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ABSTRACT 

Inconel 718 is one of the main superalloys that are used in hot structures of jet engines today, 

because of its excellent mechanical properties at high temperatures and its good weldability. 

This material has been extensively used and studied in cast and wrought forms during the past 

decades. However, the amount of information on how alloy 718 is affected by Selective Laser 

Melting is still scarce.  

The goal of the project was to investigate the microstructure and mechanical 

properties of a Rear Turbine Component Bleed Panel, prior to and following a series of heat 

treatment procedures. The Bleed Panel was produced from a gas atomized Inconel 718 

superalloy powder, by a Selective Laser Melting process. During the course of the project, other 

SLM 718 parts were also investigated, in order to obtain a more comprehensive knowledge on 

how the SLM process affects the material. The weldability of SLM 718 was investigated by 

performing bead-on-plate welds on different sections. 

SLM 718 components and welds passed the non-destructive tests. Cut-up and 

thermal processing procedures were then executed on the bleed panel, yielding samples with 

different microstructures. It was concluded that a homogenization (or a HIP) processing must 

be applied to SLM 718 components to remove the columnar grain structure. During 

examination of the samples, particle-filled small defects were noticed. Using EDS, it was 

determined that the defects were filled with aluminum-rich oxides. SLM 718 in aged condition 

exhibited higher average hardness than both cast and wrought 718. 
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1. INTRODUCTION 

1.1. Additive Manufacturing 

Additive Manufacturing (AM) is a topic of constantly increasing interest to researchers and 

industries now. AM offers an interesting approach and new possibilities for the manufacturing 

of near-net-shape components with complex geometry. The production is carried out in a layer-

by-layer fashion. The process starts with a Computer-Aided Design (CAD) model, which is 

converted into a StereoLithography (.stl) format, which is then transformed, or sliced. Slicing 

is a process, where the original model is represented as an assembly of multiple layers upon 

each other. A slicing software is responsible for the transformation of the solid model into an 

assembly of 2-dimensional cross-sections. This algorithm is applied for virtually every AM 

machine that operates today – from the smallest fused filament fabrication home printers to the 

most advanced laser melting machines that are used in research and industry. 

In contrast to conventional manufacturing methods, where often a large amount of 

material must be removed at the post-processing stage, AM only uses the minimum material 

that is required for producing the shape, although sometimes a support structure might be 

necessary, which was also the case with the bleed panel, as it will be discussed later. This could 

potentially reduce the number of manufacturing stages and make AM a more efficient and less 

material-wasting alternative for production of complex shapes. Furthermore, any changes in the 

design of the part only affect the CAD model, i.e. the “AM tooling” does not have to undergo 

any significant changes/improvements, which have the potential to greatly reduce the cost of 

production of components that are subjected to frequent design changes. [Segerstark 2017] 

However, AM is not a completely issue-free method and a couple of bottleneck 

phenomena will be briefly discussed hereafter. First, the rate of production is usually not as 

high as with conventional methods. Due to this, AM is economically adequate mainly for 

production of parts with complex geometry and for repairing already existing components. 

Furthermore, the integrity of the final part is strongly dependent on the process parameters. On 

the other hand, optimal process parameters are different for different geometries, i.e. there is no 

universal set of parameters that produces optimal results for all cases. This leads to another 

point, namely that there is almost no standardization for AM processes at the moment, making 

it difficult to have a universal specification set and fully utilize the potential of the method in 

more demanding environments, such as the aero and the nuclear industries. [Segerstark 2017] 
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1.2. Selective Laser Melting 

In its core, the concept of all AM processes seems to be the same, i.e. to create shapes by adding 

layers on top of each other. Looking more closely at these processes, a much more complex 

nature is revealed. There exist several different AM techniques, depending on the state (powder, 

wire, liquid, etc.) of the feedstock and the energy source (LASER, UV, Electron Beam, etc.), 

figure (1). 

 

Figure (1): Additive manufacturing methods and supply companies. [Source: Sciaky Inc.] 

The method that was used and investigated during the current project was Powder 

Bed Fusion (PBF), and more specifically Selective Laser Melting (SLM) of a powder bed. SLM 

uses a laser as energy source to fully melt a thin layer of powder. The specific path that the laser 

follows for the completion of each layer is called the scanning strategy. When the layer has 

solidified, a new layer of powder is distributed on the surface and, subsequently, fully melted. 

This procedure is repeated until the whole part is produced. The setup is summarized in figure 
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(2). This method allows the manufacturing of nearly fully dense (close to 99.9% density) parts 

[Gu 2015]. 

  

Figure (2): A typical SLM setup [Kruth 2005]. The atmosphere in the chamber can vary, 

depending on the material that has been processed [Kruth 2005, Contuzzi 2011]. 

To achieve a good final product and to be able to avoid excessive occurrence of defects, 

the printing parameters must be adjusted correctly [Zhang 2017]. As mentioned earlier, there is 

no universal set of parameters that works for every component shape. Melt pool dynamics, 

absorptance, wettability, surface tension, viscosity and reheating/remelting of consecutive 

layers are just some of the aspects that need to be considered before commencing the process. 

Kundakcioglu et al. showed in their study that analytical and finite element modeling 

are a useful way of predicting the melt pool dynamics. They were able to create a model, which 

correlated well with experimental data, for the temperature distribution and melt pool shape for 

SLM of Inconel 625 powder. [Kundakcıoğlu 2018] 

The absorptance, i.e. how much of the incident radiation is absorbed at the interface, is 

another physical aspect, which is of importance for SLM. It is a property of the powder material 

and affects the beam penetration depth, thus being of great importance, when choosing the laser 

power. Absorptance can be tailored by mixing the powder with additives [Gu 2015]. 

Other properties of the melt pool that need to be taken into account are the wettability 

and the viscosity. Wettability is the ability of the molten layer to wet the surface of the previous, 

solidified, layer. It is described by equation (1): 
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cos 𝜃 =
𝛾𝑠𝑣−𝛾𝑠𝑙

𝛾𝑙𝑣
,  (1) 

where 𝛾𝑠𝑣 is the solid-vapor interface surface tension, 𝛾𝑠𝑙 is the solid-liquid interface 

surface tension and 𝛾𝑙𝑣 is the liquid-vapor interface surface tension. When the wettability is 

bad, the melt pool tends to obtain a globular form, thus reducing its surface energy. This is 

known as Balling phenomenon. The presence of oxides on the surfaces obstructs good 

wettability. Running the process in an inert gas atmosphere is usually not enough to prevent 

oxidation during AM and some supplementary additives might need to be introduced to the 

powder, to ensure that oxidation is diminished. [Gu 2015, Rombouts 2006]  

A sufficiently low viscosity of the melt pool is another crucial requirement for an even 

distribution of the melt on top of the solidified layer [Gu 2015]. Furthermore, when the viscosity 

is low it is easier for the entrapped gas within the melt pool to float out [Rombouts 2006]. 

According to Bourell et al., [Bourell 2017], the oxides that emerge during AM of alloy 718 tend 

to float to the surface of the molten material. When a new layer is processed on top of the 

previous one, these oxides break and the majority will float to the surface of the newly formed 

layer [Bourell 2017]. 

Very often the porosities found in SLMed material are due to the quality of the powder, 

i.e. if the powder has been produced by gas atomization, it is not unusual for gas to get entrapped 

within the powder grains [Zhao 2008]. Lack of fusions, on the other hand, are generally defects 

resulting from not properly optimized process parameters. There are around 130 process 

parameters in SLM machines [Raza 2016]. Laser power, scanning speed, scanning strategy, 

hatch spacing, and layer thickness are just some of these parameters. Some parameters can 

affect each other, as shown in figure (3). It has been shown [Kasperovich 2015, Bean 2018] that 

hot isostatic pressing (HIP) can effectively be used to reduce the number of small defects in the 

part. 
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Figure (3): Relationship between scanning speed, laser powder and quality of the 

print. 

 

Due to the fast cooling rates of the SLM process (up to 108 K/s) [Das 2010], this process 

is associated with non-equilibrium phases and a fine, cellular microstructure [Gu 2015, Karia 

2017]. The cellular microstructure consists of single, primary dendritic arms. Another 

characteristic of SLM is the reheating and remelting of the previously deposited layer, which 

results in an aging effect and subsequent grain coarsening. This leads to microstructural 

fluctuations as the build progresses from bottom to top [Gu 2015]. 

An intriguing feature of SLM is the possibility of reusing the feedstock, as discussed 

earlier. It has been shown that Inconel 718 powder, given that is has been stored and handled 

properly [Nguyen 2017], usually keeps its surface integrity and chemical composition for 

several builds, with oxygen being the element to show most significant increase [Nandwana 

2016, Hann 2016, Ardila 2014]. Hann, [Hann 2016], showed that even though oxygen 

concentration tends to increase when the powder is reused, this does not reflect in the oxygen 

concentration in the build, where the oxygen levels can be almost halved. 
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1.3. Inconel 718 

Inconel 718 is nickel-based super-alloy, developed in 1959 [Paulonis 2001]. There is no exact 

definition of the term “superalloy” in literature. Shortly, a superalloy is an alloy that has been 

created with the purpose of maintaining good mechanical properties and surface integrity, when 

used in severe working conditions, such as elevated temperatures and even, for some super-

alloys, corrosive environments [Sims 1987]. Due to the good mechanical properties at elevated 

temperatures and the good weldability of Inconel 718, it has been one of the main alloys in hot 

structures of jet engines (figure (4)) in the last couple of decades [Gordine 1971]. The chemical 

composition of Inconel 718 can be found in Appendix II. 

 

Figure (4): A cross-section sketch of a jet engine. Ni-base superalloys are extensively used in 

the hot sections of the jet engines. 

Inconel 718 is a precipitation-hardened superalloy [Zhang 2013]. This means that the 

material gains its strength predominantly from the precipitation of secondary phases (mainly 

𝛾’’) in the austenitic face-centered cubic (FCC) primary matrix, 𝛾 [Donachie 2002]. The 

material owes its good weldability to the precipitation kinetics, which have been dubbed 

‘sluggish’ [Boesch 1968, Ram 2005]. Other phases that are usually encountered in this 

superalloy are 𝛾’, 𝛿, nitrides, carbides, and Laves. Not all secondary phases are beneficial for 

the mechanical properties of the superalloy. 

𝛾’ phase has a Ni3(Al, Ti) FCC crystal structure and 𝛾’’ has an Ni3Nb body-centered 

tetragonal (BCT) crystal structure, figure (5) [Donachie 2002]. Both phases are coherent with 
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the matrix phase, 𝛾, and serve as strengthening secondary phases. Because of the higher volume 

fraction of 𝛾’’ (around 15 %), compared with 𝛾’ (around 4 %), it is the main strengthening 

phase in Inconel 718 [Deng 2018]. Another factor that makes the tetragonally distorted 𝛾’’ 

precipitates the main strengthening secondary phase in the alloy, is the higher lattice mismatch 

of the precipitates, which induces coherency strengthening [Oblak 1974]. 𝛾’’ is a metastable 

phase and when exposed at elevated temperatures for prolonged time it is transformed into 𝛿 

[Hanning 2018]. 

  

Figure (5):  

Left: The crystal structure of 𝛾’ phase. FCC with Ni atoms at the faces and Al/Ti atoms at the 

corners of the cube. [Donachie 2002] 

Right: BCT 𝛾’ crystal structure. [Romero-J 2016] 

 

𝛿 (delta) phase has an Ni3Nb orthorhombic structure [Sims 1987], figure (6), and 

is generally considered a detrimental phase [Sjöberg 1991], since it grows on the expense of 

the strengthening 𝛾’’. However, under specific circumstances this phase can be beneficial to the 

properties of the material. When 𝛿 phase precipitates at a grain boundary, it depletes the 

surrounding area of niobium. And as niobium is needed for the precipitation of 𝛾’’, these 

depleted areas will not be hardened during the aging heat treatment, leaving zones of higher 

plasticity in the material. This gives the material better notched stress rupture properties 

[Sjöberg 1991, Cai 2007]. Furthermore, 𝛿 phase could have a pinning effect on the grain 

boundaries and thus control the grain size at high temperatures [Andersson 2011]. 
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Figure (6): 𝛿-𝑁𝑖3𝑁𝑏 structure. [Mahadevan 2010] 

 

Carbides of MC, M23C6, and M6C, as well as metal nitride, MN, are usually encountered in 

Ni-base superalloys [Andersson 2011]. Titanium nitride is a favorable nucleation site for 

carbides, and these nitride-core carbides are sometimes called ‘carbonitrides’ [Mitchell 1994]. 

Laves phase is a brittle, intermetallic phase, which is regarded as a deleterious when present 

in large amounts [Donachie 2002]. This phase forms at temperatures above 982˚C and excessive 

precipitation leads to loss of strength and ductility [Schirra 1991]. 

1.4. The component 

The bleed panel is a part of the Variable Bleed Valve System of the LEAP engine, figure (7), 

and is a component of the turbine rear frame (TRF) hot structure. Production of TRF is one of 

GKN’s core businesses and involves the welding of small sections of different alloys, in order 

to tailor the structure according to the service environment of the component. GKN fabrication 

strategy today relies almost entirely on casting and forging for production, as well as for 

manufacturing of demonstrators. However, these manufacturing techniques are characterized 

by a long lead time (the time between placing the order and the delivery of the product), which 

affects the overall lead time of the project. The emerging of Additive manufacturing (AM) as a 

technique for production, and not only for rapid prototyping, during the last years could offer 

new possibilities for innovative and quick design changes, without the need for retooling. 
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Figure (7): A jet engine. The bleed panels are encircled. Source: Safran. 

 

1.5. Objectives of the project 

The main objective of this project was to characterize the microstructure of SLM 718 after 

various heat treatment cycles. Samples for heat treatment were extracted from the bleed panel 

component. The part was only stress relieved in its as-received condition, which meant that 

further thermal processing had to be performed to achieve a microstructure which could 

withstand the working condition that the part would experience in test or in service. 

Additionally, chemical composition analyses, micro-indentation hardness tests and weld-on-

plate were performed to better understand the microstructural changes and behavior of the 

component under different conditions. Furthermore, the results from the Bleed Panel analyses 

were compared to other alloy 718 components (castings, forgings, SLM), in order to obtain a 

more holistic view of how production methods and post-production treatments affect the 

component and the material. 
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2. THERMAL PROCESSING OF SLM 718 
 

This chapter gives a short introduction to the common thermal processing cycles of Inconel 718 

and to some of the most recent literature on heat treatment of SLM 718. For more detailed and 

specific information on the heat treatment cycles described in this chapter, please refer to the 

given sources. 

Generally, there are four main heat treatment procedures for Inconel 718 – 

homogenization, HIP, solution heat treatment, and ageing treatment. The homogenization is 

performed to get rid of microsegregations during manufacturing and evenly distribute the 

elements throughout the matrix. The HIP has a twofold purpose – to further homogenize 

material and microstructure, and to close small porosities. Solution heat treatment is used for 

homogenization of less segregated regions and to precipitate delta phase [Deng 2018]. During 

ageing the strengthening phases are precipitated. 

As mentioned earlier, SLM is characterized by very high cooling rates, up to 108 K/s. 

According to alloy 718 time-temperature-transformation (TTT) diagram, figure (8), no 

secondary phases should be expected in the as-build material. In reality, however, depending 

on the processing parameters, microsegregation and precipitation of carbides and Laves can 

occur in the space between the single dendritic arms [Wang 2016, Cao 2018] 

 

Figure (8): Transformation-time-temperature diagram of IN718 alloy system. Copyright 

American Welding Society, 1986. 

The heat treatment cycle for alloy 718 is usually selected, depending on the 

manufacturing method and the properties that are sought in the final product. For casting and 

forging, which are thoroughly studied and quite well understood processes today, defined 
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specifications for thermal processing are already developed. Wrought Inconel 718 is usually 

solution heat treated, in order to precipitate delta phase and further homogenize the material, 

before it is aged for 𝛾’ and 𝛾’’ precipitation. The standard thermal processing cycle for forged 

718 is specified in AMS 5662. 

Cast 718, being quite different to wrought 718, is characterized by coarser grains, 

interdendritic segregation (presence of Laves phase), and sometimes cast porosity [Deng 2018]. 

The coarse microstructure is beneficial for high temperature strength [Donachie 2002]. Laves 

phase, on the other hand, is detrimental for the mechanical properties and it is crucial that this 

phase is dissolved and the microstructure is homogenized during heat treatment. Hot isostatic 

pressing (HIP) can be used for closing cast porosity, and for further homogenizing the 

microstructure [Deng 2018]. The standard heat treatment algorithm for cast 718 is defined in 

AMS 5383. 

For SLM 718, there was no AMS material specification at the time of writing. 

According to Deng, [Deng 2018], thermal processing cycles for AM 718 should be developed 

specifically depending on the process history, i.e. manufacturing method (EBM, SLM etc.), 

process parameters, the shape of the component, etc. He suggested that ASTM F3055 should 

be used as a guideline, and not necessarily as a definite standard for thermal processing. 

In their comprehensive review on powder-bed laser manufactured 718, Wang et al. 

[Wang 2016] compared several articles on the subject. Their conclusion was that the optimal 

thermal processing cycle for SLM 718 should be a homogenization (1100°C for 1.5h), solution 

heat treatment (980°C for 1h), followed by long two-step ageing (720°C for 8h + 620°C for 

8h). 

In order to study the 𝛿 phase in the interdendritic regions of direct metal laser sintered 

(DMLS, a similar technique to selective laser melting) 718, Kuo et al. [Kuo 2017] used two 

heat treatment routes. One part of the samples was solution heat treated (980°C for 1h) and aged 

(718°C for 8h + 621°C for 10h), and another part was directly aged. They were able to conclude 

that the morphology and the location of 𝛿 phase particles affect the ductility of the material. 

Farber et al, [Farber 2018], studied and compared with literature the influence of the 

thermal processing on the mechanical properties of DMLS parts. They used HIP (1180°C, 100 

MPa, 4h), solution heat treatment (980°C, 4h) and ageing (720°C, 8h + 620°C, 8h) per AMS 

5662. They applied shot peening per AMS 2430 on half of the samples and thus formed four 

categories to be investigated: (1. solutionized + aged), (2. HIP + solutionized + aged), (1. + shot 
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peening) and (2. + shot peening). By using HIP, they were able to achieve an equiaxed grain 

structure. They assigned the lower yield strength in condition (2.) to the lack of delta phase and 

the grain growth in the material. 

Zhang et al., [Zhang 2018], compared the microstructure and mechanical properties of 

cast 718 with SLM 718, before and after heat treatment. They found that after heat treating the 

SLM samples, their mechanical properties were superior to these of the cast 718, and at about 

the same level as wrought 718. In their study, they used two different heat treatment cycles – 

one with homogenization step and a solution heat treatment step before ageing (per AMS 5383), 

for delta precipitation; and the other one with homogenization, but without SHT (no delta 

expected) before ageing. They concluded that when delta is present in excessive amounts 

intragranularly in the sample, it will affect negatively the plasticity of the material. 

Popovich et al., [Popovich 2018], used heat treatment (per AMS 5664E) consisting of 

annealing (850°C for 2 h) and ageing (720°C for 8h +621°C for 8h), in order to specifically 

tailor the microstructure. Thus, they could transform the Laves phase into delta phase 

precipitates, and enhance creep properties and fatigue life of the components. 

In their study, Holland et al., [Holland 2018], used a four-step thermal processing cycle, 

consisting of: stress relief (1066°C for 90 min), HIP (1163°C at 100 MPa for 4h), solution 

treatment (1066°C for 1 h), ageing (760°C for 10h, furnace cool to 649°C and hold, total aging 

time 20h). This treatment resulted in recrystallization and equiaxed grain morphology in the 

parts. 

Yoo et al., [Yoo 2018], also used a four-step heat treatment for some of their samples, 

in order to achieve an equiaxed grain morphology. It was composed of stress relief (1065°C for 

90 minutes), homogenization (1177°C for 60 min), solution heat treatment (982°C for 60 min) 

and ageing (718°C for 8h + 621°C for 18h). 

Based on the findings in the literature and existing specifications for casting and forging, 

a heat treatment test plan was developed. The goal was to evaluate the effect of simulated HIP 

on the grain morphology and to study the delta phase evolution, when the samples are solution 

treated at 954°C for 30, 60 and 180 minutes. Furthermore, a two-step short ageing treatment 

was chosen as a final processing step, according to the report by GE, [Barron 1999]. A sketch 

of the plan is shown in the next section. 
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3. EXPERIMENTAL PROCEDURES 

A bleed panel specimen was received from GKN Additive Manufacturing Center (AMC) of 

Excellence at Filton, UK, for component non-destructive expertise followed by a cut-up. The 

panel had been manufactured in an EOS M290 machine. It was a development build for design 

optimization from untested/unqualified alloy 718 gas atomized powder. This powder was a 

mixture of residual powder from earlier prints, implying that the powder could have been re-

heated up to several times. In an e-mail conversation with the team at AMC, it was explained 

that tested and qualified powder is only used for components that are going to be mechanically 

tested, because powder evaluation is a time-consuming and expensive procedure. The layer 

thickness for this build was set to 40 µm. Before removing the part from the building plate, it 

had undergone a stress relieving process at 1065°C for 95 minutes. The cooling rate of this 

process was estimated to be around 73°C/min, which was within required specifications. After 

that, it had been removed from the building plate using electrical discharge machining (EDM). 

EDM had also been used for the removal of the support structure from the part, figure (9). A 

support structure was required, due to the position of the pipe being at an angle and placed 

higher than the base of the component. 

 

Figure (9): A Siemens NX model representation of the TRF bleed panel before and after the 

removal of the support structure. 

The bleed panel, as well as the weld, which was performed on the section of the 

bleed panel, were subjected to two types of non-destructive testing (NDT) – fluorescent 

penetrant inspection (FPI) and radiographic testing (RT, X-ray). Both methods were performed 

on site at GKN Aerospace, Trollhättan. 
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Surface roughness measurements were carried out on the inside and the exterior 

of the pipe section of the bleed panel. Two measurements were taken per side. Mahr 

Perthometer M4Pi stylus was used for the experiment. The evaluation length, LT, was 1.5 mm. 

Three values were recorded – Ra (the arithmetic average), Rz (mean roughness depth) and 

Rmax (maximum roughness depth) [Mahr]. 

Two samples were sent for chemical composition investigation at Dirats 

Laboratories, USA. One of the samples was from an SLM build plate, which had been HIPed 

and heat treated, and the other one was a sample from the bleed panel, in stress relieved 

condition. The tests were performed according to AMS 5662 + O, N, Ca, Mg, Ta. 

Those of the samples, which were too thick or had geometry that did not allow 

for using the fine-cutting machine, were cut using EDM. This process was carried out at GKN 

Aerospace, Trollhättan. 

As already established, in as-received condition, the bleed panel was stress 

relieved at 1065°C for 95 minutes, according to ASTM F3055. This is usually done to avoid 

distortion by reducing the amount residual stresses that are typical for SLM, due to the high 

cooling rates of the process. From that point, it was decided to investigate the effect of 

simulated-HIP (only heat treatment, Pressure = atmospheric) on the material, and two different 

conditions were created. The group of specimens (specimens 1, 2, and 3) of condition 1 were 

subjected to simulated-HIP (at 1121°C for 4h15min) prior to solution heat treatment (SHT). 

The second group of specimens (P4, P5, and P6) did not undergo a simulated-HIP procedure. 

The complete cycle is shown in figure (10). SHT was performed for 30, 60, 180 min on one 

sample from both categories. All heat-treated samples were subjected to two-step short ageing 

and one sample was directly aged. For a full description of the heat-treated bleed panel samples, 

refer to Appendix III. The heat treatment curves were also added in the appendices. 



19 
 

 

Figure (10): Heat treatment schedule for Bleed Panel samples. 

Samples were cut into desired shapes, figure (11), for mounting and subsequent 

characterization in OM. This process was carried out in a Struers Secotom-50 fine-cutting 

machine. After mounting them in a polymer resin, the samples were ground with SiC 

sandpapers and finally polished with a 9 and 3 µm diamond slurries. After polishing, the 

samples were taken to a Nikon Eclipse LV150 light optical microscope for observation of 

AM/EDM/machine-cut edges, as well as bulk defects (pores, lack of fusions etc.). White areas 

in some of the OM micrographs are due to the aperture filter on the microscope being off during 

the capturing of the pictures. The aperture filter blocks some of the reflected light, giving a 

better quality to the pictures. 

Some of the defects were examined in a Nikon SMZ-U stereomicroscope. 

Microindentation hardness testing was performed on the samples, using a Leco M-400DT 

hardness tester, with a load of 300 gf. At least five indentations were made per sample. 

Generally, defect observations and microindentation hardness testing were carried out before 

etching. 

When this procedure was finished, the samples were etched in 10% oxalic acid at 

3V for 10-15 sec. The reference (cast and forged) samples were extracted from tensile and stress 

rupture specimens, from earlier projects. These samples were swab etched, using Kalling’s 
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etchant for 10-20 sec, since oxalic acid did not produce satisfactory results. Following the 

etching, the samples were again taken to the OM for grain size and microstructural evaluation. 

In all bleed panel OM micrographs the building direction is downwards. 

 

Figure (11): Cut-up plan for Bleed Panel. 

For examination of oxide layers, phases and inclusions, a scanning electron 

microscope (SEM) Zeiss Evo HD25 was used. Energy-dispersive X-ray spectroscopy (EDS) 

was used for a rough chemical analysis in different areas of interest. 

Welding experiments were done at GKN Product Technology Center (PTC), 

Trollhättan, according to GKN standards. The manufacturing of the weld was not a part of this 

project. 

Although the bleed panel was the main topic for this work, several other samples 

were also investigated, in order to have a reference point for comparison on various aspects. 

These additional samples included e.g. cast, forged, and HIP-processed SLM 718 form qualified 

powder batch. The cast and forged samples that were examined were heat treated per AMS 

5662 and AMS 5383, respectively. Furthermore, vertically-built (150x40x15 mm) SLM 718 

test plates (number 18 and 33; the latter had been subjected to abrasive blasting to remove 

surface contaminations) were studied. These plates were manufactured, using virgin powder 

and powder which had already been used once, respectively. As it was reported from GKN 

AMC, based on earlier studies on the effect of powder re-using and the fact that SLM is a “cold-

bed” process, there should not be any significant difference between the two powder batches. 
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After fabrication, the plates were stress relieved (1065°C for 95 minutes), HIP-processed (at 

1121°C for 4h, 100 MPa), post-HIP solution heat treated (in vacuum, at 1065°C for 1h) and 

solution heat treated (at 954°C for 1h). For microstructural evaluation, samples were extracted 

both along the building direction and perpendicular to it. Furthermore, two additional, separate, 

welded plates from the same build (machined from 15 mm down to 3 mm and 8 mm) were 

supplied from GKN PTC, Trollhättan. After welding, the 8mm plate was further solutionized 

(954°C for 1h) and aged (two-step short ageing) in laboratory air furnace, in order to be able to 

study and compare the microstructure before and after heat treatment. 
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4. RESULTS AND DISCUSSION 

4.1. Bleed Panel as-received condition 
Some defects were readily observable with a naked eye upon receiving the part, e.g. a big lack-

of-fusion on the top right corner figure (12 a), c), d)), rougher finish on some of the surfaces 

figure (12 e)), pores on the EDM-cut surface, where the support structure had previously been, 

figure (12 f)). After an e-mail conversation with the team at GKN AMC in Filton, it was 

established that the big defect on the top right corner was due to a powder under-dosing issue 

during printing, figure (12 b)). This issue was noticed and corrected during the printing. In the 

same conversation, it was also clarified that the inside of the pipe inlet exhibited a rougher 

surface due to what they called the “staircase” effect, figure (12 e)). Looking at figure (9), it is 

noticeable that during printing each consecutive layer on the outside wall of the pipe inlet would 

be fully consolidated on the previous layer. This type of surface is called up-skin. The layers 

on the inside, on the other hand, will be partially built on underlying powder, thus resulting in 

a rougher surface, compared with the top surface. This is called down-skin [Calignano 2013]. 

The concept is shown in figure (13). 

 

Figure (12): a) Powder under-dosing defect; b) powder under-dosing during the 

manufacturing (Courtesy: Filton); c) and d) stereomicroscope images of the powder under-

dosing defect; e) higher surface roughness on the inside of the pipe inlet; f) pores on the 

EDM-cut surface of the pipe, where the support structure used to be. 
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Figure (13): A sketch representation of up-skin and down-skin concepts. 

4.2. FPI 
A Fluorescent Penetrant Inspection (FPI) was done on the Bleed Panel to more easily notice 

any potential flaws on the surface. This did not show any significant defects, apart from the 

already observed lack-of-powder defect, roughness due to the down-skin and the pore defects, 

figure (14). 

FPI was also done on the laser-welded section of the bleed panel, check figures 

(11 and 30). No indications were observed during this test. 

 

Figure (14): FPI analysis of bleed panel 

 

4.3. X-Ray RT 
X-ray RT analysis on the Bleed Panel did not show any critical defects. The X-ray setup needed 

an optimization due to the complex geometry and the varying thickness of the component. 

Results and parameters from the experiment were summarized in Appendix I. 
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The bead-on-plate type of weld that was performed on a section of the Bleed 

Panel, was also subjected to radiographic imaging analysis. The experiment showed the 

existence of some pores within the weld, but they were within tolerances. 

4.4. Surface roughness 

Surface roughness measurements were summarized in chart (1). These values mirrored well the 

higher roughness that was observed on the inside of the pipe inlet. The most widely used value 

for describing the surface roughness is the arithmetic average, Ra. 

As it was discussed earlier in the report, the rougher surface on the inside was 

caused by the down-skin effect. Still, according to the Machinery’s Handbook [Oberg 2012] 

the up-skin Ra value was well within the typical range (0.8-6.3 µm) for surface roughness 

values obtained by laser production methods, while the down-skin Ra was slightly above the 

described range. The interior of the pipe, as well as the interfaces that will be welded, will be 

machined to achieve a better surface finish in the final product. 

 

Chart (1): Surface roughness measurements on the Bleed Panel. 

4.5. Chemical composition analysis 

The results from the chemical composition analyses were summarized in Appendix II. The 

chemical composition of the virgin powder used for the test plates was also presented in 

Appendix II. 
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In both the vertical plate and the bleed panel samples, an evidence of selenium 

(Se) was found, which was twice (0.0006 %) the maximum value in AMS 5662N (0.0003 %) 

specifications for forged material. At the time of writing, the cast specification (AMS 5383, 

found in Appendix II) for cast material did not include selenium. Selenium, alongside thallium, 

tellurium, lead and bismuth affect negatively the mechanical properties the nickel-base alloys 

and should be kept at as small amounts as possible [Sims 1987]. These elements are called 

‘tramp’ elements and are usually encountered in very small amounts in superalloys, but they 

tend to agglomerate at the grain boundaries. As a result of the presence of these detrimental 

elements, such as selenium, the ductility and the strength of Ni-base superalloys at elevated 

temperatures are greatly diminished. [Donachie 2002] 

 According to the results from Dirats Laboratories, there was a slight increase in 

oxygen and nitrogen content in the bleed panel, compared with the content in the vertical test 

plates. Oxygen and nitrogen can also be counted as tramp elements [Donachie 2002]. It could 

be speculated that the marginal increase in these values in the bleed panel sample was due to 

the reuse of the powder.  

 Although carbon (carbides can act as a crack initiation points, thus reducing the 

low-cycle fatigue life of the components) [Jackman 1991] and sulfur (affects adversely the 

stress-rupture life) [Xie 1996] are generally detrimental to the mechanical properties of Inconel 

718, the amount of these elements in the tested samples was within specifications. Experimental 

values for these elements, as provided by Dirats Laboratories, were higher in bleed panel, than 

in the plate sample. 

4.6. Microstructure and defects 

4.6.1. Reference samples 

Examination was performed on reference cast and wrought samples that were thermally 

processed according to GKN specifications, in order to set the guidelines and compare with the 

heat treated SLM samples.  Some features of the microstructure of both the cast and the forged 

samples were already visible after polishing, figure (15). A blocky phase, which appeared 

orange in optical microscope, was observed during the examination of the samples. El-Dasher 

et al., [El-Dasher 2009], used electron backscatter diffraction (EBSD) to identify similar 

particles as titanium nitride (TiN). 
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Figure (15): OM micrographs of reference samples before etching: a), b), and e) cast 

microstructure; c) and d) forged microstructure. 

The two forged reference samples exhibited very different microstructures, 

compared with each other, figure (16). Both samples were solutionized within specification per 

AMS5662, the one to the right being solutionized at a temperature close to the δ-solvus 

temperature, and containing less δ phase, and the other one solutionized at a lower temperature, 

and containing a significant amount of δ phase at the grain boundaries. The sample that 

contained more δ phase had slightly inferior mechanical properties. Results from a room 
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temperature tensile tests are summarized in table (1). Furthermore, in the sample with less delta, 

particle strings were observed. Similar strings in Inconel 718 were identified as NbC by 

McLouth et al., [McLouth 2018]. On the other hand, the shape resembled the usual plate/needle-

like morphology of delta phase. No conclusion could be drawn based on the available 

information and future investigations should be conducted on this to verify the nature of these 

particles. 

 

Figure (16): OM micrographs of forged reference samples. 

 Yield (MPa) UTS (MPa) Elongation (%) 

Sample with more δ 1130 1330 21 

Sample with less δ 1150 1380 24 

Table (1): Room temperature tensile properties of the forged reference samples. 

All four cast samples that were examined exhibited the typical dendritic structure. 

However, on a lower scale, the microstructure of the samples looked very different, figure (17). 

The reason for this was that the part from Supplier 1 was much thicker than the one from 

Supplier 2. This resulted in slow cooling rate and more Laves and delta phase. 
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Figure (17): OM micrographs of cast 718 samples (LCF). 

4.6.2. Bleed Panel 

Defects – In general, four types of defects were observed in the bleed panel samples. The first 

three were pores, small (usually lens-shaped) inclusions and lack-of-fusion defects. The 

inclusions could be found oriented parallel, perpendicularly or at an angle (usually ~45°) 

relative to the building direction. Inclusions at an angle relative to the building direction were 

the most numerous, figure (18) bottom. The pores in the bleed panel varied in diameter, the 

majority being between 8 and 20 µm, with some exceptions being around 40 µm. The last, 

fourth, type of defect was inter-granular oxidation (IGO) at the edges of the samples. This was 

an expected result due to the usage of air furnace and were not given any consideration in this 

case. 
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Figure (18): OM micrographs on unetched BP samples, showing the different types of defects. 

Top and bottom images show examples of oxide-filled inclusions. Second row, left – a lack-

of-fusion defect. Second row (right) and third row – pores. 
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 When these inclusions and some of the pores were examined at a high 

magnification (500x or 1000x) in the light optical microscope, small particles could be seen 

inside. To further study the nature of these particles, some of the samples were taken for an 

electron-dispersive X-ray spectroscopy (EDS) analysis. A random pore and the defect from 

figure (18, bottom right) were located and analyzed by EDS, figure (19). 

  

 

 

Figure (19): EDS analyses of oxide-filled pore and defect in the bleed panel samples. 

 The EDS analyses indicated that the inclusions were rich in aluminum and 

oxygen. The wt% values of titanium and carbon were also high. It was unclear whether these 

inclusions were already on the powder material or if they were formed during processing. The 

fact that they were more numerous in the bleed panel samples, which were produced with 
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recycled powder, suggested that the oxides could have formed on the surface of the powder 

particles during previous prints. This was in accordance with what was found in literature and 

discussed earlier. However, according to the study conducted by Zhang et al., [Zhang 2013], 

aluminum has a strong tendency to form stable oxides, and it is practically impossible to avoid 

aluminum oxide formation during AM of alloy 718. 

Microstructure – The heat-treated bleed panel bulk samples were examined for presence of 

delta phase and serrated grain boundaries, carbides and Laves phase, figures (20-27). Serrated 

grain boundaries were shown to be beneficial for the creep rupture life of Inconel 718 [Yeh 

2011]. 

 

Figure (20): OM micrographs on bulk samples from the bleed panel in stress relieved 

(followed by a fast cooling) condition. Large columnar grains with no visible delta phase at 

the grain boundaries. Building direction – downwards. 

 

Figure (21): Stress relief → two-step short aging (2SSA). Small precipitations were present at 

the grain boundaries. No delta due to the high stress relieving temperature and the 2SSA 

thermal processing. Building direction – downwards. 



32 
 

 

Figure (22): Stress relief → 954°C for 30 min (SHT) → two-step short aging. The SHT 

resulted in delta phase precipitation at the grain boundaries. This heat treatment cycle resulted 

in partially serrated grain boundaries. Building direction – downwards. 

  

Figure (23): Stress relief → 954°C for 60 min → two-step short aging. The amount of delta 

phase increased, but was still contained only to the grain boundaries. Serrated grain 

boundaries. Building direction – downwards. 

 

Figure (24): Stress relief → 954°C for 180 min → two-step short aging. Delta phase started to 

grow even intragranularly. Building direction – downwards. 
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Figure (25): Stress relief → simulated HIP → 954°C for 30 min → two-step short aging. The 

simulated HIP resulted in an almost complete recrystallization (equiaxed grains). Small delta 

platelets strated to precipitate at the grain boundaries. Almost no needle-like delta. Building 

direction – downwards. 

 

Figure (26): Stress relief → simulated HIP → 954°C for 60 min → two-step short aging. 

More needle-like delta, than in the 30 min sample, and more serrated grain boundaries. 

 

Figure (27): Stress relief → simulated HIP → 954°C for 180 min → two-step short aging. An 

excessive amount of delta, that started to agglomerate and grow even intragranularly. 

Building direction – downwards. 
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Based on the results of the heat treatment on the bleed panel samples, it can be 

suggested that in order to avoid elongated grain structure, to minimize anisotropy and to 

properly homogenize the material, a homogenization/HIP at around 1121°C for 4 hours should 

be performed after the stress relieving step. 

The sample, which was solutionized for 30 minutes resembled the reference 

wrought sample that had less delta. This theory should be investigated further, because it could 

mean that after stress relief and HIP, SLM 718 might need very short time to form small plate-

like delta precipitates. Reduction of solution heat treatment time to 30 minutes could have cost 

reduction effect on the overall production price of the component. 

Sometimes when a component is welded and repaired multiple times, it is also 

resolutionized up to several times. Similar scenario is simulated in the samples that were 

solution heat treated for 180 min. In both cases (with and without simulated HIP) intragranular 

delta had started to develop. In the case without HIP it seemed to be in higher quantities. This 

further supported the suggested beneficial effect of longer homogenization on the 

microstructure. 

The delta phase in SLM 718 generally seemed to be discretely distributed, except 

for some areas where it agglomerated, and at 180 minutes solution time, where it started to 

agglomerate and precipitate intragranularly. Such a behavior of delta phase agglomeration was 

observed in the interdendritic regions of the cast reference samples and is not desired in the 

components. 

4.6.3. Test plates 

The types of defects that were encountered in the samples from the test plates were similar to 

the ones in the bleed panel. The difference was that the pores and the oxide-filled inclusions in 

these samples were much less frequent and significantly smaller in size. The average size of the 

pores in these samples was ≤ 8 µm, figure (28). The smaller size of the pores and the inclusions 

in the test plates could be due to the use of virgin powder and the use of HIP. Oxide layers and 

IGOs were present on the AM surfaces. A separate study on the IGOs could be found in 

Appendix IV. 



35 
 

 

 

Figure (28): OM micrographs of oxide filled inclusions and pores in the test plates. 

The test plates, being HIP treated, exhibited relatively equiaxed microstructure, 

figure (29). Some of the grains still had unrecrystallized typical as-SLM cellular microstructure. 

The grain size was measured, per ASTM E112. Based on the statistics gathered, an ASTM 

value of 5.8±1 was obtained. 

 

Figure (29): OM micrographs on the microstructure of the test plates. 

Cellular grain substructures were quite frequent in the test plates samples, figure 

(29). Such substructures were, on the other hand, not found in the heat-treated bleed panel 

samples This could mean that the ageing treatment helped further homogenize the grains. 
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4.6.4. Laser welds 

Defects and oxides – Laser welding was done on a machined bleed panel section in as-stress-

relieved condition, figure (30). The thickness of the section was around 3 mm. The test plates, 

on the other hand, were stress relieved, HIPed, homogenized, and solution heat treated prior to 

welding. 

 

Figure (30): Bead-on-plate weld on a section of the bleed panel. 

A tendency was observed, where the biggest pores (≤ 212 µm in diameter) were 

located near the top or the bottom surface of the weld, figure (31). No microcracks were 

observed in the welds.  

 

 

Figure (31): OM micrographs of welds and a close-up view of the pores. 



37 
 

 

 

 

Figure (32): a) Image of the weld on the test plate; b) EDS analysis on a flaking area on the 

surface of the weld. 

A thin, dark film was observed on top and 

bottom surfaces of the welds. 

 

a) 

b) 
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A dark layer was observed on the top and the bottom surfaces of the bead-on-plate 

welds on the test plates, figure (32 a)). Such layers are not observed in welding of cast material. 

The elemental composition of these thin films was qualitatively examined via EDS mapping 

and identified as aluminum oxides, figure (32 b)). 

As it was discussed earlier, Bourell et al. [Bourell 2017] stated that the bigger part 

of the oxides that are formed in additively manufactured alloy 718 tend to end up on the surface 

each time a new layer is deposited. This theory, plus the fact that aluminum has very high 

tendency to form oxides in Inconel 718, could be related to the black films that were observed 

during the examination of the welds. 

Microstructure – After solution heat treatment at 954°C for 60 minutes and subsequent 2-step 

short ageing, the heat-affected zone (HAZ) was not present. This processing caused the delta 

phase in the bulk, as well as within the weld, figure (33-36), to increase. 

 

Figure (33): Weld on bleed panel section before heat treatment. A pattern on the surface was 

revealed after etching. This was most probably the scanning path of the laser. The bulk was in 

stress relieved condition. Heat affected zone (HAZ) was present. Scale 1 mm. 

 

Figure (34):  

Left: A micrograph on the HAZ/weld boundary from figure (33). 

Right: A higher magnification micrograph from within the weld. 
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Figure (35): Weld on bleed panel section after heat treatment. Fewer unrecrystallized grains. 

HAZ not clearly visible. 

 

Figure (36):  

Left: A micrograph on the HAZ/weld boundary from figure (35). As expected, more delta 

phase was present at the grain boundaries and within the weld. 

Right: A higher magnification micrograph from within the weld. The development of more 

delta phase was visible in the weld as well. 

4.7. Microindentation hardness testing 

Microindentation hardness tests were performed on all the samples, in order to be able to 

compare the manufacturing processes, the heat treatments, and the welds. The bulk samples 

were tested in non-etched condition, while some of the welds were in etched state. 

4.7.1. Heat treated samples. Effect of heat treatment. 

In as stress-relieved condition the bleed panel samples exhibited a low hardness, table (2). As 

it was discussed earlier, the main strengthening phases are 𝛾’ and 𝛾’’, which are precipitated 

during the ageing treatment. Thus, the highest average hardness was observed in the directly 

aged samples, figure (37). In these samples no significant amount of delta was precipitated, 

leaving more niobium for 𝛾’ and 𝛾’’ precipitation. 
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Sample High Low Average 

Stress relieved (SR) 289 HV 268 HV 275 HV 

Table (2): Hardness measurements in an as-stress-relieved bleed panel sample. 

 

Figure (37): Microindentation hardness testing on the heat-treated bleed panel samples and on 

samples from the test plates. 

Difference in hardness between samples extracted from the bottom and samples 

extracted from the top was observed in the test plates. Such behavior was observed by Stevens 

et al., [Stevens 2017], with the highest average hardness being in the middle layers, in their 
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case. Furthermore, the average hardness of these samples was unexpectedly high for samples 

that were not aged. In this case, the high hardness could be due to very slow cooling rate, which 

could have resulted in 𝛾’ and 𝛾’’ precipitation. 

Initially, hardness measurements were conducted on etched samples. During these 

tests a variation of hardness within the same sample was observed when the indentation was 

made within the grain, and when on the grain boundary. The HV value was generally lower on 

the grain boundary, where delta primarily precipitates. This variation was suggested to be due 

to the niobium depletion around the delta phase particles. Such a depletion would result in less 

niobium left for the 𝛾’ and 𝛾’’ phase precipitation, leaving regions of higher local plasticity. 

4.7.2. Reference samples 

 

Figure (38): Microindentation hardness test on the reference samples. Ordinate values in HV. 

When the hardness of the reference samples was compared with the hardness of SLM 718, it 

was observed that in aged condition the bleed panel samples exhibited higher average hardness 

for all heat treatment conditions. The scatter in hardness values of the bleed panel samples and 

in the forged sample was also much smaller than in the cast sample, figure (38). 
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4.7.3. Weld plates 

 

Figure (39): Indents 1-3 bulk. 4-6 HAZ. 7-9 weld. 10-12 HAZ. 13-15 bulk. Ordinate values in 

HV. 

Welding on both the bleed panel and the test plate resulted in an average hardness of ~250 HV 

within the weld, as well as in the HAZ. After solution heat treatment, the overall hardness 

increased, but was still slightly lower within the weld, figure (39). The welds exhibited a 

dendritic structure with delta phase in the interdendritic regions. This delta could have depleted 

the surrounding from the niobium, resulting in less 𝛾’ and 𝛾’’ precipitation, hence the lower 

hardness. 

4.8. Tensile tests 
Sample were sent for room temperature tensile testing, according to ASTM E8. The samples 

were extracted from the bleed panel. Samples in both parallel and perpendicular to the building 

direction will be tested. 
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5. FUTURE CONSIDERATIONS 

• HIP on a reused powder: a difference in the grain structure was observed in the bleed 

panel (not HIPed) compared with the test plates (HIPed) samples. Furthermore, the 

defects were also more frequent and larger in the bleed panel samples. It would be of 

interest to perform a HIP on a component produced with reused powder, to compare the 

microstructure and the defects. 

 

• Examining a panel from qualified powder: in this case, it would be sensible to perform 

mechanical tests such as notched stress rupture and high temperature tensile. 

 

• Checking selenium content in virgin powder: the values in both the bleed panel and the 

test plates were twice as high as stated in the specifications. Evaluation of the virgin 

powder could give some explanations. 

 

• High temperature in-situ XRD: this technique could be used to study in-situ the phase 

transformations in the SLM 718. 

 

• Looking at an as-build sample (before stress relief), in order to check for location of 

defects; between layers, melt pools etc. 
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6. CONCLUSION 

• The bleed panel passed FPI inspection with a few remarks, which were visible with a 

naked eye and were parameters-related. The weld on the section of the bleed panel also 

passed the FPI inspection. X-ray on the weld discovered small pores. 

• The bleed panel had a surface roughness Ra value that varied between 2.27 μm on the 

smooth surfaces and 8.98 μm on the rough surfaces. 

• Bleed panel and test plates passed the chemical composition analysis in general, but 

showed Se amount that was twice the maximum value specified in AMS 5662N. 

• Small aluminum-rich oxide-filled defects were found in all SLM 718 samples. These 

were bigger and more numerous in the bleed panel samples, than in the test plates. 

• Simulated HIP resulted in equiaxed grain structure in the heat-treated bleed panel 

samples. 

• Solution heat treatment at 954°C for 30 minutes resulted in small delta plates at the grain 

boundaries. This structure was similar to one of the wrought reference samples. 

• A thin aluminum-rich oxide layer was observed on some of the welds. 

• Resolutionizing the welds (954°C for 60 minutes, followed by a 2-step ageing process) 

resulted in the disappearance of HAZ and growth of delta phase, as well as higher and 

more homogeneous hardness. 

• No microcracks were found in the welds. 

• SLM 718 exhibits higher hardness that cast and wrought 718 after heat treatment. 
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