3.01 

0 

0.16 

0.37 

0 

 

7 

56.98 

54.97 

77.85 

7.23 

8.58 

17.32 

21.03 

19.91 

2.34 

3.78 

5.16 

1.52 

8.15 

9.04 

0.97 

1.11 

1.20 

0 

1.72 

1.14 

0 

 

10 

58.70 

53.38 

77.96 

7.00 

11.32 

12.37 

20.44 

21.16 

5.82 

2.53 

2.92 

2.53 

8.24 

7.96 

1.32 

0.35 

0.30 

0 

2.74 

2.97 

0 

 

15 

58.00 

53.10 

75.70 

6.87 

11.24 

10.79 

20.69 

21.15 

9.40 

2.06 

3.09 

2.11 

8.41 

7.58 

2.00 

0.40 

1.00 

0 

3.58 

2.84 

0 

 

20 

55.59 

56.39 

65.82 

10.29 

9.07 

10.44 

22.37 

22.27 

15.70 

1.37 

1.53 

3.02 

7.07 

7.41 

4.05 

0.30 

0.25 

0 

3.01 

3.09 

0.97 

 

30 

55.54 

53.68 

53.67 

10.68 

9.91 

8.32 

22.31 

24.44 

25.64 

0.54 

1.34 

2.22 

6.53 

6.84 

7.38 

0.72 

0.72 

1.34 

3.68 

3.08 

1.43 

 

40 

53.71 

54.14 

49.34 

12.15 

11.81 

4.56 

22.75 

23.83 

28.86 

1.22 

1.08 

4.47 

5.55 

5.35 

7.83 

1.46 

0.35 

2.52 

3.16 

3.44 

2.41 

 

60 

54.08 

53.13 

52.29 

11.87 

13.00 

7.67 

24.97 

23.95 

27.42 

0.76 

0.63 

1.01 

4.85 

5.00 

6.42 

0 

1.10 

1.33 

3.47 

3.18 

3.87 
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Figure 4. 109. Depth profile, without interstitials, obtained by XPS analysis at low resolution of 

Erasteel 4 powder at different conditions. 
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Depth profile analyses of Erasteel 4 powder at different conditions were carried out 

at high resolution to determine the intensity of oxygen, iron (only for oxidised powder) 

and nickel (metallic components) at different depths (Figure 4. 110 to Figure 4. 112) and 

thus, calculate the thickness of the oxide layer in each different condition 

(as-atomised, reduced and oxidised) according to the procedure described in 

section 4.2.8.2 (Figure 4. 80, Figure 4. 113 to Figure 4. 115).  

First, the thickness of the nickel oxide/hydroxide layer of the as-atomised powder 

has been calculated as it was described using oxygen and nickel intensities (Figure 4. 80). 

Both results are the same and the thickness of nickel oxide/hydroxide layer that covers 

Erasteel 4 GA powder is approximately 3.5 nm. When the as-atomised spectra at different 

depths are studied (Figure 4. 110 and Figure 4. 111), this value can be understood. The 

intensity of metallic nickel on the surface is really low, being most of the nickel as oxides 

(NiO and Ni2O3, as it was explained previously in this section). A dramatic increase in the 

amount of metallic nickel is visible from 0 to 4 nm, and the intensity again increases from 

4 to 20 nm, almost reaching the maximum value, which is obtained at 50 nm. In addition, 

the high concentration of nickel oxides visible on the surface decreases at different depths 

(4, 20 and 50 nm), even disappears, because the thickness of the nickel oxide/hydroxide 

layer is 3.5 nm, and thus, metallic nickel is the only state of nickel inside the powder. The 

same behaviour is observed for oxygen spectra at different depths. The intensity of oxides 

is really high on the surface, but when depth increases the concentration of oxides 

decreases, due to passes through the oxide layer to inside powder particles. At 4 nm it is 

half the intensity in comparison with 0 nm, since a high amount of this oxygen is in the 

nickel oxide/hydroxide layer and its thickness is smaller. In addition, at this depth, as it is 

common, the hydroxide peak observed on the surface decreases. At 20 and 50 nm, 

oxygen amount, as oxides and hydroxides, dramatically decreases, because the oxygen 

tends to be on the surface and not inside powder particles. 

After that, the same procedure was followed to determine the thickness of the nickel 

oxide/hydroxide layer of the reduced powder (Figure 4. 113). In this case, after hydrogen 

purging, the thickness is smaller, 1.7 nm. Oxygen and nickel intensities provide the same 

thickness value. However, oxide layer of reduced powder (1.7 nm) is less than three times 

the electron mean free path (EMFP) or λ´´ (1.1 nm) and thus, some difficult corrections 

will be necessary to take into account in order to obtain the correct value [41]. If these 

corrections are not used, the deviation in the final measurement is a few angstroms, 
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normally no more than ten [41]. Therefore, it was decided not to use the corrections since 

the thickness value obtained without correction by the nickel metallic intensity is the 

same as for oxygen intensity and thus, it is expected the deviation is very small. In 

addition, analysing the spectra obtained (Figure 4. 110 and Figure 4. 111), the thickness 

value of nickel oxide/hydroxide layer for reduced powder is better understood. Although 

for 0 nm the concentration of metallic nickel is higher than in as-atomised powder, it is 

low, being most of the nickel as oxides. A huge increase in the amount of metallic nickel 

is observed from 0 to 4 nm, more than for as-atomised powder, almost reaching the 

maximum intensity value, which is obtained at 20 and 50 nm, because the thickness of the 

nickel oxide/hydroxide layer is even less than in as-atomised powder, 1.7 nm. Therefore, 

the high concentration of nickel oxides observed (NiO and Ni2O3, as it was explained 

previously in this section) on the surface significantly decreases at different depths (4, 20 

and 50 nm), even disappears, and because of that nickel is as metal inside the powder, 

after the nickel oxide/hydroxide layer of the surface. The same behaviour is observed for 

oxygen spectra at different depths. It is visible on the surface a high intensity of 

hydroxide peak, even more intense than as-atomised powder. Purging was carried out 

with hydrogen and this element reacts with the oxygen creating hydroxide groups. The 

intensity of oxides is also high on the surface, but when depth increases the concentration 

of oxides decreases, due to passes through the oxide layer to inside powder particles. At 

4 nm it is less than half the intensity, due to the fact that a high amount of this oxygen is 

in the nickel oxide/hydroxide layer and its thickness is smaller. This decrease is even 

higher than for as-atomised powder, because the thickness of reduced powder is thinner. 

In addition, at this depth, as it common, the hydroxide peak observed on the surface due 

to the fact that hydrogen purging decreases. At 20 and 50 nm, oxygen amount, as oxides 

and hydroxides, dramatically decreases, because the oxygen tends to be on the surface 

and not inside powder particles. 

It has been shown that the powder is covered by nickel oxide/hydroxide layer, as 

expected because the powder is a nickel-based superalloy, and particulate oxides and 

agglomerates. On the one hand, by reduction heat treatment, the thickness of the oxide 

layer decreases (Figure 4. 114), from 3.5 nm to 1.7 nm, and the oxygen 

content approximately decreases about 30 wt.% (Table 4. 31), exactly 28 wt.% for 

Erasteel 4 (+20-150 μm) (from 90 ppm to 65 ppm). On the other hand, the amount of 

oxygen removed of the nickel oxide/hydroxide layer by hydrogen purging has also been 



Chapter 4 

226 

 

calculated theoretically to compare with the experimental result. Taking into 

account the weight percentage (wt.%) of the different fraction size of as-atomised 

Erasteel 4 (+20-150 μm) powder (Figure 4. 45), its average particle size can be calculated 

(66 μm). As the thickness of the nickel oxide/hydroxide layer after hydrogen purging is 

known (1.7 nm), and considering all powder particles are completely spherical, the 

volume of the nickel oxide/hydroxide layer removed during hydrogen purging can be 

calculated. The nickel oxide/hydroxide layer has two different types of oxides (NiO and 

Ni2O3, Figure 4. 69 and Figure 4. 100) in a proportion 65 at.% of NiO and 35 at.% of 

Ni2O3 (Figure 4. 69 and Figure 4. 100). Therefore, taking into account this proportion in 

weight percentage (46 wt.% of NiO and 54 wt.% of Ni2O3), the previously calculated 

volume of nickel oxide/hydroxide layer eliminated, the reduction chemical reactions of 

both oxides to know the proportion in moles between each type of nickel oxide and 

oxygen (Equation 4. 2 and Equation 4. 3), the density and molecular weight of the two 

nickel oxides present in the Erasteel 4 and the molecular weight of the oxygen, it is 

calculated the total amount of oxygen removed from the nickel oxide/hydroxide layer.  

2 NiO  2 Ni + O2 Equation 4. 2 

2 Ni2O3  4 Ni + 3O2 Equation 4. 3 
 

Initially, the calculated volume of the nickel oxide/hydroxide layer removed by 

hydrogen purging is multiplied by the density of the nickel oxide to obtain the mass of 

this nickel oxide. After that, this mass is divided by the molecular weight of the nickel 

oxide to achieve the amount of moles of the nickel oxide. Considering the stoichiometry 

of the reduction chemical reaction (Equation 4. 2 and Equation 4. 3), the moles of oxygen 

can be calculated (0.5 moles of oxygen for each mole of NiO and 1.5 moles of oxygen for 

each mole of Ni2O3). These moles of oxygen are multiplied by the molecular weight of 

oxygen to obtain the mass of oxygen present in the nickel oxide/hydroxide layer removed 

by heat treatment. The calculations are separately carried out for both oxides 

and finally taking into account the proportion of both nickel oxides in the 

nickel oxide/hydroxide layer (46 wt.% of NiO and 54 wt.% of Ni2O3, Figure 4. 69 and 

Figure 4. 100), the total amount of oxygen removed from the nickel oxide/hydroxide 

layer is calculated, 3.5 x 10
-11

 g. To know the weigh percentage of oxygen removed from 

the nickel oxide/hydroxide layer, it is necessary to calculate the initial mass of oxygen 

present in the as-atomised powder. As the volume of the as-atomised powder particles 

was previously calculated and the density of the IN718 is known (8.22 g/cm
3
), the mass 
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of IN718 of as-atomised powder particles can be calculated. The amount of oxygen 

in the as-atomised powder was also measured (0.0090 wt.% or 90 ppm, Table 4. 7 and 

Table 4. 8) and thus, multiplying the calculated mass of IN718 by the amount of oxygen, 

it is obtained the mass of oxygen present in the as-atomised powder, 1.1 x 10
-10

 g. Finally, 

the weight percentage of oxygen theoretically removed from the nickel oxide/hydroxide 

layer is calculated by dividing the total amount of oxygen removed from the nickel 

oxide/hydroxide layer (3.5 x 10
-11

 g) by the initial amount of oxygen in the as-atomised 

powder (1.1 x 10
-10

 g). Therefore, the theoretical weight percentage of oxygen removed 

from the nickel oxide/hydroxide layer is 31 wt.%. This result is similar to experimental 

value achieved (28 wt.%) and thus, both results are in agreement.  

Finally, the oxide layer that covers the powder particles after the oxidation 

treatment has also been calculated (Figure 4. 115). In this case, nickel and iron are 

oxidised after the corresponding treatment. Oxidation of nickel probably produces an 

increase of the thickness of the homogeneous nickel oxide/hydroxide layer that covers 

powder particles of as-atomised powder. Iron oxidation is also taken place and it could 

create a new homogenous layer on the powder particles or appears as large oxides. Using 

the same calculation employed for as-atomised and reduced powder, both possible oxide 

layers have been determined utilising the metal intensity of the peaks at different depths. 

Iron oxide layer is smaller than nickel oxide, and its thickness is 7 nm. Nickel 

oxide/hydroxide layer is thicker, 17.5 nm. Using the oxygen intensity to calculate the 

thickness, the same behaviour obtained for as-atomised and reduced powders is observed. 

The thickness for oxide layer using oxygen intensity is also 17.5 nm, which corresponds 

with the thickness of nickel oxide/hydroxide layer. Therefore, the most probable 

behaviour during oxidation treatment is the increase of the nickel oxide/hydroxide layer 

of the as-atomised powder and the formation of iron large oxides on the surface of the 

powder. Moreover, after oxidation treatment the concentration of nickel is higher than 

iron (Table 4. 36 and Figure 4. 109), both elements being only as oxides (Table 4. 35); 

thus, the amount of nickel oxide on the surface is higher than iron and for this reason, it is 

expected a thicker nickel oxide/hydroxide layer, as it has been measured. In addition, 

analysing the spectra obtained (Figure 4. 110 to Figure 4. 112), the thickness value of the 

nickel oxide/hydroxide layer and the formation of large iron oxides are better understood. 

Initially, there are only nickel oxides on the surface of the powder. At 4 nm, metallic 

nickel peak appears, but nickel oxides remain majority. At greater depths (20 and 50 nm), 
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it is observed an increase of metallic nickel intensity and the nickel oxides peaks 

dramatically decrease, even disappear. This change between 4 and 20 nm is due to passes 

through the nickel oxide/hydroxide layer (17.5 nm) to inside powder particles, where it is 

only metallic nickel. The same behaviour is observed for oxygen spectra at different 

depths. The intensity of oxides is really high on the surface and at 4 nm because at these 

depths what is being analysed is the oxide layer that covers powder particles. The 

concentration of oxides decreases when depth increases, due to passes through the oxide 

layer to inside powder particles. At 20 nm it is approximately half the intensity of the 

oxygen as oxides, most of the oxygen is in the oxide layer, whose thickness is smaller 

(17.5 nm). At 50 nm the intensity again decreases, being a small amount of oxygen 

presents. In all depths, the intensity of hydroxide peak is really low in comparison with 

oxide peak, because most of the oxygen is as oxides. It is observed that the intensity of 

this peak decreases at greater depths. This behaviour is normal due to the fact that 

adsorption phenomena tend to be on the surface and not inside the powder. Lastly, 

studying iron spectra, it is observed the presence of only iron oxides on the surface (FeO 

and Fe2O3, as it was explained previously in this section). Iron metal appears at 4 nm. At 

this depth, iron oxides decreases and at greater depths (20 and 50 nm) even disappear. In 

addition, iron metal intensity increases at these greater depths (20 and 50 nm). This 

behaviour is due to the fact that iron oxides, probably as large oxides on powder particles, 

have a size between 4 and 20 nm and thus, the huge increase of iron metal intensity and 

the disappearance of the iron oxide peak takes place between these depths. It is also 

important to mention again that iron spectra showed in all this work are Fe2p
1/2

, less 

intense peaks, and this contributes to obtain spectra with more noise. The signal of 

Fe2p
3/2

, the most intense, is overlapped by nickel, the majority element of 

IN718 superalloy. 
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Figure 4. 110. High resolution XPS spectra at different depths at binding energies of Ni2p peaks 

of Erasteel 4 powder at different experimental conditions. 
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Figure 4. 111. High resolution XPS spectra at different depths at binding energies of O1s peaks of 

Erasteel 4 powder at different experimental conditions. 
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Figure 4. 112. High resolution XPS spectra at different depths at binding energies of Fe2p peaks 

of Erasteel 4 oxidised powder. 

 

Figure 4. 113. Normalised intensity of nickel metal (Ni2p) and oxygen (O1s) peaks versus sputter 

depth for Erasteel 4 reduced powder. 

 

Figure 4. 114. Normalised intensity of nickel metal (Ni2p) and oxygen (O1s) peaks versus sputter 

depth for Erasteel 4 as-atomised (continuous line) and reduced powders (dashed line). 
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Figure 4. 115. Normalised intensity of iron metal (Fe2p), nickel metal (Ni2p) and oxygen (O1s) 

peaks versus sputter depth for Erasteel 4 oxidised powder. 

4.2.10. Summary 

The most important results of the activities carried out to characterise different 

IN718 powders and improving the manufacturing process to obtain a powder with the 

optimum properties to achieve the objective of this thesis are: 

▪ Erasteel 4 GA powder is the powder with the best properties. It has a tap density 

close to 65 % TD, low interstitials content (oxygen and carbon content less than 

100 ppm), adequate chemical composition and morphology with not too much 

flakes, aggregates and satellites. This powder has been successfully obtained after 

an intense collaboration between Ceit and Erasteel, improving in each atomisation 

the quality of the powder fabricated. 

▪ Sandvik GA powders also have low interstitials content and adequate chemical 

composition. However, tap density is as low as 55 % TD and reproducibility in 

neither carbon nor nitrogen content was obtained. 

▪ AP&C 2 PA powder has low interstitials content, close to 100 ppm, adequate 

chemical composition, morphology cleaner than GA powders and tap density up to 

65 % TD. However, the presence of large internal oxides in powder particles and its 

coarse microstructure could decrease the mechanical properties. 
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▪ TIMET PREP powder has the lowest oxygen content, but carbon content is really 

high and its tap density is not close to 65 % TD. In addition, the most important 

problems of this powder are its price and coarse PSD.  

▪ Density measurements, particle size distribution of the powders, thermal analysis 

and phase determinations by X-ray diffraction have been done to complete the 

characterisation and ensuring the quality of IN718 powders. 

▪ Oxygen content in the bulk and surface of the AP&C, Erasteel and Sandvik 

powders have also been studied. All powders have a superficial oxidation with a 

thickness of this oxide layer independent of the powder size.  

▪ Surface chemical analyses of Erasteel 4 and Sandvik 2 powders have allowed 

characterising the superficial oxidation. The powders have a thin uniform nickel 

oxide/hydroxide layer, whose thickness is 3.5 nm in Erasteel 4. Some oxides, such 

as particles and segregations of tens or hundreds of nanometres, are also present on 

the surface of this powder. The oxide particles are mainly composed by titanium 

and aluminium, and the segregations are rich in niobium and molybdenum. 

▪ Heat treatments on powders have been carried out in both vacuum and hydrogen 

at different temperatures in standard muffle and a high vacuum furnace trying to 

decrease oxygen content to promote a reduction of oxides and carbides at PPBs and 

thus, improving the mechanical properties. However, oxidation of the powder 

always took place. 

▪ Hydrogen purging at moderate temperatures has also been carried out. This 

system reduces the oxygen content of as-atomised powders, obtaining the same 

behaviour for different powder suppliers studied. Approximately 30 wt.% of 

oxygen content is reduced at optimum purging conditions in all powders studied, 

and thus, the amount of oxygen available to produce oxides at PPBs in the final 

microstructure of the material is decreased. In addition, the use of hydrogen purging 

does not have any influence on the other interstitials, keeping at the level of 

as-atomised powder after this treatment.  

▪ During the reduction treatment, the thin nickel oxide/hydroxide layer is partially 

removed, being half its thickness for Erasteel 4 powder, 1.7 nm. This reduction of 

the oxide layer provides the amount of oxygen content decreases approximately 
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30 wt.%. Titanium, aluminium, niobium and molybdenum oxide particles and 

segregations are still present in the surface of reduced particles. 

▪ Finally, the effect of the oxidation treatment in this material has also been studied. 

After the treatment high concentrations of nickel and iron on the surface were 

detected due to the fact that the nickel oxide/hydroxide layer is increased, being its 

thickness 17.5 nm for Erasteel 4 powder, and large iron oxides on the surface of the 

powder were created. The rest of elements of the material detected on the surface of 

the as-atomised powder such as particulate oxides and segregations are not visible 

after oxidation treatment because the new thicker nickel oxide/hydroxide layer and 

large iron oxides formed covers these elements. 

4.3. Outgassing procedure 

After the study of the powders to determine their properties and to select the most 

suitable material for using in NSHIPping, it is necessary to do an appropriate 

encapsulation of the powder in a canister prior to HIP cycle. In this section, the activities 

carried out to develop the optimum outgassing procedure are described. 

4.3.1. Encapsulation 

The encapsulation process of a powder in a canister is a key step in NSHIP 

technology. It could have a strong influence on the mechanical properties of the final 

material. During canning and degassing it is mandatory to evacuate gas trapped in 

between powder particles [44][45][46] and avoid interstitials, especially oxygen, 

increasing in the powder [2][47]. 

In the initial outgassing methods (only limited hours at high vacuum at room 

temperature) used in this work, interstitials (mainly oxygen and nitrogen) dramatically 

increased, obtaining HIPped materials with high oxygen content (Table 4. 37). The 

increase in oxygen and nitrogen indicates presence of air in the closed canister. Therefore, 

it has been necessary to develop a new encapsulation system that allows keeping 

interstitials at the level of as-atomised powder and eliminates the gas trapped in between 

powder particles to avoid oxygen increasing and even the future presence of thermal 

induced porosity. 
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Table 4. 37. Interstitials content (wt.%) of Erasteel 1 as-atomised powder and after HIP cycle 

with the initial outgassing procedure. 

Powder Condition wt.% 

Oxygen 

wt.% 

Nitrogen 

wt.% 

Carbon 

wt.% 

Sulphur 

Erasteel 1 

(+45-150 μm) 

As-atomised 0.0100  0.0050 0.0280  0.0020 

After HIP 0.0210 0.0160 0.0295 0.0022 

 

The new outgassing procedure developed includes three different long steps. First, 

the canister filled with the powder is outgassed during 12 hours at approximately 

10
-4

 mbar. Then, the canister, connected to the high vacuum, is introduced in a furnace at 

200 ºC for 6 hours to remove any possible rest of humidity. Finally, the canister is cooled 

down and kept 6 more hours in high vacuum prior to seal the evacuation tube. The results 

obtained with this new developed degassing system for some powders used in this work 

are gathered in Table 4. 38.  

Table 4. 38. Interstitials content (wt.%) of different as-atomised powders and after their HIP 

cycle with the new outgassing procedure developed. 

Powder Condition wt.% 

Oxygen 

wt.% 

Nitrogen 

wt.% 

Carbon 

wt.% 

Sulphur 

Erasteel 4 

(+20-150 μm) 

As-atomised 0.0090 0.0043 0.0035 0.0021 

After HIP 0.0089 0.0044 0.0036 0.0019 

Osprey  

(+45-180 μm) 

As-atomised 0.0240 0.1000 0.0400 0.0020 

After HIP 0.0242 0.1002 0.0398 0.0022 

Sandvik 2 

(+53-180 μm) 

As-atomised 0.0095 0.0075 0.0121 0.0034 

After HIP 0.0095 0.0073 0.0123 0.0031 

 

With the new outgassing procedure interstitials are at the level of as-atomised 

powder after HIPping, which limits the presence of PPBs and avoid increasing of PPBs in 

the final microstructure of the material. In addition, it is an adequate system to evacuate 

any possible gas trapped in between powder particles, as it is shown in the images of the 

microstructure of the HIP and HIP with HT that are shown in next section of this chapter 

(section 4.4.1), which has not the presence of thermal induced porosity promoted by these 

possible gas trapped in between power particles. Cleaning procedure of the canisters has 

also been validated with the results of Table 4. 38. 
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4.3.2. Summary 

The most relevant results of the experiments carried out to develop a new 

outgassing procedure are: 

▪ A new outgassing procedure has been developed due to the fact that previous 

degassing systems employed were promoting an increase of interstitials content 

(oxygen and nitrogen) during encapsulation of the canisters.  

▪ This new outgassing method uses high vacuum during large times and includes a 

step at moderate temperature to remove any rest of humidity of the powder. It 

allows evacuating gas trapped in between powder particles and avoids interstitials, 

especially oxygen, increasing in the powder, keeping them at the level of 

as-atomised powder. 

4.4. Hot isostatic pressing and heat treatments 

The following step of the manufacturing route proposed in this thesis is the 

selection of the best processing HIP and HT conditions to achieve the microstructure and 

mechanical properties required by the aeronautic industry and the original equipment 

manufacturer (OEM), which demands higher mechanical properties than 

aeronautic standards. 

4.4.1. Optimisation of the experimental conditions 

It is necessary to perform an in depth study of a wide variety of parameters to 

achieve the optimum HIP and HT window for IN718. In this section, it is described the 

optimisation of these parameters, such as cooling rate, temperature, pressure, powder, 

fraction size, chemical composition, heat treatments and so on. In addition, the results 

obtained by HIP manufacturing route proposed in this thesis are compared with the 

present forged material used by aeronautic industry and previous research also based on 

HIP technology [2][48][49][50][51]. 
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4.4.1.1. Effect of HIP parameters 

Initially, an analysis of different HIP parameters (cooling rate, temperature, 

pressure and time) was carried out to optimise them and to know their influence on the 

final microstructure and mechanical properties of the material. Below, the description and 

discussion of the most relevant results obtained is shown. 

4.4.1.1.1. HIP cooling rate 

First, the effect of HIP cooling rate has been studied. It is an important parameter 

widely studied in other materials in many different research works [52][53][54][55]. 

Erasteel 4 (+20-150 μm) powder has been analysed at different HIP cooling rates. HIP 

cycles with these powders have been carried out using the same HIP conditions (1220 ºC, 

118 MPa and 2 hours) and only different HIP cooling rate. 1220 ºC has been the 

temperature selected because it is in the range between laves/gamma phase 

(approximately 1170 ºC) and niobium carbide dissolution and first stage of melting 

(approximately 1240 – 1260 ºC). 118 MPa has been selected because, at the beginning of 

NESMONIC project, in which this thesis is focused, the initial dimensions of large 

demonstrator component was 1.8 m and the unique industrial HIP machine available in 

the world with these dimensions is in Japan in Metal Technology Co. Ltd. and its 

maximum pressure is 118 MPa. 2 hours has been chosen because this time was 

considered enough to successfully achieve the total densification of the material during 

HIP cycle. Three different cooling rates have been used: 3 ºC/min and 10 ºC/min (from 

1220 ºC to 200 ºC) and free cooling (FC). Free cooling is approximately 30 ºC/min (from 

1220 ºC to 500 ºC). These different cooling rates are represented in Figure 4. 116.  

 

Figure 4. 116. Experimental data of the different HIP cooling rates employed in this thesis. 
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After HIPping cycles, the materials obtained at the diverse HIP cooling rates were 

characterised. The characterisation involved tensile testing at room and elevated (650 ºC) 

temperature, hardness test, microstructural characterisation and interstitials and chemical 

composition analyses. The results obtained from this characterisation are gathered in 

Table 4. 39 to Table 4. 42 and Figure 4. 117 to Figure 4. 125. In the Table 4. 39 the 

tensile properties, grain size and hardness required by the aeronautic industry (AMS 5663 

standard) and the original equipment manufacturer (OEM) are also reported. These 

requirements are for the final material, including the heat treatments.  

Table 4. 39 shows the as-HIPped grain size and hardness measurements, and the 

tensile tests results obtained for Erasteel 4 at different HIP cooling rates. The tensile tests 

curves and grain size images are shown in Figure 4. 117 and Figure 4. 118, respectively. 

The tensile tests curves of all HIP and HIP plus HT materials analysed in this thesis have 

always the same behaviour at room and elevated temperature, respectively, with the same 

slope and without any strange value or behaviour due to any defects or problem during 

the tests. Therefore, tensile tests curves are only exposed in this study of the effect of the 

HIP cooling rate, showing the curves for HIP materials, and in the study of the effect of 

the HIP temperature, showing the curves for HIP plus HT materials. 

Table 4. 39. Grain size, hardness and tensile tests results of as-HIPped Erasteel 4 (+20-150 μm) 

materials processed at 1220 ºC, 118 MPa, 2 hours and different HIP cooling rates (the values 

above the AMS 5663 and OEM requirements are in green; the values above the AMS 5663 but 

below OEM requirements are in blue; and the values below both requirements are in red). 

 HIP 

cooling 

rate 

(ºC/min) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

3 42 40 1271 980 921 796 23 10 28 15 

10 38 39 1231 964 910 782 27 14 38 30 

30 – FC 30 38 1122 860 774 632 32 20 42 36 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM 

requirements 
< 45 35.5 1320 1059 1065 874 13 16 25 31 
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Figure 4. 117. Tensile tests curves at room temperature (continuous line) and 650 ºC (dashed 

line) of as-HIPped Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours 

and different HIP cooling rates. 

 

Figure 4. 118. EBSD unique grain colour maps, with each grain in a different colour, of 

as-HIPped Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and 

different HIP cooling rates. 

Ductility increases when HIP cooling rate is higher (Table 4. 39). In addition, free 

cooling is the only cooling rate with higher elongation and reduction area than OEM 

mechanical requirements at elevated temperatures. If heat treatments are carried out in 

these materials, elongation and reduction area will decrease and strength will increase. 

Therefore, the only cooling rate that could allow obtaining the requirements after heat 

treatments is free cooling. On the other hand, grain size and hardness results are inside the 

requirements. Grain size increases (Table 4. 39 and Figure 4. 118) when HIP cooling rate 

is slower because the grains have more time during the cooling to increase their 

size [56][57]. Hardness also increases with slower HIP cooling rates since the material is 

more time in the range of temperatures of strengthening phases, such as gamma prime 

and gamma double prime. To understand the difference on the mechanical properties 

obtained at diverse HIP cooling rates is necessary to study the microstructure of 

the materials.  
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Figure 4. 119 and Figure 4. 120 show the microstructure at low and high 

magnification of as-HIPped Erasteel 4 materials at different HIP cooling rates. The 

complete densification of the material at the different cooling rates is visible. There is not 

presence of holes, pores, defects, inclusions or large amount of PPBs on the 

microstructure. Some oxides are observed inside the grains and in the PPBs, but not a 

high amount due to the low oxygen content of this powder. In addition, there is not any 

substantial difference between different cooling rates that explains the diverse mechanical 

properties obtained. Therefore, the microstructure of the material at 3 ºC/min and free 

cooling has been studied at higher magnification using a TEM. The results obtained are 

presented in Figure 4. 121. In these images it is observed the presence of a greater amount 

of precipitates in the slow cooled material. In addition, the size of the precipitates is also 

higher (approximately 15 nm at 3 ºC/min and 5 nm at free cooling rate). In both materials 

the precipitates are gamma prime and gamma double prime phases. The higher amount of 

precipitates in the slow cooled material is due to the fact that the cooling rate is slower 

and there is more time to precipitate these phases that reduce elongation and reduction 

area, increase the strength and harden the material. The continuous cooling 

transformation (CCT) and time-temperature-transformation (TTT) diagrams of IN718 are 

respectively represented in Figure 4. 122 and Figure 4. 123. It is observed the free cooled 

material is less time on the range of temperatures of gamma prime and gamma double 

prime precipitation than slow cooled material and it does not also pass through delta 

phase zone during cooling. Therefore, there is a less amount of precipitates (gamma 

prime and gamma double prime) on the microstructure of free cooled material, as TEM 

analysis showed, obtaining higher ductility.  

 

Figure 4. 119. Backscattered electron SEM microstructure images at low magnification of 

as-HIPped Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and 

different HIP cooling rates. 
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Figure 4. 120. Backscattered electron SEM microstructure images at high magnification of 

as-HIPped Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and 

different HIP cooling rates. 

 

Figure 4. 121. Diffraction pattern of IN718 with gamma prime and gamma double prime and 

dark field TEM images of both phases using the reflections ringed, of as-HIPped 

Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and different HIP 

cooling rates. 

 

Figure 4. 122. Continuous cooling transformation (CCT) diagram of IN718 [58]. 
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Figure 4. 123. Time-temperature-transformation (TTT) diagram of IN718 [59][60]. 

To guarantee the as-HIPped materials are fully dense, the density has been studied. 

The results obtained are gathered in Table 4. 40. Full densification (100 % TD) was 

reached in all samples analysed, in agreement with microstructure analysis. In addition, in 

all experimental analyses carried out in this section, the specimens after HIP cycle and 

post-HIP heat treatments were always fully dense. 

Table 4. 40. Density of as-HIPped Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 

118 MPa, 2 hours and different HIP cooling rates (experimental densities were obtained by 

immersion in water). 

Condition Experimental density (g/cm
3
) Theoretical density (g/cm

3
) % TD 

As-HIPped  

3ºC/min 
8.22 8.22 100 

As-HIPped  

10 ºC/min 
8.22 8.22 100 

As-HIPped  

30 ºC/min – FC  
8.22 8.22 100 

 

The fracture surfaces of the tensile tests specimens have also been assessed 

employing a scanning electron microscope. The SE SEM images for specimens tested at 

room and elevated temperature are reported in Figure 4. 124 and Figure 4. 125 

respectively. The fracture surface images at high magnification of room and elevated 

temperature specimens are showing ductile characteristics with high amount of plastic 

voids. However, it is also observed the presence of some powder particles on these 

FC

10 ºC/min

3 ºC/min
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images, especially at low magnification and elevated temperature (650 ºC). Those 

particles are spherical, no deformed during processing and their adhesion to the 

surrounding microstructure is very poor. These powder particles are probably the oxidised 

particles, with surfaces rich in titanium, aluminium and oxygen, detected and previously 

analysed in the characterisation of the as-atomised powder (section 4.2.2). In addition, it 

is detected the presence of higher amount of flat brittle zones and lower amount of 

dimples/microplasticity in the specimens tested at elevated temperature. Flat brittle zones 

are related to the lower ductility achieved for specimens tested at 650 ºC, as it is 

explained in references [2][13][61][62]. The material has embrittlement associated 

with the environmental oxidation affecting adversely the inter particle bonding. During 

the test at 650 ºC, oxygen diffuses through the specimen to PPBs, making these defects 

more stable by the formation of high stable and brittle oxides. Therefore, this behaviour 

promotes lower ductility at 650 ºC. The lower ductility corresponds to a change in 

fracture mode from transgranular to intergranular, limited deformation within the grains, 

and a much reduced ability for strain hardening, obtaining fracture surface images with 

higher amount of flat brittle zones. Therefore, it is normal at room temperature HIP 

material has higher ductility because it has higher amount of dimples and lower amount 

of flat brittle zones. 

 

Figure 4. 124. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at room temperature of as-HIPped Erasteel 4 (+20-150 μm) materials 

processed at 1220 ºC, 118 MPa, 2 hours and different HIP cooling rates. 
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Figure 4. 125. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of as-HIPped Erasteel 4 (+20-150 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours and different HIP cooling rates. 

Finally, the interstitials content and chemical composition of the materials have 

been analysed. The results obtained are gathered in Table 4. 41 and Table 4. 42. It is 

important to mention the same results are obtained in the as-HIPped materials and after 

tensile tests. For this reason, it is only shown the results of as-HIPped materials. The 

interstitials and chemical composition after HIP cycle are at the level of as-atomised 

powder, validating the new encapsulation system developed in this thesis. In addition, in 

all the experiments carried out in this thesis the interstitials and chemical composition are 

at the level of as-atomised powder, without any modification. Therefore, interstitials and 

chemical composition are only reported in this study of the effect of the HIP cooling rate. 

Table 4. 41. Interstitials elements concentration (ppm) of Erasteel 4 (+20-150 μm) GA powder at 

different experimental conditions. 

Condition Oxygen 

(ppm) 

Nitrogen 

(ppm) 

Carbon 

(ppm) 

Sulphur 

(ppm) 

As-atomised 90 43 35 21 

As-HIPped 3ºC/min 89 43 37 20 

As-HIPped 10 ºC/min 92 45 33 20 

As-HIPped 30 ºC/min – FC  89 43 36 22 

 

40 μm 40 μm 40 μm

300 μm 300 μm 300 μm

10 ºC/min3 ºC/min 30 ºC/min – FC
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Table 4. 42. Chemical composition of Erasteel 4 (+20-150 μm) GA powder at different 

experimental conditions. 

 Weight % (wt.%) 

Powder Al B Co Cr Cu Fe Mn Mo Ni Nb P Si Ti 

As-

atomised 

0.29 0.006 0.01 19.69 <0.01 18.11 0.003 2.84 52.78 5.07 <0.005 0.03 1.04 

As-

HIPped   

3 ºC/min 

 

0.32 

 

0.006 

 

0.01 

 

19.57 

 

<0.01 

 

18.25 

 

0.002 

 

2.81 

 

52.68 

 

5.03 

 

<0.005 

 

0.02 

 

1.08 

As-

HIPped   

10 ºC/min 

 

0.33 

 

0.006 

 

0.01 

 

19.60 

 

<0.01 

 

18.45 

 

0.003 

 

2.88 

 

52.54 

 

5.10 

 

<0.005 

 

0.02 

 

1.05 

As-

HIPped   

30 ºC/min 

- FC 

 

0.26 

 

0.006 

 

0.01 

 

19.62 

 

<0.01 

 

18.06 

 

0.002 

 

2.84 

 

52.83 

 

5.08 

 

<0.005 

 

0.03 

 

1.01 

AMS 

5662 and 

5663 

0.20 

– 

0.80 

0.006 

max. 

1.0 

max. 

17.00 

– 

21.00 

0.30 

max. 

15.00 

– 

21.00 

0.35 

max. 

2.80 

– 

3.30 

50.00 

– 

55.00 

4.75 

– 

5.45 

0.015 

max. 

0.35 

max. 

0.65 

– 

1.15 

 

After the characterisation of as-HIPped materials obtained at different HIP cooling 

rates, a re-HIP at free cooling rate of the materials developed at slow cooling rates (3 and 

10 ºC/min) was carried out. This re-HIP cycle was done to study the effect of the free 

cooling rate in a sample initially HIPped at slow cooling. It is interesting to study if the 

samples HIPped at slow cooling rates are able in a second HIP cycle at free cooling rate 

to achieve the elongation and reduction area requirements at elevated temperatures. 

Finally, a second re-HIP takes place in the same samples, but again at initial HIP slow 

cooling rates (3 and 10 ºC/min, respectively). This re-HIP and re-re-HIP cycles were 

carried out to study the effect of different HIP cooling rates on the materials obtained. 

The temperature and pressure of the re-HIP and re-re-HIP cycles are the same as in the 

first HIP cycle (1220 ºC and 118 MPa), however the soaking time is reduced (45 minutes 

instead of 2 hours) to not excessively increase the grain size. 
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A complete characterisation of the these new cycles is done, including tensile tests 

at room and elevated (650 ºC) temperature, hardness test, microstructure inspection, grain 

size measurement and interstitials and chemical composition analyses. The results 

obtained from this complete characterisation are gathered in Table 4. 43 and Figure 4. 126 

to Figure 4. 129. In the Table 4. 43 the values required by the aeronautic industry 

(AMS 5663 standard) and the original equipment manufacturer (OEM) are also reported. 

These requirements are for the final material, including the heat treatments. 

Table 4. 43 shows the as-HIPped, re-HIPped and re-re-HIPped grain size and 

hardness measurements, and the tensile tests results obtained for Erasteel 4 at different 

HIP cooling rates. Grain size images are shown in Figure 4. 126. After the re-HIP cycle at 

free cooling rate, the tensile properties of both materials (first HIP at 3 and 10 ºC/min, 

respectively) dramatically change. Elongation and reduction area increase and strength 

decreases. After this re-HIP cycle, the elongation and reduction area achieve the OEM 

requirements, as occurred to the first HIP at free cooling rate (Table 4. 39). The materials 

have dissolved the precipitates at HIP temperature (1220 ºC) in the re-HIP cycle and little 

amount of them only precipitates during the cooling step at free cooling rate, obtaining 

tensile properties similar to first HIP at free cooling rate (Table 4. 39). Moreover, grain 

size is in the range of the first cycle, avoiding grain growth. Therefore, observing the 

tensile tests data obtained, as expected, the precipitation is reversible and the amount of 

precipitates and the tensile properties of the material can be modified during a second HIP 

cycle. In addition, the most important conclusion of these re-HIP cycles is that a relatively 

high cooling rate is completely necessary to achieve the tensile properties required. This 

kind of cooling rate, at least 30 ºC/min, is mandatory to avoid high gamma prime and 

gamma double prime precipitation during cooling step, which limits the ductility of the 

material. On the other hand, in spite of avoiding grain growth, hardness results are below 

the requirements since there is not enough time to precipitate any phases that harden the 

material. In the as-HIPped material this value of hardness is not important because after 

heat treatments the amount of precipitates will be higher and the hardness will increase. 

Finally, after the re-re-HIP cycle of the materials again at slow cooling rate (3 and 

10 ºC/min, respectively), it is again observed a reversible behaviour. Tensile properties 

are really similar to the first HIP cycles at slow cooling rates. Elongation and reduction 

area do not achieve the OEM requirements. The materials have again dissolved the 

precipitates at HIP temperature (1220 ºC) in the re-re-HIP cycle and important amounts of 
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them precipitates during the cooling step at slow cooling rates, obtaining tensile 

properties similar to those of first HIP cycles at slow cooling (Table 4. 39). On the other 

hand, hardness increases because there is a higher amount of precipitates. However, grain 

size is out of the limits of the requirements due to the fact that the materials have enough 

time during HIP cycle and cooling at slow rates to increases its size, as shown Table 4. 43 

and Figure 4. 126. 

Table 4. 43. Grain size, hardness and tensile tests results of as-HIPped, re-HIP and re-re-HIP 

Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours (first HIP cycle) and 

45 minutes (re-HIP and re-re-HIP cycles) and different HIP cooling rates (HIP, re-HIP and 

re-re-HIP done at the same material are marked in the same colour, orange and purple, 

respectively) (the values above the AMS 5663 and OEM requirements are in green; the values 

above the AMS 5663 but below OEM requirements are in blue; and the values below both 

requirements are in red). 

 HIP 

cooling 

rate 

(ºC/min) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

. 

HIP 

3 42 40 1271 980 921 796 23 10 28 15 

10 38 39 1231 964 910 782 27 14 38 30 

30 – FC 30 38 1122 860 774 632 32 20 42 36 

Re-

HIP 

FC 43 29 958 835 690 579 54 22 49 38 

FC 39 27 962 838 686 571 54 21 50 38 

Re-

Re-

HIP 

3 79 37 1239 975 921 765 20 9 27 13 

10 58 38 1159 893 854 718 26 12 36 28 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM 

requirements 
< 45 35.5 1320 1059 1065 874 13 16 25 31 
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Figure 4. 126. EBSD unique grain colour maps, with each grain in a different colour, of 

as-HIPped, re-HIPped and re-re-HIPped Erasteel 4 (+20-150 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours (first HIP cycle) and 45 minutes (re-HIP and re-re-HIP cycles) and 

different HIP cooling rates. 

To understand the difference on the tensile properties obtained in the HIP, re-HIP 

and re-re-HIP cycles at different cooling rates is also necessary to study the 

microstructure of the materials by TEM. The TEM results of the as-HIPped material 

cooled at 3 ºC/min and after its re-HIPped at free cooling rate are shown in Figure 4. 127. 

In these images it is observed the presence of a greater amount of precipitates in the 

as-HIPped material cooled at 3 ºC/min. In both materials the precipitates are gamma 

prime and gamma double prime phases. The higher amount of precipitates in the 

as-HIPped material at 3 ºC/min is because the cooling rate is slower and there is more 

time to precipitate these phases that reduce ductility and increase the strength. The 

amount of precipitates in the re-HIP material is really similar to observe in the first HIP at 

free cooling rate (Figure 4. 121) since the HIP cooling rate is the same. Therefore, it is 

corroborated the assumption of the behaviour of the material is reversible, dissolving the 

precipitates at HIP temperature during the re-HIP cycle and thus, it is only observed in 

this material precipitates nucleated during the re-HIP cooling step.  

200 μm

200 μm 200 μm

200 μm

200 μm

200 μm

HIP Re-HIP Re-Re-HIP

Initial HIP at 10 ºC/min, re-HIP at FC and re-re-HIP at 10 ºC/min
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Figure 4. 127. Diffraction pattern of IN718 with gamma prime and gamma double prime and 

dark field TEM images of both phases using the reflections ringed, of as-HIPped 

Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and slow cooling 

rate (3 ºC/min), and its re-HIP cycle carried out at 1220 ºC, 118 MPa, 45 minutes and free 

cooling rate (30 ºC/min). 

Finally, the fracture surfaces of the as-HIPped, re-HIPped and re-re-HIPped tensile 

tests specimens for specimens tested at room and elevated temperatures are shown in 

Figure 4. 128 and Figure 4. 129 respectively. The same features of the fracture surfaces of 

Figure 4. 124 and Figure 4. 125 can be observed. The images show ductility cavities with 

high amount of plastic voids and the presence of some powder particles, which are 

spherical and their adhesion to the microstructure is poor. These powder particles are 

probably the oxidised particles, rich in titanium, aluminium and oxygen, detected and 

previously analysed in this chapter (section 4.2.2). It is again detected the presence of 

higher amount of flat brittle zones (cleavage zones) in the specimens tested at elevated 

temperature and thus, their ductility is lower.  

200 nm200 nm
B = [001]

3 ºC/min Re-HIP FC
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Figure 4. 128. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at room temperature of as-HIPped, re-HIPped and re-re-HIPped 

Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours (first HIP cycle) and 

45 minutes (re-HIP and re-re-HIP cycles) and different HIP cooling rates. 
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Figure 4. 129. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of as-HIPped, re-HIPped and re-re-HIPped Erasteel 4 

(+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours (first HIP cycle) and 45 minutes 

(re-HIP and re-re-HIP cycles) and different HIP cooling rates. 
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The main difference between the fracture surface images of room and elevated 

temperature specimens is the amount of flat brittle zones and dimples/microplasticity. In 

this characterisation of the effect of HIP cooling rate and in all materials at all conditions 

analysed in this thesis, it is detected higher amount of flat brittle zones in the specimens 

tested at 650 ºC. For this reason, the ductility is lower at elevated 

temperature [2][13][61][62]. Therefore, there are only shown the fracture surface images 

of elevated temperature tested specimens in the following studies because they are more 

interesting than obtained from room temperature specimens.  

The influence of HIP cooling rate on the final properties of the material has been 

clearly showed in this section. It is necessary at least HIP cooling rate of 30 ºC/min from 

1220 ºC to 500 ºC to avoid high gamma prime and gamma double prime precipitation 

during this step and successfully achieve the ductility OEM requirements. In order to 

study higher cooling rates two different HIP units were used. Two different HIP cycles 

were carried out at the same experimental conditions (Erasteel 4 (+20-150 μm) powder 

and HIP at 1220 ºC, 118 MPa and 2 hours) than in previous cycles with the HIP cooling 

rate as the only difference. In the cycle carried out in Nuclear AMRC (England) the 

cooling rate was 100 ºC/min (from 1220 ºC to 500 ºC), and the cooling rate in the cycle 

carried out in Hedisa (Spain) was 200 ºC/min (from 1220 ºC to 500 ºC). 

A comparison of different HIP cooling rates used in Ceit, Nuclear AMRC and Hedisa is 

shown in Figure 4. 130. 

 

Figure 4. 130. Experimental data of the different HIP cooling rates (only general data available 

from Nuclear AMRC, so it is represented an approximation). 
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After HIP cycles, the materials were heat treated to achieve the mechanical 

properties required by the industry. The two heat treatments employed by the OEM in 

IN718 forged materials were carried out in the three HIPped materials. First, a solution 

treatment at 970 ºC during 1 hour with quench cooling to room temperature was done. 

The objective of this treatment is to dissolve diverse precipitates obtained during HIP 

cooling step, such as gamma prime and gamma double prime. In addition, during this 

treatment delta phase also precipitates and it controls the grain growth of the material. As 

it is explained in the references [19][63][64][65] and observed in the TTT diagrams 

showed in these references, at 970 ºC during 1 hour the material is in the region of delta 

phase precipitation. Therefore, it is expected during solution treatment delta phase 

precipitates.  Then, a precipitation treatment to obtain gamma prime and gamma double 

prime precipitates on the microstructure to harden the material was taken place. This 

treatment was done at 750 ºC for 4 hours, cooling from 750 ºC to 650 ºC at 45-65 ºC/h, 

4 hours at 650 ºC and finally, air cooling to room temperature. After HIPping cycles and 

heat treatments, the materials obtained at the diverse experimental 

conditions were characterised. The results obtained from this characterisation are 

gathered in Table 4. 44 (including the requirements of aeronautic industry and OEM) and 

Figure 4. 131 to Figure 4. 136. 

Table 4. 44 shows the as-HIPped and HIPped plus HT (solution and precipitation) 

grain size and hardness measurements, and the tensile tests results obtained at different 

HIP cooling rates. The grain size images of both materials have been analysed by 

EBSD (Figure 4. 131). In as-HIPped materials, strength decreases and ductility is higher 

at faster HIP cooling rate. This behaviour is due to the fact that the materials are less time 

during cooling step in the zone of precipitation of strengthening phases as gamma prime 

and gamma double prime (Figure 4. 132 and Figure 4. 133). The three materials only pass 

through these phases, but not through delta phase zone, as occurs for materials processed 

at slower cooling rates (Figure 4. 122 and Figure 4. 123). Hardness and grain size of 

as-HIPped materials is similar because the grains have not enough time to grow at all HIP 

cooling rates analysed. However, after post-HIP HT, all materials have comparable and 

similar behaviour and results, successfully achieving the aeronautic and OEM 

requirements. This change in the results obtained is probably because the amount of delta, 

gamma prime and gamma double prime in the three materials is comparable (powder, 

PSD and grain size are the same) and thus, the tensile tests values achieved are really 



Chapter 4 

254 

 

similar. To understand the mechanical properties obtained at diverse HIP cooling rates is 

necessary to study the microstructure of the materials.  

Table 4. 44. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and different HIP 

cooling rates (the values above the AMS 5663 and OEM requirements are in green; the values 

above the AMS 5663 but below OEM requirements are in blue; and the values below both 

requirements are in red). 

 HIP unit 

(HIP cooling 

rate) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

Hedisa      

(200 ºC/min) 
31 37 843 710 405 365 65 46 70 57 

Nuclear 

AMRC     

(100 ºC/min) 

31 39 959 813 522 465 47 37 56 51 

Ceit            

(30 ºC/min) 
30 38 1122 860 774 632 32 20 42 36 

HIP 

+ 

HT 

Hedisa      

(200 ºC/min) 
33 46 1394 1107 1229 1000 19 16 35 33 

Nuclear 

AMRC     

(100 ºC/min) 

34 46 1391 1139 1226 998 19 16 36 32 

Ceit            

(30 ºC/min) 
33 46 1404 1129 1225 1004 20 16 35 32 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 
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Figure 4. 131. EBSD unique grain colour maps, which each grain has a different colour, of 

HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and 

different HIP cooling rates. 

 

Figure 4. 132. Continuous cooling transformation (CCT) diagram of IN718 [58] 

 

Figure 4. 133. Time-temperature-transformation (TTT) diagram of IN718 [59][60]. 
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Figure 4. 134 shows the microstructure at low and high magnification of HIPped 

plus HT materials developed at different HIP cooling rates. Typical HIP microstructural 

features for this material is obtained with full densification and not presence of pores, 

defects, inclusions or large amount of PPBs, because the powder used is the same 

(Erasteel 4 (+20-150 μm) for the three different HIP cooling rates analysed and its oxygen 

content is low (90 ppm). Some small oxides are also observed inside the grains. It is also 

visible at the three conditions the presence of delta phase, obtained during solution 

treatment, as needle shape at grain boundaries in a comparable amount. Gamma prime 

and gamma double prime phases, precipitated during precipitation treatment, are not 

visible in these micrographs and TEM studies would be required to analyse these phases, 

as it has been previously described in this study of HIP cooling rate. In addition, there is 

not any significant difference between all microstructures. These micrographs are in 

agreement with the results of Table 4. 44 of HIPped plus HT materials, achieving these 

materials the same tensile properties, grain size and hardness values after post-HIP HT. 

Therefore, the diverse as-HIPped tensile tests results for the three materials (Table 4. 44) 

are only explained by the different precipitation (gamma prime and gamma double prime 

phases) obtained during HIP cooling step. At slower HIP cooling rates it is obtained 

higher amount of gamma prime and gamma double prime precipitates (Figure 4. 132 and 

Figure 4. 133) and thus, the strength of this material is higher and its ductility decreases. 

However, the different precipitation during HIP cooling step is not relevant after post-HIP 

HT. Two different behaviours can explain the as-HIPped and HIPped plus HT tensile 

tests results for these materials. On the one hand, the amount of precipitates during HIP 

cooling step at these three HIP cooling rates is really low, as it has been previously shown 

for free cooling rate in Figure 4. 121. During post-HIP HT (solution and precipitation), 

the precipitation is high and the influence of precipitates obtained during HIP cooling step 

is not important in comparison with the precipitation obtained in solution and 

precipitation treatment. Therefore, this would be the reason of the final amount of 

precipitates is equal at all experimental conditions analysed and their tensile properties 

are also equal. On the other hand, other possible behaviour is that this low amount of 

nanometric precipitates (5 nm for free cooling rate) obtained during HIP cooling step will 

be dissolved during solution treatment because the temperature of this treatment (970 ºC) 

is higher than solvus temperature of gamma prime and gamma double prime. Therefore, 

all these few precipitates obtained during HIP cooling step are dissolved and only the 

precipitates obtained during solution and precipitation treatment after HIP cycle have 
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influence on the mechanical properties. Consequently, the microstructure and mechanical 

properties of the final materials are similar. Finally, it is also possible a combination of 

both behaviours takes place. First, part of the precipitates obtained during HIP cooling 

step are dissolved at the solution treatment temperature and the remain amount are 

irrelevant in comparison with the amount of precipitates obtained during post-HIP 

solution and precipitation treatment, being these precipitates the responsible of the final 

microstructure and mechanical properties of the material. To confirm these assumptions, 

it is required an intense TEM analyses before and after post-HIP heat treatments. 

 

Figure 4. 134. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours 

and different HIP cooling rates. 

The fracture surfaces of as-HIPped and HIPped plus HT tensile tests 

specimens have also been studied using a scanning electronic microscope (Figure 4. 135 

and Figure 4. 136). The behaviour obtained is similar to the fracture surface images of 

Figure 4. 124 and Figure 4. 125, with the presence of high amount of ductile evidences 

and some spherical powder particles, whose adhesion to the microstructure are poor. In 

addition, there are not substantial differences between as-HIP and HIP plus HT materials. 

The three materials processed at different HIP cooling rates also have comparable 

behaviour. Therefore, these fracture surface images are not able to provide any new 

relevant information to better understand of the behaviour of the material and the 

influence of HIP cooling rate on the microstructure and mechanical properties.  
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Figure 4. 135. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of as-HIPped Erasteel 4 (+20-150 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours and different HIP cooling rates. 

 

Figure 4. 136. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) materials 

processed at 1220 ºC, 118 MPa, 2 hours and different HIP cooling rates. 
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The study of the effect of HIP cooling rate has also been done using 

Sandvik 2 (+53-180 μm) powder, obtaining the same results and conclusions. For this 

reason, in this document only the results obtained to Erasteel 4 (+20-150 μm) powder 

were shown and discussed. 

HIP cooling rate is one of the most important parameters. It is necessary at least 

free cooling rate (30 ºC/min from 1220 ºC to 500 ºC) to obtain as-HIPped elongation and 

reduction area values above the OEM requirements, so that when heat treatments will be 

performed and these values decrease, they will be still above the required. Slower HIP 

cooling rates provide an excess of precipitation during HIP cooling step, obtaining low 

ductility. Higher cooling rates than 30 ºC/min have been checked and the results obtained 

show these rates are able to improve the ductility of as-HIPped materials, because they 

are less time on the precipitation zone of strengthening phases, as gamma prime and 

gamma double prime. However, after post-HIP HT the tensile properties, hardness and 

microstructure are the same for the different HIP cooling rates analysed, probably due to 

the similar precipitation of delta, gamma prime and gamma double prime phases (TEM 

analyses are needed to confirm this assumption). In addition, it is noteworthy that with the 

powder and HIP pressure, temperature and time tested, using cooling at rates equal or 

faster than 30 ºC/min from 1220 ºC to 500 ºC the OEM requirements have been achieved.  

4.4.1.1.2. HIP temperature 

The hot isostatic pressing (HIP) temperature is another important parameter of the 

processing route. It has a strong influence on the microstructure and consequently, 

mechanical properties of the final material [48][66][67]. Erasteel 4 (+20-150 μm) powder 

has been used to optimise this experimental factor. HIP cycles with this powder have 

been carried out using the same HIP conditions (118 MPa, 2 hours and free cooling 

(30 ºC/min)) and only different HIP temperature. The selection of the pressure and time 

was explained in prior section (section 4.4.1.1.1). Five different temperatures have been 

analysed: 1150 ºC, 1180 ºC, 1220 ºC, 1240 ºC and 1280 ºC. One temperature (1150 ºC) is 

selected to analyse the behaviour of the material below laves/gamma phase formation 

(approximately 1170 ºC). 1180 and 1220 ºC have been selected because they are in the 

range between laves/gamma phase (approximately 1170 ºC) and niobium carbide 

precipitation and first stage of melting (approximately 1240 – 1260 ºC). 1240 ºC is a 

temperature closer to the niobium carbide precipitation and solidus temperature 
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(approximately 1240 – 1260 ºC) and finally, 1280 ºC is selected to study the behaviour of 

the material at a temperature between solidus temperature and liquidus temperature. After 

HIP cycles, the materials have been heat treated to achieve the mechanical properties 

required by the industry. The two heat treatments employed by the OEM in IN718 forged 

materials have been carried out in all HIPped materials. 

After HIPping cycles and heat treatments, the materials obtained at the diverse 

experimental conditions have been characterised. The results obtained from this 

characterisation are summarised in Table 4. 45 and Figure 4. 137 to Figure 4. 151.  

Table 4. 45 shows the as-HIPped and HIPped plus HT (solution and precipitation) 

grain size and hardness measurements, and the tensile tests results obtained for Erasteel 4 

at different HIP temperatures. Figure 4. 137 and Figure 4. 138 are the tensile tests curves 

and grain size images of HIPped plus HT materials, respectively. A comparison of tensile 

tests curves of as-HIPped and HIPped plus HT materials processed at 1220 ºC, 118 MPa, 

2 hours and free cooling rate (30 ºC/min from 1220 ºC to 500 ºC) to show the effect of 

post-HIP HT is shown in Figure 4. 139.  

HIP temperature has an important effect on the mechanical properties of as-HIPped 

and HIP plus HT IN718 materials (Table 4. 45). In as-HIPped materials elongation and 

reduction area increase with HIP temperature because more diffusion between powder 

particles is promoted [48][66][67], except at 1280 ºC because it is in the range of melting 

temperature and some niobium carbides could have precipitated during HIP cooling 

step [18][19]. The opposite behaviour is observed for the ultimate tensile strength and 

yield strength, which decrease when HIP temperature is higher. Grain size (Table 4. 45 

and Figure 4. 140) is really high at 1240 and 1280 ºC, above the requirements, because 

these temperatures are too high, in the range of melting temperature of IN718 at 1280 ºC 

and closer to this range at 1240 ºC. Therefore, part of the material is liquid at these 

temperatures, mainly at 1280 ºC, the transport of material is promoted and there is less 

restriction to grain growth, as it is mentioned in references [48][66][67]. The relation 

between grain size and hardness can be seen in Figure 4. 141. Grain size is related with 

hardness, obtaining higher hardness at finer microstructure, as it is also mentioned in 

references [68][69][70][71]. Therefore, this high grain size at 1240 and 1280 ºC produces 

a decrease of hardness, obtaining values below requirements.  
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After post-HIP HT (solution and precipitation), the behaviour of the material is 

different. Solution treatment promotes the dissolution of part the precipitates obtained 

during HIP cooling step (the amount of the precipitates dissolved depends on the kinetic 

of the reaction and the time of this treatment, which is always 1 hour) and delta phase 

appears at grain boundaries acting as grain growth inhibitor [19][63][64][65]. Gamma 

prime and gamma double prime phases precipitate during precipitation 

treatment [50][72][73] to harden the material and provide enough strength to successfully 

achieve the OEM requirements. After post-HIP HT elongation and reduction area 

decrease and ultimate tensile strength and yield strength increase for all temperatures 

(Table 4. 45). At 1240 ºC some tensile properties are below OEM requirements. At 

1280 ºC all the controlled parameters are out of OEM requirements due to its large grain 

size. At 1150, 1180 and 1220 ºC, ductility increases and strength decreases when HIP 

temperature increases. Finally, only at 1220 ºC, the material successfully achieves the 

OEM requirements for tensile properties, hardness and grain size. At 1150 and 1180 ºC, 

the materials are above the AMS values required but below OEM specifications for 

elongation and reduction area at elevated temperature because these temperature are not 

enough to promote the suitable diffusion between powder particles, being necessary a 

higher temperature (1220 ºC) to induce the optimum diffusion between powder particles 

and thus, to obtain the desirable ductility of the material. 
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Table 4. 45. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures (the values above the AMS 5663 and OEM requirements are in 

green; the values above the AMS 5663 but below OEM requirements are in blue; and the values 

below both requirements are in red). 

 HIP 

temperature 

(ºC) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

 

HIP 

1150 22 42 1211 980 844 826 27 18 38 31 

1180 26 40 1159 948 828 718 30 19 40 34 

1220 30 38 1122 860 774 632 32 20 42 36 

1240 54 30 890 670 525 500 37 21 45 39 

1280 63 18 713 554 410 407 23 12 33 28 

 

 

HIP 

+ 

HT 

1150 24 49 1397 1132 1202 990 17 12 31 26 

1180 28 48 1414 1099 1235 988 18 14 32 29 

1220 33 46 1404 1129 1225 1004 20 16 35 32 

1240 65 40 1305 997 1186 910 10 7 13 10 

1280 70 26 1124 960 1012 863 3 2 6 4 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

 

Figure 4. 137. Tensile tests curves at room temperature (continuous line) and 650 ºC (dashed 

line) of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free 

cooling rate and different HIP temperatures. 
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Figure 4. 138. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures. 

 

Figure 4. 139. Tensile tests curves at room temperature (continuous line) and 650 ºC (dashed 

line) of as-HIPped and HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours and free cooling rate. 
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Figure 4. 140. Grain size versus HIP temperature relation of as-HIP and HIP plus HT 

Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures. 

 

Figure 4. 141. Hardness(HRC) versus grain size relation of as-HIP and HIP plus HT 

Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures. 

Figure 4. 142 and Figure 4. 145 show the microstructure at low and high 

magnification of the as-HIPped and HIPped plus HT Erasteel 4 materials at different HIP 

temperatures. There are substantial differences between different HIP temperatures that 

explain the diverse mechanical properties obtained and showed previously in Table 4. 45. 

In as-HIPped materials (Figure 4. 142 and Figure 4. 143), it is observed the different grain 

size obtained at the diverse temperatures. When HIP temperature increases the grain size 

increases (Figure 4. 138, Figure 4. 140, Figure 4. 142 and Figure 4. 143). It is also visible 

at 1240 and 1280 ºC the grain size is really larger in comparison with the other 

temperatures, because these material are closer (1240 ºC) or inside (1280 ºC) the range of 

IN718 melting temperature and part of the material is liquid, promoting the transport of 

the material. There is less restriction to grain growth at these two high temperatures and 

thus, their grain size is larger and above OEM requirements. At 1280 ºC it is also visible 
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the massive precipitation of niobium carbides at grain boundaries, because this HIP 

temperature is above the niobium carbide solvus (approximately 1240 - 1260 ºC). At 

1240 ºC niobium carbides also precipitate, but its amount is lower than at 1280 ºC.  

After post-HIP HT (solution and precipitation), delta phase is present with needle 

shape in all micrographs in a comparable amount (Figure 4. 144 and Figure 4. 145). This 

phase precipitates during solution treatment [19][63][64][65]. Delta phase is only present 

on grain boundaries, controlling grain size and not allow its excessive growth during the 

post-HIP heat treatments (only growth few microns, as it is shown in Table 4. 45 and 

Figure 4. 140), as it is mentioned in references [19][63][64][65]. At 1240 and 1280 ºC 

niobium carbides, as occurs in as-HIP material, are present on the grain boundaries 

together with delta phase (Figure 4. 144 and Figure 4. 145). Niobium carbides are a brittle 

phase, which decreases the ductility. Therefore, this is the reason of low ductility of the 

material at 1240 and 1280 ºC after post-HIP HT. Finally, gamma prime and gamma 

double prime precipitate during precipitation treatment [50][72][73], but in these 

micrographs are not observed due to their small size, as it has been shown in previous 

section of the effect of HIP cooling rate (section 4.4.1.1). Therefore, TEM analyses 

should be required to analyse the effect of post-HIP HT. 

 

Figure 4. 142. Backscattered electron SEM microstructure images at low magnification of 

as-HIP Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures. 
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Figure 4. 143. Backscattered electron SEM microstructure images at high magnification of 

as-HIP Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures. 

 

Figure 4. 144. Backscattered electron SEM microstructure images at low magnification of 

HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling 

rate and different HIP temperatures. 
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Figure 4. 145. Backscattered electron SEM microstructure images at high magnification of 

HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling 

rate and different HIP temperatures. 

The microstructure of polycrystalline metals consists of a network of single crystals 

(grains) and the boundaries between these crystals (grain boundaries). While 

microstructure represents the overall uniform description of a material, it is the 

imperfections or defects like grain boundaries, the weak links, which dictate some 

material properties, especially its propensity to fail [74][75][76][77]. The orientations 

between two grains relative to each other is random but for certain angles some lattice 

points of one grain coincide with points of another grain lattice creating a coincident site 

lattices (CSL) and the reciprocal density of coinciding sites is designated as Ʃ. Grain 

boundaries that contains a high density of lattice points in a CSL (Ʃ3 or twin boundaries) 

show very low boundary energy because of good atomic fit [74][75][76][77].  

The effects of HIP temperature and subsequent post-HIP HT have also been 

studied, in order to complete the characterisation of the effect of the HIP temperature, by 

EBSD analysis of coincidence site lattices (CSL) and twin boundaries of as-HIPped and 

HIPped plus HT materials processed at different HIP temperatures, except at 1240 ºC 

because there is not available the original files of EBSD analyses. The results obtained 

are shown in Table 4. 46 and Figure 4. 146 to Figure 4. 149. As it is previously 

mentioned, before and after post-HIP HT grain size always increases when increasing 
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HIP temperature (again shown in Table 4. 46). Moreover, Σ3 boundaries increase with 

HIP temperature (Table 4. 46), except at 1280 ºC where niobium carbides are dissolved 

on heating and precipitated during cooling, and the first stage of melting was observed 

and part of the material is liquid, promoting grain size dramatically growth. In general it 

can be confirmed that the increase of HIP temperature increases the fraction of Σ3 

boundaries. If the temperature increases, it will lead to grain growth, which leads to an 

increase in Σ3 twin boundaries, associated with dragging of twins behind moving 

boundaries and/or generation of twins during recrystallisation associated with stacking 

faults. Interestingly, the increase in Σ3 twin boundaries with the HT is more significant at 

the lowest HIP temperature, 1150 ºC (from 10.6 to 15.7 %, compared with 14.4 to 17.5 % 

of 1180 ºC) although the change in grain size is similar. However, when the HIP 

temperature is too high, as is the case at 1280 ºC, which would lead to a loss of 

coherency, the fraction of CSL Σ3 boundaries decreases.  

Table 4. 46. Grain size and percentage of Σ3 boundaries in as-HIP and HIP plus HT 

Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures. 

 HIP temperature (ºC) Grain size (μm) % Σ3 boundaries 

 

 

HIP 

1150 22 10.6 

1180 26 14.4 

1220 30 23.4 

1280 63 16.3 

 

 

HIP + HT 

1150 24 15.7 

1180 28 17.5 

1220 33 26.6 

1280 70 8.59 

AMS 5663 < 45 No value 

OEM requirements < 45 No value 
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Grain size images with CSL Σ3 boundaries visible as black colour lines of 

as-HIPped and HIPped plus HT materials processed at different HIP temperatures are 

shown in Figure 4. 146 and Figure 4. 147. The different amount of Σ3 boundaries in these 

materials processed at diverse HIP temperatures is clearly visible in these images. The 

fraction of Σ3 boundaries is also related to the mechanical properties of IN718, especially 

the ductility (elongation and reduction area). There is lack of correlation with strength 

which is expected by the way, as strength will be correlated with the strengthening 

factors, not CSL. In as-HIPped materials, it was observed that increasing the HIP 

temperature the percentage of Σ3 boundaries increases (Table 4. 46) and elongation also 

increases (Figure 4. 148). However, at 1280 ºC this behaviour disappears and the 

percentage of Σ3 boundaries and the elongation substantially decrease in comparison with 

1150, 1180 and 1220 ºC due to the present of niobium carbides in grain boundaries and an 

excessive grain size, which is detrimental to the mechanical properties. The same 

behaviour observed in elongation is obtained for reduction area. After post-HIP HT the 

relation between the fraction of Σ3 boundaries and mechanical properties also remains 

(Figure 4. 149). This relation showed an increase of elongation and reduction area as 

function of the amount of Σ3 boundaries and thus, the HIP temperature, with the 

exception of 1280 ºC for the reasons previously mentioned (Figure 4. 149). 
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Figure 4. 146. EBSD inverse pole figure (IPF) maps, with CSL Σ3 boundaries in black, of as-HIP 

Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures. 
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Figure 4. 147. EBSD inverse pole figure (IPF) maps, with CSL Σ3 boundaries in black, of HIP 

plus HT Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures. 

 

Figure 4. 148. Elongation at room temperature and 650 ºC (RT and ET) versus Σ3 boundaries of 

as-HIP Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling rate and 

different HIP temperatures. 
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Figure 4. 149. Elongation at room temperature and 650 ºC (RT and ET) versus Σ3 boundaries of 

HIP plus HT Erasteel 4 (+20-150 μm) materials processed at 118 MPa, 2 hours, free cooling 

rate and different HIP temperatures. 

The fraction of CSL Σ3 boundaries is related to the HIP temperature for both 

as-HIP and HIP plus HT materials. In addition, Σ3 boundaries are also affected by HT. 

The fraction of CSL is higher when HIP temperature increases, and it increases further on 

heat treatment. Moreover, it is observed that the increase of Σ3 boundaries improves the 

ductility of the material. However, at 1280 ºC, above solidus temperature, the fraction of 

Σ3 boundaries and the ductility decrease. 

Finally, to finish the characterisation of the effect of HIP temperature, the 

fracture surfaces of HIPped plus HT tensile tests specimens are shown in Figure 4. 150 

and Figure 4. 151, respectively. Prior powder particles are still noticed mainly in low 

magnification pictures, especially for the highest temperature, where a continuous brittle 

phase is decorating the PPBs. At higher magnification fracture surfaces show 

microplasticity and diffusion took place between most of the prior powder particles. In 

addition, a higher amount of powder particles on the fracture surface at 1150 and 1180 ºC 

is detected, due to the fact that at these HIP temperatures the powder particles are less 

joined to other during the HIP cycle than at 1220 ºC and as above showed they contain 

less amount of CSL Σ3 boundaries. Finally, fracture surfaces at 1240 and 1280 ºC are 

different. Evidence of microplasticity is lower because these temperatures are too high 

and brittle phases, such as niobium carbides, appear at grain boundaries, also decreasing 

the fraction of CSL Σ3 boundaries. Therefore, the fracture surfaces considered as more 

appropriate are those of 1220 ºC, with a high concentration of ductility cavities and a 

small amount of prior powder particles.  

0

5

10

15

20

25

8.59 15.7 17.5 26.6

E
L

 (
%

) 

Σ3 boundaries (%)

1150 ºC

1280 ºC

1180 ºC

1220 ºC

RT    ET

RT    ET

RT    ET
RT    ET



Results and discussion 

273 

 

 

Figure 4. 150. Secondary electron SEM fracture surface images at low magnification of tensile 

specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 

118 MPa, 2 hours, free cooling rate and different HIP temperatures. 

 

Figure 4. 151. Secondary electron SEM fracture surface images at high magnification of tensile 

specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 

118 MPa, 2 hours, free cooling rate and different HIP temperatures. 
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The optimisation of the HIP temperature has also been done using 

Sandvik 2 (+53-180 μm) powder, obtaining the same results and conclusions. For this 

reason, in this document only the results obtained to Erasteel 4 (+20-150 μm) powder 

were shown and discussed. 

HIP temperature is one of the most important parameters in a NSHIP process. It has 

been demonstrated the optimum HIP temperature for IN718 GA powder is 1220 ºC. It is 

the only temperature that allows successfully achieving the tensile properties, grain size 

and hardness OEM requirements for the material after post-HIP heat treatments. In 

addition, higher temperatures are responsible of lower tensile properties, higher grain size 

and smaller hardness, obtaining materials not able to achieve the requirements. On the 

other hand, lower temperatures than 1220 ºC are not enough to promote a complete join 

between powder particles, obtaining materials with lower amounts of CSL Σ3 boundaries 

and worse elongation and reduction area and, which are below OEM requirements. 

4.4.1.1.3. HIP pressure 

The HIP pressure is other parameter that has to be optimised, as occurs in 

reference [78]. To optimise this experimental factor, Erasteel 4 (+20-150 μm) powder has 

been used. HIP cycles with this powder have been carried out using the same HIP 

conditions (1220 ºC, 2 hours and free cooling (30 ºC/min)) and only different HIP 

pressures. Two different pressures have been analysed: 118 MPa and 175 MPa. As it was 

previously explained, 118 MPa was selected because at the beginning of NESMONIC 

project, in which this thesis is focused, the initial dimensions of large demonstrator 

component was 1.8 m and the unique industrial HIP machine available in the world with 

these dimensions is in Japan in Metal Technology Co. Ltd. and its maximum pressure is 

118 MPa. The other pressure studied, 175 MPa, was chosen to promote a higher diffusion 

bonding between powder particles to obtain better ductility [78]. After the HIP cycles, the 

materials have been heat treated to achieve the mechanical properties required by the 

industry. The same two different treatments (solution and precipitation) employed and 

described in the study of the effect of HIP temperature were used. 

After HIPping cycles and heat treatments, the materials obtained at the diverse 

experimental conditions have been characterised. The same characterisation done in the 

previous sections is again carried out. The results obtained from this characterisation are 

gathered in Table 4. 47 and Figure 4. 152 to Figure 4. 154. 
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Table 4. 47. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 2 hours, free cooling rate and different 

HIP pressures (the values above the AMS 5663 and OEM requirements are in green; the values 

above the AMS 5663 but below OEM requirements are in blue; and the values below both 

requirements are in red). 

 HIP 

pressure 

(MPa) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

118 30 38 1122 860 774 632 32 20 42 36 

175 36 36 1103 856 744 699 36 20 45 37 

HIP 

+ 

HT 

118 33 46 1404 1129 1225 1004 20 16 35 32 

175 38 44 1386 1115 1215 980 19 16 33 31 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

 

Figure 4. 152. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 2 hours, free cooling rate and 

different HIP pressures. 

Table 4. 47 shows the as-HIPped and HIPped plus HT (solution and precipitation) 

grain size and hardness measurements, and the tensile tests results obtained for 

Erasteel 4 at different HIP pressures. At 175 MPa it is observed grain size is slightly 

higher (Figure 4. 152), probably because higher pressure promotes more diffusion 

between powder particles. However, this effect has not any influence on tensile 

properties, obtaining comparable results, even better for 118 MPa after post-HIP HT, 

probably due to its grain size slightly smaller. In addition, hardness is similar at both 
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pressures, being also a little higher at 118 MPa for the same reason, its smaller grain size. 

Finally, the most important conclusion of these results is both pressures allow 

successfully achieving the aeronautic industry and OEM requirements. 

Figure 4. 153 shows the microstructure at low and high magnification of HIPped 

plus HT Erasteel 4 materials at different HIP pressures. There are not relevant differences 

between different HIP pressures, except the grain size issues above commented, but it has 

not a strong influence on tensile properties, being at both pressures above the OEM 

requirements (Table 4. 47).  

 

Figure 4. 153. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 2 hours, free 

cooling rate and different HIP pressures. 

The fracture surfaces of HIPped plus HT tensile tests specimens have also been 

studied using SEM (Figure 4. 154). The behaviour is really comparable to that observed 

in previous sections (HIP cooling rate and temperature): evidence of plasticity and 

dimples together with prior powder particles, which are not joined to other during the HIP 
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cycle. Even at 175 MPa, a pressure that promotes more diffusion between powder 

particles, these powder particles are observed in fracture surface images and it is not 

visible the presence of more ductility cavities. These powder particles are probably the 

oxidised particles, rich in titanium, aluminium and oxygen, observed on the as-atomised 

powder. Finally, it is obtained the same behaviour at both pressures, without substantial 

differences, which is in agreement with the tensile tests results achieved, virtually the 

same at both pressures.  

 

Figure 4. 154. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) materials 

processed at 1220 ºC, 2 hours, free cooling rate and different HIP pressures. 

In conclusion, both pressures are suitable processing route developed in this thesis 

due to the fact that their tensile properties, grain size and hardness successfully achieve 

the OEM requirements. HIP pressure in the range study in this thesis is not such an 

important parameter, as occurs in reference [78], as HIP temperature or cooling rate, in 

which different experimental conditions are responsible to the different tensile tests 

results. Finally, 118 MPa has been selected as the optimum HIP pressure for the 
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processing route developed in this work because tensile tests results are slightly better and 

it is a pressure more available in industrial HIP units than 175 MPa. One of the objectives 

of the development of this manufacturing route is its implantation as industrial process. 

4.4.1.1.4. HIP soaking time 

The time of HIP cycles is other relevant parameter optimised in this work, using 

Erasteel 4 (+20-150 μm) powder, because it has influence on the mechanical properties, 

as it has been studied in reference [79][80]. HIP cycles with this powder have been 

carried out at the same HIP conditions (1220 ºC, 118 MPa and free cooling (30 ºC/min)) 

and only different HIP soaking time. The best temperature (1220 ºC), pressure (118 MPa) 

and cooling rate (free cooling, 30 ºC/min from 1220 ºC to 500 ºC) obtained in the 

previous characterisations (sections 4.4.1.1.1 to 4.4.1.1.3) have been selected in order to 

obtain the best mechanical properties. Two different soaking times have been analysed: 2 

and 4 hours. The two HIP soaking times were chosen to guarantee a full densification of 

the materials and analyse the effect of the diffusion bonding between powder particles at 

different times. After HIP cycles, the materials have been heat treated to harden the 

material and achieve the mechanical properties required by the industry. The same two 

different treatments (solution and precipitation) employed and described in the study of 

the effect of HIP temperature have been used. 

After HIPping cycles and heat treatments, the materials obtained at the diverse 

experimental conditions have been characterised. Table 4. 48 shows the as-HIPped and 

HIPped plus HT (solution and precipitation) grain size, hardness and the tensile tests 

results obtained for Erasteel 4 at different HIP soaking times and Figure 4. 155 the grain 

size images of HIPped plus HT materials. Important differences on the mechanical 

properties have been detected. In as-HIPped materials elongation and reduction area 

increase, and ultimate tensile strength and yield strength decrease when HIP soaking time 

is higher. This behaviour is because at high HIP soaking time (4 hours) transport 

mechanisms are active more time and thus, grain size and ductility increase. At 4 hours as 

grain size is higher than 2 hours of soaking time, the hardness is lower. This hardness and 

the grain size at 4 hours of as-HIPped material are also outside the aeronautic industry 

and OEM requirements. After post-HIP HT the results follow the same tendency and only 

for 2 hours of soaking time OEM requirements are fulfilled. Increasing the soaking time 

(4 hours), grain size is again higher than 2 hours and above the requirements because 
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more diffusion has been promoted in order to decrease the free energy of the system by 

grain growth, once porosity disappears after 2 hours of soaking time. Hardness is also 

lower due to its higher grain size. However, at 4 hours the ductility is lower after HT, and 

before these treatments, in as-HIPped materials at this time it was higher. This result 

could be explained by a different behaviour of the materials during post-HIP HT.  

Table 4. 48. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, free cooling rate and 

different HIP times (the values above the AMS 5663 and OEM requirements are in green; the 

values above the AMS 5663 but below OEM requirements are in blue; and the values below both 

requirements are in red). 

 HIP soaking 

time (Hours) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

2 30 38 1122 860 774 632 32 20 42 36 

4 51 31 1029 777 688 576 37 22 46 39 

HIP 

+ 

HT 

2 33 46 1404 1129 1225 1004 20 16 35 32 

4 62 40 1362 1080 1205 978 17 12 29 22 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

 

Figure 4. 155. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, free cooling rate 

and different HIP times. 

The microstructure at low and high magnification of HIPped plus HT Erasteel 4 

materials at different HIP soaking times and the fracture surfaces of the as-HIPped and 
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HIPped plus HT tensile tests specimens have been analysed to understand the tensile tests 

results obtained before and after post-HIP HT. The images are exposed in Figure 4. 156 

and Figure 4. 157, respectively. The differences between both soaking times are: grain 

size and the amount of delta phase. Delta phase precipitates during solution treatment, as 

needle shape at grain boundaries in a different amount (0.7 vol.% and 0.4 vol.% for 2 and 

4 hours, respectively). Therefore, delta phase is part of the reason of the different tensile 

behaviour of the material after post-HIP HT. Gamma prime and gamma double prime 

phases, obtained during precipitation treatment, are not visible in these micrographs and 

TEM studies would be required to analyse these phases, as it has been described in the 

studies of the effect of HIP cooling rate and HIP temperature. The different grain size of 

both materials and the different amount of delta phase obtained at diverse HIP soaking 

times induced by as-HIP grain size are the reason of the diverse tensile behaviour of the 

material before and after post-HIP HT (Table 4. 48). 

 

Figure 4. 156. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, free 

cooling rate and different HIP times. 
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On the other hand, the fracture surfaces of HIPped plus HT tensile tests specimens 

analysed (Figure 4. 157) show the presence of ductility cavities and some powder 

particles in both materials. Even at 4 hours, a soaking time that promotes more diffusion 

bonding between powder particles, these powder particles are observed in fracture surface 

images and it is not visible the presence of more ductility cavities. Larger cleavage zones 

are also visible at 4 hours.  

 

Figure 4. 157. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) materials 

processed at 1220 ºC, 118 MPa, free cooling rate and different HIP times. 

According to the obtained results, the optimum HIP soaking time in the range tested 

is 2 hours. It is the unique condition that allows successfully achieving the tensile 

properties, grain size and hardness OEM requirements for HIP plus HT material. 

Therefore, this soaking time has to be used in the processing route developed in 

this work.  
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4.4.1.2. Effect of the powder 

The selection of the optimum powder for the NSHIP process developed in this 

thesis is mandatory to successfully achieve the microstructural and mechanical OEM 

requirements. To reach this objective it is necessary the analysis of different properties of 

as-atomised powder such as fraction size of work, chemical composition, interstitials 

content and manufacturing technology of the powder. In this section the results obtained 

of the diverse studies and analyses carried out are exposed, explained and discussed. 

Briefly, the following effects have been analysed in this thesis to determine the suitable 

powder properties of IN718 for the NSHIP process: 

▪ Fraction size: Three different fraction sizes (+20-150, +20-53 and +45-150 μm) of 

Erasteel 4 GA powder have been analysed to determine their influence on the 

mechanical properties. 

▪ Carbon content: Sandvik 1 (+45-180 μm) and Sandvik 2 (+53-180 μm) GA 

powders have similar physical properties and fraction size as well the same 

interstitials content and chemical composition, except carbon content. Comparing 

the results obtained for both materials processed at the same experimental 

conditions is possible to determine the influence of carbon content on the 

mechanical properties. 

▪ Interstitials content: Erasteel 4 (+45-150 μm) GA powder has low oxygen and 

carbon content and Osprey (+45-180 μm) GA powder has high interstitials content. 

Therefore, analysing the results of both materials can be determined the influence of 

oxygen content on the mechanical properties. 

▪ Hydrogen purging oxygen reduction treatment: Erasteel 4 (+20-150 μm) has been 

analysed before and after reduction treatment to determine it the lowest oxygen 

content as possible is better to the mechanical properties of the material. 

▪ Boron content: Erasteel 4 (+45-150 μm) and Sandvik 1 (+45-180 μm) GA 

powders have the same interstitials content and chemical composition, except boron 

content, and similar fraction size. Comparing the results obtained for both materials 

processed at the same experimental conditions is possible to analyse the influence 

of boron content on the mechanical properties. 
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▪ Manufacturing technology: Erasteel 4 (+20-150 μm) and AP&C 2 (+20-180 μm) 

are two powder manufactured by different technology, gas and plasma atomisation, 

respectively. Therefore, both materials have been processed at the same 

experimental conditions to compare their mechanical properties and determine the 

influence of manufacturing technology. 

▪ Comparison between different powder suppliers: An analysis of the best powder 

of each one of all powder suppliers available in this thesis at the same experimental 

conditions has been carried out to determine the best powder supplier for the 

NSHIP process. 

4.4.1.2.1. Fraction size  

The fraction size of the powder employed is another important parameter that can 

affect the mechanical properties of HIP material. Three different fractions of Erasteel 4 

(+20-150, +20-53 and +45-150 μm) have been studied to optimise this parameter. HIP 

cycles with these powders have been carried out at the same HIP conditions (1220 ºC, 

118 MPa, 2 hours and free cooling (30 ºC/min)), the optimum HIP temperature, pressure, 

soaking time and cooling rate determined in the previous sections. The unique differences 

between the three fraction sizes analysed are the oxygen content (85, 90 and 105 ppm for 

+45-150, +20-150 and +20-53 μm, respectively) the physical properties, being the tap 

density 62.2, 64.6 and 58.5 % TD for +45-150, +20-150 and +20-53 μm, respectively. 

After HIP cycles, the materials have been heat treated to achieve the mechanical 

properties required by the industry. The same two different treatments (solution and 

precipitation) employed and described in the study of the effect of HIP temperature have 

been used. 

After HIPping cycles and heat treatments, the materials obtained at the diverse 

experimental conditions have been characterised. Table 4. 49 shows the as-HIPped and 

HIPped plus HT (solution and precipitation) grain size and hardness measurements, and 

the tensile tests results obtained for Erasteel 4 at different fraction size of the powder. The 

grain size images of HIPped plus HT materials are shown in Figure 4. 158. In as-HIPped 

materials ductility is mainly affected by the smaller powder particles and thus ductility 

increase and strength decrease when powder is coarser. For this reason, ductility of 

fraction size +45-150 μm is better than +20-150 μm and this is higher than +20-53 μm. 

This behaviour is due to the different oxygen content of the different fraction sizes and 
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grain sizes obtained. When oxygen content increases ductility decreases. Ductility also 

increases when grain size is higher. It is higher in the materials with fraction size of 

powder with more presence of large particles (+45-150 μm > +20-150 μm > +20-53 μm). 

Due to the relation between grain size and hardness [68][69][70][71], harder materials are 

obtained when the grain size is smaller.  

After post-HIP HT (solution and precipitation) tensile properties are relatively close 

for the three fraction size of powder analysed. However, +20-150 μm is the unique 

condition that allows successfully achieving the tensile properties, grain size and hardness 

OEM requirements. Elongation and reduction area at elevated temperature for the fraction 

sizes +45-150 and +20-53 μm are below the OEM requirements. The most important 

difference between all HIPped plus HT microstructures is the grain size (Figure 4. 159) 

and the amount of CSL Σ3 boundaries. +20-150 μm is a wider fraction size than +45-150 

and +20-53 μm and it has better packaging (the highest tap density, 64.6 % TD) than the 

others, producing more diffusion bonding between powder particles, also increasing its 

amount of CSL Σ3 boundaries (26.6 % in comparison with 16.7 and 18.0 of fractions 

+45-150 and +20-53 μm, respectively) and thus, its ductility at elevated temperature is 

higher, being the only condition above the OEM requirements. In addition, grain size and 

hardness behaviour of the three materials is relatively the same of as-HIPped materials, 

increasing hardness due to the precipitation of strengthening phases (gamma prime and 

gamma double prime) and only few microns the grain size because delta phase controls 

grain growth. Grain size is larger and hardness is less in the materials with fraction size of 

powder with more presence of large particles (+45-150 μm > +20-150 μm > +20-53 μm), 

as occurs in as-HIPped materials. Therefore, +20-150 μm is optimum and enough to 

successfully achieve the OEM requirements of tensile properties, harness and grain size; 

and +45-150 and +20-53 μm are not recommended due to their low ductility at elevated 

temperature after post-HIP HT. 
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Table 4. 49. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 materials processed at 1220 ºC, 118 MPa, 2 hours, free cooling rate and using 

different fraction size of the powder (the values above the AMS 5663 and OEM requirements are 

in green; the values above the AMS 5663 but below OEM requirements are in blue; and the 

values below both requirements are in red). 

 Fraction size 

of powder     

(μm) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

 

HIP 

+45-150 33 37 1098 854 734 631 36 20 45 37 

+20-150 30 38 1122 860 774 632 32 20 42 36 

+20-53 24 40 1197 928 858 742 29 21 40 36 

 

HIP 

+ 

HT 

+45-150 38 44 1385 1094 1215 990 18 12 32 26 

+20-150 33 46 1404 1129 1225 1004 20 16 35 32 

+20-53 26 48 1390 1205 1213 990 19 15 33 30 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

 

Figure 4. 158. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Erasteel 4 materials processed at 1220 ºC, 118 MPa, 2 hours, free cooling rate and 

using different fraction size of the powder. 
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Figure 4. 159. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Erasteel 4 materials processed at 1220 ºC, 118 MPa, 2 hours, free cooling 

rate and using different fraction size of the powder. 

The fracture surfaces of HIPped plus HT tensile tests specimens have also been 

studied using a SEM (Figure 4. 160). The behaviour is really comparable to that observed 

in previous sections. Moreover, it is observed the same behaviour for all fraction sizes of 

powder, without relevant differences and thus, fracture surfaces cannot be related to 

tensile properties of HIPped plus HT materials.  
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Figure 4. 160. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Erasteel 4 materials processed at 1220 ºC, 

118 MPa, 2 hours, free cooling rate and using different fraction size of the powder. 

The effect of PSD has also been studied using Sandvik 2 powder (+53-180 and 

+15-53 μm), obtaining the same results and conclusions. For this reason, in this document 

only the results obtained to the different fraction sizes of Erasteel 4 powder were shown 

and discussed. 

Summarising, better packaging of fraction +20-150 μm (fraction with the highest 

tap density) is the key factor that promotes more diffusion bonding between powder 

particles, increasing the amount of CSL Σ3 boundaries and in consequence, improving the 

ductility at elevated temperature in comparison with the other fractions. Therefore, the 

optimum fraction size of work is +20-150 μm. In comparison with the other two fractions 

analysed, +20-150 μm has other two advantages. Tap density is higher and this physical 

property is important to model and predict the shrinkage of the canister and obtain final 

net shape parts. When tap density is higher, the shrinkage of the canister during HIP is 

smaller and thus, the accuracy of the model improves [4][81][82][83]. In addition, 

+20-150 μm is a wider fraction than others studied and thus, the yield of each atomisation 

increases, reducing the cost of the powder [1]. 
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4.4.1.2.2. Carbon content 

Carbon is one of the most important elements of IN718 powder. It has a strong 

influence on the final microstructure, grain size and mechanical properties of the 

material [2][8][49][50][64][84]. The effect of this interstitial element has been studied. 

Sandvik 1 (+45-180 μm) and Sandvik 2 (+53-180 μm) powders have close fraction size, 

morphology, chemical composition and interstitials content, except carbon content. 

Sandvik 2 powder has twice carbon content (121 ppm) than Sandvik 1 (50 ppm) and thus, 

the influence of the carbon content on the material evaluated in this thesis can be known 

comparing these powders. HIP cycles have been carried out using the optimum HIP 

conditions (1220 ºC, 118 MPa, 2 hours and free cooling (30 ºC/min)), and only different 

powder (Sandvik 1 or Sandvik 2). After HIP cycles, the materials have been heat treated 

(solution and precipitation) as in prior sections (sections 4.4.1.1.2). 

After HIPping cycles and heat treatments, the materials obtained at the diverse 

experimental conditions have been characterised. Table 4. 50 shows the as-HIPped and 

HIPped plus HT (solution and precipitation) grain size and hardness measurements, and 

the tensile tests results obtained for Sandvik 1 (+45-180 μm) and Sandvik 2 (+53-180 μm) 

powders. The microstructure of HIPped plus HT materials is shown in Figure 4. 161 as 

grain size images and in Figure 4. 162 as BSE SEM images. In as-HIPped materials 

ductility is higher, and strength is lower for Sandvik 1, the powder with lower carbon 

content. Ductility is worse for Sandvik 2 because carbides produces by its higher carbon 

content act as a barrier that inhibits diffusion bonding between powder particles, as it is 

explained in references [2][49][50]. At HIP temperature carbon precipitates as carbides, 

especially niobium and titanium carbides, as it is shown in references [8][16]. For the 

same reason, the grain size is really larger for Sandvik 1, above the requirements, because 

it has not any element as carbon that act as barrier and control the grain 

growth [2][49][50]. The hardness is also below the requirements in Sandvik 1, due to its 

large grain size [68][69][70][71].  

After post-HIP HT strength is very similar in both materials, although many values 

of ultimate tensile strength and yield strength are now higher for Sandvik 1, in spite its 

larger grain size. However, Sandvik 1 has better ductility due to its lower carbon content, 

as it is reported in references [2][8][49][50][64][84]. Carbon participates in PPBs as 

carbides in Sandvik 2, decreasing elongation and reduction area. Grain size of Sandvik 1 
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is again above the requirements, due to its low carbon content, as it is shown in 

references [2][8][49][50][64][84]. In addition, both materials do not successfully achieve 

the aeronautic industry and OEM requirements. Therefore, carbon content is really 

important because it controls grain growth, modifies the amount of carbides at PPBs and 

has a strong influence on the tensile properties (Table 4. 50), as it has also been described 

in references [2][8][49][64][84].  

Table 4. 50. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Sandvik 1 (+45-180 μm) and Sandvik 2 (+53-180 μm) materials processed at 1220 ºC, 118 MPa, 

2 hours and free cooling rate to study the effect of carbon content of the powder (the values 

above the AMS 5663 and OEM requirements are in green; the values above the AMS 5663 but 

below OEM requirements are in blue; and the values below both requirements are in red). 

 Powder and 

fraction size 

(μm) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

Sandvik 1 

(+45-180 μm) 
36 30 1002 773 613 574 43 24 49 40 

Sandvik 2 

(+53-180 μm) 
16 39 1036 783 652 606 37 23 46 39 

 

HIP 

+ 

HT 

Sandvik 1 

(+45-180 μm) 
49 41 1389 1093 1175 989 19 12 32 25 

Sandvik 2 

(+53-180 μm) 
20 45 1359 1079 1176 976 14 7 28 22 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 
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Figure 4. 161. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Sandvik 1 (+45-180 μm) and Sandvik 2 (+53-180 μm) materials processed at 1220 ºC, 

118 MPa, 2 hours and free cooling rate to study the effect of carbon content of the powder. 

 

Figure 4. 162. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Sandvik 1 (+45-180 μm) and Sandvik 2 (+53-180 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours and free cooling rate to study the effect of carbon content of 

the powder. 
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The fracture surfaces of HIPped plus HT tensile tests specimens tested at 650 ºC are 

shown in Figure 4. 163. The behaviour observed is in agreement with tensile properties, 

microstructure and hardness previously analysed. The presence of ductility cavities is 

lower and the powder particles are not as completely joined to other in Sandvik 2 material 

in comparison with Sandvik 1, due to its higher carbon content. Therefore, the best 

fracture surface images are achieved for Sandvik 1, with a high concentration of ductility 

cavities and a small amount of powder particles.  

 

Figure 4. 163. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Sandvik 1 (+45-180 μm) and Sandvik 2 

(+53-180 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and free cooling rate to study 

the effect of carbon content of the powder. 

Carbon parameter is an important parameter to successfully achieve the grain size, 

hardness and tensile test OEM requirements, as it has also been described in the 

references [2][8][49][50][64][84]. As it has been shown in this section, the presence of 

more amount of carbon decreases the ductility of HIP plus HT material due to the 

precipitation of carbides at PPBs during HIP soaking time. However, lower carbon 

Sandvik 1 Sandvik 2

300 μm 300 μm

40 μm 40 μm



Chapter 4 

292 

 

contents allow improving elongation and reduction area, but grain size is not controlled, 

so it is above the requirements. Therefore, it is necessary a powder with low carbon 

content to obtain tensile tests values above the OEM requirements, but a control of grain 

growth is also needed. 

4.4.1.2.3. Interstitials content 

Oxygen content of the powders is one of the most important parameters of the 

processing technology developed in this thesis. Oxygen content dramatically influences 

on the mechanical properties of the material [2][50][85]. The effect of interstitials content 

has been studied comparing Erasteel 4 (+45-150 μm) and Osprey (+45-180 μm) powders. 

These powders have similar fraction size and morphology, both are gas atomised 

powders, but interstitials content is completely different. Oxygen and carbon content of 

Erasteel 4 (+45-150 μm) is 85 and 35 ppm and for Osprey (+45-180 μm) 240 and 

400 ppm, respectively. Therefore, HIP cycles have been carried out using the optimum 

HIP conditions (1220 ºC, 118 MPa, 2 hours and free cooling (30 ºC/min)) and only 

different powder (Erasteel 4 or Osprey) to study the influence of interstitials content. 

After HIP cycles, the materials have been heat treated as in previous sections. 

After HIPping cycles and heat treatments, the materials obtained at the diverse 

experimental conditions have been characterised. Table 4. 51 shows the as-HIPped and 

HIPped plus HT (solution and precipitation) grain size and hardness measurements, and 

the tensile tests results obtained for Erasteel 4 (+45-150 μm) and Osprey (+45-180 μm) 

powders. The microstructure of the materials is shown in Figure 4. 164 as grain size 

images of HIPped plus HT materials and in Figure 4. 165 and Figure 4. 166 as BSE SEM 

images of as-HIPped and HIPped plus HT, respectively. In as-HIPped materials tensile 

tests values are better for Erasteel 4 because Osprey has higher oxygen and carbon 

contents and these elements precipitate as oxides and carbides at PPBs during HIP cycle 

(Figure 4. 165), decreasing the ductility, as it is also shown in references [2][50][85]. The 

effect of interstitials (oxygen and carbon) is clearly visible on elongation at elevated 

temperature of as-HIPped Osprey, which is below requirements, so after post-HIP HT it 

is impossible this value will be above OEM requirements. The high oxygen and carbon 

content of Osprey also has effect on grain size and hardness. Oxides and carbides mainly 

precipitate at PPBs, but there are also oxides inside the grains. Their presence inhibits 
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grain growth, obtaining a grain size really small. Hardness is also below requirements 

again due to the presence of a high amount of oxides and carbides.  

After post-HIP HT, it is also observed the effect of interstitials in the mechanical 

properties. Ductility of Osprey at room and elevated temperature is really low, below 

aeronautic industry and OEM requirements. Even strength of Osprey is also below OEM 

requirements. Osprey micrographs show high amount of oxides (mainly titanium and 

aluminium oxides, black points) and carbides (mainly niobium carbides, white points) at 

PPBs and inside the grains (Figure 4. 166). This behaviour is due to its high oxygen and 

carbon content (240 and 400 ppm, respectively), as also occurs in references [2][50][85]. 

These oxides and carbides are the key factor that dramatically decreases tensile tests 

values of this material, as in references [2][50][85]. Finally, it is also presented for both 

materials the presence of delta phase, precipitated during solution treatment, as needle 

shape at grain boundaries in a comparable amount (0.7 vol.% and 0.8 vol.% in Erasteel 4 

and Osprey, respectively). This small difference is because Osprey has smaller grain size 

and thus, more amount of grain boundaries where delta phase can precipitate.  

Table 4. 51. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+45-150 μm) and Osprey (+45-180 μm) materials processed at 1220 ºC, 118 MPa, 

2 hours and free cooling rate to study the effect of interstitials content of the powder (the values 

above the AMS 5663 and OEM requirements are in green; the values above the AMS 5663 but 

below OEM requirements are in blue; and the values below both requirements are in red). 

 Powder and 

fraction size 

(μm) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

Erasteel 4 

(+45-150 μm) 
33 37 1098 854 734 631 36 20 45 37 

Osprey   

(+45-180 μm) 
10 33 957 755 588 522 30 11 37 15 

 

HIP 

+ 

HT 

Erasteel 4 

(+45-150 μm) 
38 44 1385 1094 1215 990 18 12 32 26 

Osprey   

(+45-180 μm) 
14 40 1282 1024 1106 919 5 3 9 5 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 
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Figure 4. 164. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Erasteel 4 (+45-150 μm) and Osprey (+45-180 μm) materials processed at 1220 ºC, 

118 MPa, 2 hours and free cooling rate to study the effect of interstitials content of the powder. 

 

Figure 4. 165. Backscattered electron SEM microstructure images at low and high magnification 

of as-HIPped Erasteel 4 (+45-150 μm) and Osprey (+45-180 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours and free cooling rate to study the effect of interstitials content of 

the powder. 
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Figure 4. 166. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Erasteel 4 (+45-150 μm) and Osprey (+45-180 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours and free cooling rate to study the effect of interstitials content of 

the powder. 

The fracture surfaces of HIPped plus HT tensile tests specimens tested at 650 ºC are 

shown in Figure 4. 167. Little evidence of microplasticity can be noticed in Osprey 

powder. The presence of ductility cavities is lower and the powder particles are not as 

completely joined to other in Osprey material in comparison with Erasteel 4, due to its 

higher oxygen and carbon content, obtaining fracture surfaces where the prior powder 

particles are evident. At high magnification it is clearly visible the presence of carbides 

(white points) in the fracture surface image of Osprey. Therefore, fracture surface images 

achieved for low interstitials content are more appropriate, with a high concentration of 

ductility cavities and a smaller amount of powder particles.  
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Figure 4. 167. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+45-150 μm) and Osprey 

(+45-180 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and free cooling rate to study 

the effect of interstitials content of the powder. 

In conclusion, high oxygen and carbon contents dramatically decrease tensile tests 

values, especially ductility, due to the formation of oxides and carbides, which precipitate 

at PPBs and inside the grains. Therefore, the use of a powder with low carbon and oxygen 

content, at least less than 100 ppm, to successfully achieve tensile tests values above 

OEM requirements is mandatory.  
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4.4.1.2.4. Hydrogen purging oxygen reduction treatment 

Hydrogen purging treatment at moderate temperatures to reduce the oxygen content 

of the powder was developed and explained in section 4.2.9. The effect of this reduction 

treatment on the final properties of the material has been studied. HIP cycles have been 

carried out using the optimum HIP conditions (1220 ºC, 118 MPa, 2 hours and free 

cooling (30 ºC/min)) and only Erasteel 4 (+20-150 μm) powder with two different oxygen 

contents (as-atomised, 90 ppm oxygen, or reduced, 65 ppm of oxygen). After HIP cycles, 

the materials have been heat treated as in previous sections. 

Table 4. 52 shows the as-HIPped and HIPped plus HT (solution and precipitation) 

grain size and hardness measurements, and the tensile tests results obtained for 

as-atomised and reduced powders. The grain size images of HIPped plus HT materials 

can be seen in Figure 4. 168 and Figure 4. 169 shows their microstructure. The results 

(tensile tests, hardness, grain size and the rest of microstructural characteristics) obtained 

for as-HIPped and HIPped plus HT materials are very similar. After post-HIP HT both 

materials successfully achieve the OEM requirements. In addition, there is not visible any 

significant difference between both conditions for any of the properties studied. 

Table 4. 52. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

as-atomised and reduced Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 

2 hours and free cooling rate to study the effect of hydrogen purging oxygen reduction treatment 

(the values above the AMS 5663 and OEM requirements are in green; the values above the AMS 

5663 but below OEM requirements are in blue; and the values below both requirements are 

in red). 

 Condition of 

Erasteel 4 

powder 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

As-atomised 30 38 1122 860 774 632 32 20 42 36 

Reduced 31 37 1085 766 739 615 35 20 44 36 

HIP 

+ 

HT 

As-atomised 33 46 1404 1129 1225 1004 20 16 35 32 

Reduced 33 45 1402 1130 1226 1002 19 16 34 32 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 
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Figure 4. 168. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT as-atomised and reduced Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 

118 MPa, 2 hours and free cooling rate to study the effect of hydrogen purging oxygen 

reduction treatment. 

 

Figure 4. 169. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT as-atomised and reduced Erasteel 4 (+20-150 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours and free cooling rate to study the effect of hydrogen purging oxygen 

reduction treatment. 
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As it has been described, the unique difference between these powders used in this 

study is the oxygen content (Table 4. 53). As-atomised powder has 90 ppm and reduced 

powder has lower content, 65 ppm. After HIP cycle, the new outgassing procedure 

developed is able to keep the oxygen content at the level of as-atomised powder. 

However, reduced as-HIPped material has higher oxygen content (79 ppm versus 

65 ppm). This behaviour is due to the fact that the hydrogen reduction treatment and 

outgassing procedure cannot be done in the same canister in only one step, because some 

hydrogen is still inside the canister and it was responsible of some explosion during 

HIPping. Therefore, the 14 ppm of oxygen content difference is probably due to the 

handling of the reduced powder from the reduction canister to the HIP canister. If the 

hydrogen reduction treatment and outgassing procedure could be carried out in the same 

canister in only one step, oxygen content will be 65 ppm and mechanical properties could 

be improved. New investigations should be done about this activity. However, significant 

differences on the mechanical properties are not expected, because in this analysis of 

as-atomised and reduced powder the same mechanical properties have been obtained for 

different oxygen contents (90 ppm versus 79 ppm). 

Table 4. 53. Interstitials elements concentration (ppm) of as-atomised and reduced Erasteel 4 

(+20-150 μm) GA powder before and after HIP cycle at 1220 ºC, 118 MPa, 2 hours and free 

cooling rate. 

Condition Oxygen 

(ppm) 

Nitrogen 

(ppm) 

Carbon 

(ppm) 

Sulphur 

(ppm) 

As-atomised powder 90 43 35 21 

Reduced powder 65 42 35 20 

As-HIPped as-atomised 89 43 36 22 

As-HIPped reduced  79 44 35 19 

 

In conclusion, it is mandatory to use a powder with oxygen content less than 

100 ppm to successfully achieve the OEM requirement (as it has been shown in 

section 4.4.1.2.3), but smaller oxygen content in the range tested in this thesis is not 

significantly improving tensile properties. 
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4.4.1.2.5. Boron content 

The influence of boron content on the final properties of IN718 material has been 

evaluated due to its possible influence on material developed. Sandvik 1 (+45-180 μm) 

and Erasteel 4 (+45-150 μm) powders have close fraction size, morphology, interstitials 

content and chemical composition. However, boron content is different. 

Erasteel 4 powder has more than six times the boron content (60 ppm) than Sandvik 1 

(<10 ppm) and thus, the influence of the boron content on the material evaluated in this 

thesis can be known comparing these powders. HIP cycles have been carried out using 

the optimum HIP conditions (1220 ºC, 118 MPa, 2 hours and free cooling (30 ºC/min)) 

and only different powder (Sandvik 1 or Erasteel 4). After HIP cycles, the materials have 

been heat treated as in previous sections according to the standard procedure of 

this thesis. 

In the literature [12][15][16][17][86][87][88], it is described that in nickel-based 

superalloys boron segregates at grain boundaries as solid solution or borides of 

nanometric size and its presence improves some mechanical properties, such as ductility 

and creep at elevated temperature. In this comparison it is observed a comparable 

behaviour, with the same similarities and differences between both materials before and 

after post-HIP HT. In as-HIPped materials elongation and grain size increase, and 

strength and hardness decrease when boron content is lower because this element 

probably segregates at grain boundaries during processing as borides or in solid solution. 

Boron segregation also slightly hardens the material. After post-HIP HT both materials 

have comparable hardness, strength and ductility, being elongation and reduction area 

below OEM requirements. However, the most important result and the main 

difference detected between both materials is the grain size (Table 4. 54, Figure 4. 170 

and Figure 4. 171). Sandvik 1 has a higher grain size than Erasteel 4, and it is above 

requirements. The presence of boron segregation, especially as borides (M5B3) or even 

M23(C,B)6 borocarbides, would help to control grain growth. Consequently, boron helps 

to achieve grain size requirements. 
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Table 4. 54. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+45-150 μm) and Sandvik 1 (+45-180 μm) materials processed at 1220 ºC, 118 MPa, 

2 hours and free cooling rate to study the effect of boron content of the powder (the values above 

the AMS 5663 and OEM requirements are in green; the values above the AMS 5663 but below 

OEM requirements are in blue; and the values below both requirements are in red). 

 Powder and 

fraction size 

(μm) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

Erasteel 4 

(+45-150 μm) 
33 37 1098 854 734 631 36 20 45 37 

Sandvik 1   

(+45-180 μm) 
36 30 1002 773 613 574 43 24 48 40 

 

HIP 

+ 

HT 

Erasteel 4 

(+45-150 μm) 
38 44 1385 1094 1215 990 18 12 32 26 

Sandvik 1   

(+45-180 μm) 
49 41 1389 1093 1175 989 19 12 32 25 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

 

Figure 4. 170. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Erasteel 4 (+45-150 μm) and Sandvik 1 (+45-180 μm) materials processed at 1220 ºC, 

118 MPa, 2 hours and free cooling rate to study the effect of boron content of the powder. 
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Figure 4. 171. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Erasteel 4 (+45-150 μm) and Sandvik 1 (+45-180 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours and free cooling rate to study the effect of boron content of 

the powder. 

The fracture surfaces of HIPped plus HT tensile tests specimens tested at 650 ºC are 

shown in Figure 4. 172. It is observed the same behaviour in both powders, without 

relevant differences and thus, these fracture surfaces are in agreement with micrographs 

and mechanical properties previously studied, being the only difference the grain 

size obtained. 
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Figure 4. 172. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+45-150 μm) and Sandvik 1 

(+45-180 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and free cooling rate to study 

the effect of boron content of the powder. 

As it has been described, the main difference obtained processing two powders with 

different boron content is the grain size and hardness of the material developed. Boron 

probably segregates at grain boundaries and its presence helps to achieve grain size 

requirements. In fact, grain size in the powder with lower boron content is above 

standard requirements.  
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4.4.1.2.6. Manufacturing technology of the powder 

The influence of the manufacturing technology of the powder has also been 

analysed. Erasteel 4 (+20-150 μm) GA powder and AP&C 2 (+20-180 μm) PA powder 

have similar fraction size and chemical composition. Interstitials content is slightly higher 

in AP&C 2 powder, but the main difference is the morphology and microstructure of the 

powders due to the processing technology employed for obtaining the powders. Erasteel 4 

powder is obtained by gas atomisation and AP&C 2 powder is fabricated by plasma 

atomisation, a technology that allows obtaining powders with cleaner morphology 

[9][89][90]. HIP cycles have been carried out using the optimum HIP conditions 

(1220 ºC, 118 MPa, 2 hours and free cooling (30 ºC/min)) and only different powder 

(Erasteel 4 or AP&C 2). After HIP cycles, the materials have been heat treated as in 

previous sections according to the standard procedure of this thesis. 

In as-HIPped materials strength and hardness are higher, and ductility and grain size 

are lower for Erasteel 4 (Table 4. 55), because AP&C 2 has lower boron content and 

lower cooling rates than Erasteel 4, so starting microstructure in the powders is coarser 

and it has not any element as boron that can control grain growth. For this reason, 

grain size and hardness of this material are also below requirements. After post-HIP HT 

(Table 4. 55), grain size and hardness of AP&C 2 are outside the limits, as occurs in 

as-HIPped condition. Grain size dramatically increases during post-HIP HT. This 

behaviour can be because delta phase precipitation is lower than in Erasteel 4 material by 

its lower amount of grain boundaries (0.2 vol.% in comparison with 0.7 vol.% of 

Erasteel 4) (Table 4. 55, Figure 4. 173 and Figure 4. 174). The presence of titanium and 

aluminium oxides in AP&C 2 micrographs (Figure 4. 174, in black colour), which have 

been seen in the polished powder at the beginning of this chapter, can also have a 

detrimental effect on the tensile properties and the oxides can act as defects and be other 

reason of low tensile tests values obtained for this material after post-HIP HT. In addition, 

the concentration of oxygen in those large oxides also contribute to grain growth as small 

nanometric oxides that could inhibit grain growth are not present in the microstructure. 

Finally, the fracture surfaces of HIPped plus HT tensile tests specimens (Figure 4. 175) 

can be related to the strength and ductility obtained (Table 4. 55). Ductility characteristics 

are more present in Erasteel 4, with higher amount of plastic voids. Therefore, these 

results are in agreement with microstructure and mechanical properties 

previously discussed.  
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Table 4. 55. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+20-150 μm) and AP&C 2 (+20-180 μm) materials processed at 1220 ºC, 118 MPa, 

2 hours and free cooling rate to study the effect of manufacturing technology of the powder (the 

values above the AMS 5663 and OEM requirements are in green; the values above the AMS 5663 

but below OEM requirements are in blue; and the values below both requirements are in red). 

 Powder and 

fraction size 

(μm) 

Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

Erasteel 4 

(+20-150 μm) 
30 38 1122 860 774 632 32 20 42 36 

AP&C 2   

(+20-180 μm) 
51 10 915 705 568 517 41 25 48 41 

 

HIP 

+ 

HT 

Erasteel 4 

(+20-150 μm) 
33 46 1404 1129 1225 1004 20 16 35 32 

AP&C 2   

(+20-180 μm) 
105 29 1257 967 1107 867 14 9 25 15 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

 

Figure 4. 173. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Erasteel 4 (+20-150 μm) and AP&C 2 (+20-180 μm) materials processed at 1220 ºC, 

118 MPa, 2 hours and free cooling rate to study the effect of manufacturing technology of 

the powder. 
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Figure 4. 174. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Erasteel 4 (+20-150 μm) and AP&C 2 (+20-180 μm) materials processed at 

1220 ºC, 118 MPa, 2 hours and free cooling rate to study the effect of manufacturing technology 

of the powder. 
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Figure 4. 175. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) and AP&C 2 

(+20-180 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and free cooling rate to study 

the effect of manufacturing technology of the powder. 

After the study and characterisation of these two powders manufactured by different 

methods, it can conclude Erasteel 4 GA powder is more suitable than AP&C 2 to 

successfully achieve the OEM requirements because this powder has better chemical 

composition (optimum boron content), it has not high amount of internal oxides and it is 

cheaper. PA powder is not able to obtain the requirements of grain size, hardness and 

some tensile tests values. This powder has low boron content (20 ppm in comparison with 

60 ppm of Erasteel GA powder), oxides with large size and larger grain size, and thus, 

grain growth during HIP cycle is neither controlled nor inhibited, obtaining an as-HIPped 

grain size really larger. In addition, hardness is low for the same reason. Finally, the large 

as-HIPped grain size inhibits the precipitation of delta phase, which controls grain 

growth, and thus, grain size significantly increases during post-HIP HT. This large grain 

size and the presence of some internal oxides dramatically decrease tensile tests values of 
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HIPped plus HT material. Although the morphology of GA powders is not as clean as PA 

powders, Erasteel 4 GA powder is more suitable than AP&C 2 PA powder.  

4.4.1.3. Effect of HT 

There are many different factors evaluated in the previous sections that have 

influence on the mechanical properties. However, post-HIP heat treatments are one of the 

most important variables because first they are necessary to reach target ultimate tensile 

strength and yield strength but second ductility dramatically decreases after post-HIP HT. 

Therefore, in this section different post-HIP HT and the effect of carrying out the 

precipitation treatment inside or outside HIP unit are analysed to evaluate the influence of 

each treatment on the microstructure and mechanical properties of the final material. 

First, a solution treatment at 970 ºC during 1 hour with argon quench cooling to 

room temperature was done. The objective of this treatment is to dissolve diverse 

precipitates obtained during HIP cooling step, such as gamma prime and gamma double 

prime. In addition, during this treatment delta phase also appears and it controls the grain 

growth of the material by its precipitation at grain boundaries. Then, a precipitation 

treatment to obtain gamma prime and gamma double prime on the microstructure to 

harden the material were taken place. This treatment was done at 750 ºC for 4 hours, 

cooling from 750 ºC to 650 ºC at 45-65 ºC/h, 4 hours at 650 ºC and finally, air cooling to 

room temperature.  

First of all, as-HIPped and HIPped plus HT materials developed at optimum 

experimental conditions (powder, outgassing and HIP parameters) were analysed by TEM 

to detect gamma prime and gamma double prime phases and compare the differences on 

the micrographs that allow explaining the variation in the mechanical properties observed 

after post-HIP heat treatments (elongation and reduction area decrease, and ultimate 

tensile strength and yield strength increases). In Figure 4. 176 the presence of a higher 

amount of precipitates in the HIPped plus HT material than in as-HIP condition can be 

observed. In addition, their size is higher (15 nm) in comparison with as-HIPped material 

(5 nm). In both materials the precipitates are gamma prime and gamma double prime 

phases. The higher amount and size of the precipitates in the HIPped plus HT material is 

due to the precipitation treatment carried out in this material that allow precipitating these 

phases that reduce ductility and increase the strength. 
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Figure 4. 176. Diffraction pattern of IN718 with gamma prime and gamma double prime and 

dark field TEM images of both phases using the reflections ringed, of as-HIPped and post-HIP 

heat treated Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2 hours and free 

cooling rate during HIP cycle. 

As-HIPped and HIPped plus HT materials have been more intensively studied to 

know the coherency of the precipitates of gamma prime and gamma double prime. Foils 

obtained from the tensile specimens tested at elevated temperature (650 ºC) and near to 

the fracture zone have been prepared. These foils have been studied by TEM. On the one 

hand, as-HIPped material sample analysed (Figure 4. 177) did not show any contrast that 

can be related with the coherency of the precipitates. This behaviour is due to the fact that 

the size of the precipitates in the as-HIPped material is really small (approximately 5 nm), 

so it is very difficult to study the coherency of these precipitates. On the other hand, in the 

HIPped plus HT material sample evaluated (Figure 4. 178) the precipitates bend their 

surrounding area in the matrix due to elastic deformation and this bending can be 

appreciated as contrast (with ( ) shape) in the bright field images (some examples of this 

contrast have been remarked in white circles in Figure 4. 178), as it is mentioned in 

reference [91]. When the precipitate is coherent it will be in the same orientation as the 

matrix. Therefore if we tilt the sample to a two beam condition the contrast will be seen 

perpendicular to g direction, as it is mentioned in reference [91], as it is observed in this 

sample and thus, these precipitates of HIPped plus HT material are coherent. 
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Figure 4. 177. Diffraction pattern of IN718 with gamma prime and gamma double prime (top 

left), dark field TEM images of both phases using the reflections ringed (top right), diffraction 

pattern of IN718 after tilt the sample to a two beam conditions (bottom left), and bright field TEM 

images at this two beam condition (bottom right) of as-HIPped sample obtained from the tensile 

specimen tested at elevated temperature and near to the fracture zone of the 

Erasteel 4 (+20-150 μm) material processed at 1220 ºC, 118 MPa, 2 hours and free cooling rate 

during HIP cycle. 
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Figure 4. 178. Diffraction pattern of IN718 with gamma prime and gamma double prime (top 

left), dark field TEM images of both phases using the reflections ringed (top right), diffraction 

pattern of IN718 after tilt the sample to a two beam conditions (bottom left), and bright field TEM 

images at this two beam condition (bottom right) of post-HIP heat treated sample obtained from 

the tensile specimen tested at elevated temperature and near to the fracture zone of the 

Erasteel 4 (+20-150 μm) material processed at 1220 ºC, 118 MPa, 2 hours and free cooling rate 

during HIP cycle. 

Finally, using these foils obtained from the tensile specimens tested at elevated 

temperature and near to the fracture zone, gamma prime and gamma double prime 

phases have been studied separately. The results obtained in this study are exposed in 

Figure 4. 179 and Figure 4. 180 for HIPped and HIPped plus HT materials, respectively. 

The differences between select only a point of the pattern of gamma double prime or a 

point of the pattern of both phases are clear in these figures. The precipitates can be 

separated as gamma prime or gamma double prime due to this study and it is not observed 

significant differences between both phases, obtaining similar precipitates with 

approximately the same size (5 nm in as-HIP condition and 15 nm for HIP plus HT 

material). Finally, observing these figures, it seems that there is not more amount of one 

of these phases, being comparable the volume fraction of gamma prime and gamma 

double prime precipitates. 
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Figure 4. 179. Diffraction patterns of IN718 with gamma prime and gamma double prime (top 

left) and only gamma double prime (bottom left) and dark field TEM images of both phases (top 

right) and only gamma double prime (bottom right) using the reflections ringed, of as-HIPped 

Erasteel 4 (+20-150 μm) material processed at 1220 ºC, 118 MPa, 2 hours and free cooling rate 

during HIP cycle. 
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Figure 4. 180. Diffraction patterns of IN718 with gamma prime and gamma double prime (top 

left) and only gamma double prime (bottom left) and dark field TEM images of both phases (top 

right) and only gamma double prime (bottom right) using the reflections ringed, of post-HIP heat 

treated Erasteel 4 (+20-150 μm) material processed at 1220 ºC, 118 MPa, 2 hours and free 

cooling rate during HIP cycle. 

It has been shown during these two heat treatments (ST and PT) the material 

hardens but at the same time the ductility dramatically decreases. Therefore, after the 

optimisation of many different experimental conditions (powder, outgassing and HIP 

parameters), it is necessary to complete the optimisation of the processing route proposed 

the study of different post-HIP HT. According to this objective, new post-HIP HT are 

analysed in this section and it is also studied the effect of carrying out the precipitation 

treatment inside or outside HIP unit. 
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4.4.1.3.1. Different post-HIP HT 

To analyse the effect of different post-HIP HT, different HIP cycles have been 

carried out using the optimum HIP conditions (1220 ºC, 118 MPa, 2 hours and free 

cooling (30 ºC/min)) and powder (Erasteel 4 (+20-150 μm) GA powder) and only 

different post-HIP HT. After HIP cycles, the materials have been heat treated at different 

experimental conditions to better understand the effect of every step in the microstructure 

and tensile properties. The different treatments (solution and/or precipitation) employed 

are gathered in Table 4. 56.  

Table 4. 56. Different post-HIP HT studied in as-HIPped Erasteel 4 (+20-150 μm) materials 

processed at 1220 ºC, 118 MPa, 2hours and free cooling rate.  

Condition ST 

 (970 ºC, 1 hour) 

PT  

750-650 ºC, 2 hours 

PT  

750-650 ºC, 4 hours  

As-HIPped + ST 
YES NO NO 

As-HIPped + ST + PT (2h) 
YES YES NO 

As-HIPped + ST + PT (4h) 
YES NO YES 

As-HIPped + PT (2h) 
NO YES NO 

As-HIPped + PT (4h) 
NO NO YES 

 

Materials with ST and PT and with only PT successfully achieve all requirements 

(Table 4. 57). During processing it is precipitated boron to control grain growth of the 

material and some delta, gamma prime and gamma double prime during HIP cooling step 

(Figure 4. 122 and Figure 4. 123). After only solution treatment (HIPped + ST sample), 

ductility increases and strength and hardness decrease, due to the dissolution of part of 

gamma prime and gamma double prime precipitates obtained during HIP cooling step 

(the total amount of precipitates dissolved depends on the kinetic of reaction and the time 

of ST, 1 hour), and thus the material is below requirements due to the fact that it is 

necessary the precipitation of strengthening phases. Comparing the effect of the time of 

precipitation treatment (2 or 4 hours), the same behaviour is observed with or without 

solution treatment. Ductility increases and strength decreases with less soaking time of 

PT, because these materials have lower amount of gamma prime and gamma double 

prime phases, which strengthening the material, being necessary 4 hours of soaking time 
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to obtain all precipitation of gamma prime and gamma double prime in the material and 

stabilise the microstructure to guarantee its behaviour during service life. The effect of 

solution treatment is also visible comparing materials with the same PT soaking time (2 

or 4 hours) and with or without ST. The results and conclusions are the same for both 

times. The tensile tests, hardness and grain size values are really similar (Table 4. 57 and 

Figure 4. 181), and thus, there is a limited effect of solution treatment on these properties. 

This treatment is carried out to dissolve part of the gamma prime and gamma double 

prime precipitates, as it is shown in the results of sample HIPped + ST, and delta phase 

also precipitated in this ST at grain boundaries and it controls grain growth. However, 

Erasteel 4 powder has high boron content, other element that helps to obtain 

microstructures with grain size inside the requirements. Therefore, due to the presence of 

boron, it is not observed grain size of materials with only PT dramatically increases, 

being comparable to the data of material with also ST.  

Finally, observing the microstructures and fracture surfaces (Figure 4. 182 and 

Figure 4. 183, and Figure 4. 184 and Figure 4. 185, respectively) these figures are in 

agreement with the tensile tests, grain size and hardness results previously discussed. On 

the one hand, in Figure 4. 183 it is visible the presence of delta phase, precipitated during 

solution treatment, as needle shape at grain boundaries in the three materials with ST in a 

comparable amount (0.7 vol.%). HIPped materials with only PT do not have delta phase 

at grain boundaries, because this phase appears during solution treatment. As it has been 

previously mentioned in other sections of this chapter, to better understand the differences 

between diverse post-HIP HT studied future TEM studies of these materials will have to 

be carried out. On the other hand, fracture surfaces (Figure 4. 184 and Figure 4. 185) 

show a similar behaviour at all HT analysed, without substantial differences. There is 

evidence of ductility characteristics with high amount of plastic voids. However, some 

powder particles, which are not joined to other during the HIP cycle, are also detected. It 

is also visible the presence of some holes due to powder particles that are in the other 

fracture surface in some materials such as HIPped + ST + PT (2h), HIPped + PT (2h) and 

HIPped + PT (4h) (Figure 4. 184). 
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Table 4. 57. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2hours and free cooling rate 

to study the effect of different post-HIP heat treatments (the values above the AMS 5663 and 

OEM requirements are in green; the values above the AMS 5663 but below OEM requirements 

are in blue; and the values below both requirements are in red). 

 Condition Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

HIP As-HIPped 30 38 1122 860 774 632 32 20 42 36 

 

 

 

HIP 

+ 

HT 

HIPped + ST 34 33 938 784 534 542 45 27 52 47 

HIPped +   

ST + PT (2h) 
34 44 1381 1101 1203 981 22 17 36 33 

HIPped +   

ST + PT (4h) 
33 46 1404 1129 1225 1004 20 16 35 32 

HIPped +   

PT (2h) 
35 44 1378 1094 1195 974 23 18 37 33 

HIPped +   

PT (4h) 
35 44 1402 1121 1253 1010 20 16 35 32 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 
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Figure 4. 181. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2hours and free 

cooling rate to study the effect of different post-HIP heat treatments. 
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Figure 4. 182. Backscattered electron SEM microstructure images at low magnification of 

HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2hours and 

free cooling rate to study the effect of different post-HIP heat treatments. 
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Figure 4. 183. Backscattered electron SEM microstructure images at high magnification of 

HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2hours and 

free cooling rate to study the effect of different post-HIP heat treatments. 
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Figure 4. 184. Secondary electron SEM fracture surface images at low magnification of tensile 

specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 

1220 ºC, 118 MPa, 2hours and free cooling rate to study the effect of different post-HIP 

heat treatments. 
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Figure 4. 185. Secondary electron SEM fracture surface images at high magnification of tensile 

specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 

1220 ºC, 118 MPa, 2hours and free cooling rate to study the effect of different post-HIP 

heat treatments. 
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The effect of the different post-HIP HT has been studied using 

Sandvik 2 (+53-180 μm) powder, obtaining the same results and conclusions. The only 

difference is that grain growth is controlled by precipitation of carbides at PPBs during 

HIP cycle due to its high carbon content. In addition, in the materials with only PT, 

without delta phase, the grain size is not increased after PT because it is previously 

controlled by carbon precipitation during HIP cycle as carbides at PPBs. Table 4. 58 

shows the as-HIPped and HIPped plus HT (solution and/or precipitation) grain size and 

hardness measurements, and the tensile tests results obtained for this powder after 

different post-HIP HT. 

Table 4. 58. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Sandvik 2 (+53-180 μm) materials processed at 1220 ºC, 118 MPa, 2hours and free cooling rate 

to study the effect of different post-HIP heat treatments (the values above the AMS 5663 and 

OEM requirements are in green; the values above the AMS 5663 but below OEM requirements 

are in blue; and the values below both requirements are in red). 

 Condition Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

HIP As-HIPped 16 39 1036 783 652 606 37 23 46 39 

 

 

HIP 

+ 

HT 

HIPped + ST 21 33 876 697 465 508 48 29 58 50 

HIPped +   

ST + PT (2h) 
20 43 1346 1065 1158 960 15 9 29 23 

HIPped +   

ST + PT (4h) 
20 45 1359 1079 1176 976 14 7 28 22 

HIPped +   

PT (2h) 
20 44 1352 1062 1160 951 15 9 28 23 

HIPped +   

PT (4h) 
20 45 1385 1098 1201 992 14 9 27 22 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 
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Summarising the activity carried out to analyse the effect of different post-HIP HT, 

materials with only post-HIP PT or with ST and PT successfully achieve all OEM 

requirements if appropriate powder is used. ST dissolves the precipitates obtained during 

HIP cooling step, such as gamma prime and gamma double prime. During this treatment, 

delta phase precipitates, the ductility increases and strength decreases. PT hardens the 

material by the precipitation of gamma prime and gamma double prime phases. It is 

necessary at least 4 hours of soaking time to stabilise the precipitation in the material. 

More time is not necessary, obtaining the same hardness values for larger soaking times 

(6 or 8 hours), because all amount of strengthening phases (gamma prime and gamma 

double prime) have completely precipitated at 4 hours.  

4.4.1.3.2. HT (in) versus HT (out) 

It has also been studied the influence of carrying out PT inside HIP machine or in a 

conventional furnace out of HIP unit. HIP cycles have been carried out using the 

optimum HIP conditions (1220 ºC, 118 MPa, 2 hours and free cooling (30 ºC/min)) and 

powder (Erasteel 4 (+20-150 μm) GA powder) and only different PT. These two PT of 

2 hours of soaking time at 750 and 650 ºC are described in Chapter 3.  

Similar hardness, grain size and tensile tests values (Table 4. 59) are obtained for 

both PT, successfully achieving the requirements. There are not significant differences 

between PT inside or outside HIP unit. In addition, grain size does not dramatically 

increase after PT (Table 4. 59 and Figure 4. 186). Although ST is not carried out and 

consequently delta phase does not precipitate, the presence of boron helps to obtain 

microstructures with grain size inside the requirements. Finally, observing microstructure 

and fracture surfaces of both materials (Figure 4. 187 and Figure 4. 188, respectively), the 

results are comparable and they are in agreement with tensile tests, grain size and 

hardness values achieved. Both microstructures are really clean, without the presence of 

large amount of PPBs and only some oxides inside the grain and in the PPBs. As 

expected, it is not visible the presence of delta phase, which precipitates during solution 

treatment as needle shape at grain boundaries because ST has not been performed in these 

materials. The fracture surfaces have high amount of dimples and some powder particles, 

which are not joined to other during the HIP cycle. Therefore, from the microstructural or 

tensile behaviour it is irrelevant carrying out the PT inside or outside HIP unit. 
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Table 4. 59. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2hours and free cooling rate 

to study the effect of heat treatments inside or outside of the HIP unit (the values above the AMS 

5663 and OEM requirements are in green; the values above the AMS 5663 but below OEM 

requirements are in blue; and the values below both requirements are in red). 

 Condition Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

HIP As-HIPped 30 38 1122 860 774 632 32 20 42 36 

HIP 

+ 

HT 

(in) 

HIPped         

+                

PT (2h) 

Inside 

33 45 1385 1122 1156 978 21 17 35 32 

HIP 

+ 

HT 

(out) 

HIPped         

+                

PT (2h) 

Outside 

35 44 1378 1094 1195 974 23 18 37 33 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

 

Figure 4. 186. EBSD unique grain colour maps, with each grain in a different colour, of HIPped 

plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2hours and free 

cooling rate to study the effect of heat treatments inside or outside of the HIP unit. 

Inside

200 μm

Outside

200 μm



Results and discussion 

325 

 

 

Figure 4. 187. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at 1220 ºC, 118 MPa, 2hours 

and free cooling rate to study the effect of heat treatments inside or outside of the HIP unit. 

300 μm

30 μm

Inside

300 μm

30 μm

Outside



Chapter 4 

326 

 

 

Figure 4. 188. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) materials 

processed at 1220 ºC, 118 MPa, 2hours and free cooling rate to study the effect of heat 

treatments inside or outside of the HIP unit. 

The effect of carrying out PT inside or outside HIP unit has also been studied using 

Sandvik 2 (+53-180 μm) powder, obtaining the same results and conclusions.  

Finally, after the analysis, study and discussion of all experimental variables of the 

NSHIP process developed in this thesis (powder, outgassing procedure, HIP parameters 

and post-HIP HT) the optimum experimental conditions to successfully achieve the 

microstructural and mechanical (hardness and tensile properties) requirements are: 

▪ Powder: Gas atomised powder produced with low oxygen and carbon content (less 

than 100 ppm), tap density close to 65 % TD, optimum morphology (low amount of 

satellites, flakes and aggregates), and the appropriate chemical composition (boron 

content close to 60 ppm is necessary). 
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▪ Particle size distribution: +20 – 150 μm (the unique PSD that successfully 

achieves the OEM requirements, as it is shown in section 4.4.1.2.1 of this chapter).  

▪ Filling the canister: Under vibration in order to reach the tap density of the 

selected powder and particle size distribution.  

▪ Outgassing: New degassing procedure in vacuum for 24 hours with 6 hours at 200 

°C (rest of the time at room temperature).  

▪ HIP: 1220 °C, 118 MPa, 2 hours and cooling rate at least of 30 ºC/min from 

1220 ºC to 500 ºC in order to avoid an excess of gamma prime and gamma double 

prime precipitation that cannot be enough dissolved during the 1 hour of solution 

treatment and dramatically decreases ductility.  

▪ Heat treatments: Solution treatment at 970 °C for 60 minutes and gas quench 

cooling plus precipitation treatment at 750 °C for 4 hours, from 750 to 650 °C at 

45-65 °C/h, for 4 hours at 650 ºC and air cooling to room temperature.  

4.4.2. HIP versus forged materials 

HIP material developed at the optimum experimental conditions above mentioned 

and OEM forged material have been compared to analyse their differences. The same 

characterisation done in the previous sections was again carried out. In addition, charpy 

tests at room and elevated (650 ºC) temperatures to know the toughness of HIPped and 

OEM forged plus HT (solution and precipitation) materials were also carried out.  

OEM forged plus HT material has smaller grain size (Figure 4. 189) than HIP 

material and thus, its hardness is higher (Table 4. 60). However, in spite of its smaller 

grain size, ultimate tensile strength and yield strength are smaller and ductility is higher 

for OEM forged. Both materials successfully achieve the requirements (Table 4. 60). In 

addition, the ductility of HIP material at elevated temperatures decreases in comparison 

with the room temperature result. The opposite behaviour is observed in forged material. 

HIP material has lower ductility at elevated temperature because the material has 

embrittlement associated with the environmental oxidation affecting adversely the inter 

particle bonding [2][13][61][62]. During the test at 650 ºC, oxygen diffuses through the 

specimen to PPBs, making these defects more stable by the formation of high stable and 

brittle oxides. Therefore, this behaviour promotes lower ductility at 650 ºC of HIP 
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material. To better understand these results the study of the fracture surfaces, interstitials 

content and microstructure of both materials was carried out.  

Table 4. 60. Grain size, hardness and tensile tests results of OEM forged plus HT material and 

HIP plus HT Erasteel 4 (+20-150 μm) GA powder processed at the optimum experimental 

conditions (1220 ºC, 118 MPa, 2hours and free cooling rate) (the values above the AMS 5663 

and OEM requirements are in green; the values above the AMS 5663 but below OEM 

requirements are in blue; and the values below both requirements are in red). 

Condition Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

OEM Forged + HT 16 52 1392 1131 1160 969 21 25 42 53 

HIPped + HT 33 46 1404 1129 1225 1004 20 16 35 32 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

 

Figure 4. 189. EBSD unique grain colour maps, with each grain in a different colour, of OEM 

forged plus HT material and HIP plus HT Erasteel 4 (+20-150 μm) GA powder processed at the 

optimum experimental conditions (1220 ºC, 118 MPa, 2hours and free cooling rate). 

Interstitials content and chemical composition of both materials are reported in 

Table 4. 61 and Table 4. 62. Both materials have similar chemical composition and low 

interstitials content. Carbon content is low and really similar and oxygen content is higher 

in OEM forged material, but even oxygen is worse, its ductility is better. At this level of 

oxygen content in the OEM forged material, it is not so critical because there is not 

presence of PPBs and during forging step the oxides are dispersed. Therefore, chemical 

composition and interstitials content are not the reason of different ductility obtained. 
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Table 4. 61. Interstitials elements concentration (ppm) of OEM forged plus HT material and HIP 

plus HT Erasteel 4 (+20-150 μm) GA powder processed at the optimum experimental conditions 

(1220 ºC, 118 MPa, 2hours and free cooling rate). 

Condition Oxygen 

(ppm) 

Nitrogen 

(ppm) 

Carbon 

(ppm) 

Sulphur 

(ppm) 

OEM forged plus HT 130 80 30 10 

HIPped plus HT 89 42 38 19 

 

Table 4. 62. Chemical composition of OEM forged plus HT material and HIP plus HT Erasteel 

4 (+20-150 μm) GA powder processed at the optimum experimental conditions (1220 ºC, 

118 MPa, 2hours and free cooling rate). 

 Weight % (wt.%) 

Powder Al B Co Cr Cu Fe Mn Mo Ni Nb P Si Ti 

OEM 

forged  0.41 0.004 0.11 19.34 0.03 18.02 0.007 2.95 53.08 5.01 0.008 0.05 0.96 

Erasteel 4 0.28 0.006 0.01 19.67 <0.01 18.10 0.002 2.86 52.74 5.03 <0.005 0.03 1.03 

AMS 

5662 and 

5663 

0.20 

– 

0.80 

0.006 

max. 

1.0 

max. 

17.00 

– 

21.00 

0.30 

max. 

15.00 

– 

21.00 

0.35 

max. 

2.80 

– 

3.30 

50.00 

– 

55.00 

4.75 

– 

5.45 

0.015 

max. 

0.35 

max. 

0.65 

– 

1.15 

 

The fracture surfaces of HIPped plus HT and OEM forged plus HT materials tensile 

tests specimens are shown in Figure 4. 190. Fracture surfaces are different. HIP material 

has high amount of microplasticity with the presence of plastic voids, but prior powder 

particles are visible at low magnification, which are not fully joined to other during the 

HIP cycle. As it has been described previously in this chapter, these particles are probably 

oxidised particles rich in titanium and aluminium oxides. Forged fracture surface is flatter 

at low magnification and it has significant amount of holes. At higher magnification there 

is also evidence of ductile characteristics and some holes in the surface are also present. 

To even better understand these results, other mechanical property was analysed 

(toughness by charpy tests) and the study of the microstructure of both materials was 

carried out. 
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Figure 4. 190. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of OEM forged plus HT material and HIP plus HT Erasteel 4 

(+20-150 μm) GA powder processed at the optimum experimental conditions (1220 ºC, 

118 MPa, 2hours and free cooling rate). 

Charpy tests results at room and elevated (650 ºC) temperatures of HIPped plus HT 

and forged plus HT materials are gathered in Table 4. 63. There is not available any 

aeronautic standard or OEM specification for this test and thus, it is necessary an analysis 

and comparison of forged and HIP materials. At both temperatures forged material 

shows higher absorbed energy than optimum HIP material. As it is common, ductility 

(Table 4. 60) and toughness (Table 4. 63) are related. HIPped material has lower values of 

both properties in comparison with forged material.  
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Table 4. 63. Charpy tests results of OEM forged plus HT material and HIP plus HT Erasteel 4 

(+20-150 μm) GA powder processed at the optimum experimental conditions (1220 ºC, 

118 MPa, 2hours and free cooling rate). 

Condition Charpy test (Joules) 

RT 650 ºC 

OEM forged plus HT 31 51 

HIPped plus HT 19 28 

 

The fracture surfaces images at low and high magnification of charpy specimens 

tested at room temperature and 650 ºC are shown in Figure 4. 191 and Figure 4. 192. A 

similar behavior to that obtained in tensile tests fracture surfaces (Figure 4. 190) is 

achieved. Both materials have the presence of ductile characteristics and evidence of 

microplasticity, being visible higher amount of ductile microstructural features in the 

HIPped material. However, some prior powder particles are also present in the HIPped 

material. Forged fracture surface is also flatter than HIPped. Finally, there are some holes 

in the surface of OEM forged material, mainly at low magnification and their amount is 

lower than tensile tests fracture surfaces. In addition, there is not any substantial 

difference in the fracture surface images of room and elevated temperature. Therefore, in 

the following characterisations there are only shown the fracture surface images of charpy 

specimens tested at elevated temperature. Moreover, this study has also been done using 

Sandvik 2 (+53-180 μm) powder. This powder has a higher carbon and lower boron 

content than Erasteel 4 (+20-150 μm) powder and thus, the charpy tests values are even 

lower (9 and 16 Joules at room temperature and 650 ºC, respectively). These results are in 

agreement with tensile tests because it is observed the same behaviour between 

Sandvik 2 (+53-180 μm) and Erasteel 4 (+20-150 μm) powders, obtaining better results 

for the powder with lower carbon and higher boron content, Erasteel 4 (+20-150 μm). For 

this reason, in this document only the results obtained to Erasteel 4 (+20-150 μm) powder 

were shown and discussed. In the images of Figure 4. 191 the fracture for the forged 

material was propagating looking for the more brittle phase delta phase. In contrast in the 

HIP plus HT material the fracture propagates looking for the weakest joining in between 

prior powder particles. Finally, because charpy tests values of HIP material are really low 

in comparison with forged material, new actions were carried out to improve them. 
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Figure 4. 191. Secondary electron SEM fracture surface images at low and high magnification of 

charpy specimens tested at room temperature of OEM forged plus HT material and HIP plus 

HT Erasteel 4 (+20-150 μm) GA powder processed at the optimum experimental conditions 

(1220 ºC, 118 MPa, 2hours and free cooling rate). 
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Figure 4. 192. Secondary electron SEM fracture surface images at low and high magnification of 

charpy specimens tested at 650 ºC of OEM forged plus HT material and HIP plus HT Erasteel 4 

(+20-150 μm) GA powder processed at the optimum experimental conditions (1220 ºC, 

118 MPa, 2hours and free cooling rate). 

As hypothesis, a solution to improve the charpy test results of HIP plus HT material 

to obtain values close to OEM forged material was increasing the diffusion between prior 

powder particles, which some are still not joined to other after HIP at optimum 

experimental conditions, as it has been shown in fracture surfaces of tensile and charpy 

tests (Figure 4. 190, and Figure 4. 191 and Figure 4. 192, respectively). If the diffusion 

between prior powder particles increases, the energy needed for breaking the HIPped 

material will also be higher and thus, charpy tests results will increase. In consequence, 

charpy tests with material developed in HIP cycles that promotes more diffusion between 

particles (Table 4. 64) were carried out. As it is shown in Table 4. 64, all experimental 

parameters were modified (temperature, time, pressure, fraction of powder and oxygen 

content) but changing only one parameter per cycle in comparison with optimum 

processing conditions. 
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Table 4. 64. Conditions of HIP experimental activity carried out to improve charpy tests results. 

Variable 

modified 

Powder Fraction 

size (μm) 

Temperature 

(ºC) 

Pressure 

(MPa) 

Time 

(Hours) 

None 

(Optimum) 
Erasteel 4     +20-150 μm 1220 118 2 

Temperature 

(1240 ºC) 
Erasteel 4   +20-150 μm 1240 118 2 

Time            

(4 hours) 
Erasteel 4     +20-150 μm 1220 118 4 

Oxygen 

content 

(Reduced) 

Erasteel 4 reduced         +20-150 μm 1220 118 2 

PSD       

(+20-53 μm) 
Erasteel 4     +20-53 μm 1220 118 2 

Pressure 

(175 MPa) 
Erasteel 4     +20-150 μm 1220 175 2 

 

Charpy tests results of these new materials are gathered in Table 4. 65. After HT, 

new HIP materials do not improve the results obtained for optimum experimental HIP 

conditions. However, as-HIP samples have higher charpy tests values than those of OEM 

forged plus HT material (Table 4. 63). For this reason, the fracture surface images of 

these specimens (as-HIP and HIP plus HT) tested at elevated temperature have been 

analysed (Figure 4. 193 to Figure 4. 196) to compare as-HIP and HIP plus HT fracture 

surface images. Analysing the fracture surfaces in these figures, it is not clear any 

difference. Prior powder particles are detected in both types of materials (before and after 

post-HIP HT). There are also some holes in both conditions in all materials due to powder 

particles that are in the other fracture surface. In addition, fracture surfaces of material 

with smaller fraction size (+20-53 μm) have ductility cavities of small size because the 

PSD of the powder is different. Even more, at as-HIP conditions there are more cleavage 

zones than after HT. Finally, after the analysis of these fracture surfaces at all conditions 

before and after post-HIP HT, it is clear that small differences are observed in fracture 

surface images after post-HIP HT, being obtained similar behaviours. 
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Table 4. 65. Charpy tests results of OEM forged plus HT material, HIP plus HT material 

processed at the optimum experimental conditions and new experiments carried out to improve 

charpy tests results. 

Condition HIP – Charpy test 

(Joules) 

HIP plus HT – Charpy test 

(Joules) 

RT 650 ºC RT 650 ºC 

OEM forged plus HT No data available 31 51 

HIP optimum No data available 19 28 

HIP 1240 ºC No data available 10 17 

HIP 4 hours 83 58 15 25 

HIP Reduced 72 52 19 27 

HIP +20-53 μm 49 43 14 24 

HIP 175 MPa 75 54 16 26 
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Figure 4. 193. Secondary electron SEM fracture surface images at low magnification of charpy 

specimens tested at 650 ºC of as-HIP new experiments carried out to improve charpy 

tests results. 
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Figure 4. 194. Secondary electron SEM fracture surface images at high magnification of charpy 

specimens tested at 650 ºC of as-HIP new experiments carried out to improve charpy 

tests results. 
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Figure 4. 195. Secondary electron SEM fracture surface images at low magnification of charpy 

specimens tested at 650 ºC of HIP plus HT new experiments carried out to improve charpy 

tests results. 

 

Figure 4. 196. Secondary electron SEM fracture surface images at high magnification of charpy 

specimens tested at 650 ºC of HIP plus HT new experiments carried out to improve charpy 

tests results. 
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Therefore, it is necessary to successfully achieve the OEM tensile test requirements 

low oxygen and carbon content (less than 100 ppm) to avoid high amount of PPBs or 

prior powder particles, but there is another more important factor that is the responsible of 

low ductility and toughness of HIPped material in comparison with OEM forged material. 

As it is visible in Table 4. 65, HT dramatically decrease the toughness of HIP material 

and thus, new experiments to improve the charpy tests results of HIP material focused on 

the effect of HT on the microstructural characteristics of the material were carried out. 

Thus, trying to improve adhesion between prior powder particles it was thought that 

keeping grain boundaries free of delta phase could be suitable and then, solution 

treatment was avoided. A HIPped material only with precipitation treatment was studied. 

The results obtained are gathered in Table 4. 66. There are not substantial differences 

between HIP materials with and without solution treatment. In addition, fracture surfaces 

were also evaluated (Figure 4. 197) and the same behaviour is observed. Therefore, it is 

concluded that the presence of delta phase in grain boundaries obtained during solution 

treatment is not the problem of HIP route to achieve the charpy tests values obtained with 

OEM forged material. 

Table 4. 66. Charpy tests results of OEM forged plus HT material, HIP plus HT material 

processed at the optimum experimental conditions and HIP plus PT (2 hours) inside HIP unit 

Erasteel 4 (+20-150 μm) processed at 1220 ºC, 118 MPa and 2 hours to improve charpy tests 

results avoiding delta phase. 

Condition Charpy test (Joules) 

RT 650 ºC 

OEM forged plus HT 31 51 

HIP Optimum plus HT 19 28 

HIP plus PT (2 hours) inside HIP 20 29 
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Figure 4. 197. Secondary electron SEM fracture surface images at low and high magnification of 

charpy specimens tested at 650 ºC of OEM forged plus HT material, HIP plus HT material 

processed at the optimum experimental conditions and HIP plus PT (2 hours) inside HIP unit 

Erasteel 4 (+20-150 μm) processed at 1220 ºC, 118 MPa and 2 hours to improve charpy tests 

results avoiding delta phase. 

At this point it is necessary to understand the tensile and charpy tests results 

previously shown (Table 4. 60 and Table 4. 63, respectively) the study of the 

microstructure of HIPped plus HT and forged plus HT materials. Figure 4. 198 shows the 

microstructure at low and high magnification of HIPped and forged plus HT materials. 

Both materials are fully dense and they have different grain size. There is not presence of 

holes, pores, defects, inclusions or large amount of PPBs on the microstructures. The 

main difference is the volume fraction and shape of the delta phase. OEM forged material 

has higher content of delta phase, it is not at grain boundaries and its shape is like short 

bars. However, delta phase in HIPped material has needle shape and it appears at grain 

boundaries. In addition, the volumetric fraction of delta phase of both materials has been 

calculated by MATLAB® application. Forged and HIPped materials have 4.7 and 

0.7 vol.% of delta phase, respectively. Both materials have initially approximately 

5 wt.% of niobium. Using the densities of the different elements and considering the 

stoichiometry of delta phase is Ni3Nb, 4.7 and 0.7 vol.% of delta phase mean 1.79 and 

0.27 wt.% of niobium is used in the delta phase of these materials. Therefore, if initially 

both materials have 5 wt.% of niobium, 3.21 and 4.73 wt.% of niobium of OEM forged 

and HIPped materials, respectively, will be available for the precipitation of gamma 
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double prime phase, also Ni3Nb. In conclusion, there is more amount of delta phase and 

less volume fraction of gamma double prime in forged material using the same HT 

(solution and precipitation) and thus, it is normal forged plus HT material has 

lower ultimate tensile strength and yield strength and higher ductility and toughness 

(Table 4. 60 and Table 4. 63, respectively), because it has less content of strengthening 

phases (gamma double prime).  

 

Figure 4. 198. Backscattered electron SEM microstructure images at low and high magnification 

of OEM forged plus HT material and HIP plus HT material processed at the optimum 

experimental conditions. 

Using the same HT (solution and precipitation) in HIPped and forged materials the 

amount of delta phase obtained after the solution treatment is different, affecting tensile 

and charpy behaviour in HIPped and forged materials. Trying to improve the toughness 

of HIPped material, new HT to promote more amount of delta phase were carried out 

(Table 4. 67) [92]. New solution treatments have two different temperatures. First, the 

temperature is 1050 ºC to dissolve all precipitates (delta, gamma prime and gamma 

double prime [93]) and thus, all niobium is free and available. After that, the material is 
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cooled down to 970 ºC (1 or 2 hours) to precipitate delta phase. Finally, 

precipitation treatment was also carried out in some of these materials (materials 2 and 4 

of Table 4. 67). The microstructure of HIPped materials after this new HT was analysed 

(Figure 4. 199 and Figure 4. 200). The amount of delta phase is not higher in comparison 

with optimum standard solution treatment. In addition, the grain size of the materials 

increases after this new HT and they are above the aeronautic industry and OEM 

requirements (45 μm) (50, 50, 48 and 47 μm for materials 1, 2, 3 and 4 of Table 4. 67, 

respectively). At 1050 ºC all precipitates are dissolved, even delta and borides 

precipitated during processing and that controls grain growth. Therefore, during this new 

ST at 1050 ºC for 30 minutes, the grain size increases because it has not any element as 

boron that control grain growth. Then, at 970 ºC delta phase precipitation is lower 

because grain size is larger and thus, the amount of grain boundaries where delta phase 

can precipitate is low. Therefore, these new HT are not a solution to increase the amount 

of delta phase and improve the charpy tests values of HIPped materials. Besides, it is 

observed in the literature [94][95][96] niobium diffusion is easier with finer grain size 

microstructure due to its radius atom and thus, it is promoted higher amount of 

delta phase. 

Table 4. 67. HT used in Erasteel 4 (+20-150 μm) GA powder processed at the optimum 

experimental conditions (1220 ºC, 118 MPa, 2hours and free cooling rate) and using new HT to 

promote more amount of delta phase in HIP materials. 

Condition ST 1  

1050 ºC, 30 min 

and 970 ºC, 1 hour 

ST 2  

1050 ºC, 30 min 

and 970 ºC, 2 hour 

ST 3 

970 ºC, 1 hour 

(OEM ST) 

PT  

750-650 ºC, 4 hours 

(OEM PT) 

Optimum NO NO YES YES 

1 YES NO NO NO 

2 YES NO NO YES 

3 NO YES NO NO 

4 NO YES NO YES 
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Figure 4. 199. Backscattered electron SEM microstructure images at low magnification of OEM 

forged plus HT material, HIP plus HT material processed at the optimum experimental 

conditions and new heat treated HIP materials processed using new HT to promote more 

amount of delta phase. 

 

Figure 4. 200. Backscattered electron SEM microstructure images at high magnification of OEM 

forged plus HT material, HIP plus HT material processed at the optimum experimental 

conditions and new heat treated HIP materials processed using new HT to promote more 

amount of delta phase. 



Chapter 4 

344 

 

The final attempt to increase the amount of delta phase in the material was 

increasing the time of solution treatment at 970 ºC in the material developed at optimum 

experimental conditions, using two hours instead of standard 1 hour, without using first 

higher temperature as 1050 ºC to avoid the grain size increases, as it has been previously 

shown in this section. The microstructure of both materials with different soaking time of 

ST (1 and 2 hours) was studied (Figure 4. 201). The same amount of delta phase 

(0.7 vol.%) was obtained at both conditions. Therefore, increasing the time of ST is not 

an optimum solution to promote more amount of delta phase. Delta phase is only 

precipitated at grain boundaries of HIP material and 1 hour is enough to achieve the 

complete precipitation of delta phase at all grain boundaries of the material. 

 

Figure 4. 201. Backscattered electron SEM microstructure images at low and high magnification 

of HIP plus HT material processed at the optimum experimental conditions using two different 

soaking times of ST (1 and 2 hours). 

In conclusion, HIPped and forged IN718 materials developed by different 

manufacturing systems successfully achieve the OEM tensile test, microstructure and 

hardness requirements. However, OEM forged material has higher toughness and 
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ductility than HIPped material due to its higher amount of delta phase and thus, its 

amount of gamma double prime strengthening phase is lower. Any charpy tests data have 

been found in the literature of IN718 developed by HIP and thus, it is not possible to 

compare, analyse and discussed about some new solutions to improve the toughness of 

the material. Some values of forged values have been obtained [14] and the data are in 

line with the OEM forged material. In addition, in the present thesis many different 

approaches have been carried out to increase the amount of delta phase in HIP materials 

without success. Thus, a decrease of gamma double prime phase, to obtain the same 

amount of these precipitates as forged material has, is the unique option to improve the 

ductility and toughness of HIP material. To achieve this objective it is necessary to 

modify the chemical composition of the IN718 powder. The amount of niobium of the 

as-atomised powder has to be lower to obtain the same amount of gamma double prime 

precipitates as it is obtained in OEM forged material after PT at 750 and 650 ºC for 

4 hours (3.21 wt.%). Therefore, to successfully achieve this proposal it is necessary an 

as-atomised powder with a niobium content of 3.48 wt.% (approximately 0.27 wt.% for 

delta phase and 3.21 wt.% for gamma double prime precipitation). 

4.4.3. Optimum HIP material developed versus literature results  

HIP IN718 material developed in this thesis has been compared with the literature 

results for this superalloy also manufactured by HIP of powders [2][49][50][51]. Charpy 

tests values of IN718 manufactured by HIP have not been found in the literature. 

Therefore, only tensile tests results are compared in this section (Table 4. 68). 

The tensile tests values obtained in the present thesis by the processing route 

developed and optimised are the best reported in the literature, mainly in terms of 

ductility at elevated temperature (Table 4. 68). Ductility, especially at elevated 

temperature (650 ºC), is the main problem also mentioned in the 

literature [2][49][50][51]. Even more, the material developed by HIP in this thesis is the 

only one that successfully achieves the aeronautic industry and OEM requirements. The 

other materials have high values of strength, but their ductility is low, below 

requirements. The better ductility results observed in the literature are obtained by the 

references [2][49] (fourth and eighth row of Table 4. 68). In comparison with Erasteel 4 

(+20-150 μm) powder used in this thesis, the main differences of the powders employed 

in the references [2][49] are: PSD less than 106 μm, high interstitials content (oxygen and 
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carbon higher than 100 ppm). HIP temperatures, a HIP parameter with high influence on 

ductility (as it has been shown in a previous section of this chapter), are similar in these 

references (1200 and 1210 ºC in references [2] and [49], respectively) to the optimum 

temperature selected in this thesis (1220 ºC). The other HIP parameter that substantially 

influences on ductility is the HIP cooling rate, but there is not any data about HIP cooling 

rate of the cycles of references [2][49]. Moreover, the post-HIP heat treatments carried 

out in these two materials are the aeronautic standard treatments available in AMS 

specifications, the same solution treatment used in this thesis (this treatment is only 

carried out in reference [2]) and a precipitation treatment at 720 ºC for 8 hours, cooling 

from 720 ºC to 620 ºC at 45-65 ºC/h, 8 hours at 620 ºC and finally, air cooling to room 

temperature; instead of HT used in this thesis. The use of those different precipitation 

treatments has not any influence on the tensile tests values because both PT are carried 

out to similarly precipitate in size and density gamma prime and gamma double prime 

nanoparticles and stabilise the material to guarantee no modification during its service 

life. In addition, the strength of the material manufactured in the present thesis is very 

similar to material of reference [2] and higher than material of reference [49]. Therefore, 

the main difference between material developed in this thesis and materials of 

references [2][49] are the interstitials content and PSD used. Their high interstitials 

content promotes the precipitation of a high amount of oxides and carbides at PPBs (as it 

is visible in their micrographs), which dramatically decreases their ductility, especially at 

elevated temperature, as it is shown in Table 4. 68. Moreover, in those micrographs it is 

observed delta phase with needle shape in grain boundaries in a comparable amount of 

the material developed in this thesis. Consequently, these materials have an excess of 

gamma double prime precipitation due to its lower delta phase amount in comparison 

with forged material. Therefore, both more PPBs and low delta phase will be responsible 

of low toughness of these materials.   
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Table 4. 68. Tensile tests values of OEM forged plus HT material and HIP plus HT material 

processed at the optimum experimental conditions in comparison with tensile tests results of 

different HIP plus HT materials obtained by the literature (the values above the AMS 5663 and 

OEM requirements are in green; the values above the AMS 5663 but below OEM requirements 

are in blue; and the values below both requirements are in red) (ND: No data available). 

Condition UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

OEM Forged + HT 1392 1131 1160 969 21 25 42 53 

HIPped + HT (Thesis) 1404 1129 1225 1004 20 16 35 32 

HIPped + HT [2] 1438 1158 1172 1023 15 8 16 15 

HIPped + HT [2] 1389 1175 1162 1057 16 12 23 17 

HIPped + HT [50] 1393 1152 1220 1041 20 8 24 16 

HIPped + HT [51] 1413 1140 1260 1018 9 3 16 8 

HIPped + HT [49] ND 1104 ND 998 ND 4 ND 10 

HIPped + HT [49] ND 1092 ND 942 ND 16 ND 21 

HIPped + HT [49] ND 1078 ND 961 ND 6 ND 8 

HIPped + HT [49] ND 1096 ND 996 ND 5 ND 11 

HIPped + HT [49] ND 1098 ND 993 ND 5 ND 7 

AMS 5663 1241 965 1034 862 10 10 12 12 

OEM requirements 1320 1059 1065 874 13 16 25 31 

 

In conclusion, the work carried out in this thesis has been appropriate and the 

optimisation of the processing route (powder, outgassing procedure, HIP and HT) is 

suitable to manufacture IN718 parts by HIP with the desired hardness, microstructure and 

tensile properties. However, a modification of niobium content of as-atomised powder 

has to be carried out to obtain the same amount of gamma double prime in the 

microstructure that forged material. This behaviour would improve the ductility and 

toughness of the HIP IN718 material developed in the present thesis and will also 

decrease ultimate tensile strength and yield strength. 
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4.4.4. Ductility and toughness improvement 

The amount of niobium of the as-atomised powder has to be lower than standard of 

IN718 (approximately 5 wt.%) to precipitate the same amount of gamma double prime 

precipitates as it is achieved in forged material used as reference after PT at 750 and 

650 ºC for 4 hours (3.21 wt.%). Therefore, to successfully achieve this proposal, an 

as-atomised powder with a niobium content of 3.48 wt.% (approximately 0.27 wt.% for 

delta phase and 3.21 wt.% for gamma double prime precipitation) was manufactured.  

Interstitials content and chemical composition of this powder with low niobium 

were analysed (Table 4. 69 and Table 4. 70). The main differences with the optimum 

powder are the amount of niobium content (3.44 wt.% versus 5.04 wt.%) and the carbon 

content (148 ppm instead of less than 100 ppm demanded). Iron was employed to 

compensate the lower amount of niobium (19.53 wt.% versus 18.11 wt.%). The rest of 

properties are comparable between both powders. 

Table 4. 69. Interstitials elements concentration (ppm) of OEM forged material, Erasteel 4 

(+20-150 μm) GA powder and Erasteel 4 low Nb (+20-150 μm) GA powder. 

Condition Oxygen 

(ppm) 

Nitrogen 

(ppm) 

Carbon 

(ppm) 

Sulphur 

(ppm) 

OEM forged  130 80 30 10 

Erasteel 4 90 43 35 21 

Erasteel 4 low Nb 90 45 148 16 
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Table 4. 70. Chemical composition of OEM forged material, Erasteel 4 (+20-150 μm) GA 

powder and Erasteel 4 low Nb (+20-150 μm) GA powder. 

 Weight % (wt.%) 

Powder Al B Co Cr Cu Fe Mn Mo Ni Nb P Si Ti 

OEM 

forged  0.41 0.004 0.11 19.34 0.03 18.02 0.007 2.95 53.08 5.01 0.008 0.05 0.96 

Erasteel 4 0.29 0.006 0.01 19.69 <0.01 18.11 0.003 2.84 52.78 5.07 <0.005 0.03 1.04 

Erasteel 4 

low Nb  
0.33 0.006 0.01 19.64 <0.01 19.53 0.001 2.83 52.86 3.44 <0.005 0.03 0.98 

AMS 

5662 and 

5663 

0.20 

– 

0.80 

0.006 

max. 

1.0 

max. 

17.00 

– 

21.00 

0.30 

max. 

15.00 

– 

21.00 

0.35 

max. 

2.80 

– 

3.30 

50.00 

– 

55.00 

4.75 

– 

5.45 

0.015 

max. 

0.35 

max. 

0.65 

– 

1.15 

 

Erasteel 4 low Nb GA powder was manufactured at the optimum experimental 

conditions developed in this thesis (section 4.4.1) and the same characterisation done in 

the thesis was again carried out.  

Table 4. 71 and Table 4. 72 show as-HIPped and HIPped plus HT grain size and 

hardness measurements, together with the tensile tests results obtained for HIP material 

using Erasteel 4 powder and Erasteel 4 low Nb powder, respectively. OEM forged plus 

HT typical values reported by OEM are also shown in Table 4. 72. The grain size images 

of the materials have been analysed by EBSD and they are shown in Figure 4. 202. 

As-HIPped low Nb material has lower ultimate tensile strength and yield strength and 

higher ductility than as-HIPped material because its niobium content is lower and thus, 

the amount of gamma double prime precipitates obtained during HIP cooling step is 

smaller. The kinetic of the gamma double prime precipitation reaction depends on the 

concentration of niobium. The material with low niobium content has slower precipitation 

rate and thus, the amount of precipitates is smaller. For this reason, its hardness is also 

lower. In addition, grain size of material with low niobium content is smaller because this 

material has high carbon content and thus, it is precipitated as carbides during HIP cycle, 

controlling grain size of the material. After post-HIP HT it is observed a similar 

behaviour and all materials successfully achieve the OEM requirements. HIP material 

with low niobium content has higher ductility and lower ultimate tensile strength and 

yield strength than HIP material with conventional niobium content. Low amount of 
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niobium content promotes lower precipitation of gamma double prime phase, a 

strengthening phase, and thus, this result was expected. The analysis of the microstructure 

of all materials is necessary to better understand these results. 

Table 4. 71. Grain size, hardness and tensile tests results of as-HIP Erasteel 4 (+20-150 μm) GA 

powder and as-HIP Erasteel 4 low Nb (+20-150 μm) GA powder processed at the optimum 

experimental conditions (the values above the AMS 5663 and OEM requirements are in green; 

the values above the AMS 5663 but below OEM requirements are in blue; and the values below 

both requirements are in red). 

Condition Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

As-HIPped 30 38 1122 860 774 632 32 20 42 36 

As-HIPped low Nb 24 35 830 685 483 350 54 39 61 45 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

Table 4. 72. Grain size, hardness and tensile tests results of OEM forged plus HT material, HIP 

plus HT Erasteel 4 (+20-150 μm) GA powder and HIP plus HT Erasteel 4 low Nb (+20-150 μm) 

GA powder processed at the optimum experimental conditions (the values above the AMS 5663 

and OEM requirements are in green; the values above the AMS 5663 but below OEM 

requirements are in blue; and the values below both requirements are in red). 

Condition Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

OEM Forged + HT 16 52 1392 1131 1160 969 21 25 42 53 

HIPped + HT 33 46 1404 1129 1225 1004 20 16 35 32 

HIPped low Nb + HT 26 42 1333 1066 1066 881 26 20 40 36 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 
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Figure 4. 202. EBSD unique grain colour maps, which each grain has a different colour, of OEM 

forged plus HT material, HIP plus HT Erasteel 4 (+20-150 μm) GA powder and HIP plus HT 

Erasteel 4 low Nb (+20-150 μm) GA powder processed at the optimum experimental conditions. 

Observing the microstructure of the materials (Figure 4. 203), HIP material with 

low niobium content has lower amount of delta phase than optimum HIP material. Its 

amount of delta phase is really low (approximately 0.2 vol.%). As it has been explained 

for the precipitation of gamma double prime phase, the precipitation of delta phase also 

depends on the concentration of niobium. For the same solution treatment, higher amount 

of niobium content promotes higher amount of delta phase. As the heat treatments carried 

out with the HIP material with low niobium content were the same used for the forged 

one and optimum HIP (the standard ST and PT used in the thesis and described in 

section 4.4.1.1.1), this material has lower amount of delta phase. However, the amount of 

niobium content available for the gamma double prime precipitation is lower in the HIP 

material with low niobium content (3.37 versus 4.73 wt.% of optimum HIP material). 

Therefore, the precipitation of gamma double prime precipitates is lower in this material 

and its ductility is higher.  

HIPped

200 μm

Forged

200 μm 200 μm

HIPped low Nb
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Figure 4. 203. Backscattered electron SEM microstructure images at low and high magnification 

of OEM forged plus HT material, HIP plus HT Erasteel 4 (+20-150 μm) GA powder and HIP 

plus HT Erasteel 4 low Nb (+20-150 μm) GA powder processed at the optimum 

experimental conditions. 

Analysing the fracture surfaces of HIPped low Nb, optimum HIP and OEM forged 

plus HT materials tensile tests specimens (Figure 4. 204), HIP low Nb material has higher 

amount of prior powder particles than optimum HIP material. The behavior is similar to 

the fracture surfaces of Sandvik 2 material (4.4.1.2.2), a powder with high carbon content 

(121 ppm) as Erasteel 4 low Nb.  
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Figure 4. 204. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of OEM forged plus HT material, HIP plus HT Erasteel 4 

(+20-150 μm) GA powder and HIP plus HT Erasteel 4 low Nb (+20-150 μm) GA powder 

processed at the optimum experimental conditions. 

Charpy tests results at room and elevated (650 ºC) temperatures of HIPped low Nb, 

optimum HIPped and forged plus HT materials are gathered in Table 4. 73. At both 

temperatures HIP material with low niobium content shows higher absorbed energy than 

optimum HIP material. The results approximately increase by 20 %. As it is common, 

ductility (Table 4. 72) and toughness (Table 4. 73) are related. Therefore, HIP material 

with low niobium content has higher toughness because it has lower amount of gamma 

double prime precipitates. 

Table 4. 73. Charpy tests results of OEM forged plus HT material, HIP plus HT Erasteel 4 

(+20-150 μm) GA powder and HIP plus HT Erasteel 4 low Nb (+20-150 μm) GA powder 

processed at the optimum experimental conditions. 

Condition Charpy test (Joules) 

RT 650 ºC 

OEM forged plus HT 31 51 

HIPped plus HT 19 28 

HIPped low Nb plus HT 23 36 

 

The fracture surfaces images at low and high magnification of charpy specimens 

tested at room temperature and 650 ºC are shown in Figure 4. 205 and Figure 4. 206. A 
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similar behavior to that obtained in tensile tests fracture surfaces (Figure 4. 204) is 

achieved. Both HIP materials have the presence of ductility characteristics and evidence 

of microplasticity, being visible higher amount of ductile microstructural features in the 

optimum HIPped material. More amount of prior particles are visible in the HIP material 

with low niobium content because it also has high carbon content, being its fracture 

surface behavior comparable to the obtained for Sandvik 2 powder (4.4.1.2.2), other 

material with high carbon content. The influence of carbon content on the toughness has 

been previously discussed (section 4.4.2). A variation of approximately 10 Joules was 

detected by the presence of high carbon content (higher than 100 ppm). It is then believe 

that, decreasing carbon content of IN718 low Nb (less than 100 ppm), additional 

increases in ductility and toughness will be obtained. 

  

Figure 4. 205. Secondary electron SEM fracture surface images at low and high magnification of 

charpy specimens tested at room temperature of OEM forged plus HT material, HIP plus HT 

Erasteel 4 (+20-150 μm) GA powder and HIP plus HT Erasteel 4 low Nb (+20-150 μm) GA 

powder processed at the optimum experimental conditions. 
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Figure 4. 206. Secondary electron SEM fracture surface images at low and high magnification of 

charpy specimens tested at 650 ºC of OEM forged plus HT material, HIP plus HT Erasteel 4 

(+20-150 μm) GA powder and HIP plus HT Erasteel 4 low Nb (+20-150 μm) GA powder 

processed at the optimum experimental conditions. 

The results of the analysis of an as-atomised powder with low niobium content 

clearly show the dependence between the concentration of niobium in the initial powder 

and the final microstructure and mechanical properties of the material. Low niobium 

content promotes lower precipitation of gamma double prime phase, a strengthening 

phase. Therefore, ductility and toughness improve. A modification of niobium content of 

the as-atomised powder from 5 wt.% to 3.5 wt.% has allowed increasing the toughness of 

the material by 20 %. Using a powder with also low carbon content, both ductility and 

toughness will probably increase more than 20 %. In conclusion, a powder with low 

carbon and niobium contents will allow increasing the ductility and toughness of the HIP 

material, achieving charpy test values close to the forged material. 
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4.4.5. Other mechanical properties 

After the study and optimisation of the HIP and HT parameters, other mechanical 

properties than tensile and charpy tests have been studied to demonstrate the processing 

route developed in this thesis is able to successfully achieve all necessary requirements by 

the aeronautic industry and OEM, which demands higher mechanical properties than 

aeronautic standards, for all properties. The tests were carried out at the optimum 

experimental conditions developed in this thesis (powder, outgassing procedure, HIP and 

HT) (section 4.4.1). Erasteel 4 (+20-150 μm) with standard niobium content (5 wt.%) was 

the powder used. The type and conditions of these mechanical tests performed were:  

▪ Stress rupture at 650 °C: 3 stresses, 3 tests per level (30 – 100 – 200 hours).  

▪ High cycle fatigue (HCF) at 650 °C: 3 loads, 3 tests per load.  

These two tests have been selected to have an idea of the behaviour of the material 

in different conditions. On the one hand, stress rupture tests have been done because it is 

a property really similar to creep and the results can be correlated with this property. On 

the other hand, high cycle fatigue (HCF) tests have been carried out to know the 

behaviour of the material at fatigue conditions. 

Both stress rupture and HCF tests were carried out with material processed at the 

optimum experimental conditions developed and shown in a prior section of this 

chapter (section 4.4.1). 

4.4.5.1. Stress rupture  

The results of the stress rupture tests are reported in Table 4. 74 and Figure 4. 207. 

The fracture surface images at low and high magnification are shown in Figure 4. 208. 

The fracture surfaces are really similar to tensile and charpy tests images, with the 

presence of high amount of microplasticity and prior powder particles at low 

magnification. The stress rupture tests values obtained successfully achieve the aeronautic 

industry and OEM requirements [1]. They are in line with typical values of forged 

material [97] and clearly improve the best values found in the literature [51] by this 

material developed by HIP (Figure 4. 209). 
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Table 4. 74. Stress rupture tests results at 650 ºC of HIP plus HT Erasteel 4 (+20-150 μm) GA 

powder processed at the optimum experimental conditions (1220 ºC, 118 MPa, 2hours and free 

cooling rate). 

Stress (MPa) Time to rupture (Hours) 

651 402.9 

699 193.7 

793 29.1 

 

 

Figure 4. 207. Stress rupture tests results at 650 ºC of HIP plus HT material processed at the 

optimum experimental conditions. 

 

Figure 4. 208. Secondary electron SEM fracture surface images at low and high magnification of 

stress rupture specimens tested at 650 ºC of HIP plus HT material processed at the optimum 

experimental conditions. 
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Figure 4. 209. Stress rupture tests results of HIP plus HT material processed at the optimum 

experimental conditions in comparison with wrought [97] and HIP [51] data reported on 

the literature. 

4.4.5.2. High cycle fatigue  

The results obtained in HCF tests are reported in Table 4. 75 and Figure 4. 210. The 

fracture surface images at low and high magnification are shown in Figure 4. 211. The 

fracture surfaces are comparable to tensile, charpy and stress rupture tests images, with 

the presence of high amount of microplasticity evidences and some powder particles, 

which are not joined to other during the HIP cycle. The main difference in these images is 

that all fracture surfaces are at the same level. These fracture surfaces are flatter than 

those obtained in tensile, charpy and stress rupture tests, as it is typical in HCF tests. The 

HCF tests values obtained successfully achieve the aeronautic industry and OEM 

requirements [1]. They are even better than typical values of forged material [98][99] and 

higher than the best values found in the literature [99] by this material developed by 

HIP (Figure 4. 212). 

Table 4. 75. High cycle fatigue (HCF) tests results at 650 ºC of HIP plus HT material processed 

at the optimum experimental conditions. 

Maximum stress (MPa) Cycles 

650 431,537 

875 35,473 

1065 8,693 
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Figure 4. 210. High cycle fatigue (HCF) tests results at 650 ºC of HIP plus HT material 

processed at the optimum experimental conditions. 

 

Figure 4. 211. Secondary electron SEM fracture surface images at low and high magnification of 

high cycle fatigue (HCF) specimens tested at 650 ºC of HIP plus HT material processed at the 

optimum experimental conditions. 

0

200

400

600

800

1000

1200

0 100000 200000 300000 400000 500000

M
a

x
im

u
m

 s
tr

es
s 

(M
P

a
)

Cycles

300 μm

40 μm

875 MPa 1065 MPa650 MPa

300 μm

40 μm

300 μm

40 μm



Chapter 4 

360 

 

 

Figure 4. 212. High cycle fatigue (HCF) tests results of HIP plus HT material processed at the 

optimum experimental conditions in comparison with wrought [98][99] and HIP [99] data 

reported on the literature. 

4.4.6. Summary 

The most important results of the activities carried out to obtain the optimum 

processing conditions to successfully achieve the target microstructure and mechanical 

properties are: 

▪ A powder with low interstitials content (oxygen and carbon content less than 

100 ppm), enough amount of boron (approximately 60 ppm), tap density close to 

65 % TD, clean morphology (low amount of flakes, satellites and aggregates) and 

the desired fraction size is necessary to successfully achieve the requirements. All 

those characteristics have been obtained with vacuum induced melting gas atomised 

powder (+20-150 μm). 

▪ The study of the influence of HIP parameters (temperature, pressure, soaking time 

and cooling rate) on the microstructure and mechanical properties of IN718 material 

has allowed determining the temperature and cooling rate are the most important 

HIP variables. It is mandatory a HIP temperature of 1220 ºC and a cooling rate at 

least of 30 ºC/min to successfully achieve the OEM requirements. The pressure of 

the HIP cycle in the range tested is not a parameter with important influence on the 

HIP material properties. However, HIP soaking time has influence on the 

microstructure and mechanical properties. It is necessary enough soaking time to 

guarantee the complete densification of the material, but an excessive time 

dramatically increases the grain size and in consequence, its tensile properties and 
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hardness are lower. 2 hours of HIP soaking time have been established as the 

optimum time in this thesis. 

▪ The study of post-HIP HT has determined their influence on the microstructure 

and mechanical properties. OEM post-HIP treatments have been chosen as the 

optimum to the processing route developed in this thesis. 

▪ Using the optimum experimental conditions, a comparison between HIP and OEM 

forged materials have been carried out. Both materials successfully achieve 

microstructure, hardness and tensile test requirements. However, ductility and 

toughness of HIP material is lower than those of the forged material. HT 

dramatically decreases toughness values of HIP material. The main microstructural 

difference between the material developed in this thesis and forged material used as 

reference is due to the different phases associated to the niobium. Delta phase 

volume fraction is smaller in HIP material than in forged one and consequently, the 

volume fraction of gamma double prime after post-HIP HT will be higher, 

conditioning ductility and toughness. Many different approaches have been carried 

out to obtain more amount of delta phase in HIP material. However, it is not ever 

achieved higher delta phase precipitation. Consequently, it is necessary lower 

niobium content in the as-atomised powder to obtain the same amount of gamma 

double prime precipitates after post-HIP heat treatments as it is obtained in 

reference forged material after PT (3.21 wt.%). 

▪ A comparison of tensile tests results of HIP IN718 material developed in the 

present thesis with the literature results for this superalloy also manufactured by 

HIP was also done. The material developed in this work has the best tensile test 

values reported in the literature, especially the ductility at elevated temperature. It is 

the only material that successfully achieves the aeronautic industry and OEM 

tensile test requirements. 

▪ At the optimum experimental conditions developed in the thesis, the stress rupture 

and HCF properties have also been analysed and they successfully achieved the 

OEM requirements. HIP material developed in the present thesis has similar stress 

rupture and HCF tests values of typical forged materials, but its results clearly 

improve the best values found in the literature for IN718 developed by HIP. 
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▪ Ductility and toughness increased using a powder with low niobium content to 

obtain the same amount of gamma double prime precipitates as it is achieved in 

forged material after PT in spite of its non-designed high carbon content. Both 

properties approximately increased by 20 %. A powder with low carbon and 

niobium contents will allow increasing the ductility and toughness of the HIP 

material, achieving charpy test values close to the forged material. 

4.5. Industrial applications 

This thesis has been focused within a European project, NESMONIC (Net Shape 

Manufacture of Nickel Superalloy Engine Casing) [1], a Clean Sky Joint Undertaking 

whose aim is to develop and validate a cost effective net shape hot isostatic pressing 

(NSHIP) route for IN718 parts for aeroengine application. Therefore, the main industrial 

application of the IN718 manufacturing route developed in this thesis is the fabrication of 

aeronautic components. In the following section, it is briefly described the manufacturing 

process of two different parts done in this project by NSHIP process. 

4.5.1. NESMONIC project 

In NESMONIC project, two different aeroengine parts have been manufactured 

using the processing route developed in this work (Figure 4. 213). On the one hand, a 

small part of the mount lug of a turbofan engine has been done using a hybrid processing 

route that combines additive manufacturing (AM) and HIP powder technologies. On the 

other hand, a large component (LPT casing) has been manufactured only by HIP 

processing route developed in this thesis. 

 

Figure 4. 213. Mount lug (left image) and LPT casing (right image) demonstrators selected in 

NESMONIC project [1]. 
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4.5.1.1. Small demonstrator component 

The objective of mount lug part is the development of a hybrid processing route that 

introduce additive manufacturing (AM) technology for the production of the canister to 

subsequently fill with powder and HIPped. The canister of mild steel is fabricated by AM 

technology, specifically selective laser melting (SLM). As the SLM available equipment 

is smaller than mount lug (Figure 4. 213, left image), the part was divided and only 

a piece of the total component of approximately 160 x 121 x 70 mm was produced 

(Figure 4. 213, left image). Therefore, the canister fabricated was according to the piece 

of the part selected. After that, IN718 GA powder filled the canister and outgassed 

previous to do the HIP cycle at optimum HIP conditions developed in this work. Finally, 

the canister was removed by acid etching and a complete characterisation (microstructure, 

GOM analysis, XCT tomography...) was done to guarantee the quality of the mount lug 

obtained. The final mount lug manufactured is shown in Figure 4. 214.  

 

Figure 4. 214. Mount lug manufactured by hybrid AM-HIP technologies [1]. 

4.5.1.2. Large demonstrator component 

The large demonstrator component selected to validate the cost effective net shape 

hot isostatic pressing (NSHIP) route for IN718 parts was a LPT casing. The maximum 

dimension of this part is 1.51 m (maximum diameter), and thus, it required an iterative 

approach where a mid-scale demonstrator of 0.727 m was first manufactured to validate 

the processing route and the modelling developed to obtain a net shape part. For both 

components, it was used a machined canister. Then, they were filled and outgassed 

previous to do the HIP cycle. Optimum HIP conditions achieve in this work (1220 ºC, 

118 MPa, 2 hours and free cooling rate) could not be used because the industrial HIP 
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units available in Europe with the dimensions of those components cannot reach these 

experimental conditions. There is also not any industrial HIP unit available in the world 

with these experimental conditions for LPT casing dimensions. On the one hand, at the 

present the maximum industrial HIP unit available with uniform rapid cooling, URC, and 

the HIP optimum parameters of this thesis, 1220 ºC, 118 MPa and 2 hours, has a diameter 

of 1.1 m and it is in Japan in Metal Technology Co. Ltd. One the other hand, Bodycote 

(USA) has a HIP unit with URC (40 ºC/min), a diameter of 1.7 m and it can operate at 

1220 ºC, but it maximum pressure is 103 MPa, so it will be necessary a new HIP 

machine. Therefore, in NESMONIC project mid-scale component was HIPped at 

1180 ºC, 118 MPa, 2 hours and 10 ºC/min of cooling rate in Hauck Heat Treatment-TTI 

(England), and LPT casing was HIPped at 1150 ºC, 103 MPa, 2 hours and 10 ºC/min of 

cooling rate in Bodycote (Sweden). Optimum powder (Erasteel 4 (+20-150 μm)) was 

used for both components. After HIP cycle, the canisters were removed by acid etching 

and a complete characterisation (microstructure, GOM analysis, X-ray analysis...) were 

done to guarantee the quality of the parts obtained. The final mid-scale and LPT casing 

manufactured are respectively shown in Figure 4. 215 and Figure 4. 216. 

 

Figure 4. 215. Mid-scale demonstrator of NESMONIC project. 
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Figure 4. 216. LPT casing manufactured by HIP in NESMONIC project. 

A small canister was HIPped together LPT casing to analyse the grain size, 

microstructure and mechanical properties (hardness and tensile tests) at those HIP 

conditions in comparison with optimum experimental conditions developed in this work 

and described in previous sections. The results obtained from this characterisation are 

gathered in Table 4. 76 (including the requirements of aeronautic industry and OEM) and 

Figure 4. 217 to Figure 4. 219. 

Table 4. 76 shows HIPped plus HT (solution and precipitation) grain size and 

hardness measurements, and the tensile tests results obtained in the HIP cycles carried 

out together LPT casing and at the optimum experimental conditions. The 

microstructure of HIPped plus HT materials is shown in Figure 4. 217 as grain size 

images and in Figure 4. 182 and Figure 4. 218 as BSE SEM images. As-HIPped material 

developed in Sweden has smaller grain size (Figure 4. 217) because HIP temperature and 

pressure are lower, avoiding grain growth. In addition, ductility of this material is really 

low and its strength so high (Table 4. 76) mainly due to the low HIP cooling rate used 

(10 ºC/min), that allows the precipitation of an excess of strengthening phases (gamma 

prime and gamma double prime) (same results as in the effect of HIP cooling rate 

previously discussed in this chapter). In addition, the lower temperature employed in 

Sweden (1150 ºC) also decreases the ductility because it is promoted less joining between 

powder particles than at 1220 ºC, as it has been shown in previous section of this chapter 

where the effect of HIP temperature was analysed. After post-HIP HT the optimum 

material is the only successfully achieved the OEM requirements. The control canister 

HIPped in Sweden has again a really low ductility due to its HIP cooling rate, temperature 

and pressure, as it has been previously shown and discussed, because delta phase is 

visible in both microstructures (Figure 4. 218) in a comparable amount (0.7 vol.% at 

optimum conditions and 0.8 vol.% in the Sweden material), and thus, this phase is not the 
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reason of different mechanical properties obtained for these materials, being the HIP 

processing parameters the key factor that limits the mechanical behaviour of 

both conditions. 

Table 4. 76. Grain size, hardness and tensile tests results of as-HIPped and HIPped plus HT 

Erasteel 4 (+20-150 μm)  materials processed at the optimum experimental conditions (1220 ºC, 

118 MPa, 2hours and free cooling rate) and in the HIP cycle carried out together LPT casing 

(1150 ºC, 103 MPa, 2 hours and 10 ºC/min) (the values above the AMS 5663 and OEM 

requirements are in green; the values above the AMS 5663 but below OEM requirements are in 

blue; and the values below both requirements are in red). 

 Condition Grain 

size    

(μm) 

Hardness 

Rockwell C 

(HRC) 

UTS (MPa) 0.2 % PS (MPa) EL (%) RA (%) 

RT 650 ºC RT 650 ºC RT 650 ºC RT 650 ºC 

 

HIP 

Optimum 30 38 1122 860 774 632 32 20 42 36 

Sweden 15 36 1286 1009 1020 895 11 3 14 6 

HIP 

+ 

HT 

Optimum 33 46 1404 1129 1225 1004 20 16 35 32 

Sweden 17 41 1325 1089 1058 985 3 1 7 4 

AMS 5663 < 45 35.5 1241 965 1034 862 10 10 12 12 

OEM requirements < 45 35.5 1320 1059 1065 874 13 16 25 31 

 

 

Figure 4. 217. EBSD unique grain colour maps, which each grain has a different colour, of 

HIPped plus HT Erasteel 4 (+20-150 μm)  materials processed at the optimum experimental 

conditions (1220 ºC, 118 MPa, 2hours and free cooling rate) and in the HIP cycle carried out 

together LPT casing (1150 ºC, 103 MPa, 2 hours and 10 ºC/min). 
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Figure 4. 218. Backscattered electron SEM microstructure images at low and high magnification 

of HIPped plus HT Erasteel 4 (+20-150 μm) materials processed at the optimum experimental 

conditions (1220 ºC, 118 MPa, 2hours and free cooling rate) and in the HIP cycle carried out 

together LPT casing (1150 ºC, 103 MPa, 2 hours and 10 ºC/min). 

The fracture surfaces of HIPped plus HT tensile tests specimens of materials 

developed at optimum experimental conditions and in the cycle of LPT casing in Sweden 

are shown in Figure 4. 219. There are clear differences between both materials. The 

presence of microplasticity is lower and the powder particles are not as completely joined 

to other in Sweden material because it is not optimum HIP cooling rate, temperature and 

pressure. Therefore, fracture surface images achieved for the material developed at the 

optimum experimental conditions are considered more appropriate, with a high 

concentration of plastic voids and a small amount of prior powder particles.  
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Figure 4. 219. Secondary electron SEM fracture surface images at low and high magnification of 

tensile specimens tested at 650 ºC of HIPped plus HT Erasteel 4 (+20-150 μm) materials 

processed at the optimum experimental conditions (1220 ºC, 118 MPa, 2hours and free cooling 

rate) and in the HIP cycle carried out together LPT casing (1150 ºC, 103 MPa, 2 hours and 

10 ºC/min). 

Although the optimum powder has been used in both HIP cycles, the different HIP 

parameters (temperature, pressure and cooling rate) used in the cycle of LPT casing are 

the responsible of different grain size, hardness and tensile tests values obtained, 

especially ductility, which is below OEM requirements. In a future in industrial NSHIP 

production of IN718 parts, it is mandatory the use of the optimum experimental 

conditions (powder, outgassing, HIP and HT) to successfully achieve the final component 

requirements. Therefore, it will be necessary to evaluate HIP unit of Bodycote (USA) to 

know if 103 MPa is enough pressure to successfully achieve the OEM requirements or the 

fabrication of new HIP units, which allow using the optimum experimental conditions 

developed in this thesis (1220 ºC, 118 MPa, 2 hours and a cooling rate at least of 

30 ºC/min from 1220 ºC to 500 ºC) and having the enough dimensions for the production 

of the LPT casing (1.51 m) analysed in NESMONIC project. 

300 μm

40 μm

Optimum

300 μm

40 μm

Sweden
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4.5.2. Summary 

The most important contents of the industrial applications section are: 

▪ Industrial sectors where the processing route developed in this thesis can be 

applied are aerospace, nuclear, oil&gas and petrochemical.  

▪ This thesis is focused within a European project, NESMONIC, whose aim is to 

develop and validate a cost effective net shape hot isostatic pressing (NSHIP) route 

for IN718 parts for aeroengine application. Therefore, the processing route 

developed in this work has been applied to aeronautic components. 

▪ As an application of the developments of the present thesis, NESMONIC project 

has built two different aeroengine parts: mount lug and LPT casing. On the one 

hand, mount lug was manufactured by hybrid AM-HIP technologies. On the other 

hand, LPT casing was produced by NSHIP route and the final component was near 

net shape due to an optimum modelling work that limit the final overstock to 38 %. 

▪ Finally, small canister HIPped together LPT casing was analysed to determine its 

microstructure and mechanical properties. The results confirm the optimum 

experimental conditions developed in this thesis have to be used to successfully 

achieve the microstructural and mechanical requirements in IN718 components 

manufactured by HIP PM route. 

4.6. Global review of the manufacturing route 

In this section a global review of the manufacturing route developed in this thesis is 

done, from the powder fabrication to the industrial applications. The following 

paragraphs link together all results explained and discussed in this Chapter 4.   

4.6.1. Powder fabrication 

The properties of IN718 powder have a strong influence on the microstructure and 

mechanical properties of the final material developed by HIP. The morphology, fraction 

size, flow rate, tap density, interstitials content and chemical composition are the most 

important parameters of the powder to optimise the microstructure and mechanical 
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properties after HIP and post-HIP HT. Therefore, an optimisation of powder fabrication 

was the first step of the processing route developed in this work. 

Initially, the first powders used in this thesis (Carpenter, Erasteel 1 and 2, Osprey 

and TIMET) had high interstitials content (oxygen and/or carbon) and low tap density. 

High interstitials content dramatically decreases the mechanical properties and the low 

tap density (less than 61 % TD) is not able to avoid distortion of complex large 

component during HIPping. Analysing these results, some recommendations of 

manufacturing process were carried out. Pure raw material was used for making the new 

IN718 powders. It had low interstitials content and thus, it was expected the final powder 

also had lower interstitials content than first powders studied in this thesis. To help to 

reach this objective vacuum induction melting was selected. In addition, the presence of a 

high amount of satellites flakes and aggregates or non-appropriate PSD in these first 

powders avoid achieving tap density close to 65 % TD, which is desired to obtain a 

control of the shrinkage during HIP cycle. Therefore, new IN718 powders fabricated by 

VIM and analysed in this work (Erasteel 4, Sandvik 1 and 2 and AP&C 2) were 

manufactured using pure raw material. In consequence, these powders had lower 

interstitials content than first powders (close or less than 100 ppm). In addition, for 

making Erasteel 4 powder other atomisation parameters were improved to obtain lower 

amount of satellites, flakes and aggregates. Thus, using a wide PSD, the tap density of 

this material was higher, close to desired 65 % TD. In conclusion, the optimisation of raw 

material and atomisation parameters allowed manufacturing with high reproducibility 

IN718 powders with the desired properties (low interstitials content, high tap density, low 

amount of defects such as satellites, flakes and aggregates and appropriate 

chemical composition). 

The analysis of the morphology and microstructure of the IN718 powders showed 

the powder surface is composed by a solid solution of nickel, chromium and iron and the 

presence of darker particles rich in oxides of titanium and aluminium and segregations 

with high concentrations of niobium and molybdenum. Carbon is also detected in these 

segregations, being niobium and molybdenum concentrated as carbides in these zones. 

The microstructure of all powders is really similar with a dendritic shape and segregation 

on the dendrites arms. The segregation is mainly composed by niobium, molybdenum and 

titanium. It is also visible the presence of oxide and carbide particles in the microstructure 

rich in titanium, aluminium, niobium and molybdenum. These particles observed in all 
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powders have especially higher size in AP&C 2 PA and Carpenter GA powder. The size 

of the dendrites in all powders is similar, except in AP&C powders, whose size is larger. 

Therefore, the cooling rate during the atomisation of AP&C powders is slower, a typical 

behaviour of the powders produced by plasma atomisation. In addition, argon trapped is 

observed in Carpenter GA powder. This argon is probably coming from the atmosphere 

used during the atomisation and it is abundant in Carpenter powder by its large 

particle size. 

The majority of the oxygen is inside the powder particles. Besides, all powders have 

a superficial oxidation with a thickness of this oxide layer independent of the powder 

size. Surface chemical analyses of Erasteel 4 and Sandvik 2 powders have allowed 

characterising the superficial oxidation. The powders have a thin uniform nickel 

oxide/hydroxide layer, whose thickness is 3.5 nm in Erasteel 4. Some oxides as particles 

and segregations of tens or hundreds of nanometres are also present on the surface of this 

powder. The oxide particles are mainly composed by titanium and aluminium, and the 

segregations are rich in niobium and molybdenum. 

Purging at moderate temperatures was carried out to reduce the amount of PPBs in 

the final material. The system reduces the oxygen content of all as-atomised powders 

studied, approximately 30 wt.% at optimum purging conditions and thus, the amount of 

oxygen available to produce oxides at PPBs in the final microstructure of the material is 

less. Humidity and adsorbed oxygen were also eliminated by this method. The use of 

hydrogen purging does not have any influence on the other interstitials, keeping at the 

level of as-atomised powder after this treatment. Hydrogen purging also allowed the thin 

nickel oxide/hydroxide layer that covers powder particles to be partially reduced, being 

half its thickness, 1.7 nm. In addition, oxide particles and segregations were still present 

on the surface of powder particles after reduction treatment.  

4.6.2. Outgassing procedure 

The initial outgassing procedure used in this thesis was not adequate to the 

processing route proposed in this work. Interstitials increased during degassing step and 

thus, the mechanical properties of the material decreased. Therefore, a new outgassing 

procedure was developed to keep interstitials at the level of as-atomised powder. The new 

system increased the time in vacuum and introduced a step at moderate temperature to 
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remove humidity. This new degassing system allowed evacuating gas trapped in between 

powder particles avoiding interstitials, mainly oxygen, increasing in the powder, keeping 

them at the level of as-atomised powder. In conclusion, the interstitials content of 

as-atomised powder is not modified during processing being the same in the final product 

than in as-atomised powder. 

4.6.3. Hot isostatic pressing and heat treatments 

A powder with wide PSD (+20-150 μm), low interstitials content and enough boron 

content is mandatory to successfully achieve the microstructural and mechanical 

requirements. Narrow PSD promote less joining between powder particles, decreasing the 

amount of CSL Σ3 boundaries and the ductility at elevated temperature. High interstitials 

content produces higher amount of oxides and carbides at PPBs and thus, the mechanical 

properties dramatically decrease. Boron is necessary because it precipitates during 

processing at grain boundaries helping to control grain growth of the material. 

HIP temperature and cooling rate were the most important experimental variables of 

the processing route developed in this work. It is necessary at least a cooling rate of 

approximately 30 ºC/min from 1220 to 500 ºC to successfully achieve the microstructural 

and mechanical requirements. Slower HIP cooling rates promote higher amount of 

precipitates during HIP cooling step. These precipitates decrease the ductility of the 

material and thus, the requirements are not achieved. The precipitation is reversible and 

the amount of precipitates and the tensile properties of the material can be modified 

during a second HIP cycle using a different HIP cooling rate. The optimum temperature 

for this manufacturing route is 1220 ºC, because it has an optimum balance between 

strength and ductility and successfully achieves the microstructural and mechanical 

requirements. Temperatures below 1220 ºC have lower ductility because the material has 

lower joining between powder particles and temperatures above 1220 ºC are close or 

inside the niobium carbide solution and first stage of melting zones and thus, the grain 

size dramatically increases and the microstructural and mechanical properties of the 

material are not able to be inside the requirements. In addition, the fraction of CSL Σ3 

boundaries is related to the HIP temperature. It is higher when HIP temperature increases, 

and it increases further on heat treatment. The increase of Σ3 boundaries improves the 

ductility of the material. However, at 1280 ºC, above solidus temperature, the fraction of 

Σ3 boundaries and the ductility decrease. 118 MPa as pressure is enough to fully densify 
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the material and successfully achieves the requirements. 2 hours of soaking time is also 

enough to allow the densification of the material and it is not necessary larger soaking 

times, because they increase the grain size above requirements. 

After HIP cycles, solution and precipitation treatments were carried out to 

successfully achieve the microstructural and mechanical requirements. On the one hand, 

solution treatment allows the at least partial dissolution of the precipitates, such as gamma 

prime and gamma double prime, obtained during HIP cooling step. In addition, during 

this treatment, delta phase appears at grain boundaries as needle shape. On the other hand, 

precipitation treatment hardens the material by the precipitation of gamma prime and 

gamma double prime phases. 4 hours of soaking time are at least necessary to stabilise the 

precipitation in the material. In addition, there is not any difference to carry out the 

precipitation treatment inside HIP unit during the cooling step or outside in a 

conventional furnace. 

HIP material has lower ductility and toughness than forged material. HIP material 

has lower delta phase than forged material and thus, it has higher amount of gamma 

double prime phase, increasing strength and reducing ductility and toughness.  

At the optimum experimental conditions of the manufacturing route developed in 

this thesis the requirements of grain size, microstructure, hardness, tensile test, stress 

rupture and high cycle fatigue are successfully achieved. Toughness is the unique 

property below the requirements. Moreover, the best values of some of these properties 

reported on the literature by this processing technology have been obtained in this thesis, 

such as ductility and stress rupture at elevated temperatures (650 ºC). 

Finally, ductility and toughness increased using a designed powder with low 

niobium content to obtain the same amount of gamma double prime precipitates as it is 

achieved in forged material after PT. Both properties approximately increased by 20 %. 

UTS and yield strength of this material decreases but they are above the requirements. 

4.6.4. Industrial applications 

The processing route developed in this thesis for making IN718 parts by HIP can be 

used in many different industrial sectors, such as aerospace, power generation, oil&gas 

and petrochemical. The suitability of the processing route for the production of NSHIP 
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components has been tested in aeronautic components because the thesis is focused 

within a European project, NESMONIC, whose aim is to develop and validate a cost 

effective net shape hot isostatic pressing (NSHIP) route for IN718 parts for aeroengine 

application. In this project, two different aeroengine parts were built: mount lug and LPT 

casing. On the one hand, mount lug was manufactured by hybrid AM-HIP technologies. 

On the other hand, LPT casing was produced by NSHIP route, combining modelling 

work to obtain a net shape component and the optimum experimental parameters 

developed in this thesis to successfully achieve the OEM requirements (although finally it 

was not possible due to HIP unit limitation).  

In conclusion, the hot isostatic pressing (HIP) IN718 powder manufacturing route 

developed in this work is suitable for making IN718 aeroengine components. Many of the 

problems of this processing technology such as prior particles boundaries (PPBs), 

thermally induced porosity (TIP), non-metallic inclusions and mechanical properties 

requirements have been overcome and thus, this new processing technology as an 

alternative of ingot metallurgy is feasible and its future is really promising.  
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Chapter 5 

CONCLUSIONS  

The most important conclusions of this work are described in the following lines: 

▪ Pure raw material and optimum purging cycles and atmosphere during atomisation 

improve the quality of the powder manufactured, achieving lower oxygen and 

carbon content.  

▪ A powder with the desired properties has been reproducibly manufactured by gas 

atomisation after the appropriate tune of the atomisation variables.  

▪ Desired properties are: high flow rate, tap density close to 65 % TD, morphology 

with low presence of flakes, satellites and defects, low oxygen and carbon content 

(less than 100 ppm) and appropriate boron, titanium, aluminium and silicon content. 

▪ IN718 powders are covered by a thin homogeneous nickel oxide/hydroxide layer 

(3.5 nm thick) and the rest of oxides are agglomerates or particulate oxides. 

▪ The oxygen content of as-atomised powder can be decreased (approximately 30 % 

in weight) treating it with flowing hydrogen at moderate temperatures below 

atmospheric pressure. 

▪ Oxygen decreases in the hydrogen purging by the reduction of nickel oxides. After 

reduction heat treatment, the thickness of the nickel oxide/hydroxide layer 

decreases, from 3.5 nm to 1.7 nm. 
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▪ Outgassing procedure developed, with a suitable combination of vacuum, time 

and temperature, has allowed preserving interstitials content at the same level of 

as-atomised powder. 

▪ The cooling rate of the HIPping cycle is a key parameter in order to achieve the 

microstructural and mechanical requirements. A cooling rate of at least 30 ºC/min 

from 1220 ºC to 500 ºC is the minimum cooling rate necessary. Slower HIP cooling 

rates promote higher amount of precipitates during HIP cooling step. These 

precipitates decrease the ductility of the material and thus, the requirements are 

not achieved. 

▪ 1220 ºC is the optimum HIP temperature to have an optimum balance between 

strength and ductility. Temperatures below 1220 ºC have lower ductility because 

the material has lower joining between powder particles. Temperatures above 

1220 ºC are close or inside the niobium carbide solution and first stage of melting 

zones and thus, the grain size dramatically increases and the microstructural and 

mechanical properties of the material are not able to be inside the requirements.  

▪ CSL Σ3 boundaries are a microstructural parameter that can be used to define the 

quality of the joining between prior powder particles. The fraction of CSL Σ3 

boundaries is related to the HIP temperature. It is higher when HIP temperature 

increases, and it increases further on heat treatment. The increase of Σ3 boundaries 

improves the ductility of the material. However, at 1280 ºC, above solidus 

temperature, the fraction of Σ3 boundaries and the ductility decrease.  

▪ 118 MPa is enough as HIP pressure for the manufacturing route developed in this 

thesis. This pressure is able to fully densify the material and successfully achieves 

the requirements. 

▪ 2 hours are also enough as HIP soaking time to allow the densification of the 

material. Larger soaking time, such as 4 hours, substantially increases the grain size 

of the material, over the requirements and in consequence, its mechanical properties 

are not able to achieve the values required. 

▪ +20-150 μm is the optimum PSD for this manufacturing route, achieving the best 

mechanical properties. This PSD promotes better packaging and more diffusion 
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bonding between powder particles, obtaining higher CSL Σ3 boundaries and 

improving the ductility at elevated temperature. 

▪ High interstitials content dramatically decreases the tensile properties by the 

precipitation of oxides and carbides at PPBs. A powder with low oxygen and 

carbon content, at least less than 100 ppm, is necessary to successfully achieve the 

tensile test requirements. 

▪ Boron content in IN718 powder helps to control grain growth during HIP cycle 

and obtain microstructures with grain size inside the requirements. 

▪ Solution treatment allows the at least partial dissolution of the precipitates, such as 

gamma prime and gamma double prime, obtained during HIP cooling step. In 

addition, during this treatment, delta phase appears at grain boundaries as needle 

shape. Its amount is lower than in forged material. 

▪ Precipitation treatment hardens the material by the precipitation of gamma prime 

and gamma double prime phases. 4 hours of soaking time are at least necessary to 

stabilise the precipitation in the material. 

▪ There is not any difference to carry out the precipitation treatment inside HIP unit 

during the cooling step or outside in a conventional treatment. 

▪ At optimum IN718 powder, outgassing procedure and HIP and heat treatment 

conditions, the requirements of grain size, microstructure and mechanical properties 

(hardness, tensile test, stress rupture and high cycle fatigue), except toughness, have 

been successfully achieved. In addition, the best values of some properties reported 

on the literature by this processing technology have been obtained in this thesis, 

such as ductility and stress rupture at elevated temperatures (650 ºC). 

▪ HIP material has lower ductility and toughness than forged material. The 

microstructure of both materials is different. HIP material has lower delta phase 

than forged material and thus, it has higher amount of gamma double prime phase, 

increasing strength and reducing ductility and toughness. After many different 

approaches, the solution to improve the ductility and toughness of HIP material is a 

modification of the niobium content of IN718 as-atomised powder to obtain the 
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same amount of gamma double prime precipitates as it is achieved in forged 

material after PT. 

▪ Ductility and toughness increased using a powder with low niobium content to 

obtain the same amount of gamma double prime precipitates as it is achieved in 

forged material after PT. Both properties approximately increased by 20 %. 

Ultimate tensile strength and yield strength of this material decreases but they are 

above the requirements. 

▪ Finally, the hot isostatic pressing (HIP) IN718 powder manufacturing route 

developed in this work is suitable for making IN718 aeroengine components. Many 

of the problems of this processing technology such as prior particles boundaries 

(PPBs), thermally induced porosity (TIP), non-metallic inclusions and mechanical 

properties requirements have been overcome. Therefore, NSHIP technology is an 

alternative to ingot metallurgy. 
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Chapter 6 

FUTURE WORK  

New work packages are proposed in this section to optimise the hot isostatic 

pressing (HIP) powder metallurgy route developed in this thesis: 

▪ To obtain INCONEL® 718 (IN718) powders with the optimum properties 

determined in the thesis by plasma atomisation (PA). This processing technology 

allows manufacturing powders with better morphology than gas atomisation 

system. The tap density and flowability (for the same fraction size) should be 

higher. Therefore, filling and shrinkage of the canister would be better controlled. 

▪ To improve gas atomisation process to manufacture IN718 by HIP. Some 

modifications to enhance the process could take place. The activity has to be 

focused on increasing the amount of powder inside the fraction size of interest, so 

the yield would improve and the final price of the parts should be cheaper. Other 

action could be the elimination or at least a high reduction of the defects that 

promote the presence of prior particle boundaries (PPBs) after hot isostatic pressing 

(HIP) and heat treatments (HT) processes. 

▪ To evaluate the densification mechanisms and processes that take place during 

HIP cycle. This analysis will allow better understanding of the behaviour of the 

material during this step and determining with more accuracy the shrinkage of 

the canisters.  

▪ To analyse the microstructure of the materials developed in this thesis by TEM to 

better understand the behaviour of the material and the effect of processing 
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parameters of HIP PM route, such as HIP soaking time, boron content of the 

powder and different post-HIP HT. 

▪ To model the microstructure evolution during HIP cycle and post-HIP HT to 

know the behaviour of the material during these steps. It should allow better 

understanding of the processing route developed in this thesis and its better 

optimisation to obtain the desired final microstructure.   

▪ To carry out new heat treatments to increase the amount of delta phase obtained 

during solution treatment in HIP material and decrease the amount of gamma 

double prime. 

▪ To analyse other mechanical properties, such as stress rupture and high cycle 

fatigue, using the powder designed in this work with low niobium content in spite 

of its non-designed high carbon content. 

▪ To manufacture a powder with low niobium and interstitials content (mainly 

oxygen and carbon) to study the microstructure and mechanical properties of this 

material. Ductility and toughness of this material should probably increase, even 

more than in the powder manufactured in the present thesis with low niobium and 

high carbon content. 
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