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Populärvetenskaplig Sammanfattning 

Nyckelord: Additiv tillverkning; Lasermetalldeponering; Pulver; Superlegering; 
Materialkarakterisering 

Additiv tillverkning (AM) är en generell term som används för 
tillverkningsmetoder med kapabilitet att producera komponenter direkt från en 
digital 3D-modell. Detta görs genom att tillföra material skiktvis till dess att den 
slutgiltiga geometrin är uppnådd. Några nämnvärda AM-teknologier är 
pulverbädd, laminerad objekttillverkning och riktad energideponering. Den 
teknologi som används i detta projekt faller under den sistnämnda kategorin och 
kallas för lasermetalldeponering med pulver som tillsatsmaterial (LMPD). 

LMPD nyttjar vanligtvis ett fleraxligt styrbord eller en robot för att kontrollera 
laserns och pulvermunstyckets rörelse över den yta där deponeringen utförs. 
Komponenter byggs således upp genom att selektivt addera material i form av 
svetssträngar, bredvid varandra och i skikt, till dess att komponenten är 
färdigställd.  

LMPD:s styrka inom tillverkningsindustrin är kanske inte främst som en metod 
för att producera kompletta komponenter utan snarare som en metod för att 
förädla simplare gjutgods, alternativt smiden, genom en ökad komplexitet i form 
av selektivt adderat material. Detta kan reducera materialsvinn avsevärt för vissa 
utvalda komponenter där endast en liten fraktion av det initiala materialet 
bibehålls i den slutgiltiga produkten. En ytterligare applikation för denna 
teknologi är som reparationsmetod för komponenter där en låg värmetillförsel är 
av största vikt. Detta kan till exempel gälla känsliga komponenter där för höga 
temperaturer riskerar att äventyra integriteten hos komponenten genom 
förändrad mikrostruktur, deformation eller sprickbildning. 

Fokus i detta arbete har varit att hitta samband mellan de primära 
processparametrarna och deras inverkan på materialet, som i detta projekt var 
superlegering 718. Det har visats i detta projekt att de processparametrar som har 
störst inverkan på materialet är lasereffekten, framföringshastigheten, 
pulvermatningshastigheten och pulverfokusförskjutningen. Vidare har det visats 
att dessa parametrar har en signifikant inverkan på fasformation, fasomvandling, 
kornstruktur och sprickbildning i det byggda materialet. För att förbättra 
förståelsen av processparametrarnas inverkan på materialet så har 
temperaturmätningar utförts med hjälp av en temperaturmätningsmetod som har 
utvecklats och utvärderats i detta projekt. Temperaturmätningarna utfördes med 
termoelement som skyddades med tunna rostfria plåtar. Dessa plåtar skyddade 
termoelementet från laserstrålens inverkan som annars skulle störa 
temperaturmätningarna eller skada termoelementen. 
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Abstract 

Title: Laser Metal Deposition using Alloy 718 Powder – Influence of Process 
Parameters on Material Characteristics 

Keywords:Additive manufacturing; Laser metal deposition; Powder; Superalloy; 
Material characterization 
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ISBN 978-91-87531-67-5 (Electronic) 

Additive manufacturing (AM) is a general name used for manufacturing methods 
which have the capabilities of producing components directly from 3D computer-
aided design (CAD) data by adding material layer-by-layer until a final component 
is achieved. Included here are powder bed technologies, laminated object 
manufacturing and deposition technologies. The latter technology is used in this 
study.  

Laser Metal Powder Deposition (LMPD) is an AM method which builds 
components by fusing metallic powder together with a metallic substrate, using a 
laser as energy source. The powder is supplied to the melt-pool, which is created 
by the laser, through a powder nozzle which can be lateral or coaxial. Both the 
powder nozzle and laser are mounted on a guiding system, normally a computer 
numerical control (CNC) machine or a robot. LMPD has lately gained attention 
as a manufacturing method which can add features to semi-finished components 
or as a repair method. LMPD introduce a low heat input compared to 
conventional arc welding methods and is therefore well suited in, for instance, 
repair of sensitive parts where too much heating compromises the integrity of the 
part. 

The main part of this study has been focused on correlating the main process 
parameters to effects found in the material which in this project is the superalloy 
Alloy 718. It has been found that the most influential process parameters are the 
laser power, scanning speed, powder feeding rate and powder standoff distance. 
These process parameters have a significant effect on the temperature history of 
the material which, among others, affects the grain structure, phase 
transformation, and cracking susceptibility of the material. To further understand 
the effects found in the material, temperature measurements has been conducted 
using a temperature measurement method developed and evaluated in this 
project. This method utilizes a thin stainless steel sheet to shield the thermocouple 
from the laser light. This has proved to reduce the influence of the laser energy 
absorbed by the thermocouples. 





 

ix 
 

Appended Publications  

Paper A. Review of Laser Deposited Superalloys using Powder as an 
Additive 

Peer-reviewed paper presented at the “8th International Symposium on Superalloy 
718 and Derivatives” in Pittsburgh, USA, in October 2014. Authors: Andreas 
Segerstark1, Joel Andersson1 and Lars-Erik Svensson1. 

Andreas Segerstark was the main author. Literature survey was performed by him and he 
presented the paper orally at the conference. The co-authors have contributed throughout the study 
by discussing, reviewing and adding their ideas to the study. 

Paper B. Evaluation of a Temperature Measurement Method Developed 
for Laser Metal Deposition 

Published in the Journal of Science and Technology of Welding and Joining. 
Authors: Andreas Segerstark1, Joel Andersson1 and Lars-Erik Svensson1 

Andreas Segerstark was the main and corresponding author to this paper. Calculations, data 
acquisition, data analysis and editorial work was mainly done by him. The co-authors have 
contributed throughout the experiments by discussing, reviewing and adding their ideas to the 
study. 

Paper C. Investigation of Laser Metal Deposited Alloy 718 onto an EN 
1.4401 Stainless Steel Substrate  

Published in the Journal of Optics and laser technology Authors: Andreas 
Segerstark1, Joel Andersson1 and Lars-Erik Svensson1. 

Andreas Segerstark was the main and corresponding author to this paper. Calculations, data 
acquisition, data analysis and editorial work was mainly done by him. The co-authors have 
contributed throughout the experiments by discussing, reviewing and adding their ideas to the 
study. 

Paper D. Influence of Heat Input on Grain Structure in Thin-Wall Deposits 
using Laser Metal Powder Deposition 

Peer-reviewed paper presented at “The seventh Swedish Production 
Symposium”, in Lund, Sweden, in October 2016. Authors: Andreas Segerstark1, 
Joel Andersson1 and Lars-Erik Svensson1  

                                                      
1 Department of Engineering Science, University West, Trollhättan, SE-461 86, Sweden 



APPENDED PUBLICATIONS 

x 
 

Andreas Segerstark was the main author to this paper. Analysis and experimental work was 
performed by me and it was presented at the conference by a colleague. The co-authors have 
contributed throughout the experiments by discussing, reviewing and adding their ideas to the 
study. 

Paper E. Microstructural Characterization of Laser Metal Powder 
Deposited Alloy 718. 

Submitted to the Journal of Materials Characterization. Authors: Andreas 
Segerstark1, Joel Andersson1, Lars-Erik Svensson1 and Olanrewaju Ojo2 

Andreas Segerstark was the main and corresponding author to this paper. Analysis and 
experimental work was mainly performed by him with help from engineers and specialist for some 
advanced characterisation. The co-authors have contributed throughout the experiments by 
discussing, reviewing and adding their ideas to the study. 

Paper F. Effect of Process Parameters on the Crack Formation in Laser 
Metal Powder Deposition of Alloy 718  

Submitted to the journal of Metallurgical and Materials Transactions A, Authors: 
Andreas Segerstark1, Joel Andersson1, Lars-Erik Svensson1 and Olanrewaju Ojo2 

Andreas Segerstark was the main and corresponding author to this paper. Analysis, 
experimental work and calculations were performed by him. The co-authors have contributed 
throughout the experiments by discussing, reviewing and adding their ideas to the study. 

 

                                                      
2 Department of Mechanical Engineering, University of Manitoba, Winnipeg, R3T 5V6, 
Canada 



 

xi 
 

Additional Publication Not Appended to This Thesis 

Paper G. Economic Viability of Laser Metal Deposition 

Peer-reviewed paper presented at “The sixth Swedish Production Symposium”, 
in Gothenburg, Sweden, in September 2014. Authors: Andreas Segerstark1, Joel 
Andersson1 and Lars-Erik Svensson1  

Andreas Segerstark was the main author. Calculations and analysis was performed by him 
and he presented the paper orally at the conference. The co-authors have contributed throughout 
the experiments by discussing, reviewing and adding their ideas to the study.





 

xiii 
 

Table of Contents 

Acknowledgements ........................................................................ iii 

Populärvetenskaplig Sammanfattning ............................................ v 

Abstract ......................................................................................... vii 

Appended Publications .................................................................. ix 

Additional Publication Not Appended to This Thesis ..................... xi 

Table of Contents ......................................................................... xiii 

Chapter 1 Introduction ...................................................... 15 

1.1 Aim of Project and Research Questions ............................. 15 

1.2 Additive Manufacturing ........................................................ 16 

1.3 Laser Deposition Technologies ........................................... 19 

1.4 Superalloys ......................................................................... 20 

Chapter 2 Laser Metal Powder Deposition ...................... 25 

2.1 Deposition Process ............................................................. 25 

2.2 Equipment in Laser Metal Deposition ................................. 25 

2.3 Powder Characteristics ....................................................... 29 

2.4 Process Parameters ............................................................ 31 

Chapter 3 Methodology and Experimental Setup ........... 37 

3.1 Design of Experiment .......................................................... 37 

3.2 Powder Material and Substrate Material ............................. 40 

3.3 Experimental Setup ............................................................. 42 

3.4 Measurement and Characterisation Methods ..................... 45 

Chapter 4 Evaluation of Temperature Measurements .... 51 

4.1 Experiment Setup ................................................................ 51 

4.2 Results ................................................................................ 52 

Chapter 5 Effect of Process Parameters on Key 
Characteristics ................................................. 55 

5.1 Grain Structure .................................................................... 55 

5.2 Phases ................................................................................ 58 

5.3 Cracks ................................................................................. 62 



TABLE OF CONTENTS 

xiv 
 

5.4 Dissimilar Metal Deposition ................................................. 65 

Chapter 6 Discussion ........................................................ 71 

6.1 Laser Metal Deposition ....................................................... 71 

6.2 Temperature Measurement ................................................. 72 

6.3 Effect of Process Parameters on Material Characteristics .. 75 

Chapter 7 Conclusions ..................................................... 87 

Chapter 8 Future Work ...................................................... 89 

Chapter 9 Summaries of Appended Papers .................... 91 

Chapter 10 References ........................................................ 95 

Appended Papers 

Paper A. Review of Laser Deposited Superalloys using Powder as 
an Additive 

Paper B. Evaluation of a Temperature Measurement Method 
Developed for Laser Metal Deposition 

Paper C. Investigation of Laser Metal Deposited Alloy 718 onto an 
EN 1.4401 Stainless Steel Substrate 

Paper D. Influence of Heat Input on Grain Structure in Thin-Wall 
Deposits using Laser Metal Powder Deposition 

Paper E. Microstructural Characterization of Laser Metal Powder 
Deposited Alloy 718. 

Paper F. Effect of Process Parameters on the Crack Formation in 
Laser Metal Powder Deposition of Alloy 718 

 



 

15 
 

Chapter 1 
 

Introduction 

1.1 Aim of Project and Research Questions 

Laser metal powder deposition (LMPD) is a novel manufacturing method 
that has a great potential to reduce material waste through near net shape 
production as well as adding value to an already manufactured component. 
The increased value could come from a re-design focusing on the potential 
of AM resulting in e.g increased structural strength, lowered weight, 
integration of more parts to decrease number of components and the 
introduction of new materials to the product. Additionally, the LMPD 
method can increase feasibility by adding features to already manufactured 
parts, refurbishing end of life products and repairing sensitive 
components. 

An increased understanding of how the material characteristics are 
influenced by the process parameters are of great importance as this will 
help in retaining consistency and repeatability in the LMPD process. This 
specific work aims to advance the understanding of how laser deposited 
Alloy 718 is affected by the process parameters. The increased knowledge 
can later be used to tailor the material characteristics for the intended 
application.  

The main objective of this research is to answer the following questions: 

RQ. 1. How can the temperature be measured in relevance to 
LMPD and be utilized to gain fundamental insights to 
characteristics in the built material? 

 
RQ. 2. How are the microstructural characteristics such as grain 

structure and phase constituents affected by the governing 
process parameters? 
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RQ. 3. What type of defects are of prime concern in LMPD and 
how are they affected by the governing process 
parameters?   

1.2 Additive Manufacturing 

Additive manufacturing (AM) is a general name used for production methods 
which have the capabilities of manufacturing components directly from 3D 
computer-aided design (CAD) data by adding material layer-by-layer until a final 
component is achieved. Figure 1.1 shows a four level overview of the most 
common AM methods capable of building components in metal. These methods 
are laminar object manufacturing, powder-bed technologies, and deposition 
technologies (level one). The AM methods are followed by three other categories; 
feedstock material (level two), material bonding methods (level three), and energy 
sources (level four). The arrows show the combinations which each AM method 
can be composed of e.g. the AM method (1) can be “Deposition technologies” 
which uses powder or wire as feedstock material (2). The powder or wire are 
melted and fused together with a substrate and previously deposited material i.e. 
material bonding method (3). The fusion is done with either an electron beam, 
laser or electric arc, for wire deposition, whereas powder deposition utilizes an 
electric arc or laser as energy source (4). The laser deposition technologies will 
be further introduced in Chapter 1.3. 

 

Figure 1.1. Process map over AM methods. The arrows show the combinations on 

what each AM methods can be composed of. The highlighted windows composes the 

LMPD method. The schematic is further on divided into four categories which are: 1) 

the different AM-methods, 2) the different additive materials, 3) the different material 

bonding methods. 4) The different energy sources. Modified from [1]. 

Opposed to the conventional subtractive manufacturing methods where the 
component is machined from a block of metal, AM selectively adds the material 
where it is needed. By doing this, near net shape components can be achieved 
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with little material waste whereas the conventional machining approach leads to 
considerably more waste material. AM has drawn much attention during the last 
decade as a field of research, especially in the aerospace, nuclear and automotive 
industry. However, much work still remains to be done before AM is a real 
contender of replacing conventional manufacturing methods. In industrial 
applications AM is at present state regarded as a complement to conventional 
manufacturing methods with the potential to add value to the manufactured 
components [2].  

 Motivation for Additive Manufacturing 

Some of the main advantages of AM are its capability to produce complex 
geometries, near net shape without the use of any dies or moulds. Depending on 
the demands on the component, little or no machining is needed to achieve the 
desired dimensions of the component. For certain parts a shorter lead time, less 
waste material and integration of multiple components can be achieved by the 
use of AM. Additionally, AM have the capability of manufacturing components 
which previously have been too hard or expensive to manufacture by 
conventional manufacturing methods e.g. components with complex freeform 
surfaces and lattice structures [3]. 

AM methods are adaptive and significant changes can be done in a component 
design just by changing the CAD-model whereas a complete change in tooling 
may be needed when using conventional manufacturing methods. After the initial 
investment of an AM system no other significant investments are needed in order 
to change the design of a component or change even change to a completely new 
component. This means that the cost of a component is not as dependant on the 
size of the production series as it is with many other manufacturing methods 
where a considerable investment may be needed to adapt the equipment for the 
new component design. This make AM to an interesting alternative in e.g. the 
aerospace and space industries where some components have a very low 
production volume with large investment cost for the required tooling. Another 
well-established area where AM have gained a strong foothold is in rapid 
prototyping where it is possible to cut the time from development to prototyping 
considerably using AM [4].  

The total energy needed to produce a component can also be reduced due to the 
capability of reducing the total amount of production steps, the use of less 
material, produce lighter products and the allowance for remanufacturing and 
repairing end-of-life products. This has the potential to save 75-98% in energy 
consumption according to a report by the U.S. Department of Energy [4]. 
However, for large cast parts and parts which already have an efficient 
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production line, the change to AM most certainly will have an invert effect on 
the energy consumption.  

It is relatively easy to create an inert or vacuum environment in most AM 
methods which have made it a good option for processing reactive materials such 
as titanium alloys [1]. For instance, electron beam melting (EBM) is done in 
vacuum and selective laser melting (SLM) is commonly carried out in argon [5]. 
In the LMD methods an inert environment can relatively easily be accomplished 
by encapsulating the deposition in an argon or helium filled chamber. 

 Challenges in Additive Manufacturing 

One of the biggest challenges of any AM method is the relatively low building 
rate compared to the conventional production methods. This limits the 
applications to which AM is economical viable to small complex parts, repairing 
and reinforcing, small series production, and production of components that 
virtually cannot be manufactured by any other method e.g. honeycomb 
structures. In the aero, nuclear and automotive industry the justification to invest 
in AM exists although they are faced with the problem that there is hardly any 
standardization in AM whereas, especially the aero and nuclear industry has 
demanding standards to maintain. 

Another general issue with AM is that the components can suffer from 
porosities, lack of fusion, inclusions and other defects which are difficult to 
measure and quantify during building. These imperfections impairs the structural 
integrity of the components [1]. 

The result of an AM part is highly affected by the geometry of the part. This 
means that there is not an optimal process parameter setting that works in all 
instances. Differences in wall thicknesses, heights and angles can result in heat 
concentrations leading to e.g. phase transformations, residual stresses or 
recrystallization which are not experienced for a slightly different design. 
Simulation based modelling of AM processes are here a useful tool to predict the 
outcome of the deposition. Although this is a fairly common area of research, 
most numerical models are at a research stage and mot ready to be used for 
predicting the outcome of a manufactured part. 

Additionally, it is difficult to implement online process control in AM and at the 
moment the online process control for AM is at an experimental state. 
Development of a closed-looped feedback controller is needed to improve e.g. 
the repeatability, precision and accuracy, which affects the quality of the deposit 
in terms of e.g. surface finish, defects and microstructure of the produced 
components [6-8]. 
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1.3 Laser Deposition Technologies 

Deposition technologies which directly fuse material onto a metal surface using 
laser goes under many names such as Directed Energy Deposition (DED) [9] 
Laser Metal Deposition (LMD), Direct Metal Deposition or Laser Direct Metal 
Deposition [2], Laser Engineered Net Shaping [10], Laser Consolidation [11] and 
Laser Rapid Manufacturing [12]. Henceforth this technology will be referred to 
as LMD. LMD either uses powder or wire as feedstock material. To distinguish 
between these two methods, Laser Metal Powder Deposition (LMPD) and Laser 
Metal Wire Deposition LMWD will be used when referring to the powder 
method and wire method, respectively. There are a number of system suppliers 
with readily available systems to use e.g. Trumpf [13], BeAM machines [14], 
Optomec [15], DM3D technology [16] and DMG Mori [17]. 

 Laser Metal Deposition with Powder as Additive 

LMPD has a relatively low building rate in comparison to the removal rate when 
producing an equivalent component using a subtractive manufacturing method.  
Because of this, the LMPD method is better suited as a manufacturing method 
for producing small components or adding features to semi-finished 
components. Additionally, LMPD introduce a low heat input compared to arc 
welding methods and is therefore well suited in applications where a low heat 
input is of an essence. For instance, in repair of sensitive parts where too much 
heating compromises the integrity of the part by e.g. microstructural 
degeneration or by deviations in the dimensional precision caused by residual 
stresses. This method is the main focus of research in this thesis and will be 
further discussed in Chapter 2.  

 Laser Metal Deposition with Wire as Additive 

The main advantages of LMWD compared to the LMPD method is a higher 
deposition rate, less porosities in the deposited material and better surface finish. 
However, this comes at the cost of higher heat input. Additionally, there is an 
inherent challenge in LMWD when it comes to controlling the process. The 
process is sensitive when it comes to coupling the wire, laser and deposition 
surface together and small variations in the surface or wire feed rate can cause 
problems in the process. Additionally, LMWD is normally a directionally 
asymmetrical process (although coaxial wire feeding systems do exist ) which 
further complicates the control of the process. These challenges has therefore 
been an area that has gained extensive attention in literature [18-20]. In LMWD 
components are built by depositing adjacent beads in layers, as described in 
Figure 1.2. The weld torch supplies the wire to the melt pool created by the laser. 
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The wire can be heated by the use of electricity through the weld torch while the 
actual melting of the wire is done using the laser.  

 

Figure 1.2. In the LMWD method components are built by depositing weld beads 

adjacent to each other, in multiple layers. The laser melts the wire which is supplied 

to the melt pool by the welding gun. 

1.4 Superalloys 

Superalloys are divided into three main groups, nickel (Ni)-based, cobalt (Co)-
based and nickel-iron (Ni-Fe)-based superalloys [21]. Superalloys have unique 
capabilities of maintaining a high yield strength, tensile strength, creep resistance, 
corrosion resistance and fatigue resistance at elevated temperatures, where most 
other metal alloys are rendered unstable. This makes superalloys well suited in 
the aero, nuclear and petrochemical industry. Looking at the aero industry, 
superalloys are highly utilized and more than 50% of a jet engine’s weight consists 
of superalloys. 

 Strengthening Mechanisms 

The main strengthening mechanisms in superalloys are precipitation 
strengthening, solid solution strengthening, and dispersion strengthening [22]. 
These strengthening effects will be further explained in this section. 

1.4.1.1 Precipitation Strengthening 
Some of the most important strengthening mechanisms in superalloys are the 
precipitation of γ’ and γ’’ phases. The precipitation of these phases is achieved 
by the addition of elements with limited solubility in the γ matrix which in the 
case of Ni and Ni-Fe-based superalloys are Niobium (Nb), Titanium (Ti) and 
Aluminium (Al). Upon cooling from the solution heat treatment, the solubility 
of these elements is radically decreased in the γ matrix phase which allows for 
precipitation of finely distributed strengthening phases during the following 
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aging heat treatment. The strengthening effect is mainly achieved through 
coherency strain between the strengthening precipitates and the matrix phase 
and, antiphase boundary (APB) energy resisting dislocation movement between 
ordered strengthening phases in the matrix. Both coherency strain and ordered 
precipitate forces the dislocation to cut through or climb over the precipitates 
which significantly increases the strength of the material. The precipitation 
strengthening effect becomes more effective with increased precipitate size. 
However, when the precipitates becomes “too large” the dislocations starts to 
climb the precipitates rather than cut through it which results in a lowering of 
the material strength [22]. 

1.4.1.2 Solid Solution Strengthening 
Opposed to the precipitation strengthening, the effect of solid solution 
strengthening is attained through elements that are in a solution with the γ matrix 
phase. The strengthening mechanism in solid solution strengthened alloys comes 
from the difference in atomic radius which causes distortions in the Face Centred 
Cubic (FCC) γ lattice. These distortions inhibits dislocation movements in the 
matrix and thus strengthens the material. The potency of the high temperature 
creep resistance is dependent on the diffusion of the solute elements and thus 
high melting point elements with low diffusivity provides a better solid solution 
strengthening effect at elevated temperatures as these will stay in the solid 
solution state to a higher temperature [21].  

Another effect that is observed in solid solution strengthened alloys are a 
lowering of the stacking fault energy. A lowering of the stacking fault energy leads 
to a higher cross slip resistance which prevents dislocations from changing 
direction into a new slip plane when it encounter a barrier e.g. carbides, γ’ or γ’’ 
precipitate.  

Clustering of atoms attracted to each other by their electron orbitals is called 
atomic clustering or short range ordering. This mechanism is observed in solid-
solution strengthened alloys and further inhibits the movement of dislocations. 
This effect is more pronounced in molybdenum (Mo), tungsten (W), Al, 
chromium (Cr) and rhenium (Re). This effect is significantly lowered above 
approximately 60% of the melting temperature due to increased diffusion [22]. 

1.4.1.3 Oxide Dispersion Strengthening 
Oxide dispersion strengthened alloys can retain their strength better than any 
other superalloy at very high temperature (up to 1300°C). The strengthening 
mechanism in oxide dispersion alloys is similar to the precipitation hardening 
mechanism. However, the strengthening particles do not precipitate from the 
matrix but are rather added to it. The oxide particles impede dislocation 
movement in a similar fashion as γ’-phase does, although the oxide particles are 
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not coherent with the matrix. Additionally, oxide particles have a lower density 
than the matrix and therefore tend to float to the surface during casting and 
welding of the material and thus diminish the potential strengthening effect of 
the oxide particle. Since oxide dispersion particles are incoherent with the matrix 
the only strengthening effect comes from impeding dislocations by Orowan 
bowing.  

 Nickel-Iron Based Superalloy 

Nickel based superalloys are the type of superalloy which best retain its 
mechanical properties at elevated temperatures and are therefore used in the 
most demanding applications such as turbine blades. However, in applications 
where temperatures up to 650°C are expected, large amounts of Fe is alloyed 
together with the Ni. These alloys are called Ni-Fe based superalloys. Since Fe is 
comparatively cheap these types of superalloys has a lower manufacturing cost 
compared to other superalloys. However, the high content of Fe also slightly 
impairs the performance of the superalloy in terms of hot corrosion resistance 
and high temperature strength. The main strengthening mechanisms in these 
types of alloys are the precipitation of γ’ and γ’’. The γ’’ phase is metastable in 
Ni-Fe based superalloys and transforms into δ phase when exposed to high 
temperatures (>650°C) during a prolonged period of time. This is also true for 
γ’ which can transforms into η phase, especially if the alloy contains a large 
amount of Ti [22]. 

In a Ni-Fe based superalloy more than 10 elements are added and carefully 
controlled. Each of these elements serve a specific purpose in the alloy. The 
purpose of the most common elements in a Ni-Fe based superalloys are listed 
below, as described by Geddes et al. [22]. 

Al promotes γ’ precipitation and inhibits the formation of η phase (Ni3Ti) 

B increases the creep strength together with ductility and inhibits the formation 
of η phase in the grain boundary. 

C is an important element in MC, M7C3, M6C and M23C6 carbides and improves 
the stability of the FCC matrix. 

Cr is a solid solution strengthening element and increases the hot corrosion and 
oxidation resistance. Additionally Cr helps with carbide formations. 

Ti helps with the γ’ and TiC precipitation.  

Mo is a solid solution strengthening element and an important element in M6C 
precipitation. 
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W has the same alloying function as Mo. 

Ta promotes γ’’ precipitation together with TaC precipitation. 

Nb promotes γ’’, NbC, Laves and δ (Ni3Nb) precipitation. 

Ni improves the stability of the FCC matrix and supress formation of TCP 
phases. 

Zr has the same function as B in the alloy. 
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Chapter 2 
 

Laser Metal Powder Deposition 

2.1 Deposition Process 

LMPD is an AM process which can use a multi-axis computer numerical control 
(CNC) machine or robot to guide the laser beam and powder stream over the 
deposition surface. The component is built by depositing adjacent beads layer by 
layer until the component is completed, as illustrated in Figure 2.1. There are 
some different nozzle types which provide the powder either off-axis though an 
external nozzle or coaxially where the powder is provided axisymmetrical to the 
laser beam. A literature review of LMPD is presented in Paper A.  

 

Figure 2.1. A cross section of a coaxial LMD nozzle. The powder is carried by an inert 

gas, typically Ar or helium (He). The shielding gas is applied from the innermost 

housing (through which the laser also passes in the figure), as with the carrier gas this 

gas is typically Ar or He. 

2.2 Equipment in Laser Metal Deposition 

 Nozzles 

There are mainly two types of nozzles in LMPD: coaxial nozzles and off axis 
nozzles. The coaxial nozzles have the advantage of being directionally 
independent since there is a symmetry between the powder and laser. With an 
off axis nozzle the powder is fed from the side which means that the efficiency 
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of the deposition process will vary with changes in the deposition direction. In 
this study a coaxial nozzle with an annular outlet is used, see Figure 2.2.  

2.2.1.1 Coaxial Nozzles  
Coaxial nozzles either have an annular shaped powder stream or utilizes multiple 
outlets to create a powder focus.  

With a coaxial nozzle the powder enters the laser beam above the surface which 
has an effect on the laser attenuation and distribution at the deposition surface 
as well as the powder temperature before entering the melt pool. In Figure 2.2a 
a coaxial nozzle with a annular outlet is shown. This type of coaxial nozzles are 
comprised of two cones which are concentrically mounted inside each other with 
a precise and fixed offset between the two cones (Figure 2.2b). This offset creates 
an inner slit through which the powder stream is directed towards the powder 
focus a few millimetres below the nozzle. This type of nozzles are typically made 
from brass or copper which due to a high reflectivity are less likely to absorb 
scattered laser light. However, brass and copper have a fairly low melting point 
which means that excessive heating from e.g. repelled partially melted powder 
particles and spatter easily damages the tip of the nozzle. Furthermore, the inner 
cone in this type of nozzles have a very thin section at the tip that is easily 
damaged which ca lead to turbulence and scattering of the powder, leading to a 
less efficient process [23]. 

a) b) 

 

Figure 2.2. (a) A coaxial powder nozzle with an annular powder outlet. (b) A cross 

section of a coaxial powder nozzle with an annular powder outlet. 

In the case of coaxial nozzles with multiple outlets, see Figure 2.3, the nozzles 
have drilled tubular channels set at fixed angles. When the powder streams from 
these inner channels, converge and intersects, a powder focus is formed below 
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the nozzle. Since this type of nozzles often are manufactured from a solid block 
of metal it is less sensitive to spatter and collisions. Additionally, these types of 
nozzle has a more consistent flow characteristics of the powder which increases 
the repeatability of the process. However, this comes at the cost of a coarser non-
circular powder focus which generally results in a larger powder spot size and a 
lower deposition efficiency. [9] 

a) b) 

 

Figure 2.3. (a) A photo of a coaxial nozzle with multiple outlets “Photo: TRUMPF 

Group”. (b) A cross section of a coaxial nozzle with multiple outlets. 

2.2.1.2 Off-Axis Nozzles 
Off axis nozzles basically uses a tube to feed the powder to the melt-pool from 
one direction. This type of nozzles are less efficient than the coaxial nozzles and 
much of the powder that is fed to the melt-pool scatter and does not fully melt. 
This leads to inconsistencies in the deposit with varying layer thicknesses and a 
rough surface finish. Additionally, this type of nozzles are directionally 
dependent and only suitable for deposition in one direction. Therefore, the main 
application of these types of nozzles is when a single direction deposition is 
favoured. However, these types of nozzles can have a better accessibility in some 
cases e.g. close to a wall or when depositing in grooves [24]. 

 Powder Feeder Systems 

The powder delivery system is responsible for feeding the powder to the powder 
nozzle in a robust and controlled way. The principle of portioning the powder in 
powder feeders varies depending on manufacturer and applications. A common 
way to control the feeding rate is to use a grooved rotating disc. The groove in 
the disc catch the powder and brings it to a suction outlet that leads to the powder 
nozzle. The powder feed rate is here controlled by the size of the groove, the 
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rotational speed of the disc and the size of the outlet hole. A container with a 
hopper shape in the bottom is mounted above the disc and supplies the powder 
directly into the grooved section. Another setup patented by Uniquecoat, Figure 
2.4, works in a similar fashion although instead of using a grooved disc a wiper 
is pushing the powder towards the edge of the disc where gravity brings it 
through a hopper to the powder outlet. 

 

Figure 2.4. A Volumetric powder feeder for LMPD from Uniquecoat. 

By using multiple powder feeder it is possible to combine the powder steams and 
deposit multiple materials. This is useful when depositing FGMs [25] or in 
designing a new alloy. 

 Lasers 

There are many combinations to how a LMPD cell can be put together. Lasers 
can differ between atom lasers, molecule lasers, ion lasers, excimer lasers, liquid 
state lasers, solid state lasers and semiconductor lasers. The three most 
commonly used in LMPD literature are diode laser (semiconductor) [7, 25-35], 
CO2 laser (molecule) [36-59], and Nd:YAG laser (solid state) [11, 60-74]. In this 
project a continuous wave ytterbium (Yb) fibre laser, which is a type of solid state 
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laser has been used. The physic behind a solid state lasers is described below 
using the Nd:YAG laser as example. 

2.2.3.1 Solid State Lasers 
Nd:YAG is an abbreviation for neodymium (Nd) doped yttrium (Y) aluminium 
garnet, where the active medium is the Nd. The Nd:YAG laser is one of the most 
common solid state lasers and will serve as an example of how these types of 
laser works. 

The chemical formula of the garnet is Y3Al5O12 and has a concentration of Nd 
ions (Nd3+) between 0.8 wt% and 1.2 wt% which replaces the Y ions in the lattice. 
Generally 0.8 wt% is more suitable for a continuous laser whereas 1.2% is used 
in a pulsed laser [75]. When the Nd ions are optically charged the energy level of 
the ions moves from the ground level (4I9/2) to an elevated energy level e.g. 2H11/2 
and 4F5/2, from where a quick, non-radiative, drop in energy occurs. The released 
energy in this step transforms into heat. At the upper laser level, typically 4F3/2, 
the ions starts to emit photons with a wavelength of 1064 nm. When the lower 
laser level (4I11/2) is reached the emittance of photons stops. Finally the energy 
drops back to the ground level and the residual energy transforms into heat which 
further heats the Nd:YAG crystal [76].  

The Nd:YAG garnet are usually in the form of a rod which is optically pumped 
either by a flash-lamp, arc lamp or diode laser. When the rod is pumped by flash-
lamps or arc lamps the crystal is radiated by a broad spectrum of light. This causes 
the crystal to absorb light in wavelengths that favours several different of the 
upper energy levels. When the energy successively drops to the upper laser energy 
level an excessive heat development occurs since many of the upper energy levels 
absorbs much more energy than is needed. However, when the crystal is pumped 
by a diode laser with a single wavelength e.g. 808 nm it is possible to favour the 
energy level (4F5/2) which has an energy potential close to the upper laser level 
4F3/2. This results in less energy transforming to heat and increases the efficiency 
of the laser. [76]. 

2.3 Powder Characteristics 

The powder quality is an important factor when it comes to porosity in the 
LMPD deposit. The powder used in LMPD is mainly manufactured by either gas 
atomization (GA), Figure 2.5a, or plasma rotation electrode process (PREP) 
Figure 2.5b. Both methods produce spherical powder particles although the 
result and quality can vary greatly between suppliers and manufacturing method. 
GA powder has a well-established manufacturing process and high production 
rate which helps in keeping the cost down whereas PREP powder is more 
expensive. In general PREP powder has a more spherical morphology, a higher 
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density and less satellites. GA has an inherent problem with entrapped gas 
inclusions in the powder particles from the manufacturing process which leads 
to increased porosity content in the deposit [77].  

In LMPD the powder has proven to have a large impact on the porosity content 
of the deposit. Low quality powder with high satellite content, porosity content 
and an uneven morphology result in more porosity as presented by Qi et al. [48]. 
They found that a lower quality GA powder produced 25 times more porosity in 
the deposit compared to a higher quality PREP powder. Zhao et al. [49] 
compared the mechanical properties of heat treated GA and PREP deposits 
which revealed a significant difference in the high temperature rupture (HTR) 
time. GA powder deposits had a HTR of approximately 9 h while PREP power 
deposits had a HTR of 186 h. This significant difference in HTR were attributed 
to micro-cracking in connection to the pores.  

The interaction between powder and laser largely depends on the particle size of 
the powder grains. It has been shown that larger particles decrease the laser 
attenuation which leads to more laser power being available at substrate level 
[29]. Consequently the weld pool becomes wider and deeper with larger particles. 
Smaller particles heat up more quickly and thus have a higher probability of being 
completely molten when entering the melt pool. However, if the particles are too 
fine the shielding gas may blow them away. An additional concern with a too fine 
and densely packed powder is the risk of a plasma forming [78].  

a) b) 

 

Figure 2.5. (a) GA Alloy 718 powder with an uneven and porous morphology and 

considerable satellite content. (b) PREP powder with an even and dense morphology 

and low satellite content. 
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2.4 Process Parameters 

There are several process parameters which are of particular importance in 
LMPD. In Table 2.1 some of these are listed.  

Table 2.1. LMPD process parameters with a particular importance. 

Parameter Unit Notation Description 

Laser power W Lp 
The power of the laser beam which fuses the 

powder with the substrate 
Laser standoff 

distance mm Lfoc 
The distance between deposition surface and 

laser focus 

Scanning speed mm/s Vs 
The traverse travel speed of the guidance 

system i.e. robot or CNC machine 

Powder feeding rate g/s Mp 
The amount of powder which is fed into the 

melt pool 
Powder standoff 

distance mm Pfoc 
The distance between powder focus and 

deposition surface 
Shielding and 

carrier gas flow rate L/min 
Qshield and 

Qcarrier 
The flow rate of the shielding and carrier gas 

Laser spot diameter mm Dl The diameter of the laser beam 

Material properties, microstructural characteristics, defects and dimensional 
characteristics are heavily influenced by the process parameters, powder 
characteristics and substrate characteristics [12, 48, 79-81], as illustrated in Figure 
2.6. 

 

Figure 2.6. Schematic overview of parameters that are found to be of significant 

importance to the LMPD process. Modified from [82]. 
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The effect of process parameters are further discussed in Papers A and C-F. 

 Laser Power 

The laser power is one of the most important process parameters in LMPD. A 
higher laser power has been shown to have a significant effect on e.g. the width 
of the deposit [81], penetration depth [54] and surface finish [83]. Additionally 
the laser power affects the grain structure in the build as postulated by Gäumann 
et al. [57]. Here it was shown that a lower laser power favoured a columnar grain 
structure since the temperature build-up was lower leading to a higher 
temperature gradient towards the substrate. A too high energy density leads to a 
keyhole weld which is undesired since these types of welds have a high melt pool 
flow velocity and a plasma plume that would cause disturbance in the powder 
flow [75]. 

 Laser Standoff Distance 

The laser standoff distance mainly has an effect on the spot size of the laser. The 
spot size affect the energy density of the laser where the radius of the laser spot 
has a squared relationship to the energy density, as shown by equation (1). 

 
∗

 (1) 

Where I is the energy density in W/mm2, Lp is the laser power in watt (W) and 
w0 is the laser spot radius in millimetres (mm). 

However, the same laser spot size can be attained at a positive (above the 
deposition surface) laser standoff distance as-well as at a negative (below the 
deposition surface). In LMPD it is most common to use a positive standoff 
distance since this means that the spot size will grow into the material. This helps 
in avoiding forming a keyhole and maintain a conductive weld. The energy 
distribution in the laser spot is also dependent on where the laser focus is placed 
as shown in Figure 2.7. Here close to an even distribution over the whole laser 
spot (top hat) is attained at the laser focus (Figure 2.7a) while a more Gaussian 
distribution is attained when focused 7.5 mm above the surface (Figure 2.7b). 
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a) b) 

 

Figure 2.7. (a) Energy distribution for a YAG fibre laser in the focus plane. (b) Energy 

distribution for a YAG fibre laser with the focus 7.5 mm above the surface. 

 Scanning Speed 

The scanning speed, together with the laser power, is one of the parameter that 
has the largest influence on the result of the deposition process. Somewhat 
unexpected Gäumann et al. [57] claims that a lower scanning speed also promotes 
the formation of columnar grains. However, a lower scanning speed means a 
higher energy input which lowers the thermal gradient by increasing the 
temperature build-up in the underlying layers which should promote the 
formation a more equiaxed structure. However, this was explained by that a 
decreased scanning speed decreases the solidification velocity which in turn leads 
to a more columnar structure. 

 Powder Feeding Rate 

A higher powder feeding rate means that more material is provided to the melt 
pool which means more melted material and larger deposits. It has been shown 
that the powder feeding rate have a large effect on the build height [81], laser 
attenuation, and powder particle temperature [84, 85]. Since the attenuation is 
increased with increased powder feed rate the penetration depth should be 
inversely effected by the powder feeding rate. 

 Powder Standoff Distance 

Maximum powder utilization efficiency is reached when the powder standoff 
distance is zero i.e. when the powder focus is levelled with the deposition surface. 
When the powder focus moves from below substrate level to above substrate 
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level the building height will firstly increase until it reaches a maximum at 
substrate level, and then gradually decrease when it moves above the substrate 
surface. In Figure 2.8 a illustrative representation of the effect is presented as a 
graph, based on the results presented by Zhu et al. [61]. Because of this it is 
preferred to focus the powder spot a small distance below the deposition surface. 
By doing this an increase in building height is attained when a negative deviation 
(a concave valley) of the surface is reached and a decrease in building height when 
a positive deviation (a convex top) of the surface is reached. This is attributed to 
the varying amount of powder concentrated in the laser-powder interaction area, 
at the different positions, see Figure 2.9 for a schematic explanation of this. 

 

Figure 2.8. Maximum powder utilization efficiency is achieved when the powder focus 

and the deposition surfaces meet and the distance between them are zero. When the 

powder focus moves below or above the surface a lower powder utilization efficiency 

is achieved which will be further decreased with at an increased distance. Modified 

from [61] 
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Figure 2.9. Illustration of the effect of the powder defocusing phenomenon. The 

nozzle has a constant height during the deposition of a layer with the mean powder 

focus position slightly below the surface of the deposit shown in (a.). This results in 

an average powder efficiency. In (b.) the surface of the deposit has dipped down and 

created a concave geometry which brings the powder focus closer to the surface of 

the deposit and thus increases the powder efficiency. In (c.) a convex top has been 

built up which brings the powder focus further away from the surface which results in 

a low powder efficiency. 

 Shield and Carrier Gas Flow 

The purpose of the carrier gas is to transfer the powder from the powder feeder 
to the melt pool. Shah et al. [30] has reported that the increase in carrier gas flow 
leads to a deeper and shorter melt pool. This could be an effect of the increase 
in powder particle velocity caused by the increased carrier gas flow rate.  

The purpose of the shielding gas is to protect the heated deposit from reacting 
with the atmospheric environment. Most metals are highly reactive with oxygen 
and nitrogen at elevated temperatures which leads to formation of oxides and 
nitrides. These constituents are often considered deleterious to the material and 
are therefore undesired. A local shield gas protection is often enough to prevent 
these types of constituents to form. However, it has been shown that shield gas 
flow rate may influence the building height. A high shield gas flow could lead to 
a less dense powder focus which would decrease the efficiency of the process. 
The shield gas flow has also been shown to have some effect on the porosity 
content as high flow rates leads to entrapped gas porosities in the deposited 
material [80]. The shield gas also helps in preventing powder particles and spatter 
from repelling and damaging the laser optics.  
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 Overlap Fraction 

The overlap of two adjacent deposits has been shown to influence the grain 
structure, residual stress distribution and surface finish. A lower overlap leads to 
a more columnar grain structure due to a more pronounced gradient from the 
substrate. Additionally, the surface finish and dimensional precision of the build 
has been shown to be better with a lower overlap rate [38]. Furthermore, it has 
been reported by Liu et al. [43] that there is a higher residual stress in the overlap 
region of two adjacent deposits compared to the middle of a single deposit. 

 Height Step  

The height step is the incremental distance in the height direction which the 
equipment is moved between two successive deposit layers. This value is most 
often set to a fixed value based on initial runs to determine the height of the 
deposition layers [81] [80]. However, the height of the deposition layers is 
dependent on the geometry and for thin walled section the layer thicknesses can 
in some cases increase for the second, third, and so on, layers. Another way to 
choose the height step is to measure the layer thickness between each layer which 
will result in a more accurate height step distance. However, this will introduce a 
waiting time for each new layer that is initiated, which is time-consuming. 
Additionally, this waiting time will lead to a lower temperature of the sample for 
the successive deposits.  
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Chapter 3 
 

Methodology and Experimental Setup 

3.1 Design of Experiment 

Three different design of experiments (DoE) have been conducted to evaluate 
different influences and characteristics in the LMPD process.  

 DoE-A 

Six process parameters were evaluated using a Plackett-Burman design of 
experiment (DoE) scheme. These were the laser power, scanning speed, powder 
feeding rate, shielding gas flow, powder standoff distance and laser spot diameter. 
The various levels for each parameter were chosen based on previously reported 
studies [50, 60, 80, 86] and initial tests performed to find the extreme endpoints. 
A total of 11 parameter sets, including three repetitions of the centre point (1, 6, 
11), were used as summarized in Table 3.1. 

Table 3.1. The parameter settings for the Plackett-Burman screening. 

Run order Lp (W) Vs (mm/s) 
Mp 

(g/min) 
Qshield 

(L/min) 
Qcarrier 

(L/min) 
Pfoc (mm) D (mm) 

1 700 17.5 6 11.5 2.6 0 1.6 

2 1000 30 10 8 3.2 -1 2.0 

3 1000 5 10 15 3.2 1 2.0 

4 400 5 2 8 2.2 -1 1.2 

5 400 5 10 8 3.2 1 2.0 

6 700 17.5 6 11.5 2.6 0 1.6 

7 400 30 2 15 2.2 1 2.0 

8 1000 30 2 8 2.2 1 1.2 

9 1000 5 2 15 2.2 -1 2.0 

10 400 30 10 15 3.2 -1 1.2 

11 700 17.5 6 11.5 2.6 0 1.6 
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 DoE-B 

Using the process parameters established from DoE-A to be the most influential 
(laser power, scanning speed, powder feeding rate and powder focus distance), a 
full factorial design of experiment was conducted to increase the statistical 
significance of the investigated mechanisms. Three centre point repetitions were 
added here as well. Each process parameter set were repeated three times in order 
to increase the statistical significance of the experiment. The parameter settings 
of the design are shown in Table 3.2. The deposits in the experiment consisted 
of single deposit thin walls 1-, 2-, 3, and 15-layers high, as shown in Figure 3.1. 

Table 3.2. The parameter settings for the full factorial two-level DoE screening. 

Parameter set Run number Lp (W) Vs (mm/s) Mp (g/min) Pfoc (mm) 

1 6,13,52 400 10 2 -1 

2 3,9,37 400 10 2 1 

3 30,51,55 400 10 10 1 

4 21,26,32 400 25 10 1 

5 25,41,56 1000 25 10 1 

6 23,35,43 1000 10 2 -1 

7 33,45,49 1000 25 2 -1 

8 14,18,28 1000 25 10 -1 

9 31,48,54 1000 10 2 1 

10 36,38,47 1000 10 10 1 

11 4,12,15 1000 25 2 1 

12 7,22,40 1000 10 10 -1 

13 2,17,42 400 25 2 1 

14 29,44,57 400 25 2 -1 

15 8,19,27 400 10 10 -1 

16 5,16,50 400 25 10 -1 

Centre points 
1, 10, 11, 20, 24, 

34, 39, 46, 53 
700 17.5 6 0 
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Figure 3.1. Example of an as-deposited sample with 1-, 2-, 3-, and 15-layer thin walls 

deposited adjacent to each other. 

 DoE-C 

A second full factorial design of experiment was conducted in order to evaluate 
the effect of process parameters in a cracking susceptible process window that 
was identified in DoE-B.  

Table 3.3. The parameter setting for the two-level full factorial DoE screening. 

Run number Lp (W) Vs (mm/s) Mp (g/min) Pfoc (mm) 
1 1000 25 2 0 
2 900 27.5 1.5 -1 
3 900 27.5 2.5 -1 
4 900 22.5 1.5 -1 
5 1100 27.5 2.5 -1 
6 1100 27.5 1.5 -1 
7 1100 22.5 1.5 -1 
8 1100 22.5 2.5 -1 
9 900 22.5 2.5 -1 

10 1000 25 2 0 
11 900 27.5 2.5 1 
12 900 22.5 2.5 1 
13 1100 22.5 2.5 1 
14 900 22.5 1.5 1 
15 1100 22.5 1.5 1 
16 1100 27.5 2.5 1 
17 1100 27.5 1.5 1 
18 900 27.5 1.5 1 
19 1000 25 2 0 
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The parameter settings for DoE-C are shown in Table 3.3. Parameter sets 1, 10 
and 19 are centre points in this matrix. The deposits in the experiment consisted 
of single deposit thin walls 15-layers high. 

3.2 Powder Materials and Substrate Materials 

The powder used as additive in the LMPD process was GA Alloy 718 powder. 
The chemical composition of the powder is shown in Table 3.4. The powder 
particles are within the range of approximately 20 to 75 μm in diameter, as can 
be seen in Figure 3.2. 

The powder was spherical with some satellites sintered together with the main 
powder particles, see Figure 3.3a. The internal porosity of the powder was low 
and only small internal porosities were found within the cross section of the 
powder as can be seen in Figure 3.3b. Scanning electron microscope (SEM) 
pictures of a cross sectioned powder particle revealed a fine secondary phase 
structure, Figure 3.3c. Energy dispersive spectroscopy (EDS) revealed that the 
secondary phase was rich in Nb, (shown in Figure 3.3d), and are most probably 
a mixture of Laves phase and Nb carbides.  

Table 3.4. Chemical composition of the GA Alloy 718 powder in wt.-%. 

 Fe Ni Cr Nb Mo Ta Ti Mn C B 

Alloy 
718 

Bal. 52.7 17.5 5.0 3.17 0.003 1.07 0.065 0.031 0.003 

 Al Co Si Cu P S Se Pb Bi 

Alloy 
718 

0.68 0.2 0.088 0.048 0.006 
4.5 

(ppm) 
1.4 

(ppm) 
0.09 

(ppm) 
<0.05 
(ppm) 
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Figure 3.2. Size distribution of the powder particles. The particle size distribution is 

~20-75 μm. 

 

Figure 3.3. In (a) the powder morphology can be observed. The powder is spherical 

with few satellite particles connected to the larger particles. (b) disclose powder 

particles where some internal porosity can be observed. In (c) SEM image of a cross 

sectioned powder particle reveal the presence of secondary phases. (d) EDS 

analysis of Nb in a powder particle reveal the secondary phases to be rich in Nb. 
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Table 3.5. Chemical composition of the EN 1.4401 stainless steel substrate. 

 Fe Ni Cr Mo Ti Mn C N Si P S 

EN 1.4401 Bal. 10.0 17.4 2.14 0.03 1.52 0.05 0.06 0.47 0.025 <5 (ppm) 

In DoE-A a stainless steel substrate with dimensions 250x250x4 mm was used, 
the chemical composition of this plate is shown Table 3.5. In DoE-B and -C an 
as-cast Alloy 718 staircase was used as substrate. The substrate had four steps, of 
which two were used. The thickness of the two steps were approximately 3 and 
10 mm, respectively. The chemical composition of the Alloy 718 substrate is 
shown in Table 3.6. 

Table 3.6. Chemical composition of the Alloy 718 as-cast staircase substrate. 

 Fe Ni Cr Nb Mo Ti Mn C 

As-cast Alloy 718 Bal. 53.4 18.35 5.24 3.02 0.92 0.04 0.046 

 B Al Co Si Cu P S 

As-cast Alloy 718 0.003 0.48 0.08 0.08 0.02 0.009 0.002 

3.3 Experimental Setup  

The LMPD equipment used in the experiments are composed of a 6 kW Yb fibre 
laser, a coaxial annular powder nozzle, a powder feeder, a water cooling system, 
an optical distance measurement system and an ABB IRB-4400 robot. 

 Laser Energy Source 

The laser used in the LMPD experiments was an IPG 6 kW Yb fibre laser with 
a fibre optical system transferring the laser beam to the laser optic, which was 
mounted on the robot. A fibre laser is a type of solid state laser where the active 
medium of the laser resides within an optical fibre. Multiple optical fibre modules 
can be connected into one optical fibre to increase the power of the laser. The 
power of a fibre module can range from approximately 50 to 500 W [87]. The 
optic used in this study allowed for a ± 5 mm focal shift by sliding of the focal 
lens along the Z-direction. To account for losses in the system due to e.g. 
imperfections in mirror and lenses, the laser beam has been measured using a 
calorimeter. The effective laser power used in the experiments was calculated 
from these measurements. Diagnostics of the laser beam spatial intensity 
distribution has been performed by using a rotating pinhole measurement 
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equipment. This method returns an accurate representation of the laser beam 
profile and the intensity distribution. The laser beam profile ±10 mm from focus 
can be seen in Figure 3.4. Additionally, some basic laser beam parameters such 
as beam quality product (M2 or K), laser beam diameter (w0), raw beam diameter 
(d0), Rayleigh length (Zr) and divergence angle (θ) are stated in this figure. These 
parameters are used to describe the quality of the beam and are useful for 
numerical descriptions of the process, although this is outside of the scope of 
this thesis. 

 

Figure 3.4. Laser beam profile gathered using laser beam diagnostic measurements. 

 Powder Feeder 

The powder feeder used in this study was a Uniquecoat volumetric powder 
feeder. The feeder supplied the powder to the powder nozzle using a rotating 
disc and a wiper to push the powder to the outlet from where the powder was 
brought to the nozzle using a carrier gas. The powder feeding rate was mainly 
determined by the disc rotation speed. The powder feeder has been calibrated by 
measuring the weight of the powder in 15 seconds intervals during two minutes. 
Calibrations were done for 10, 20, 30 40 and 50% of the maximum disc rotation 
speed. In Figure 3.5 it can be seen that the powder feeding rate is stable over time 
and that the powder feeding rate increases quite linearly with the motor speed. 
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Figure 3.5. Measurement of the powder mass in 15 seconds interval during two 

minutes. 

From these measurements an equation to calculate the powder feeding rate as a 
function of the motor speed was derived. This equation was used to calculate the 
needed disc rotation speed to acquire a specific powder feeding rate. 

 Powder Nozzle 

The powder nozzle used in these experiments is a commercially available coaxial 
nozzle with an annular powder outlet. The powder stream from the nozzle had 
a waist diameter of <1 mm at the focal point, which was located a few millimetres 
below the nozzle tip. The powder nozzle was connected to a water cooling 
system to prevent overheating and subsequent damage of the nozzle. 

 Cameras 

Two video cameras were used to observe the experiment. One camera was a 
simple web camera with a protective lens mounted in front of the camera lens. 
The protective lens was selected to filter the laser light so that the process could 
be observed. A second camera was mounted along the laser axis. This camera 
was used to observe the melt pool during the experiments. Additionally, through 
the melt pool camera the inner surface of the powder nozzle could be observed 
for obstructions in form of adhesive powder particles or spatter, which could 
lead to damage of the nozzle. This camera was also used during the adjustment 
of the powder nozzle, to align the powder focus with the laser beam. 
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 Laser Displacement Measurement System 

In order to have a constant distance between the powder nozzle and deposition 
surface an optNCDT1302-20 laser displacement sensor has been used. Between 
each deposition layer the distance between the sensor and deposition surface was 
measured in two points. The mean layer height was calculated from these 
measurements and a height increment equal to that of the layer height was added 
prior to the subsequent deposit. 

3.4 Measurement and Characterisation Methods 

Characterisation of the samples include microstructure characterisation, 
secondary phase quantification, hardness measurements and temperature 
measurement. 

 Sample Preparation 

Cross-sections have been taken approximately 8 mm from the start and 8 mm 
from the end for each of the runs in the DoEs’. The samples were sectioned 
using an abrasive precision cutter and were hot mounted in a non-conductive 
Bakelite holder. An example of a mounted sample is seen in Figure 3.6. The 
mounted samples were further prepared using the grinding and polishing scheme 
outlined in Table 3.7. The grinding was carried out using abrasive grinding papers 
which were changed after each use. Extra grinding/polishing steps were 
performed as needed after visual inspection for scratches in the polished surfaces. 
Additionally the samples were electro-etched using oxalic acid diluted with water 
in a 1:10 ratio. The electro-etching where performed using 3 V for 5s.  
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Figure 3.6. An example of a prepared sample with two cross section from one of the 

sample run. The red half of the sample holds the cross section at the start of the wall 

while the black half holds the cross section close to the end. 

Table 3.7. Grinding and polishing scheme used for the sample preparation. 

Grinding/Polish Abrasive grade Time (s) 

Grinding P120 90 
Grinding P240 90 
Grinding P360 90 
Grinding P600 90 
Grinding P1200 90 

Polish 9 μm 300 
Polish 3 μm 300 
Polish 0.05 μm 300 

 

 Secondary Phase Quantification 

The secondary phase fraction was quantified using ImageJ automatic image 
analysis software. To distinguish between the secondary phases and the matrix a 
threshold value was set using the flicker method in accordance with ASTM 
Standard E1245-2003 [88]. 
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Figure 3.7. In (a) a SEM picture with 2k magnification of the secondary phases before 

binarization is shown, in (b) a picture after binarization are shown and in (c) the two 

pictures are combined with a multiply blending mode added to it for quality 

assurance. 

In Figure 3.7a a picture before binarization is shown, in (b) a picture after 
binarization is shown and in (c) the two pictures are combined with a multiply 
blending mode added to it. In this mode, the white pixels in the mask will let the 
underlying pixels show through completely while the black pixels will darken the 
underlying pixels. This method has been used as a mean for qualitatively 
assurance of the threshold values and a few controls has been made randomly in 
each sample. 

 Dilution Measurements 

A SEM coupled with a EDS detector was used to quantify the compositional 
changes in the samples. By using the chemical compositions of the powder and 
the substrate as reference, the dilution by Fe into the deposit from the substrate 
was calculated from the EDS measurements using equation (2). 

  2) 
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where η is the dilution, xd is the measured wt. % of Fe in the deposition, xp is the 
nominal wt. % of Fe in the powder and xs is the nominal wt. % of Fe in the 
substrate. Five measurements were taken from each measured position using an 
acquisition spot diameter of 30 μm.  

 Hardness Characterisation 

Hardness profiles were measured using a Shimadzu HMV-2 micro Vickers 
hardness tester. The load was set to 1.96 N with a dwell time of 15 s for the 
hardness measurements in DoE-A and 0.5 N with a dwell time of 10 s for the 
hardness measurements made from DoE-B. Hardness measurements were 
distributed from bottom to the top with at least two indent diagonal’s distance 
in-between. 

 Temperature Measurements 

The temperature was measured using thermocouples of type-K with 0.2 mm wire 
diameter. Type-K thermocouples have a measuring range from -270°C to 
1260°C. This type of thermocouple is reliable, inexpensive and accurate. It has 
an accuracy of ± 0.75% which translates to approximately ± 9.5°C at 1260°C. 
The melting temperature of a type-K thermocouple is approximately 1400°C 
[89]. In order to protect the thermocouples from the emitted laser light 0.2 mm 
thick stainless-steel sheets were resistant spot welded on top of the 
thermocouples. These temperature measurements are further explained in Paper 
B. 

 Phase Identification 

Phases were identified using FEI Talos F200X Transmission Electron 
Microscopy coupled with a Super-X EDS-system using 4 silicon drift detectors. 
Each phase was identified from at least two of its zone axis orientations using 
selected area diffraction patterns (SADP) in the TEM. Additionally, the chemical 
composition of the phases was quantified using the EDS. 

 Electron Back-Scatter Diffraction Analysis 

Electron Back-Scatter Diffraction (EBSD) analysis was conducted using a Philips 
LX30 SEM, coupled with Oxford EBSD detector and analysis system. After the 
last polishing step, as described in Table 3.7, the samples were put into a vibratory 
polishing machine together with a nano particle polishing solution, for 24-48h.  
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 Heat Treatment 

Heat treatment was conducted using an air furnace at 954°C/1h - air cooled + 
760°C/5h-furnace cooled + 650°C/1h - air cooled as described by Davis [90]. 
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Chapter 4 
 

Evaluation of Temperature Measurements 

4.1 Experiment Setup 

A temperature measurement method using a 0.2 mm thick stainless-steel sheet 
to protect the thermocouples is described in Paper B. This method was 
developed to prevent the emitted laser light from disturbing the temperature 
measurement when measuring from within the thin wall deposit. The procedure 
of mounting and protecting the thermocouples was as following: 

Firstly, the centre of the deposit was marked using a laser pulse on the substrate. 
The thermocouple was then mounted at the marked position using resistant spot 
welding. Successively a thin sheet was mounted on top of the thermocouple using 
resistant spot welding. This thin sheet was fused to the substrate and the 
thermocouple, see Figure 4.1.  

It is difficult to measure the temperature close to the melt-pool, mainly due to 
two phenomenon. i) Un-shielded thermocouple wires will absorb the emitted 
laser and overheat, which can result in failure of measurements. ii) The 
connection point between the thermocouple wires and built deposit can be 
affected by scattered laser light, resulting in false peaks in the temperature 
measurement. By using a thin sheet the thermocouple wires are protected from 
the direct interaction with the laser light, both at the initial deposit and when 
subsequent layers are deposited.  

In order to ensure that the thin sheet did not add any variation to the process by 
acting as a cooling flange or by conserving heat, an evaluation of the 
measurement method was conducted. In this evaluation measurements using 100 
mm2 protective sheets were compared with measurements using 10 mm2 
protective sheets. The process parameters in this experiment is shown in Table 
4.1. The process parameters used in the experiments were chosen from a 
literature survey [50, 60, 80, 86] and initial tests that aimed to produce a stable 
deposit. 
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Further investigations were conducted to evaluate the effect of substrate 
thickness and the temperature difference in the beginning, middle and end of the 
deposit. For further information about these results please refer to Paper B. 

 

Figure 4.1. Thermocouples mounted on the substrate in the middle of the laser 

marking. Large (100 mm2) and small (10mm2) protective sheets were resistant spot 

welded on top of the thermocouples.  

Table 4.1. Process parameter condition for the temperature evaluation experiments. 

Laser 
power (W) 

Scanning 
speed 

(mm/s) 

Powder 
feeding rate 

(g/min) 

Shield gas 
flow 

(L/min) 

Carrier gas 
flow 

(L/min) 

Powder 
standoff 
distance 

(mm) 

Laser 
standoff 
distance 

(mm) 

700 17.5 6 11.5 2.6 0 7.5 

4.2 Results 

The temperature measurement method proved to be robust and no significant 
variations were observed between the two sheet sizes. In Figure 4.2 a summary 
containing the mean value of four temperature measurements using 10 mm2 and 
100 mm2 protective sheets, respectively, is presented. It can here be seen that 
there only are small variations between the two protective sheets and that the 
most significant differences are observed below 400°C. 
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Figure 4.2. Temperature measurements using 10 mm2 and 100 mm2 protective sheets. 

In the aging temperature range for Alloy 718 (500°C – 850°C) the cooling time 
was very repeatable and the mean time difference between the two sheet sizes 
was approximately 0.1 s, as shown in Figure 4.3. 

 

Figure 4.3. The cooling time from 850°C to 500°C for the large and small sheet in the 

fifth layer. The difference is approximately 0.1 s. 
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Chapter 5 
 

Effect of Process Parameters on Key 
Characteristics 

The effect of the process parameters were evaluated using the DoEs’. The 
correlation between the key process parameters and grain structure, phase 
transformation and cracking susceptibility of the deposited material, were 
evaluated. 

5.1 Grain Structure 

The grain structure of the samples was shown to consist of elongated grains 
growing in the vertical direction, perpendicular to the substrate, as seen in Figure 
5.1.  

The grain structure of two samples, deposited using different laser power and 
scanning speed to change the HI was analysed using EBSD. The parameter 
settings to produce the samples are shown in Table 5.1. 

Table 5.1 Parameter settings used to produce the samples for EBSD analysis. 

 Lp (W) Vs (mm/s) 
Mp 

(g/min) 
Pfoc (mm) 

Fshield 
(L/min) 

Fcarrier 
(L/min) 

D (mm) HI (J/mm) 

         
High HI 1000 10 10 -1 11.5 3.2 1.6 100 
Low HI 400 25 10 -1 11.5 3.2 1.6 16 

 

The EBSD analysis revealed that vastly different grain structures are obtained 
when changing the laser power and scanning speed. In Figure 5.2 the high HI 
sample are shown with the EBSD inverse pole orientation map put as an overlay 
on the etched OM pictures. Underneath respective deposit the pole figure for 
each mapping is displayed. In the single deposit layer of the high HI sample 
(Figure 5.2a) a polycrystalline structure with elongated grains growing in the 
build-up direction can be seen. The grains are generally coarser in the middle of 
the build compared to those at the edges. This can be seen in all the deposits. In 
the bottom of the sample most of the grains are oriented with the normal axis of 
the (101) along the build-up direction. As this is not the favoured orientation of 
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the FCC structure it is likely that the grains have grown from an existing grain in 
the substrate with this orientation rather than nucleating a new grain with a more 
favoured orientation. However, in the top of the sample the grains are re-
orientating from a (101) orientation to an orientation close to (001), which is the 
preferred growth direction in an FCC crystalline structure. 

 

Figure 5.1. The general microstructure of a LMPD deposit. In the bottom and middle of 

the sample long epitaxial dendrites is observed while in the top surface an equiaxed 

structure is observed. 

In the second layer deposit (Figure 5.2b) the grains are still elongated and 
columnar with the long axis of the grains growing along the build-up direction 
of the deposit. Furthermore, it can be seen that the misalignment angle in the 
build-up direction are lower in the second layer of the deposit, as compared to 
the first, with most of the grains close to the (001) direction.  

In the three-layer deposit (Figure 5.2c) the structure starts to resemble that of a 
single crystalline structure with a islands of misoriented grains forming within the 
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crystal. It seems that this structure started to form in the bottom of the first 
deposit layer, most likely due to a favourable orientation of the underlying grain, 
and continued to grow through all three deposit layers.  

 

Figure 5.2: High HI sample deposits with respective inverse pole figure maps 

superimposed over the OM-images (a) Transverse cross section of the single layer 

deposit (b) Two-layer deposit (c) Three-layer deposit. 

 

Figure 5.3: Low HI sample deposits with respective inverse pole figure maps 

superimposed over the OM-images. (a) Transverse cross section of the single layer 

deposit. (b) Two layer deposit (c) Three-layer deposit. 

In contrast to the long epitaxial grains growing in the high HI samples, the low 
HI samples (Figure 5.3) have finer grains with a morphology approaching that of 
an equiaxed structure. However, most of the grains are still elongated along the 
build-up direction. The lower HI creates a smaller melt pool which in turn leads 
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to a more rapid cooling rate that promotes the formation of finer grains. In 
Figure 5.4 the cooling curves of the first deposit layer for the high and low HI 
are shown. It is here seen that the cooling time for the high HI sample from 
800°C to 200°C is approximately 10s longer while the difference in cooling time 
at higher temperatures is considerably lower. Unfortunately, the peak 
temperature could not be measured with enough accuracy to be qualitatively 
compared to each other. However, these temperature measurements give an 
approximation of the different temperature histories of the samples. 

 

 

Figure 5.4. Temperature curves of the first deposit layer of the high and low HI 

samples. 

In the single layer deposit (Figure 5.3a) it can be seen that very fine grains has 
formed in the top of the sample while some coarser grains have formed in the 
bottom centre of the deposit. 

In the second layer deposit (Figure 5.3b) the grains in the top of the first layer 
has re-melted and some of the grains are growing epitaxially between the two 
layers. However, along the sides of the deposit the fine equiaxed grains are still 
present. In Figure 5.3c it is noted that the structure still is fairly equiaxed with 
randomly oriented grains across the three layers. The grains in the top seems to 
be finer than in the middle of the sample which could be caused by the decrease 
in thermal gradient due to the increased distance to the substrate and the elevated 
temperature of the previously deposited layers. 

5.2 Phases 

Phases have been identified for two HI conditions (parameter set 12 and 15 from 
DoE-B), in as-deposited condition as well as in heat treated condition, using the 
heat treatment scheme described in the methodology section. 
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 Phases in As Deposited Condition 

In the as deposited condition the low and high HI exhibited similar phase 
distribution in the samples. The dendritic core contained single phase γ-matrix 
and in the interdendritic regions irregularly shaped phases were found, see Figure 
5.5. These phases were identified as Laves phase and MC carbides by SADPs in 
the TEM. During solidification, the concentration of Nb increased in the liquid 
due to the low solubility of the element in the γ-Ni matrix. This caused the Nb 
to diffuse back into the liquid at the solidification front. The following 
compositional changes in liquid allowed Laves phase and MC carbides to form 
during the solidification. In regions close to the Laves phases in the interdendritic 
regions, what seemed to be a cloud of nano precipitates were found (Figure 5.6). 
Using SADPs in the TEM, these precipitates were identified as γ’ and γ’’. 
However these precipitates were not found in the dendritic core, further away 
from the Laves phase. The precipitates were identified both in the high and low 
HI samples.  

 

Figure 5.5. TEM image showing γ phase, γ’ precipitates and γ’’ precipitates, Laves 

phase and MC-carbide. 
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Figure 5.6. Nano-SEM imaging revealed nano particles surrounding the Laves phase 

in the high HI sample. 

 Phases in Heat Treated Condition 

After heat-treatment the phases in the interdendritic regions had transformed 
into acicular plates (Figure 5.7). These were arranged in a Widmanstätten pattern 
in the interdendritic regions and along grain boundaries. The acicular shaped 
phases were identified as δ-phase from SADPs in the TEM. Additionally, the 
γ’/γ’’ were now identified both in the interdendritic regions and in the dendritic 
core from SADPs using TEM. 

 

Figure 5.7. Phases in the Heat-treated sample. MC-carbides are still present, δ-

phase has formed and γ’/γ’’ are present everywhere in the matrix. 
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However, it was found that the brightness was lower from the dendritic core, this 
might be due to difference in atomic number contrast (Figure 5.8) as compared 
to the γ-matrix in the interdendritic regions, especially in the high HI samples. In 
the high HI sample (Figure 5.8b), the brightness is distinctly lower in the dendritic 
core as compared to in the interdendritic regions while only a faint difference is 
noted in the low HI sample (Figure 5.8a). Using high resolution NanoSEM, the 
precipitates seems to be coarser and more matured closer to the delta phase, see 
Figure 5.9(a,c), as compared to the precipitates in the dendritic core Figure 
5.9(a,b)). 

(a) (b) 

 

Figure 5.8. Microstructure of the (a) low and (b) high HI heat-treated samples as seen 

in the SEM. The indicated regions in the microstructure seems to have a lower 

brightness from the from the γ-matrix. 

 

Figure 5.9. (a) The two squares indicate two areas where the higher magnification 

images in (b,c) has been taken. (b) Precipitates in the dendritic core that are 

seemingly under-developed. (c) Precipitates closer to the δ-phase seem more 

developed. 
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Line-scan over the dendritic cores, exhibiting a lower brightness, revealed that 
the Nb-content was ~2 wt.% lower in the centre of the dendritic core as 
compared to the γ-matrix closer to the interdendritic regions, see Figure 5.10. 
a) b) 

 

Figure 5.10. Line scan across the dendritic core from. (a) The Nb profile in wt.% 

across the dendritic core. (b) The position the line scan. 

5.3 Cracks 

Cracks were found in parameter set 7 and 11 in DoE-B. Common for these two 
parameter sets are a high laser power, high scanning speed and low powder 
feeding rate. DoE-C was designed to find a cracking susceptible process window 
and to find how the process parameters can be used to predict cracking.  

 Crack Characterization  

Almost all the cracks were located close to the center of the deposited wall and 
propagated in the normal direction to the substrate. Cracks in the samples were 
determined to most likely be HAZ liquation cracks due to, mainly, three findings 
in the microstructure. i) No cracks were found above the uppermost fusion line 
in the samples, see Figure 5.11(a,b). This indicates that all cracks were within the 
HAZ of the deposit. Additionally, since, no cracks were found in the 1, 2 and 3-
layer deposits in the samples, it can be concluded that the cracks only first 
initiated after being re-heated several (at least more than two) times. ii) Adjacent 
to the cracked surface a typical structure of γ/Laves eutectic can be observed 
(Figure 5.12), this indicates that the cracks formed when liquid was still present. 
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a) b) 

 

Figure 5.11. (a) OM of a cracked cross section. The dashed line indicates the 

uppermost fusion line. b) No cracks propagate above the uppermost fusion line. The 

white arrows indicate where the interlinked Laves phase stops at the last fusion line. 

 

Figure 5.12. High resolution SEM imaging of the cracked area revealed a typical 

structure of the γ/Laves eutectic adjacent to the crack. 

iii) What seems to be re-solidified γ has formed along the crack (Figure 5.13), 
similar to what previously been reported by Idowu et al. [91]. Additionally, what 
looks to be δ-phase has formed at the cracked surface close to the bottom of the 
deposit as indicated by the white arrows in the Figure 5.13b. 
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Figure 5.13. What seems to be re-solidified γ can be seen parallel to the crack from 

the top in (a), to the bottom of the crack, closes to the substrate, in (b). What seems 

to be δ-phase have also formed in the bottom of the crack as indicated by the white 

arrows in (a). 

 Crack Length 

The crack length for the different parameter sets in DoE-C are shown in Table 
5.2. The strongest correlation between process parameters and TCL were found 
to be powder standoff distance, powder feeding rate and laser power, as can be 
seen in Figure 5.14. When focusing the powder 1 mm above the surface a higher 
TCL was noted. When increasing powder feeding rate by 10% it seemed that the 
TCL increased as well. However, there was no correlation between the TCL and 
the HI as shown in Figure 5.15. 

Table 5.2. TCL and MCL of the parameter sets in DoE-C. It is here shown that 

cracking occurred in all samples except parameter set 7. 

Parameter 

set 
1 2 3 4 5 6 7 8 9 10 

TCL (μm) 1240 560 1440 510 1270 60 0 670 1300 1280 

           

Parameter 

set 
11 12 13 14 15 16 17 18 19  

TCL (μm) 2070 2230 2010 2030 1520 2350 1050 890 1860  
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Figure 5.14. Diagram showing the relative effect of the process parameters in regard 

to TCL. 

 

Figure 5.15. The HI influence on building TCL 

5.4 Dissimilar Metals Deposition 

Alloy 718 was deposited using LMPD directly on an EN 1.4401 stainless steel 
substrate (DoE-A). The characteristics of the deposited Alloy 718 onto the 
stainless steel substrate was investigated when changing the process parameters.  
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 Secondary Phase Quantification 

In the interdendritic regions, Nb-rich secondary phases formed during the 
deposition. These phases were identified as Laves phase and Nb carbide. The 
area fraction of these Nb-rich phases in the transverse cross section tended to 
decrease with increase in distance from the substrate (i.e., near the top of the 
deposit) as can be seen in Figure 5.16. However, this was not the case for sample 
5 and 10, which had a slightly lower Nb-rich phase fraction in the bottom of the 
samples. The lowest area fraction of Nb rich secondary phases was found in 
samples 5, 7 and 10. 

 

Figure 5.16. Area fraction of Nb-enriched region in the bottom, middle and top part, 

respectively. 

In case of all runs, the cooling rate in the first deposit has been measured and 
correlated to the Nb-rich phase formation at the bottom of the samples, see 
Figure 5.17. It is here seen that, as the cooling rate increases, less Nb-rich 
constituents are formed. This contradicts the previous result shown in Figure 
5.16 where it is seen that less Nb-rich phases are formed in the top of the sample, 
even though the cooling rate is lower in the top of the samples. 
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Figure 5.17. Correlation between the cooling rate and the formation of Nb rich 

phases. 

In Figure 5.18, it can be seen that the dilution in most of the samples is above 
10% at the bottom of the deposit. The dilution is here calculated using equation 
(2). Additionally, most of the samples still maintained an elevated content of iron 
in the middle of the deposit, which is several layers from the substrate level. Run 
8 had a significant amount of dilution due to high laser power, low scanning 
speed and low powder feeding rate. This caused the sample to completely re-melt 
several times resulting in excessive dilution of the substrate into the whole 
sample. Note that sample 5, 7 and 10 stand out here, too, as these runs had a low 
dilution of Fe in the bottom of the deposits as compared to the other samples. 

 

Figure 5.18 Dilution by iron from the substrate at the bottom, middle and top of the 

deposits. 
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 Hardness 

Hardness varied between ~200 HV and ~270 HV. A significantly lower hardness 
can be observed in sample 8 as compared to the other deposits. The hardness of 
each sample can be seen in Figure 5.19. No trend in hardness gradient is observed 
in the samples from bottom to top. However, when considering the mean 
hardness of the samples in correlation to the mean area fraction of Nb-enriched 
phases, it is seen that the hardness decreases when the fraction of Nb-rich phases 
increases, see Figure 5.20. 

 

Figure 5.19. Measured hardness in the 11 samples for all the parameter sets 

investigated. 

 
Figure 5.20. Correlation between hardness of as-deposited samples and Nb-rich 

phase fraction. 
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 Aging Time 

The aging time of a sample, in this evaluation, is considered to be the time which 
the samples is in the temperature range of 500°C to 850°C. It is in this 
temperature range the precipitation of γ’’ occurs which is the main strengthening 
precipitate in Alloy 718 [92]. The aging time of the samples has been measured 
using the temperature measurement method developed and evaluated in this 
project. 

The longest aging time was observed in run number 3 which had an aging time 
close to 61 s. In the tenth layer. Note that run number 3 has the longest aging 
time in the top of the samples while run number 4 had its longest aging time in 
the middle and run number 9 its longest aging time in the bottom. Since 
microstructural analyses were performed on five-layer deposits the correlation of 
aging time to effects in the material is henceforth limited to the aging time after 
five deposited layers. The longest observed aging time was approximately 30 s at 
substrate level and can be found in run number 9. It can also be seen that the 
midpoints have good repeatability in these measurements, see Table 5.3. 

Table 5.3. The aging time at substrate level, after five layers and after ten layers. 

Run Aging substrate (s) Aging 5th layer (s) Aging 10th layer (s) 

1 3 6 6 
2 2 4 6 

3 13 39 61 

4 7 11 8 

5* - - - 

6 3 5 7 

7 2 3 1 

8* - - - 

9 27 18 5 

10 0 1 2 

11 2 5 6 
* Loss of measurement data for sample 5 and 8 due to lack of fusion and excessive heating, respectively. 
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Chapter 6 
 

Discussion 

6.1 Laser Metal Deposition 

The relationship between the LMPD process parameters and material 
characteristics is intricate and small changes in the parameters can cause 
considerable changes in the material. For instance, process parameters such as 
laser power, powder feeding rate, traverse speed and powder standoff distance all 
affect the temperature history and melt pool characteristics which in turn affects 
e.g. dimensional characteristics, microstructural characteristics and defects. As 
one of the intended application of LMPD are to build components and features, 
several hundreds of layers may be needed to finalize a build. This further adds to 
the complexity of this process, as the temperature build-up, changes in thermal 
gradients, as well as resulting residual stresses, needs to be well understood before 
starting the build. 

In literature it is possible to find a number of articles reporting about optimized 
process conditions with virtually defect-free deposits as a result [41, 51, 80, 86]. 
However, process parameters optimized for one geometry may not mean a defect 
free result for another, different, geometry. As the heat distribution changes, 
localized heat build-up can cause the melt pool temperature to increase which in 
turn leads to a lower and wider deposit bead with more dilution as a result. 
Additionally, changes in temperature distribution can lead to a different residual 
stress profile which in turn can lead to problems with the dimensional precision, 
cracking and/or deteriorated mechanical properties [93]. 

It is therefore important, for LMPD to be a reliable manufacturing method, to 
predict and monitor the temperature history of the built material. This can be 
done by e.g. numerical analyses or online process control by temperature 
measurements. In order to reduce the heat build-up, a waiting time between 
deposit layers may be necessary. The waiting time affects the time-temperature 
profile of the subsequent deposition which consequently affect the microstructure 
of the material. In superalloys the heat build-up can also cause undesired 
secondary phases to form, which could lead to deteriorated mechanical properties 
or cracking. One important aspect which could be crucial in this case is the 
ductility recovery temperature i.e. the temperature when the material has 
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recovered 5% of its ductility upon cooling after welding [94]. Having a longer 
waiting time between deposit layers leads to a lower temperature in the already 
deposited material, which in turn results in a shorter cooling time for the 
subsequent deposition layers. With sufficient cooling the material may dwell in 
the brittle temperature range for a shorter period of time and thereby lowering its 
susceptibility to cracking. The importance of the waiting time will be more 
predominant with a higher build-up since the chilling effect of the substrate will 
be reduced.  

The powder characteristics are an important factor and low quality powders can 
lead to porosity inside the deposit with degraded mechanical properties as a result. 
Characterization of powder batches should therefore be of best practice in order 
to prevent porosities from the powder to be encapsulated inside the deposit. 

6.2 Temperature Measurement 

Some of the most interesting factors when looking at measured temperatures are 
the heating rate, cooling rate and temperature build-up. In Alloy 718, the 
precipitation of γ’ and γ’’ phases occurs in the temperature interval of 500°C to 
850°C [92], this makes the dwell time in this interval a particular interesting 
parameter. In order for precipitation to start, the temperature need to dwell in 
this interval for several minutes [95]. The measurements carried out disclose that 
the cooling time from 850°C to 500°C is very repeatable and when comparing the 
times in the first peak the difference is approximately 0.1 s. This indicates that 
repeatable data can be acquired in this range. However, the measurements was 
not compared with any other method which means that the precision of the 
measurements are not verified. The measurements should therefore mainly be 
used as comparison until the measurement method can be accurately validated. 

Another observation which can be made here is that, although the cooling rate 
from 850°C to 500°C is very repeatable, the measured peak temperatures can vary 
with hundreds of degrees. This could be an effect of that the thermocouples wires 
were not always mounted exactly in the same spot but rather with a small gap 
between them (Figure 6.1a). This can result in double peaks and an averaging of 
the peak temperature between the two wires. Care should therefore be taken so 
that the wires are mounted without any visible gap between them (Figure 6.1b). 
However, a small gap between the wires should not affect the peak temperature 
considerably as the melt pool length most probably was longer than the distance 
between the two wires, considering the width of the laser marking in Figure 6.1. 
Another reason for the peak difference could be that the sampling rate (100 Hz) 
was not high enough to capture the peak temperature in every instance, although 
this is unlikely as the heating rate was ~1500-2000 °C/s and the cooling rate was 
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at most ~1000 °C/s which at most would mean that the peak temperature would 
be missed by approximately 20°C. A more probable reason is that when the thin 
sheets were resistant spot welded to the thermocouples the wires were connected 
to the sheet in the wrong position and the measurement was not done in the 
middle of the deposit but rather on the edge of the deposited wall, where the laser 
intensity was lower. When the heated material react with the thermocouples the 
effect of misalignment becomes less distinctive which leads to a more repeatable 
cooling curve compared to the peak temperature. 

 

Figure 6.1. Resistance spot welded thermocouples. In a) the wires have a small gap 

between them whilst the one in b) are connected at the weld point. Note that the 

diameter of a wire is 0.2 mm. 

Since resistant spot welding was expected to introduce enough heat to change the 
microstructure close to the thermocouple the cross section used for 
microstructural analysis were taken close to the edges. Measurements to assess 
the temperature distribution during the mounting of a thermocouple, using three 
spot welds in rapid succession, is shown in Figure 6.2(a,b). The thermocouples at 
the edge are mounted 5 and 8 mm, from respective edge. Additionally there was 
one thermocouple mounted beneath the spot weld position in the vertical 
direction. These measurements revealed that the temperature close to the edges 
were below 200 °C and no significant changes in the microstructure was thus 
expected in the material (Alloy 718) when cross sections were taken from these 
positions. The thermocouple, five layers beneath the spot weld, experienced a 
peak temperature of approximately 375°C. 
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Figure 6.2. (a) Illustration of the thermocouple positions during measurement of 

resistant spot welding temperatures. (b) Temperature curves showing the developed 

heat from the resistant spot weld when mounting a thermocouple in the longitudinal 

centre of the top surface of a five layer deposit. 

 Aging time in the As Deposited Samples 

The process parameters have a significant effect on the temperature history. It 
has been shown that higher builds generally have a longer aging time in the top 
of the thin walled deposit, see Table 5.3. The reason for this is that the cooling 
effect of the substrate is lowered with an increased distance to the substrate. For 
instance, run number 3 had the longest measured aging time in layer 10 although 
only being tempered five times in that layer. In run 3 the lowest aging time was 
measured at substrate level, where it was tempered 15 times. The reason for this 
was presumably that at substrate level the peak temperature dropped below 500°C 
already after the 4th layer and the successive 11 layers therefore did not add to the 
aging time. Additionally, the cooling rate was much higher in the substrate 
compared to the 10th layer which further decreased the aging time. When moving 
to the 5th and 10th layers, the peak temperature did not drop below 500°C as 
quickly and thus more deposit layers added to the aging time. Additionally, the 
cooling time from 850-500°C increased, which prolongs the aging time further.  

In run number 9 the opposite was observed i.e. the highest aging time was 
measured at substrate level. The reason for this seems to be that the low line mass 
together with the high heat input results in excessive heating of the underlying 
deposits. This cause the build to be solution heat treated and less aging was 
thereby observed. With increased build height the peak temperature decreases 
below the solution temperature (900°C) at substrate level and the aging time starts 
to increase. 

This indicates that the general assumption that γ’’ phase precipitating in the 
bottom of the build may only be true for some process parameter sets while other 
will have a longer aging time at the middle or top of the deposit which in turn 
lead to γ’’ phase precipitating further away from the substrate. 
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There was a loss of measurement data for run number 5 and 8. The reason for 
this was that there was no penetration in run 5 which caused the sample to break 
loose from the substrate. In run 8, on the other hand, the low deposition rate and 
high laser power destroyed the thermocouple completely. Additionally there was 
not enough material to mount the thermocouple since the build-up was too low 
in run number 8. The loss of contact to the substrate in run 5 also meant that the 
cooling effect of the substrate were lowered which lead to an equiaxed 
microstructure since the thermal gradient was not as pronounced. 

6.3 Effect of Process Parameters on Material 
Characteristics 

Process parameter settings have been correlated to the microstructure of the 
deposited material, i.e. grain structure, phase formation and defects in form of 
cracking. These effects are further discussed in this section. 

 Grain Structure 

It was found that the grains in the samples were finer close to the edges of the 
sample. It is likely that, at the edges and top of the deposit the heat flux direction 
shifts resulting in a reduction of the thermal gradient. This in turn leads to a lower 
G/V value contributing to the formation of finer grains [3, 6]. However, Dinda 
et al. [5] observed an orientation transition from vertical dendrites to horizontal 
dendrites at the uppermost part of the deposit layer. This orientation transition 
was caused by a transition of the heat flux direction as the magnitude of heat flux 
directed to the back of the melt pool becomes greater than the heat flux directed 
vertically towards the substrate. This results in long columnar grains growing 
horizontally. These grains are formed on the top of each deposit layer, however, 
when a subsequent layer is deposited the top layer of the previous deposit is re-
melted and new grains are formed. Therefore, these grains are mainly found in 
the uppermost part of the deposit and are re-melted when subsequent layers are 
deposited. The fine grains formed at the top of the builds might therefore be 
elongated along the longitudinal axis. However, due to the low laser power and 
rapid scanning speed in the low HI sample the fine grains in between two layers 
can be detected in the two and three-layer deposits, see Figure 5.3. 

In the high HI sample (Figure 5.2), the one and two-layer deposits seem to have 
some large grains forming in the bottom of the sample. These grains have an 
orientation close to that of the substrate. However, with increased building height 
the grains are striding to align the (001) crystal axis along the build-up direction. 
In the case of the three-layer deposit it is likely that the substrate structure is 
aligned with the (001) axis oriented along the direction of the build which leads 
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to epitaxial grain formation with a favoured orientation in the first layer. During 
subsequent deposit grains are growing epitaxially throughout the whole build with 
the exception of a few misoriented grains. This indicates that the grain structure 
of the substrate needs to be controlled to be able to have a repeatable process 
with predictable mechanical properties. If the grains in the substrate are oriented 
unfavourably, the resulting grain structure in the deposit can be irregular with 
unpredictable mechanical properties as a result. An example of this is shown in 
Figure 6.3 where a three-layer deposit were built on the grain boundary of two 
grains, oriented with in the (001) axis and (101) axis, respectively, along the normal 
direction to the substrate. It can here be seen that the half of the deposit grew 
epitaxially from the substrate in the (001) direction. This grain continued to grow 
in the subsequent layers, close to a single crystal. In the other half, deposited on 
the grain oriented in the (101) orientation, several new grains nucleated. In the 
subsequent layers the grains started to re-orientate to the (001) direction in the 
top of the sample. 

 

Figure 6.3. A three-layer deposit on the grain boundary of a grain oriented in the (001) 

orientation and another oriented in the (101) orientation. 

In the top layer near the middle of the deposit a larger island with misoriented 
grains has formed, see Figure 5.2c. There are multiple reasons to why these grains 
might have formed. One explanation could be that the solidification velocity 
favoured a columnar to dendritic formation as discussed by Gäumann et al. [59]. 
As an alloy is solidified solutes are gathered ahead of the solidification front. 
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When the composition changes in this volume the equilibrium solidification 
temperature will be altered for that specific composition. As the actual melt pool 
temperature becomes lower than the equilibrium liquidus temperature of the 
composition ahead of the solidification front, nucleation of a new grain may be 
instigated and the epitaxial growth becomes disrupted. Fine misoriented grains 
could also be the cause of poor indexing around defects such as cracks and 
polishing scratches [59].  

It was found that the grains in the low HI sample was considerably finer, more 
equiaxed and more randomly oriented than in the high HI sample. However, for 
the same HI, different grain structures can be acquired as seen in Figure 6.4(a,b). 
Here two samples with a HI of 40 J/mm are shown. In Figure 6.4a, a low laser 
power was combined with a low scanning speed and it is seen that the grains are 
fine and equiaxed throughout the build. In Figure 6.4b, on the other hand, a 
directionally solidified structure with long columnar grains growing throughout 
the whole deposit is found when using a high laser power and high scanning 
speed. Gäumann et al. [57], used a modified Hunt’s equation to describe the 
columnar to equiaxed transition as follows. 

   3) 

where G is the thermal gradient in °C/m, V is the solidification velocity in m/s, 
n is a material dependent constant and K is described as follows. 

  4) 

where a is a material dependent constant, N0 is the nucleation density and  is the 
fraction of equiaxed grains. If the condition in equation (3) is satisfied everywhere 
in the melt pool, the condition for columnar growth is fulfilled. In other words, 
lowering the thermal gradient or increasing the solidification velocity, promotes 
the formation of equiaxed grains. Increasing the laser power increases the melt 
pool size which lowers the thermal gradient and lowers the solidification velocity. 
Following the reasoning of these equations, it would mean that increasing the 
laser power would lead to a decreased solidification velocity while the thermal 
gradient might be lowered somewhat by the increased melt pool size. Increasing 
the scanning speed would, on the other hand, decrease the melt pool size, increase 
the thermal gradient and increase the solidification velocity. As these two are 
counteracting each other it might be that the change in laser power and scanning 
speed alone are not affecting the grain structure to the extent that was exhibit in 
the samples of Figure 6.4(a,b).  
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Figure 6.4. (a) grain structure of deposit built using a low laser power and a low 

scanning speed. (b) grain structure of a sample built using a high laser power and a 

high scanning speed. 

However, as the line mass is affected by the change in scanning speed this will 
have an extra effect on the melt pool size and shape. For instance, melt pool 
height will increase while the penetration depth decreases. This lowers the thermal 
gradient in the upper part of the melt pool while the total melt pool temperature 
might be lowered, leading to a higher solidification velocity, in turn promoting 
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equiaxed grains to form. Furthermore, the increased line mass increases the 
nucleation density in equation (4), increasing the size of K as described by 
Pinkerton et al. [34]. 

 Phase Formation in As Deposited Condition 

At nominal composition the precipitation of γ’’ starts after several minutes as was 
reported by Andersson et al. [96]. However, it has been postulated that the kinetic 
of γ’’ precipitation could be accelerated in areas with high Nb concentration. Tian 
et al. [97] found that γ’’ precipitated close to the Nb rich constituents Laves phase 
in the as deposited condition using DED of Alloy 718 after several temperature 
cycles. However, in this study, γ’’ was found in the absolute top of the sample, 
where only one other layer was deposited above the inspected area. Temperature 
measurements show that the aging heat treatment time (500°C-900°C) at that area 
in the as-deposited condition is less than 5s. This is much lower than the time 
expected for γ’’ precipitation. However, the expected time needed for γ’’ 
precipitation is empirically gathered from heat-treatments on homogenous 
material with nominal composition. However, at fast solidification rates the 
chemical composition of the γ-matrix changes in the last stages of solidification 
as can be seen in the JMatPro simulation in Figure 6.5. Most notably, the Ni 
content increases to ~59 wt.%, Nb increases to ~12 wt.%, Ti increases to ~5 
wt.%, Mo increases to ~6 wt.%, Cr decreases to ~8 wt.% and Fe decreases to ~9 
wt.%, in the last solidifying γ-phase. This composition is expected in the γ-matrix 
at close proximity to the interdendritic Laves phase where the γ’’ precipitation has 
been found.  

 

Figure 6.5. JMatPro simulation of the composition of the γ-matrix during solidification. 

At the last stage of solidification, the matrix is enriched in Ni, Nb, Ti and Mo while 

depleted of Fe and Cr. 
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The calculated JMatPro composition of the enriched γ-matrix was used, in 
combination with actual TEM-EDS measurements from the interdendritic 
region, close to Laves phase, as input to plot a TTP-diagram for the γ’/γ’’ 
precipitation. This diagram is shown in Figure 6.6. It can clearly be seen here that 
the precipitation kinetics of the γ’ and γ’’ are significantly increased with a 
composition of that close to the Laves phase. This explains why the γ’ and γ’’ only 
is seen close to the Nb-rich constituents in the interdendritic regions, in the as 
deposited conditions. Although the TTP diagram in Figure 6.6 still estimates the 
precipitation time to be approximately 30 seconds, this is for precipitation of 0.5 
wt.% of γ’’ which is expected to be considerably more than was found in 
investigated samples.  

 

 

 

Figure 6.6. TTP-diagram of γ' and γ'' phases for nominal composition and for the 

enriched γ-matrix, close to the Laves phase (plotted using JMatPro). 

 Phase Formation Heat Treated Condition 

Line scans across the dendritic core (Figure 5.10) indicated that the γ-matrix was 
depleted of Nb in this region. This was mostly seen in the high HI sample. The 
reason for this could be a combination of wider dendritic cores and a slightly 
higher fraction of Nb-rich constituents in the interdendritic regions. The higher 

600

650

700

750

800

850

900

950

1000

1050

10 100 1000 10000

Te
m
p
er
at
u
re
 (
C
°)

Time (s)

TTP of γ' and γ'' at nominal and enriched 
composition

Gamma' Nominal Gamma'' Nominal

Gamma' Interdendritic Gamma'' Interdendritic



DISCUSSION 

81 
 

segregation of Nb and increased diffusion distance would mean that the Nb needs 
more time to diffuse through the matrix to be evenly distributed. If not evenly 
distributed, the Nb depletion could contribute to an uneven distribution of the 
main strengthening phase γ’’ since it is heavily dependent on Nb to precipitate. 
Looking at the High resolution NanoSEM images in Figure 5.9, it seems that the 
fraction of precipitates is indeed decreasing when moving away from the δ-phase 
into the dendritic core. However, the hardness measurements do not reveal a 
significant difference in hardness values across the samples. The reason for this 
is because the diagonal of the hardness indents (~50 μm) are large enough to 
average the hardness over a larger area where both well-developed strengthening 
precipitates, as well as under developed precipitates from the dendritic cores are 
included. An uneven distribution of strengthening precipitates may however pose 
a problem during service since the higher Nb-content in the interdendritic regions 
might accelerate the coarsening of the γ’’. Meanwhile, in the dendritic core the, γ’’ 
coarsen at a slower pace than it should. This could lead to an uneven distribution 
of strain in the material, and ultimately cracking if the strain becomes high 
enough. However, this needs to be further investigated to fully understand what 
effect the uneven distribution of strengthening precipitates might have on the 
mechanical properties of the material. 

 Crack Formation in Laser Metal Powder Deposition 

It has been shown that a high scanning speed in welding produces a teardrop 
shaped weld melt pool that promotes centre-line grain boundary segregation, and 
a high cooling rate which increases the strain in the material. The segregation of 
alloying elements at the solidification fronts at terminal solidification leads to the 
formation of γ/Laves phase eutectic across several layers of deposit. It is probable 
that the cracks found in the thin substrate samples were located within these types 
of centre-line grain boundaries. Additionally, since the line mass were not kept 
constant in the matrix the decreased scanning speed will increase the line mass 
which in turn have shown to decrease the melt pool depth and increase the length 
of the melt pool [30]. This means that the decrease in weld melt pool length may 
not be as pronounced when decreasing scanning speed as it would be if the line 
mass was kept constant. 

A correlation between the HI (equation (5)) and TCL has previously been 
reported by [98] when keeping the line mass constant. However, it is shown in 
DoE-B, that the samples with the highest HI are not necessarily the samples 
where cracking occur. The cracked cross-sections were here found in the samples 
with a high laser power, high scanning speed and low powder feeding rate, which 
generate a mid-level HI (40 J/mm) as compared to the range of HI in the matrix 
(16-100 J/mm). It is shown in this matrix that through reduced scanning speed, 
cracks can be avoided while simultaneously increasing the HI. It is further shown 
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that increasing the powder feeding rate leads to an avoidance of cracking while 
maintaining the HI at the same level. The HI alone is thus not a suitable indicator 
of, if the parameters are within a crack susceptible parameter window. In Gas 
Tungsten Arc (GTA) welding of austenitic stainless steel a relationship between 
the Power Ratio (PR) (equation (6)) and cracking was postulated by McCracken 
and Smith [99]. 

  5) 

  6) 

Where P is the welding power in W and A is the cross section area in mm2. This 
equation is used in GTA-welding to balance the proportion of weld arc power 
needed to melt the substrate and the added deposited material in order to control 
the dilution [99]. A similar consideration could be suitable in LMPD as both 
methods use additives to produce the welds and the materials in both cases have 
an austenitic matrix with similar cracking mechanisms. The cross-section areas of 
the LMPD deposits were predicted using equation (7)) which was constructed 
from empirical data by El Cheikh et al. [100]. 

  7) 

where α is a conversion constant, empirically gathered to fit the model to the 
experimental data. In this data-set α was set to 0.5. Predicted PR values could then 
be calculated using equation (8). 

 	 8) 

The predicted PR values were compared to the observed PR values for DoE-B, 
se run number 1-57 in Figure 6.7. The observed PR values were calculated using 
equation (6) here the A were measured from cross-section of the samples using 
OM-images. It can here be seen that the predicted PRs correlated quite well with 
the observed PRs at low values. However, when the PR reached above 3000 
J/mm2, the fit was quite poor between the observed and predicted PR values. The 
predicted PR values clearly overestimated the observed PR values of run 2, 17 
and 42 and underestimated run 29, 44 and 57, as can be seen in Figure 6.7. The 
cracked runs from DoE-B (4, 12, 33, 45 and 49) all exhibited quite high PR values 
as did the predicted PR from DoE-C (run number 58-76). Additionally, 
implementing this equation to the findings of Chen et al. [98] (run number 77-
86), showed that the predicted PR from this paper were considerably lower than 
the PR used in the present study. However, it should be noted that the HIs they 
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used were considerably higher than the HIs used in this work. It can be seen in 
equation (8) that decreasing the scanning speed and powder feeding rate could 
keep the power ratio at a constant level while the decreased scanning speed would 
increase the HI using equation (5). Therefore, process parameters that produce 
similar PRs could have vastly different HIs. This suggests a model that includes 
both the PR and HI when predicting the cracking susceptibility using the process 
parameters in LMPD. By factorizing in the HI, equation (9) was attained. As seen 
in Figure 6.8, the fit of the parameters that produce the highest PR values were 
considerably improved. Additionally, the cracked samples from Chen et al. [98] 
are now correlating quite well with the findings in this work. Note that run 
number 15, with the lowest observed PR*HI values of any crack susceptible 
parameter sets from DoE-B (a part of parameter set 11), did not exhibit any cracks 
in its cross-sections. 

 ∗  9) 

However, it should be noted that the literal factoring of HI may not be the most 
suitable for predicting cracking susceptibility and should be regarded as a proof 
of concept. A larger data-set is needed to fully understand how the HI and PR 
can be combined to formulate a more accurate prediction model. 

 
Figure 6.7. PR values for different runs. 1-57 are the run number from DoE-A where 

the red X-markers are the observed cracked samples. 58-76 are from DoE-B focusing 

on the cracked samples and 77-86 are calculated values estimated from [98]. 
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Figure 6.8. PR*HI values for the different runs. 1-57 are the run number from DoE-A 

where the red X-markers are the observed cracked samples. 58-76 are from DoE-B 

focusing on the cracked samples and 77-86 are predicted values estimated from [98]. 

 Effect of Dilution of Iron 

Eutectic Laves phase formation occurs during the last stage of solidification at 
~1150 °C [96]. The cooling rate plays a key role in determining the extent to 
which Nb diffuses from the liquid into the matrix as shown by Manikandan et al. 
[101]. The cooling rates in this work have been calculated for the temperature 
interval 850-500 °C. However, the relative cooling rate in case of the different 
runs is assumed to be valid also at solidification temperatures (1360°C to 1170°C). 
The area fraction of Nb-enriched interdendritic phases decreased with increasing 
distance from the substrate in the deposit. This result contradicts the findings of 
Zhang et al. [26] and does not conform to the reported finding that a decrease in 
cooling rate increases the fraction of Nb-rich phases, since the top of the build 
has a lower cooling rate compared to the bottom of the build. The explanation to 
this could be that the dilution by Fe from the stainless steel substrate aids in 
accelerating the formation of the Laves phase in Alloy 718. It has previously been 
shown in casting of Alloy 718 that the amount of Laves phase increases with 
increase in fraction of Fe in the composition [102]. It has further been shown in 
welding that the amount of Laves phase in Alloy 625 is affected by the amount of 
iron in the filler wire [102]. The area fraction of Laves phase in the samples’ cross 
sections should, therefore, be highly affected by the dilution of Fe which seems 
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to be the case considering the plot in Figure 6.9. JMatPro calculations confirmed 
that the wt. % of Laves phase increases when the amount of Fe increases from 
nominal composition up to 25 wt. %, see Figure 6.10. 

 

Figure 6.9. Correlation between the dilution of the deposit by Iron from the substrate 

and Nb-rich secondary phase formation.  

 

Figure 6.10. JMatPro simulation of formation of Laves phase from solidification of 

Alloy 718 with nominal composition as compared to Alloy 718 enriched with Fe up to 

25 wt. %. 

The hardness measurements reveal no clear hardness gradient from top to bottom 
of the deposit. However, it can be seen in Figure 5.19 that sample number 8 has 
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a considerably lower hardness than the other samples. Further investigations 
reveal a pattern where a higher fraction of Nb-enriched regions result in lowering 
of the hardness between the deposited samples, see Figure 5.20. One reason for 
the hardness difference could be that a higher fraction of Nb-rich phases leads to 
a depletion of Nb close to the Laves phase and in the γ matrix, leading to less 
precipitation of strengthening phases. Nb is one of the most important elements 
in the precipitation of γ’’, which is the main source of strengthening in Alloy 718. 
However, the temperature measurements revealed an aging time, i.e. the time 
wherein aging takes place (500-850 °C), of approximately 30 s in sample 9. This 
aging time is not sufficient for γ’’ to precipitate in the matrix as presented by Fisk 
et al. [95]. However, with a high concentration of Nb, an acceleration of the 
precipitation of γ’’ has previously been reported [97] and was shown using 
JMatPro simulations in section 6.3.2. This means that, close to Laves phase and 
Nb carbides, there might be an elevated amount of Nb leading to an acceleration 
of the formation of γ’’. 

Another explanation for the variations in hardness could be that the large 
amounts of Nb rich phases residing in the interdendritic area causes a depletion 
of Nb and Mo in the γ matrix. It has been reported that Nb and Mo might have 
a solid solution strengthening effect in Fe-Ni superalloys, mainly through anti-
phase boundary strengthening [103]. 
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Chapter 7 
 

Conclusions 

Designing the material in LMPD can be achieved both macro- and 
microstructurally through thorough understanding of the influence and 
interaction of each process parameter. 

The temperature history of the deposited material in LMPD can be measured 
repeatedly, close to the melt-pool, using protective sheets. (RQ.1) 

The temperature history was measured in most of the samples and correlated to 
material characteristics such as phase formation and grain structure. (RQ. 1) 

The γ’’ phase was found to precipitate in the top layers of both high and low heat 
input samples. The accelerated kinetics of the γ’’ was shown to be a result of 
segregation in the interdendritic regions. (RQ.2) 

Heat treatment was not successful in fully redistributing the segregated elements 
into the γ matrix. The dendritic core was depleted in Nb and had less well-
developed γ’’ precipitates as compared in the interdendritic regions. (RQ.2) 

A crack susceptible parameter window was identified where a high laser power, 
high scanning speed and low powder feeding rate promoted crack formation. 
(RQ. 3) 

Power ratio in combination with heat input were found to be of importance in 
predicting cracking susceptibility in LMPD of Alloy 718. (RQ. 3) 

Dilution of Fe was found to be of importance for the formation of Laves phase 
in the deposited material, where a higher Fe content lead to a higher fraction of 
Laves phase. (RQ. 2) 
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Chapter 8 
 

Future Work 

More work is needed to further advance the understanding about what effect the 
process parameters have on the microstructural characteristics of deposited Alloy 
718. 

Further evaluation of the cracking mechanism needs to be carried out where the 
outer frame of the parameter window that produced cracked samples needs to be 
established. The predictive model for crack susceptibility in LMPD showed 
promise but further evaluation is needed to establish a more accurate correlation 
of the power ratio’s and heat input’s relation to cracking in LMPD of Alloy 718.  

X-ray diffraction could help in characterizing the phase distribution as well as 
residual stresses. Gleeble testing could be used to simulate deposition conditions 
to acquire a deeper understanding of the process. 

In this study single wall deposits are used to acquire the base knowledge of the 
method. Further studies are needed with other geometries to investigate e.g. the 
effect of the overlap rate and heat build-up in block builds. 

Mechanical testing of deposited material should be carried out to connect the 
microstructural characteristics to the mechanical properties of the built material. 
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Chapter 9 
 

Summaries of Appended Papers 

Paper A. Review of Laser Deposited Superalloys using 
Powder as an Additive 

In this paper laser metal deposition (LMPD) with blown powder was reviewed 
with respect to the material behaviour of nickel and nickel-iron based superalloys. 
The key benefits of LMPD are claimed to be increased design freedom of 
components as well as reduced environmental impact since it enables near net 
shape manufacturing. This review considers the LMPD processing parameters 
such as laser power, powder feed rate, spot size, standoff distance, and traverse 
speed, together with aspects related to the powder e.g. morphology, porosity, 
inclusion and satellite content. Special emphasis was put on how these parameters 
affect the deposit and substrate in terms of cracking, porosity, inclusions, phase 
transformations, and other material related phenomena. A characteristic 
microstructure of LMPD deposited superalloys has a columnar dendrite growth 
in the vertical build up direction. The grain growth can however be manipulated, 
making it more equiaxed by, for instance, altering process parameters and/or 
scanning path. Residual stresses in LMPD samples are unevenly distributed and 
large residual tensile stresses can be found at the surface of the deposit while large 
compressive stresses are located close to the substrate in the core of the deposit. 
One of the most important parameter is considered to be the specific energy input 
which largely influences the melt pool during deposition which in turn can be 
related to the microstructure, residual stress and, process related defects such as 
porosity, cracking, lack of fusion and, dilution. 

Paper B. Evaluation of a Temperature Measurement Method 
Developed for Laser Metal Deposition 

Measuring temperatures in the material during laser metal deposition has an 
inherent challenge caused by the laser. When thermocouples are radiated by the 
high intensity laser light overheating occurs which causes the thermocouple to 
fail. Another identified difficulty is that when the laser passes a thermocouple, 
emitted light heats the thermocouple to a higher temperature than the material 
actually experience. In order to cope with these challenges, a method of measuring 
temperatures during laser metal deposition of materials using protective sheets 
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has been developed and evaluated as presented in this paper. The method has 
substantially decreased the risk of destroying the thermocouple wires during laser 
deposition. Measurements using 10 mm2 and 100 mm2 protective sheets have 
been compared. These measurements show small variations in the cooling time 
(~0.1 s from 850°C to 500°C) between the small and large protective sheets which 
indicate a negligible effect on the temperature measurement. 

Paper C. Investigation of Laser Metal Deposited Alloy 718 
onto an EN 1.4401 Stainless Steel Substrate  

This paper focuses on how process parameters affect the deposition of Alloy 718 
onto an EN 1.4401 stainless steel substrate in terms of secondary phase 
formation, dilution and hardness. A columnar solidification structure with 
elongated grains growing in the direction normal to the substrate was observed 
for all parameters. In the interdendritic regions, phases with a high content of 
Niobium were identified. Scanning Electron Microscopy imaging and Energy 
Dispersive Spectroscopy measurements revealed these phases to most likely be 
Laves phase and Nb-carbides. Temperature measurements indicated no 
significant aging in the deposits. Considerable enrichment of iron was found in 
the initially deposited layers due to dilution from the substrate. The increased 
content of iron seemed to aid in forming constituents rich in niobium which, in 
turn, influenced the hardness. The highest mean hardness was noted in the sample 
with the lowest area fraction of Nb-rich constituents. 

Paper D. Influence of Heat Input on Grain Structure in Thin-
Wall Deposits using Laser Metal Powder Deposition 

Laser metal deposition (LMD) is an additive manufacturing method which is used 
to deposit material directly onto a metal surface layer upon layer until a final 
component is achieved. The material used in this study is the nickel iron based 
superalloy Alloy 718. There is a strong thermal gradient associated with this 
method which generally produces columnar grains growing in the build-up 
direction. The preferred solidification orientation of the FCC matrix is in the (001) 
direction which makes it possible to build directionally solidified structures with 
epitaxial grains growing through the layers. In this study LMD with powder as 
additive has been used to build thin walled samples, multiple layers high. The main 
objectives of this research are to assess the influence of the heat input on the grain 
structure in LMD builds and evaluate how the morphology and texture of the 
grains are affected by the changes in process parameters. Two different parameter 
sets are compared where a high and a low heat input have been used. The two 
samples with different heat inputs have been evaluated using a scanning electron 
microscope coupled to an electron back scatter diffraction detector in order to 
obtain quantitative grains size measurements as well as crystallographic 
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information. It was shown that the grain structure was considerably affected by 
the heat input where the high heat input produced a strong texture with columnar 
grains growing in the build-up direction. With a low heat input the grains became 
finer and, although elongated, the grains became more equiaxed. 

Paper E Microstructural Characterization of Laser Metal 
Powder Deposited Alloy 718 

A microstructural study of Laser Metal Powder Deposition (LMPD) of Alloy 718, 
using a low (40 J/mm) and high (100 J/mm) heat inputs (HIs) was performed. 
The microstructure was characterized in as-deposited condition as well as after a 
standard heat-treatment, using optical microscope (OM), scanning electron 
microscope (SEM) and Transmission Electron Microscope (TEM). Laves, MC-
carbides, γ’ and γ’’ are observed in the interdendritic areas of both conditions. 
However, the dendritic core only consists of γ-matrix. The high HI condition 
shows a slightly larger Primary Dendrite Arm Spacing (PDAS) as compared to 
the low HI condition. Additionally, the particle size of the Nb-rich constituents 
in the interdendritic regions (Laves-phase and Niobium carbide) are larger in the 
high HI sample. After heat-treatment, the Laves phase dissolves and is replaced 
by δ-phase in the interdendritic regions, while γ’, γ’’ and MC-carbide remain in 
the interdendritic regions. However, the γ’’ precipitates seems to be less 
developed in the dendritic core as compared to the interdendritic regions, 
especially in the high HI sample. This can be attributed to a heterogeneous 
distribution of Nb in the microstructure, with a lower Nb content in the dendritic 
core as compared to close to the interdendritic regions. 

Paper F. Effect of Process Parameters on the Crack 
Formation in Laser Metal Powder Deposition of Alloy 718 

The cracking response in Alloy 718 using Laser Powder Metal Deposition 
(LMPD) has been evaluated. It is found that the material is susceptible to cracking 
when the laser power is high, the scanning speed is high and the powder feeding 
rate is low. A cracking susceptible process window was established by creating a 
design of experiment matrix around the parameters settings that produced the 
cracked samples. When the powder feeding rate is incorporated as a variable it is 
shown that heat input is not a suitable indicator for hot cracking susceptibility of 
LMPD of Alloy 718. A combinatory model using the power ratio with the heat 
input has therefore been proposed. Additionally, it is found that the increased 
cooling rate exhibited in deposits built on a thicker substrate, supressed cracking 
and only small micro-fissures is found while continuous cracks are formed on the 
thinner substrate.
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Laser Metal Deposition using 
Alloy 718 Powder

Laser Metal Powder Deposition (LMPD) is an AM method which builds components by 
fusing metallic powder together with a metallic substrate, using a laser as energy source. 
The powder is supplied to the melt-pool, which is created by the laser, through a powder 
nozzle, which can be lateral or coaxial. Both the powder nozzle and laser optics are mount-
ed on a guiding system, normally a computer numerical control (CNC) machine or a robot.

The main part of this study has been focused on correlating the main process parameters 
to effects found in the material, which in this project is the superalloy Alloy 718. It has 
been found that the most influential process parameters are the laser power, scanning 
speed, powder feeding rate and powder standoff distance. These process parameters 
have a significant effect on the temperature history of the material which, among oth-
ers, affects the grain structure, phase transformation, and cracking susceptibility of the 
material.
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