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Populärvetenskaplig Sammanfattning
Nyckelord: Additiv tillverkning, Laser-metalldeponering, pulver, superlegering
Additiv tillverkning är en generell term som används för tillverkningsmetoder
som kan tillverka komponenter direkt från en digital 3D modell genom att tillföra
material lagervis tills en slutgiltig geometri är uppnådd. Några nämnvärda AM
metoder är pulverbäddteknologier, laminerad objekttillverkning och
deponeringsteknologier, varav den sistnämnda är den teknologin som använts i
detta projekt.
Laser metalldeponering med pulver som tillsatsmaterial (LMD-p) är en additiv
tillverkningsmetod som nyttjar en fleraxlig CNC maskin eller en robot för att styra
laser och pulvermunstycke över den yta där deponeringen sker. Komponenter
byggs här upp genom att deponera svetssträngar bredvid varandra och i lager tills
en slutgiltiga komponent är uppnådd.
LMD-p den senaste tiden uppmärksammats för sina unika egenskaper som kan
användas till att tillföra geometriförändringar till halvklara komponenter samt för
att reparera komponenter där en låg temperaturtillförsel är av största vikt. Detta
kan till exempel gälla för känsliga komponenter där för höga temperaturer riskerar
att äventyra integriteten hos komponenten genom förändrad mikrostrukturen
eller sprickbildning.
Fokus i detta arbete har varit att hitta samband mellan de huvudsakliga
processparametrarna och dess påverkar på materialet, som i detta projekt var
superlegeringen 718. Det har visats i detta projekt att de process parametrar som
har störst inverkan på materialet var lasereffekten, framföringshastigheten,
pulvermatningen och pulverfokusförskjutningen. Effekten av dessa parametrar
visade sig ha en signifikant påverka på deponeringsgeometrin i form av höjd och
bredd av svetssträngen, jämnheten av toppytan samt penetrationsdjupet.
För ökad förståelse om processparametrarnas påverkan på materialet så har
temperaturmätningar utförts med hjälp av en temperaturmätningsmetod som har
utvecklats och utvärderats i detta projekt. Temperaturmätningarna har här utförts
med termoelement som skyddades av en tunn rostfri plåt. Denna plåt skyddade
termoelementet från laserstrålens inverkan som annars skulle störa
temperaturmätningarna.
En studie där den ekonomiska genomförbarheten av att byta ut en vedertagen
tillverkningsmetod mot LMD-p inom flygindustrin har även genomförts där
generella effekter av materialpriser, automationsnivå och deponeringshastighet
har utvärderats. Det har här visats att LMD-p har potentialen att vara ett
v
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ekonomiskt genomförbart alternativ till det vedertagna tillverkningssättet. Detta
är dock starkt beroende på hur automatiserad processen är samt hur gynnsam
komponenten som ska tillverkas är för LMD-p metoden.
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Abstract
Title:Additive Manufacturing using Alloy 718 Powder – Influence of Laser Metal
Deposition Process Parameters on Microstructural Characteristics
Keywords: Additive manufacturing, Laser metal deposition, powder, superalloy
ISBN:

978-91-87531-25-5

Additive manufacturing (AM) is a general name used for production methods
which have the capabilities of producing components directly from 3D computeraided 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 deposition using powder as an additive (LMD-p) is an AM process
which uses a multi-axis computer numerical control (CNC) machine or robot to
guide the laser beam and powder nozzle over the deposition surface. The
component is built by depositing adjacent beads layer by layer until the
component is completed.
LMD-p has lately gained attention as a manufacturing method which can add
features to semi-finished components or as a repair method. LMD-p 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.
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
and that these parameters has a significant effect on the dimensional
characteristics of the material such as height and width of a single deposit as well
as the straightness of the top surface and the penetration depth.
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 emitted laser light on the thermocouples.
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Abstract
An economic viability study has been conducted in order to assess the general
influences of the material cost, operator cost and effect of building rate between
LMD and the conventional alternative when manufacturing duct flanges for the
module of a jet engine. It was here shown that LMD can be an economical viable
method but that it is strongly dependent on the level of automation and what kind
of product that is manufactured.
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1 Introduction
1.1

Aim of project and research questions

Laser metal deposition (LMD) is a novel manufacturing method that has
a great potential to reduce material waste through near net shape
production as well as to add value to a manufactured component. The
increased value could come from a re-design leading to e.g. higher
structural strength, lower weight, more integrated parts, the use of new
materials or the use of functionally graded materials (FGM).
An increased understanding of how the material characteristics are
influenced by the process parameters are crucially important as this will
help in retaining consistency and repeatability in the LMD 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. To justify the use of a new manufacturing method it should
be an economic viable alternative to the current practice. Therefore, a part
of this project has been focused on evaluating how the cost of a LMD
manufactured part is affected by some general production parameters.
The main objective of this research is to answer the following questions:
-

What changes in component cost can be observed when
increasing material cost, building rate and level of automation
and how do these correlate to conventional manufacturing
methods?

-

How are the microstructural characteristics i.e. microstructure,
secondary phases, porosity and micro hardness affected by the
governing process parameters?

-

How are the dimensional characteristics e.g. width and height of
the deposit bead, surface straightness and penetration depth
affected by the governing process parameters?
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-

How can the temperature be measured in the material to acquire
an accurate temperature history of the material being built?

-

How is the temperature history in regard to aging time affected
by the change in 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 shows a four level overview with the most
common AM methods capable of building components in metal. These methods
are laminar manufacturing, powder-bed technologies, and deposition
technologies (level one). The AM methods are followed by three other categories;
feedstock material (level two), processing method (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.
processing 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). Some of the more common AM methods will be
further introduced in Chapter 1.3 and Chapter 1.4.

Figure 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
LMD-p 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
processing methods. 4) The different energy sources. Modified from [1].
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Opposed to the conventional subtractive manufacturing methods where the
component is machined from a block of material, AM selectively adds the
material where it is needed. By doing this near net shape components can be
achieved with little material waste whereas conventional manufacturing methods
produce 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. The graph in Figure 2 shows how the amount of
publications containing the keywords “additive manufacturing” has increased
during the period of 1994-2014. 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].
Publications of Additive Manufacturing in Scopus 1994−2014
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Figure 2. Graph showing the amount of articles published in the digital library Scopus
[3] containing the keyword "additive manufacturing", during the period 1994-2014.

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 impossible or too expensive to manufacture by
conventional manufacturing methods.
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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 investment is needed. 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. This make
AM an excellent method 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].
Because AM is a layer-by-layer production method it has a unique capability of
producing FGM. FGM have continuously changing properties in the
microstructure from one side or area of the component to another. These
changes can be in the material composition, morphology and/or metallographic
structure. These changes can be distributed in such way that mechanical and/or
thermal performances are tailored for the specific component and application
[5].
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 [4]. However, for large cast parts and parts which already have an
efficient production line, the change to AM most certainly will have an inverted
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 [6].

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
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standardization in AM whereas, especially the aero and nuclear industry has high
demanding standards to maintain.
Another general issue with AM is that the components often suffer from
porosities, lack of fusion, inclusions and other defects which 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 any optimal process parameters 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.
Simulations 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 far from being used to predict
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 surface finish and
microstructure of the produced components [7-9].

1.3

Powder bed technologies

There are mainly two sorts of powder bed technologies: SLM and EBM. The
main difference between these technologies are the energy source used to melt
the powder which, of course, is a laser beam and an electron beam for SLM and
EBM, respectively. Powder bed technologies are well developed and there are
many different commercial systems readily available on the market such as the
SLM technologies provided by EOS [10], Concept laser [11], Renishaw [12] and
3D-systems [13]; and EBM technology provided by Arcam [14].

Selective laser melting
SLM is a layer-by-layer additive production method which utilizes a high intensity
laser beam to melt a desired volume in a powder chamber. The powder is spread
in a thin layer, a few tens of micrometres thick, onto a substrate by the use of a
distribution mechanism. The laser beam scans over and melts the powder that
will comprise the first layer of the build. The next layer is successively built by
immersing the building platform the distance of one building layer in order to
place the next layer of powder on top of the first built layer. In Figure 3 an
illustration of a SLM machine can be seen. The path that the laser beam follows
19
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is imported from a CAD software. In the CAD-software the model is sliced into
thin sections of desired thicknesses and a scanning path is projected onto each
layer [1]. The build envelop is filled with an inert gas to protect the heated
material from oxygen and nitrogen which can cause unwanted reactions in the
material such as the formation of oxides and nitrides. Another possibility is to
use a low pressure or vacuum environment to protect the heated material [15].

Figure 3. An illustration of a SLM machine. The component is manufactured by
successively melting thin layers of powder in the build envelope until a final
component is achieved. Modified from [1].

Electron beam melting
EBM is similar to SLM when it comes to the building of components. However,
there are some key differences. Since the energy source is an electron beam the
build envelop needs to be in a high vacuum for the process to work whilst the
SLM method often uses an inert environment. This makes it an especially viable
production method for titanium alloys which are highly reactive with oxygen [16].
The electron beam melts the powder in two steps. Firstly the electron beam scans
over the powder layer with a low power and high velocity. This step is needed to
avoid charging of the powder [1] but also helps in supporting the downward
facing surfaces of the build by slightly sintering the surrounding powder [17]. In
the succeeding step the electron beam scans over the preheated layer to
completely melt the powder and thus finishing one layer of the component. The
temperature in EBM is elevated during the whole process which helps in
reducing residual stresses [1, 14, 17].
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1.4

Laser deposition technologies

Deposition technologies which directly fuse material onto a metal surface using
laser goes under many names such as Laser Metal Deposition (LMD), Direct
Metal Deposition or Laser Direct Metal Deposition [2], Laser Engineered Net
Shaping [18], Laser Consolidation [19] and Laser Rapid Manufacturing [20].
Henceforth this technology will be referred to as LMD. LMD either uses powder
or wire as feedstock material. To distinguish between these two methods LMDp and LMD-w 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 [21], BeAM machines [22], Optomec [23],
DM3D technology [24] and DMG Mori [25].

Laser metal deposition with powder as additive
LMD-p has a relatively low deposition rate and is most suited in producing small
components, add on features on semi-finished components or as a repair
method. LMD-p 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 3.

Laser metal deposition with wire as additive
The main advantages of LMD-w compared to the LMD-p 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 LMD-w 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, LMD-w is a directionally asymmetrical
process which further complicates the control of the process. These challenges
has therefore been an area that has gained extensive attention in literature [2628]. In LMD-w components are built by depositing adjacent beads in layers, as
described in Figure 4. The weld torch supplies the wire to the melt pool created
by the laser. 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.
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Figure 4. In the LMD-w 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 weld gun.

1.5

Nickel and iron-nickel based superalloys

Superalloys are divided into three main groups, nickel (Ni)-based, cobalt (Co)based and iron-nickel (Fe-Ni)-based superalloys [29]. Superalloys have unique
capabilities of maintaining a high yield strength, tensile strength, creep resistance
and fatigue resistance at elevated temperatures where most other metal alloys are
rendered unstable. This makes superalloys well suited in the aerospace, nuclear,
oil, and gas industry. Superalloys are highly utilized in the aero industry and more
than 50% of an aero engine’s weight consists of superalloys.

Strengthening mechanisms
The main strengthening mechanisms in superalloys are precipitation
strengthening, solid solution strengthening, and dispersion strengthening [30].
These strengthening effects will be further explained in this section.
1.5.1.1 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 Fe-Ni-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
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
22
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precipitate forces the dislocation to cut or climb through 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. This phenomenon is called Orwan bowing [30].
1.5.1.2 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 γ (FCC)
lattice. These distortions inhibits dislocations 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 effect at elevated
temperatures [29].
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 strength which prevents dislocations from changing
direction into a new slip plane when it encounter a barrier e.g. carbides or 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 solidsolution strengthened alloys and further inhibits the movement of dislocations.
This effect is more pronounced in molybdenum (Mo), tungsten (W), Aluminium
(Al), Chromium (Cr) and rhenium (Re). This effect is significantly lowered at
approximately 60% of the melting temperature due to increased diffusion [30].
1.5.1.3 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 in a
similar fashion as γ’-phase does, although the oxide particles are 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
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strengthening effect comes from the impediment of dislocation caused by
Orowan bowing.

Nickel based superalloy
Nickel based superalloys are the alloys which best retain strength at elevated
temperatures and are therefore used in the most demanding applications such as
turbine blades. The main strengthening mechanism in nickel based superalloys is
the precipitation of γ’ phase (Ni3(Al,Ti)). Ni-based superalloys consists of about
10-15 elements, beyond nickel, which all contributes to the performance of the
material. In order to understand why these elements are necessary the function
of each element is explained in the list below.
Al, especially with combination with Cr, increases the corrosion resistance.
Additionally, Al increases the sulfidation resistance, although degenerating the
resistance to nitride formation [31]. Al contributes to strengthening through
solid-solution strengthening and promotes precipitation of the γ’ phase [30].
Boron (B) has a solid-solution strengthening effect on the material and partly
prevents carbides from coarsening. Additionally B increases: the strength of grain
boundaries, creep strength, and ductility.
Carbon (C) forms carbides and aid solid solution strengthening.
Cr is added to increase the strength at elevated temperatures. Additionally, Cr
increases resistance to: oxidation below temperatures of 950ºC, pitting corrosion,
sulfidation, carburization, and corrosion caused by oil ash and molten glass,
although lowering the resistance to nitriding [31]. Cr is also an important element
in M23C6 and M7C3 carbide precipitation, it contributes to solid-solution
strengthening, increases the γ’ phase volume fraction, although it also aids
formation of topologically closed packed (TCP) phases [30].
Cobalt (Co) elevates the γ’ and γ’’ solidus and solvus temperature, respectively,
and promotes γ’ phase formation.
Hafnium (Hf) has a positive effect on creep strength and ductility. Additionally,
Hf promotes HfC, and eutectic γ’/ γ’’ formation.
Fe impairs the oxidation resistance and promotes TCP phases but improves the
workability of the alloy.
Molybdenum (Mo) has a strong correlation with increase in solid solution
strengthening and increases the amount of γ’ phase in the matrix. Additionally
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Mo has a positive effect on formation of M6C and MC carbides, as well as σ and
μ TCP phase formation. Furthermore, Mo increases the density of the alloy.
Ni is the base material which contributes with the base matrix for the alloying
elements. Furthermore, Ni has a high thermal stability and good corrosion
resistance [31]
Niobium (Nb) is favourable for creep resistance and especially increases the
short term creep strength [31]. Nb also increases the solid solution strengthening,
promotes γ’ and NbC formation, and governs the γ’’ and δ (Ni3Nb) precipitation
[30].
Rhenium (Re) halts the coarsening of the grains, enhances the level of γ/γ’
mismatch, and has a solid solution strengthening effect [30].
Tantalum (Ta) has a high solid solution strengthening effect on the material.
Additionally Ta precipitates into TaC carbides, increases γ’ phase volume fraction
and increases the resistance against oxidation.
Titanium (Ti) promotes precipitation of γ’ and TiC phases. Additionally Ti has
a solid solution strengthening effect on the material [30].
Tungsten (W) has the same effect on the alloy as Mo with the exception that
there is not any notable correlation between W and MC carbide formation.
Zirconium (Zr) halts the carbide coarsening, and increases the strength of grain
boundaries, creep strength, and ductility.

Iron-nickel based superalloy
In applications where lower temperatures are expected large amounts of Fe is
alloyed together with nickel, these alloys are called Fe-Ni based superalloys. The
main strengthening mechanism in these types of alloys are the precipitation of γ’
and γ’’. 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 γ’’ phase is metastable
in Fe-Ni 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 [30].
In Fe-Ni based superalloys the elements has slightly different functions in the
alloy which will be further explained below.
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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.
W has the same alloying function as Mo in Fe-Ni based superalloys.
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 [30].
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2 Laser Metal Deposition process with
powder as additive
2.1

Deposition process

LMD-p is an AM process which uses 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 5. 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 LMD-p is presented in Paper A.

Figure 5. A cross section of a coaxial LMD nozzle. The powder is carried by an inert
gas, typically Ar or helium (He) as is the shielding gas. The shielding gas is applied
from the inner most housing (through which the laser also passes in the figure).

2.2

Equipment in Laser metal deposition
Nozzles

There are mainly two types of nozzles in LMD-p: 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
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 6.
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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 6
(Left) a coaxial nozzle with a conical shaped powder stream 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. 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 introduces turbulence and scattering of the
powder, leading to a less efficient process [32].

Figure 6. (Left) a coaxial nozzle with an annular powder outlet. (Right) A cross
section of a coaxial powder nozzle with an annular powder outlet. The powder flows
into inner cavity of the nozzle through three, evenly distributed, tubular inlets. The
powder then hits the inner wall.

In the case of coaxial nozzles with multiple outlets, see Figure 7, the nozzles
have drilled tubular channels with a fixed angles, through which the powder is
flowing. When the powder streams from these inner channels convergence and
intersect, a powder focus is created below the nozzle. Since this type of nozzles
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often are manufactured from a solid block of metal it is less sensitive to spatter
and collisions. However, this comes at the cost of a coarser non-circular
powder focus which results in a lower deposition efficiency and coarser surface
finish.

Figure 7. 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 [33].

Powder feeder system
The powder delivery system is responsible for feeding the system 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
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
8, works in a similar fashion although instead of using a grooved disc a wiper is
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pushing the powder towards the edge of the disc where gravity brings it through
a hopper to the powder outlet.

Figure 8. Powder feeder for LMD-p 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 [34] or to design
a new alloy.

Lasers
There are many combinations to how a LMD-p 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 LMD-p literature are diode laser (semiconductor) [8, 34-44],
CO2 laser (molecule) [45-68], and Nd:YAG laser (solid state) [19, 69-83]. In this
project a solid state laser has been used and the physic behind this type of laser
is described below.
2.2.3.1 Solid state lasers
Nd:YAG is an abbreviation for neodymium (Nd) doped yttrium (Y) aluminium
garnet which is the active medium in the Nd:YAG laser. The Nd:YAG laser is
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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 [84]. 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 [85].
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 flashlamps 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
4F . This results in less energy transforming to heat and increases the efficiency
3/2
of the laser. [85].

2.3

Powder characteristics

The powder quality is an important factor when it comes to porosity in the LMDp deposit. The powder used in LMD-p is mainly manufactured by either gas
atomization (GA), Figure 9 (Left), or plasma rotation electrode process (PREP)
Figure 9 (Right). 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
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 [86].
In LMD-p 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
31

Laser Metal Deposition process with powder as additive
and an uneven morphology result in more porosity as presented by Qi et al. [57].
They found that GA powder produced 25 times more porosity in the deposit
compared to PREP powder. Zhao et al. [58] 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
[38]. 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. Additionally, if the particles are too
fine and densely packed there is a risk of a plasma forming [87].

Figure 9. (Left) GA Alloy 718 powder with an uneven and porous morphology and
considerable satellite content. (Right) PREP powder with an even and dense
morphology and low satellite content.

2.4

Process parameters

There are several process parameters which are of particular importance in LMDp. In Table 1 some of these are listed.
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Table 1. LMD-p process parameters with a particular importance.

Parameter

Unit

Description
The power of the laser beam which fuses
Laser power
W
the powder with the substrate
The traverse travel speed of the guidance
Scanning speed
mm/s
system i.e. robot or CNC machine
Laser spot size
mm
The diameter of the laser beam
The distance between deposition surface
Laser standoff distance
mm
and laser focus
The distance between powder focus and
Powder standoff distance mm
deposition surface
The amount of powder which is fed into
Powder feeding rate
g/s
the melt pool
Shield and carrier gas flow
The flow rate of the shielding and carrier
L/min
rate
gas
Material properties, microstructural characteristics, defects and dimensional
characteristics are heavily influenced by the process parameters, powder
characteristics and substrate characteristics [20, 57, 88-90], as illustrated in Figure
10.

Figure 10. Schematic overview of parameters that are found to be of significant
importance to the LMD-p process. Modified from [91].

The effect of process parameters are further discussed in paper A and D.
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Laser power
The laser power is one of the most important process parameters in LMD-p. A
higher laser power has been shown to have a significant effect on e.g. the width
of the deposit [90], penetration depth [63] and surface finish [92]. Additionally
the laser power affects the grain structure in the build as demonstrated by
Gäumann et al. [66]. A lower laser power favours a columnar grain structure
through an increase in temperature gradient. 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 extreme disturbance in
the powder flow [84].

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).
ܫൌ



௪బమ כగ

(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 LMD-p 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 keeping a conductive laser weld. The energy distribution in the laser spot is
also dependent on where the laser focus is placed as shown in Figure 11. Here
an even distribution over the whole laser spot (top hat) is attained at the laser
focus while a Gaussian distribution is attained when focused 7.5 mm above the
surface.
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Figure 11. (Left) Energy distribution for a YAG fiber laser in focus. (Right). Energy
distribution for a YAG fiber laser with the focus 7.5 mm above the surface.

Scanning speed
The scanning speed is together with the laser power one of the parameter that
has the largest influence on the result of the deposition process. Somewhat
unexpected Gäumann et al. [66] claims that a lower scanning speed also promotes
the formation of columnar grains. However, a lower scanning speed means a
higher energy input which should have an inverse effect on the thermal gradient.
This is explained by the scanning speeds effect on the solidification velocity
which in turn have an effect on the solidification mode.

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 feed rate have a large effect on the build height [90], laser
attenuation, and powder particle temperature [93, 94]. 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 deposit 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 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, see Figure
12. This will cause an increase in building height when a negative deviation (a
concave valley) of the surface is reached and a decrease in building height when
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a positive deviation (a convex top) of the surface is reached. This is attributed to
the varying amount of powder concentrated in the laser affected area at the
different positions, see Figure 13 [70].

Effect of powder standoff distance

Height of deposition track

1,2
1
0,8
0,6
0,4
0,2
0

-1,5

-1

-0,5

0

0,5

1

1,5

Distance of powder focus to surface
Figure 12. Maximum powder 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 deposition efficiency is achieved
which will decrease with the increase in distance. Modified from [70]

Figure 13. 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
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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. [39] 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 have an effect on 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 in the deposit [89]. The shield gas also helps in preventing
powder particles and spatter from repelling and damaging the laser optics.

Overlap fraction
The overlap of two adjacent deposits has been shown to have an effect on 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 [47].
Furthermore, it has been reported by Liu et al. [52] 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 [90] [89]. However, the height of the deposition layers is
dependent on the geometry and for thin walled section the layer thicknesses can
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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
during the successive deposit.

2.5

Residual stresses

Residual stresses appear in materials which are subjected to plastic deformation,
heat treatment, or when it is processed by other means [95].
The raster direction has shown to have some effect, although not predominant,
on the residual stress in the deposit [18], although Nickel et al. [96] showed that
the deflection of the substrate was significantly changed dependent on raster
direction. It was shown that on a beam substrate a lower deflection is expected
by choosing raster direction 90 degrees to the long axis of the substrate. The
reasoning behind this phenomena is that large residual stresses are found in the
transverse plane along the same axis as the deposition direction. This leads to
that the largest residual stresses acts along the short axis of the beam substrate
which in turn leads to lower deflections of the substrate plate. Additionally it was
argued that the largest residual stresses are found in the last re-melted track and
by decreasing the length of it a lower residual stress is obtained. This meant in
the case of a square substrate that it was preferable to choose a spiral raster
pattern which starts at the outer edges and spiral inwards.
The largest amount of compressive residual stresses in LMD-p has been claimed
to appear in the same direction as the vertical building direction. This was
applicable to thin wall structure, rectangular structure and square pillars.
Compressive stresses were present in the core of the structures while tensile
stresses counter balanced them at the outer edges of the samples [18]. However,
contrarily to [18], Moat et al. 2011 [37] additionally found large tensile residual
stresses in the transverse direction along the building direction. These were
present at the centre top of the build-up. Moving down from top to bottom the
tensile transverse residual stresses in the longitudinal direction went from
approximately 420 MPa to 0 MPa while the compressive residual stresses in the
vertical build-up direction increased from approximately 0 MPa to 410 MPa.
These measurements where done on deposited Waspaloy on an Alloy 718
substrate [37].
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3.1

Substrate and powder material

The substrate material in this thesis was a stainless steel wrought plate of type
SS-EN 1.4401 with dimension 250x250x4 mm. The powder used as additive in
the LMD-p process was GA Alloy 718 powder. The chemical compositions of
the substrate and powder are shown in Table 2. The deposits in the experiment
consisted of thin walls 5 layer high for the microstructural evaluation and 15
layers high for the temperature measurements. The length of the deposits were
approximately 40 mm.
Table 2. Chemical composition of the GA Alloy 718 powder and SS-EN 1.4401
wrought substrate in wt.-%.
Fe
Alloy 718

Ni

Cr

Bal. 52.7 17.5

Nb

Mo

5.0

3.17 0.00 1.07 0.065 0.031 0.003

SS-EN 1.4401 Bal. 10.0 17.4
Al

Co

Alloy 718

0.68

0.2

SS-EN 1.4401

-

-

Si

Ta

2.14

-

Cu

P

0.088 0.048 0.006
0.47

-

0.025

Ti

Mn

C

B

0.03 1.52 0.05

-

N
0.06

S

Se

Pb

Bi

4.5

1.4

0.09

<0.05

<5
(ppm)

-

-

-

The powder particles are within the range of approximately 20 to 75 μm
in diameter, as can be seen in Figure 14.
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Powder particle distribution
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Figure 14. Size distribution of the powder particles. The particle size distribution is
~20-75 μm.

The powder was spherical with some satellites sintered together with the main
powder particles, see Figure 15 a). 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 15 b). Scanning electron microscope (SEM)
pictures of a cross sectioned powder particle revealed a fine secondary phase
structure, Figure 15 c). Energy dispersive spectroscopy (EDS) revealed that the
secondary phase was rich in Nb, (shown in Figure 15 d.), and are most probably
a mixture of Laves phase and Nb carbides.
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Figure 15. 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) a fine microstructure
with well-developed interdendritic secondary phases is observed within the powder
particle. d) reveals an EDS analysis of Nb in a powder particle. The EDS analysis
reveals that the secondary phases are rich in Nb.

3.2

Experimental setup

The LMD-p equipment used in the experiments are composed of a 6 kW YAG
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 LMD-p experiments is an IPG 6 kW YAG fibre laser with
a fiber optical system leading the laser to the laser optic which is mounted on the
robot. A fiber laser is a type of solid state laser where the active medium of the
laser resides within an optical fiber. Multiple optical fiber modules can be
connected into one optical fibre to increase the power of the laser. The power of
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a fiber module can range from approximately 50 to 500 W [97]. The optic use in
this study allows for a ± 5 mm focal shift by sliding of the focal lens along the
Z-direction. To account for losses in the system the laser beam has been
calibrated using a calorimeter. The effective laser power used in the experiments
is calculated from these calibrations. Diagnostics of the laser beam spatial
intensity distribution has been performed by using a rotating pinhole
measurement 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 16. 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) can be
derived from this picture.

Figure 16. Laser beam profile gathered using laser beam diagnostic measurements.

Powder feeder
The powder feeder used in this study is a Uniquecoat volumetric powder feeder.
The feeder supplies the powder to the powder nozzle using a rotating disc and a
wiper to push the powder to the outlet from where the powder is brought to the
nozzle using a carrier gas. The powder feeding rate is 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
has been done for 10, 20, 30 40 and 50% of the maximum disc rotation speed.
The result from these calibrations can be seen in Figure 17.
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Powder feeder calibration

25

Powder weight (g)

20
15
10
5
0

0

20

10 % Speed

40
20% Speed

60
Time (s)
30% Speed

80

100

40% Speed

120
50% Speed

Figure 17. 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 is 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 commercial available coaxial
nozzle with an annular powder outlet. The nozzle has a fine powder spot <1 mm
in diameter which is focused a few mm below the tip of the nozzle. 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 filter lens mounted in front of the camera lens. The
filter lens was selected to filter the laser light so that an overview of 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 ring 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.
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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 has
been 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
to the following deposit.

3.3

Measurement and characterisation methods

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

Dimensional measurements
The height and width of a single deposit have been measured from two cross
section using a stereo optical microscope. The highest and widest point was
measured and a mean value was calculated.
The straightness of the top surfaces of the five layer builds have been evaluated
from 3D scanned surfaces using a GOM ATOS Core blue light 3D scanner. The
straightness measurements were taken from surfaces 8 mm from each edge of
the builds in order to remove effects from the acceleration at the start and
deceleration at the end of the deposit. The straightness of the builds are
calculated by measuring the distance from the lowest point to the highest point
of the top surface and divide this value by the height of the whole deposit. This
gives a fractional value of the deviation in the top surface.

Microstructure characterisation
An optical microscope, Olympus BX60M, has been used to detect cracks, pores,
lack of fusion and to investigate the microstructure. A Hitachi TM3000 scanning
electron microscope (SEM) equipped with a back scatter electron detector (BSE)
was used for characterization of the samples in terms of micro fissuring and
secondary phases. Additionally, an energy dispersive spectroscopy (EDS)
detector has been used to quantify the compositional changes of Fe in the
samples.
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Porosity characterisation
The porosity has been measured in the samples using image analysis software
ImageJ. Optical microscopy pictures with x200 magnification were taken of the
cross section. Pictures were taken so that most of the cross section were covered.
The number of pictures on the cross section varied between 7 and 35 pictures,
depending on the size of the deposit. The pores were manually distinguished
from carbides and other residues on the cross section in ImageJ to increase the
accuracy of the measurement. The area fraction of the pores was calculated by
ImageJ and the mean value of the area fraction of the pore content was
calculated.

Secondary phase quantification
As with the porosity the secondary phase fraction was quantified using ImageJ
automatic image analysis software. However, the secondary phases were not
chosen manually in this case. A total of 18 pictures have been taken in each cross
section, six in the bottom section, six in the middle section and six in the upper
section, of the deposited walls, see Figure 18. This was done for two cross
sections of each sample. To distinguish between the secondary phases and the
matrix a threshold value was set using the flicker method as described in [98]. In
Figure 19 a) a pictures 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. 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.

Figure 18. Six SEM pictures were taken in the bottom, middle and top of the deposit,
respectively, for secondary phase quantification.
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Figure 19. 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.

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. One
hardness indent was done in each deposit layer i.e. 5 indents evenly distributed
from top to bottom.

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
[99]. In order to protect the thermocouples from the emitted laser light 0.2 mm
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thick stainless steel sheets were resistant spot welded on top of the
thermocouples. These temperature measurements are further explained in Paper
C.

3.4

Design of experiment matrix

Six process parameters have been evaluated using a Plackett-Burman design of
experiment. These process parameters were the laser power, scanning speed,
powder feeding rate, shielding gas flow, powder standoff distance and laser
defocusing. The parameters were chosen from literature [59, 69, 89, 100] and
from initial tests that were performed to find the extreme endpoints. The
resulting parameters were selected so to exclude any parameter set that were
hazardous for the equipment meanwhile usable data were generated from them.
A total of 11 parameter sets including three centre points, which were added to
the screening matrix, came out from the matrix. All parameter sets can be seen
in Table 3.
Table 3. Plackett-Burman design of experiment containing eight process parameter
set with six controlled parameters. Three centre point replicates (1, 6 and 11) are
included in the design.

Powder
Scanning
speed feeding rate
(g/min)
(mm/s)

Shielding Carrier Powder Laser
gas flow gas flow standof standoff
(mm)
(L/min) (L/min) f (mm)

Run
order

Laser
power
(W)

1

700

17.5

6

11.5

2.6

0

7.5

2

1000

30

10

8

3.2

-1

10

3

1000

5

10

15

3.2

1

10

4

400

5

2

8

2.2

-1

5

5

400

5

10

8

3.2

1

10

6

700

17.5

6

11.5

2.6

0

7.5

7

400

30

2

15

2.2

1

10

8

1000

30

2

8

2.2

1

5

9

1000

5

2

15

2.2

-1

10

10

400

30

10

15

3.2

-1

5

11

700

17.5

6

11.5

2.6

0

7.5
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A summary of the basic model statistics will be presented using four parameters
where 1 is the highest value. The four parameters are the R2, Q2, Validity and
Reproducibility.
The R2 value represents the model fit where >0.5 is a significant model. The Q2
value gives an estimate of future prediction precision. The Q2 value should be
>0.1 for the model to be significant and >0.5 for the model to be considered
good. The Model validity tests diverse model problems and here a value <0.25
indicates statistically significant model problems, such as outliers, an incorrect
model, or a transformation problem. However, it should here be noted that the
validity of the model might be low if the model has a Q2 value >0.9 due to a high
sensitivity. Additionally, very repeatable replicates might also lead to lower model
validity. The reproducibility is a measurement of the variation of the replicates
compared to the variation of all the parameter sets. A value >0.5 is considered
acceptable [101].
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4 Economics in laser metal deposition
A strong justification to implement a new manufacturing method is the economic
advantages this new manufacturing method brings to the company. The
economic advantages of AM in the aero industry has been reported by e.g.
General Electric [102], Atzeni and Salmi [103] and Liu et al. [104]. In this chapter
a theoretical case study of the manufacturing of a jet engine duct flange [105]
using LMD compared to the conventional manufacturing method will be
presented. The case study is strictly theoretical and stipulated dimensions will be
used in the examples

4.1

Case study assumptions

To perform the case study some base assumptions had to be made, among these
assumptions are the general assumptions about equipment availability,
conformance to standards, workshop costs, recycling conditions, processing
conditions and more. These assumptions are covered in length in Paper B.

4.2

Effect of level of automation

Three operator time scenarios were assumed for the LMD method. These were
used to evaluate the effect the level of automation had on the cost of
manufacturing the jet engine duct flange.


First scenario assumes that an operator was present 10% of the
manufacturing time of the flange.



Second scenario assumes that an operator was present 30% of the time.



Third scenario assumes that an operator was present 50% of the time.

Additionally three scenarios for the conventional manufacturing method were
included. These were the high, medium and low efficiency scenarios. These
scenarios are listed below.
High efficiency scenario
The high efficiency scenario assumed a low workshop time where one solution
heat treatment (4h) was sufficient with a subsequent aging treatment (20h). The
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turning operation was assumed to have a material removal rate (MMR) of
25000 mm3/h leading to a turning time in the range of approximately 0.4 h to
13 h. The welding time is assumed to be 1 h.
Medium efficiency scenario
The medium efficiency scenario assumed a medium workshop time where two
solution heat treatments were needed with a subsequent aging heat treatment.
The MMR in the turning operation was 20000 mm3/h, which resulted in a
turning time in the range of approximately 0.5 h to 16 h. The welding time was
assumed to be 2 h.
Low efficiency scenario
The low efficiency scenario assumed to need three solution heat treatments
with a subsequent aging heat treatment. The MMR was 15000 mm3/h which
resulted in a turning time in the range of approximately 0.7 h to 21 h. The
welding time was assumed to be 3 h.
The calculations for the different scenarios are listed in Table 4 and Table 5.
The calculations can here be seen step by step. In Table 4 the cost calculations
have been divided into the “Cost of the forged ring”, “Scrap total earnings” and
“Workshop total cost”. In Table 5 the cost calculations have been divided into
“Material cost”, “Operator cost” and “Workshop total cost”.
Table 4. Three cost scenarios of manufacturing a flange with conventional method

Conventional
Method
Rolled ring
weight
Price of forged
material
Cost of a forged
ring
Weight scrap
metal
Scrap re-sell
price
Scrap total
earnings
Turning time
Heat treatment
time
Welding time
Workshop cost
per hour

Unit

Notation

Low work Mid work
time
time

High work
time

kg

RRW

6-180

6-180

6-180

400

400

400

SEK/kg RCW
SEK

FRC = RRW *
RCW

240072000

2400-72000 2400-72000

kg

WS

5-150

5-150

5-150

80

80

80

400-12000

400-12000

~0.5-16

~0.7-21

SEK/kg SRP
SEK

STE = WS x SRP

h

TT

h

HTT

h

WT

SEK/h WC

50

40012000
~0,4-13
4+20 =
24
1

2

3

1200

1200

1200

2*4+20=28 3*4+20=32
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Workshop total
cost

SEK

Total cost per
part

SEK

WTC = (TT +
HTT + WT) x
WC
CTC = FRC +
WTC – STE

3048045600

3420055200

42840-67200

32480105600

36200115200

44840127200

Table 5. Three cost scenarios of manufacturing a flange with LMD method

LMD Method

Unit

Notation

Price of material SEK/kg PM
Weight of finished
kg
WP
part
Material
%
MEF
efficiency
MTC = PM x
Material cost
SEK
WP/MEF
Feedstock feeding
kg/h
PFR
rate
DT = WP/(PFR x
Processing time h
MEF)
Hourly cost of
SEK/h DC
operator
LMD operator
%
DWL
work load
Operator cost
DOT = DC x DWL
SEK
LMD
x DT
Turning time
h
TT
Heat treatment
h
HTT
time
Workshop cost
SEK/h WC
per hour
Workshop total
WTC = (TT + HTT)
SEK
cost
x WC
DTC = MTC +
Total cost per part SEK
DOT + WTC

LMD
LMD 30% LMD 50%
10%
OP-TIME OP-TIME
OP-TIME
1200
1200
1200
1-30

1-30

1-30

0,9

0,9

0,9

133340000

133340000

133340000

0,24

0,24

0,24

~4,6138,9

~4,6-138,9 ~4,6-138,9

1000

1000

1000

10%

30%

50%

46013890
2

138041670
2

230069450
2

4+20

4+20

4+20

1200

1200

1200

31200

31200

31200

3299385090

33913112870

34833140650

The cost calculations for the three conventional manufacturing efficiency
scenarios and the three LMD operator time scenarios are presented in Figure 20.
It can here be seen that the cost of the operator is substantially adding to the cost
of the flange. LMD with an operator working with the process 10% of the total
manufacturing time is the most feasible method followed by the conventional
method with the lowest workshop time. For smaller parts 1 kg to 5 kg all of the
LMD scenarios are fairly feasible but with the increased weight the
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manufacturing time quickly increases resulting in substantial cost increase,
especially for the LMD methods utilizing 30% and 50% operator time

FLANGE COST EVALUATION

Flange cost (SEK)

150000
130000
110000
90000
70000
50000
30000

0

5

10

15

20

25

30

Flange Weight (kg)
LMD 10% OP-TIME
LMD 50% OP-TIME
CONVENTIONAL MID WT

LMD 30% OP-TIME
CONVENTIONAL LOW WT
CONVENTIONAL HIGH WT

Figure 20. A graph comparing three laser metal deposition scenarios with three
conventional manufacturing scenarios.

4.3

Effect of deposition rate

In Figure 21 the effect of deposition rate on the cost of the flange is shown.
The same scenarios as described in Table 2 were used in this evaluation with
the exception that the weight of the flange was constantly fixed to 15 kg while
the deposition rate was in the range of 1 g/min to 30 g/min.
It can here be seen that the cost of the flange is substantially decreasing with
the increase of deposition rate from 1 g/min to 10 g/min, especially if the
operator time is high. When increasing the deposition rate further (10 g/min to
30 g/min) the reduction of cost is much less significant. This can be attributed
to that the building time is reduced by 250 h when the deposition rate is
increased from 1 g/min to 10 g/min while only being reduced 18.5 h between
10 g/min to 30 g/min.
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Flange cost (SEK)

Economic effect of deposition rate in LMD
200000
180000
160000
140000
120000
100000
80000
60000
40000
20000
0

0

5

10

15

20

25

30

35

Deposition rate g/min
LMD 10% OP-TIME

LMD 30% OP-TIME

LMD 50% OP-TIME

Figure 21. The effect of deposition rate on flange cost is presented in this
diagram. A substantial reduction of the flange cost is observed when increasing
the deposition rate from 1 g/min to 10 g/min.

4.4

Effect of material cost

To evaluate how sensitive the different methods were to cost fluctuations it was
assumed that the material cost of the forged ring was increased from 300
SEK/kg to 600SEK/kg and the re-sell price for the scrap was increased from
80SEK/kg to 160SEK/kg. Furthermore, the material cost of the LMD
feedstock was increased from 800SEK/kg to 1600SEK/kg. All other factors
were kept constant. The result is shown in Figure 22.
The conventional method is proven to be more sensitive to material price
fluctuation and have a steeper curve than the LMD method. This can be
attributed to the large amount of material needed in the conventional method
to be able to produce the final component.
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Material price sensitivity

Cost of Component (SEK)
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85000
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70000
65000
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Change in material cost (%)
LMD 30% OP-TIME

CONVENTIONAL MID WT

Figure 22. Material cost sensitivity of LMD compared to conventional
manufacturing method.
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5 Evaluation of temperature
measurements
5.1

Experiment setup

A temperature measurement method using a 0.2 mm thick stainless steel sheet to
protect the thermocouples is described in Paper C. 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 23.
The thin sheet protects the thermocouple from direct radiation of the laser beam
which normally causes the thermocouple to fail due to overheating. Additionally,
the thermocouple was shielded from scattered laser light which caused the
thermocouple to register a higher temperature than was actually perceived by the
material. 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
6. The process parameters used in the experiments were chosen from a literature
survey [59, 69, 89, 100] and initial tests that aimed to produce a stable deposit.
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 result please refer to Paper C.
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Figure 23. 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 6. Process parameter condition for the temperature evaluation experiments.

Laser
power (W)

Scanning
speed
(mm/s)

700

17.5

5.2

Powder
feeding
rate
(g/min)
6

Powder
Shield gas Carrier gas
standoff
flow
flow
distance
(L/min)
(L/min)
(mm)
11.5
2.6
0

Laser
standoff
distance
(mm)
7.5

Results

The temperature measurement method proved to be robust and no significant
variations were observed between the two sheet sizes. In Figure 24 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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Mean Value Large and Small Protective Sheets

1250
1000
750
500
250
0
0

50

Time (s)

1000
800
600
400
200
2

150

4

6

400
300
200
58

60

62

Time (s)

8

10

Time (s)

12

10th peak
Large sheet 5th
Large sheet substrate
Small sheet 5th
Small sheet substrate

500

100

Large sheet 5th
Large sheet substrate
Small sheet 5th
Small sheet substrate

1200

5th peak

600

Temperature (°C)

100

1st peak

1400

Temperature (°C)

Large sheet 5th
Large sheet substrate
Small sheet 5th
Small sheet substrate

Temperature (°C)

Temperature (°C)

1500

64

66

300
200
100
126

68

Large sheet 5th
Large sheet substrate
Small sheet 5th
Small sheet substrate

400

128

130

132

134

Time (s)

136

138

140

Figure 24. 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 25.

Temperature (°C)

850

Mean Value Large and Small Protective Sheets
Large sheet 5th
Small sheet 5th

800
750
700
650
600
550
500
2.5

2.6

2.7

2.8

2.9

3
3.1
Time (s)

3.2

3.3

3.4

3.5

3.6

Figure 25. 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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6 Effect of process parameters
6.1

Design of experiment

The process parameters effect on the material characteristics has been evaluated
using a Plackett-Burman design of experiment. The DoE matix has previously
been presented in Chapter 3.4.

6.2

Dimensional measurements

In this section the height and width of a single deposit will be presented.
Additionally, measured straightness of the top surface will be presented in this
section as well as the penetration depth.

Height and width of deposit
The height and width of the deposit are important dimensional characteristics
which will help in determine the sidestep distance and height increment when
depositing multiple layer deposits.
The height and width measurement can also be used to monitor the robustness
of the process. This is done by measuring the repeatability of centre parameters
(replicates) which were evenly distributed in the design matrix.
In Table 7 a summary of the basic statistical model for the height and width of a
single deposit bead is shown. It can here be seen that the model fit (R2) is
excellent for both the width and height of a single deposit bead. The Q2 value,
which indicate the predictability of the process is indicating a good fit for the
height of a single bead and an acceptable fit for the width of a single bead. The
model validity is low for both the width and height which could be explained by
the high R2 value and Reproducibility of the model. Please refer to Chapter 3.4
for more information about the values in the statistical model.
The height and width of a single deposit for the different experiment runs is
shown in Figure 26. Run number 1, 6 and 11 are the mid points (these are also
shown together above the label “Replicates”). The replicates indicate that the
process is stable with insignificant variations, in terms of height and width of a
single deposit bead, throughout the experiment.
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Table 7. The R2, Q2, Model validity and Reproducibility of the width and height of a
single deposit bead.

R2
0.98
0.95

Height
Width

1000
1
6
11

500
1

2

3

4

5

6

7

8

9

Width (μm)

1500

Reproducibility
1.00
1.00

Width of a single deposit

3000

2000

0

Model validity
0.16
-0.15

Height of a single deposit

2500

Height (μm)

Q2
0.68
0.48

2500
2000
1
11
6

1500
1000
500
0

10 11

1

2

3

4

Run order

5

6

7

8

9

10 11

Run order

Figure 26. Width and height of a single bead for the different parameter sets.
Parameter 1, 6 and 11 are the replicates and are all presented in run 11 in this figure.
The replicates reveals that the process was stable.

A graphical representation over the significance of the model with height and
width as the responses are shown in Figure 27 and Figure 28, respectively. It can
here be seen that that the scanning speed and powder feeding rate are significant
process parameters for the height of a single deposit. For the width of a single
deposit the scanning speed and powder feeding rate are significant parameters.
0.3

Effect on Height

0.2
0.1
0
−0.1
−0.2
−0.3
−0.4

Lp

Vs

PFR
FLs
Parameters

Pdis

Ldist

Figure 27. A graphical representation of the significance of the model considering the
width of a single deposit.
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Effect on Width

0.2

0.1

0

−0.1

−0.2

Lp

Vs

PFR
FLs
Parameters

Pdis

Ldist

Figure 28. Response surface showing the effect of the scanning speed and laser
power on the width of a single deposit.

The response surfaces in the figure below reveal that the width of a single layer
is strongly affected by the laser power and scanning speed. A higher laser power
together with a low scanning speed (i.e. higher line energy) results in a wider
deposit, as seen in Figure 29. The height of a single layer has a strong correlation
to the scanning speed and powder feed rate (i.e. line mass), see Figure 30. This
conforms well to the studies performed by Qi et al. [90].

Figure 29. Response surface showing the effect of the scanning speed and laser
power on the width of a single deposit.
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Figure 30. Response surface showing how the height of a single deposit bead is
affected by the scanning speed and powder feeding rate i.e. line mass.

Straightness of deposit
In Table 8 a summary of the basic statistical model for straightness of the top
surface is shown. It can here be seen that all values fulfils the requirements for
the model to be considered good.
Table 8. The R2, Q2, Model validity and Reproducibility of the top surface
straightness

Straightness

R2
1.00

Q2
0.85

Model validity
0.39

Reproducibility
0.86

The result of the top surface straightness measurements indicate that the powder
standoff distance and laser power are the most influential parameters while
powder standoff distance is the only significant parameter, see Figure 31. The
powder standoff distance has previously been shown to have a strong correlation
to the straightness of the build [70]. The top surface straightness measurements
reveals a deviation between <0.1 mm to 0.7 mm.
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Effect on straightness

0.6
0.4
0.2
0
−0.2
−0.4

Lp
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PFR
FLs
Parameters

Pdis

Ldist

Figure 31. A graphical representation of the significance of the model considering the
top surface straightness.

A 3D surface plot is shown in Figure 32. Here, it can be derived that a high laser
power with a negative powder standoff distance yield the most even surface
(lowest deviation in top surface).

Figure 32. Response surface showing how the top surface straightness is affected by
the laser power and powder standoff distance.

6.3

Penetration depth

In Table 9 the R2, Q2, Model validity and Reproducibility of the penetration
depth is shown. It can here be seen that all values except the predictability value
(Q2) fulfils the requirements for the model to be considered good. However, Q2value is above the base value of 0.1 which is the dividing value for the model to
be considered significant, although only barely.
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Table 9. The R2, Q2, Model validity and Reproducibility of the penetration depth.

R2
0.97

Straightness

Q2
0.11

Model validity
0.51

Reproducibility
0.98

The most significant process parameters are shown in Figure 33 below to be the
laser power and laser standoff distance. This is to be expected since a laser beam
with a higher power and smaller spot size has a higher energy density, which
generally results in a deeper penetration. The scanning speed does not seem to
have a significant effect on the penetration depth which can be explained by that
the powder will keep the same transverse velocity as the laser beam and thus the
attenuation of the laser beam at substrate level will be kept constant.
0.4

Effect on Penetration

0.3
0.2
0.1
0
−0.1
−0.2
−0.3

Lp

Vs

PFR
FLs
Parameters

Pdis

Ldist

Figure 33. A graphical representation of the significance of the model considering the
top penetration depth.

Penetration (mm)

The penetration into the substrate ranges from ~0 mm up to ~1mm and the
penetration depth for all samples is shown in Figure 34.
1
0.8
0.6
0.4
0.2
0

1

2

3

4

5
6
7
Run Number

8

9

10

11

Figure 34. Penetration depth of all samples. The penetration depth varies between ~0
mm and ~1 mm.
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6.4

Porosity

In Table 10 a summary of the basic statistical model considering the porosity
content in the deposits is shown. The model for the pore content fulfil the
requirements for a good statistical model.
Table 10. The R2, Q2, Model validity and Reproducibility considering the porosity
content.

R2
0.94

Pore content

Q2
0.51

Model validity
0.56

Reproducibility
0.95

The most influential process parameters for the formation of porosities were the
scanning speed, powder feeding rate and powder standoff distance, where a low
scanning speed, high powder feeding rate and a positive powder standoff
distance yield a higher pore content, see Figure 35.

Effect on Pore Content (%)

0.1

0.05

0

−0.05

−0.1
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Figure 35. A graphical representation of the significance of the model considering the
pore content.

The pore content ranged from <0.01% up to 0.3%, see Figure 36. The pore
content were measured in the start and end of the deposit. The largest pores were
approximately ~45 μm in diameter and most of the pores were < 20 μm in
diameter.
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Start

End

Pore content (%)

0.25
0.2
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0.1
0.05
0

Run1
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Run3
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Run7
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Figure 36. The pore content in each sample in the start and in the end of the deposit.

6.5

Microstructure

The general microstructure of the samples were shown to be columnar with a
preferred growth orientation perpendicular to the substrate, as can be seen in
Figure 37. It can also be seen that some of the dendrites are growing epitaxially
through multiple layers. No distinct secondary dendrites arms are found in the
bottom and middle of the deposit. However, in the top of the deposit it can be
seen that the structure resembles more of an equiaxed dendritic structure.

Figure 37. The general microstructure of a LMD deposit. In the bottom and middle of
the sample long epitaxial dendrites is observed while in the top surface an equiaxed
structure is observed.
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6.6

Hardness

The hardness of the samples is in the range of ~200 to 270 HV. The hardness
for each sample from bottom to top can be seen in Table 11. No distinct hardness
gradient was observed, however the difference in hardness between sample eight
and sample ten are noticeable.
Table 11. The hardness of each sample from bottom to top is represented in this
table.

Run
1
2
3
4
5
6
7
8
9
10
11

6.7

Bottom
257
262
238
240
243
263
266
212
225
276
256

Hardness (HV)
Middle
262
257
268
258
237
235
254
251
230
229
264
255
259
271
213
203
240
242
272
270
266
252

243
249
243
240
231
254
263
203
244
264
258

Top
234
254
240
233
234
261
257
196
242
270
260

Aging time

The aging time of the samples has been measured using the temperature
measurement method developed and evaluated in this project. The aging time of
a sample is 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 precipitate of Alloy 718 [106]. The longest aging time was observed in
sample three which had an aging time close to 61 s. in the tenth layer. Note that
run number three has the longest aging time in the top of the samples while run
number four has its longest aging time in the middle and run number nine 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 at substrate level. The longest observed
aging time was approximately 30 s at substrate level and can be found in sample
nine. It can also be seen that the midpoints have good repeatability in these
measurements, see Table 12.
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Table 12. The aging time at substrate level, after five layers and after ten layers.

Run
1
2
3
4
5*
6
7
8*
9
10
11

Aging substrate (s) Aging 5th layer (s) Aging 10th layer (s)
3
6
6
2
4
6
13
39
61
7
11
8
3
5
7
2
3
1
27
18
5
0
1
2
2
5
6

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

6.8

Secondary phase quantification

In the interdendritic regions secondary phases forms during the deposition.
These phases have an elevated content of Nb and Mo as can be seen by the EDS
pictures in Figure 38 (Left) and (Right), respectively. High magnification (x10
000) SEM picture in Figure 39 reveals that these regions consist of, what seem
to be, a mixture of Laves phase and niobium carbide (NbC). When studying the
Nb content in bottom, middle and top of the deposit, Figure 40, a general trend
of decreasing Nb rich regions with increased distance from the substrate
emerges. Further investigations reveals that the dilution of Fe was quite severe
close to the substrate as can be seen in Figure 41.

Figure 38. EDS pictures with 5k magnification showing the segregation of (Left) Nb
and (Right) Mo in the interdendritic region.
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Figure 39. SEM picture with 10k magnification revealing what seems to be Laves
phase and Nb carbides in the interdendritic regions.
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Figure 40. Area fraction of Nb-enriched region in the bottom, middle and top part,
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Figure 41. Fe content in the bottom middle and upper part of the deposited walls in
wt.-%.
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7 Discussion
7.1

Laser metal deposition

The relationship between the LMD process parameters and material
characteristics is highly complex. For instance, process parameters such as laser
power, powder feeding rate and traverse speed all affect the melt pool
characteristics which in turn determines e.g. porosity, microstructure, bonding
between layers and dilution.
In literature it is possible to find a number of articles reporting about optimized
process conditions with virtually defect-free deposits as a result [50, 60, 89, 100].
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. The
effect of heat build-up in LMD is described by Zhang et al. [107]. A change 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.
It is therefore important, in order for LMD 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 timetemperature profile of the deposition which consequently affect the
microstructure of the material. In superalloys the heat build-up can also cause
secondary phases to form in an uncontrolled manner which could cause cracking.
One important aspect which can be crucial in this case is the ductility recovery
temperature i.e. the temperature when the material has recovered 5% of its
ductility upon cooling after welding [108]. Having a longer waiting time between
deposition layers leads to a lower temperature in the deposit 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 effect of
the waiting time will be more predominant with a higher build-up since the
chilling effect of the substrate will be reduced.

71

Discussion
An additional result of the lowered cooling rate is that the surface of the deposit
has large tensile residual stresses, contrary to the effect of a heat treated material
where compressive residual stresses are expected at the surface. The distribution
of residual stresses as described by Moat et al. [37] where large residual tensile
stresses are located at the surface of the deposit. Tensile residual stresses at the
surface are undesirable since these will deteriorate the mechanical properties of
the as-deposited samples. This may suggest that a solution heat treatment with a
subsequent aging treatment is necessary in order to relax the samples and attain
satisfactory mechanical properties. In order to redistribute the residual stresses a
preheated substrate could be used which also could be beneficial for obtaining a
more equiaxed microstructure as shown by Gäumann et al. [66].
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.

7.2

Economic validation

The main focus of this case study was to find how specific factors such as
building rate, material price and level of automation affected the cost of a jet
engine duct flange manufactured by LMD.
It was here shown that the operator cost substantially added to the cost of the
manufactured duct flange. In order to reduce the operator cost, a high level of
automation needs to be maintained during the manufacturing process. This will
reduce the cost of the component considerably. For smaller parts (1 kg to 5 kg)
all of the LMD scenarios were fairly feasible. However, when the component size
increased the manufacturing time quickly followed resulting in substantial cost
increase, especially if the level of automation was low
The building rate was shown to significantly affect cost of the flange especially if
the level of automation was low. For a 15 kg part the increase of deposition rate
from 1 g/min to 10 g/min reduced the building time from approximately 280 h
to 30 h. When increasing the deposition rate from 10 g/min to 30 g/min the
building rate was reduced to approximately 10 h. This decrease can be perceived
as insignificant when observing the curves in Figure 21. However, this decrease
would mean the difference between manufacturing less than one flange per day
and manufacturing more than two flanges per day. This could add more positive
effects than just the reduction of cost such as removing a bottle neck and
increasing product flow efficiency. The ten hours it takes to produce a single part
can be perceived as quite high. However, in the aero industry the production
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volume is generally low for most parts and the warranted number of flanges may
be filled by using a few LMD stations. Consider a scenario where five fully
automated stations works simultaneously with a production output of two
flanges a day. This would most probably fill the requisite of flanges and with the
added flexibility of this setup some of the stations can easily be re-programmed
to manufacture another part when the requisite for the flanges is filled. This could
potentially help in keeping a constant flow of components, reduce bottle necks
and reduce throughput time. Similar thoughts are considered by [104], where a
case study of the supply chain of spare parts in the aero industry is considered.
Additionally the sensitivity of material price for the LMD method was compared
to the conventional alternative. It was here assumed that the material price
doubled for both methods, this includes the re-sell price of the removed material
as well. It could here be seen that the LMD method was less sensitive to the
material price which can be attributed to the low material waste of the LMD
method but also the high buy-to-fly ratio of the flange. By considering a part with
a lower buy-to-fly ratio the effect of the material price would not affect the
conventional manufacturing method to as high degree.

7.3

Temperature measurement

One of the most interesting parameters when looking at measured temperatures
is the cooling rate. In Alloy 718, the precipitation of γ’ and γ’’ phases occurs in
the temperature interval of 500°C to 850°C [106]. In order for precipitation to
start, the temperature need to be in this interval for several minutes [109]. 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, although the cooling rate from
850°C to 500°C is very repeatable, the peak temperature can vary with hundreds
of degrees. This could be an effect due to the fact that the thermocouples wires
are not always mounted exactly in the same spot but rather with a small gap
between them as shown in Figure 42. This can result in double peaks and an
averaging of the peak temperature between the two wires. However, this should
not affect the peak temperature considerably as the melt pool most probably is
larger than the distance between the two wires. Another reason can be that the
sampling rate (100 Hz) is not high enough to capture the peak temperature in
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every instance, although this is unlikely as the heating rate is ~1500-2000°C/s
and the cooling rate is up to ~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 sheet is resistant spot welded to the thermocouple the wires
are connected to the sheet in the wrong position and the measurement is not
done in the middle of the deposit but rather on the edge of the deposited wall
where the laser intensity is lower. When the heated material react with the
thermocouples the effect of misalignment is less distinctive which leads to a
much more repeatable cooling curve compared to the peak temperature.

Figure 42. 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 introduces 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 43 a) and 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 to be expected in
the material used in this study (Alloy 718). The thermocouple five layers beneath
the spot weld experienced a temperature of approximately 375°C.
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Figure 43. 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.

7.4

Effect of process parameters

The main focus of this study was to correlate process parameter settings to
microstructural changes. However, dimensional characteristics such as width and
height of the deposit as well as the top surface straightness and penetration depth
were also included in the study. These effects were presented and discussed in
Paper D.

Dimensional characteristics
It has been shown that the dimensional characteristics of the deposit were heavily
influenced by the process parameters. The width of the deposit was significantly
affected by the laser power and scanning speed. This is reasonable since an
increased laser power as well as a decreased scanning speed equals a greater heat
input which in general produce a wider melt pool and thus a wider bead.
The powder feeding rate and scanning speed significantly affected the height of
the deposit. However, the laser power was not significantly affecting the height
of the bead which could be explained by the assumption that a higher laser power
causes the melted material to flow into a wider bead. Consequently, by the law
of constant volume, the broadening of the bead means that the height becomes
lower. However, too low laser power may not fully melt the powder which results
in less powder in the melted deposit. The height was therefore mainly affected
by the line mass i.e. powder mass per unit of distance. This conforms well to
what has been previously reported by Qi et al. [90]. The straightness of the build
was significantly affected by the powder standoff distance. A negative standoff
distance (below the surface) leads to a straighter top surface. This effect comes
from a self-regulating mechanism which has to do with the deposition efficiency
decreasing with increased distance to the powder focus, as described by Zhu et
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al. [70]. This self-regulating mechanism has previously been described in Chapter
3.5.1.
The penetration depth has been shown to be significantly affected by the laser
power and laser focus. A high laser power and a laser focus close to the substrate
will generate the highest heat input at the substrate which most often results in a
deeper penetration. The scanning speed and powder feeding rate is also expected
to have an effect on the penetration depth although this is not shown in the
statistical model. The reason for this is assumed to be that the attenuation of the
laser caused by the powder above the substrate is not affected by the scanning
speed. When the powder feeding rate is high, most of the laser energy is
intercepted by the powder and only a fraction of the laser energy reaches the
substrate surface. Since the relative transverse speed of the powder and laser is
constant there will be a limited change in penetration depth when
increasing/decreasing the scanning speed in this case. However, the penetration
depth is expected to be considerably influenced by the scanning speed at low
powder feeding rates. Therefore it is expected that the scanning speed and
powder feeding rate has a correlating effect on the penetration depth.
Unfortunately the sampling size was too low in this experiment to detect any
correlation between the powder feeding rate and scanning speed, if one exist.

Microstructural characteristics
A columnar microstructure with epitaxial dendrites growing through multiple
layers was observed in the samples. This structure is favoured by a high thermal
gradient and low solidification velocity as described by Gäumann et al. [66].
However, it has been observed that the microstructure in the top surface of the
deposit resembles a dendritic equiaxed structure, see Figure 37. This was most
likely caused by the liquid starting to solidify at the surface by convection with
the shielding gas while the rest of the columnar structure solidified mostly by
conduction with a clear thermal gradient from the substrate. At the top surface
there was a reduction of the gradient and an increase of the solidification velocity
which causes a change in the solidification mode from columnar to equiaxed
grains as described by Gäumann et al. [68].
Regions enriched in Nb and Mo were found in the samples. It was found that
the area fraction of Nb enriched regions decreased with increased distance from
the substrate. The opposite has previously been reported by Zhang et al. [35],
although this difference partly could be explained by the dilution of Fe from the
stainless steel substrate. It has previously been shown in casting of Alloy 718 that
the amount of Laves phase is affected by the content of iron in the composition
[110]. 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. The area fraction of
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Nb enriched regions in the samples should therefore be affected by the
penetration depth and the accompanied dilution from the substrate, which seems
to be the case considering the plot in Figure 44 (Left). The same trend was
observed when considering the dilution from the substrate. The hardness
measurement reveals no clear hardness gradient from the bottom to the top.
However, it can be seen in Table 11 that sample number eight has a considerably
lower hardness than the other samples. Further investigations reveals a pattern
where a higher fraction of Nb-enriched regions results in a lowering of the
hardness in the deposited samples, see Figure 44 (Right).

Figure 44. (Left) The fraction of Nb-enriched regions in the bottom seems to increase
with increased penetration depth due to the dilution of Fe (see Figure 41). (Right)
Diagram showing how the hardness in the as deposited samples are affected by the
fraction of Nb-enriched regions in the samples.

One reason for the decreasing hardness could be that a higher fraction of Nbenriched regions leads to a depletion of Nb in the γ matrix. 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
that the longest aging time, i.e. the time wherein aging takes place (500-850°C),
were approximately ~30 s. This aging time is most probably not sufficient for γ’’
phase to precipitate as presented by Fisk et al. [109]. In Table 12 the aging times
for respective sample is presented. Another reason for the hardness variations
could be that large amounts of Laves phase resides in the interdendritic area
depleting the γ matrix of Nb and Mo. 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 [111]. Although this effect is slight compared
to the precipitation strengthening of the γ’’ phase, it could indeed be an
explanation to the lowered hardness experienced in the samples with the highest
fraction of Nb-enriched regions. Depletion of Nb and Mo in the γ matrix causes
less solid solution strengthening leading to a softening of the γ matrix.
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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. 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 three had the longest measured aging time in layer 10 although only
being tempered five times in that layer. In run three 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 drops below 500°C
already after the fourth layer and the successive 11 layers therefore does 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 does not drop as quickly and thus
more deposits add to the aging time. Additionally, the cooling time from 850500°C increases which prolongs the aging time further.
In run number nine 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 causes 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 statement about 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.
There was a loss of measurement data for run number five and eight. The reason
for this was that there was no penetration in sample five which caused the sample
to break loose from the substrate. In sample eight, 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 sample eight. A cross section of sample five and eight
can be seen in Figure 45 (Left) and (Right), respectively. The loss of contact to
the substrate in sample five 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.
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Figure 45. (Left) In sample five insufficient penetration lead to separation of bead from
substrate. (Right) a low line mass together with a high line energy lead to a low build
height, deep penetration and excessive dilution.
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Economics in laser metal deposition
LMD has the potential to be an economical viable manufacturing method.
However, there are several aspects that needs to be considered and the feasibility
most probably need to be evaluated on a component to component basis. The
most significant factors contributing to the feasibility of the LMD methods are:


A large contributor to the cost of a LMD manufactured part is the high
material price of the feed stock material i.e. powder and wire. This makes
the LMD method best suited for small parts or parts with a high buy-tofly ratio.



The low deposition rate results in long manufacturing times for larger
components. This makes LMD most suitable for smaller components.



A large fraction of the component cost will be contributed to the cost
of an operator supervising the manufacturing of the component. The
more automated the process is the less influence the manufacturing time
will be on the final cost of the component.



Evaluation of temperature measurements
In this paper a method of measuring temperature in LMD deposits using 0.2 mm
thick stainless steel sheets have been developed and evaluated.


The method is proven to be repeatable in terms of cooling rate although
the peak temperature deviation can reach approximately 10%.



It was shown that there is a negligible difference in the temperature
measurement when using a 10 mm2 protective sheet and a 100 mm2
protective sheet, respectively. It can therefore be assumed that the
protective sheets has a negligible effect on the temperature
measurement.

Effect of process parameters


The most influential process parameters in LMD were found to be the
laser power, scanning speed, powder feeding rate and powder focus.
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Increasing the laser power and decreasing the scanning speed has shown
to significantly increasing the width of the deposit bead whilst, increasing
the powder feeding rate and decreasing the scanning speed has shown
to significantly increase the height of the deposit bead. Additionally, a
decreased laser standoff distance and increased laser power significantly
increased the penetration depth.



The top surface straightness were significantly affected by the powder
standoff distance where an increased positive distance increased the
deviation in the top surface.



The microstructure was mainly columnar with long dendrites growing
epitaxially in the height direction. However, in the top surface there was
a thin section with a dendritically equiaxed structure. This structure was
most probably formed due to a lower thermal gradient and the increase
of solidification velocity caused by the convection with the shielding gas.



Temperature measurements indicate that the aging time for all samples
was too short for precipitation of γ’’ to occur. The longest aging time
was found in parameter set number nine and was approximately 30 s.



Hardness measurements indicate that there was a pattern were a higher
fraction of Nb-enriched regions led to a lower hardness. This pattern
could be attributed to depletion of Nb and Mo in the γ matrix.



The pore content ranges from <0.01% to ~0.3% and have shown to be
strongly affected by the scanning speed, laser power and powder feeding
rate. A decreased scanning speed, increased powder feeing rate and high
powder standoff distance produced more porosity. The largest pores
were ~45 μm in diameter and most of the pores were smaller than 20
μm in diameter.



Additionally it has been shown that the longest aging time in the samples
will be observed in different sections of the sample depending on the
process parameters.
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9 Future work
Further work is needed to further advance the understanding about what effect
the process parameters have on the microstructural characteristics of deposited
Alloy 718. In this study the correlation of the process parameters to the
microstructural effect was carried out on stainless steel substrates which were
shown to affect the secondary phase precipitation in the deposited samples.
Further studies using the same material in the powder as in the substrate is needed
to accurately correlate the effect of the process parameters on the microstructural
characteristics.
A larger sample size is needed to improve the statistical model. This can be done
by using a full factorial DoE and limit the process parameters to those proven to
be the most significant. These parameters were namely; laser power, scanning
speed, powder feeding rate and powder standoff distance. Increased number of
repetition can also add in increasing the statistics and improve the model further.
More analysis methods such as EBSD analysis could add in understanding the
morphology of the grains. The use of a transmission electron microscope could
add in finding nano-scale precipitates which cannot be detected with the present
analysis methods. 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 could add to the knowledge of how the
process parameters affects the mechanical properties of the material.
It has been shown that the powder contains secondary phases similar to those
found in the material. It could be interesting to see how the amount of Nb rich
secondary phases is affected by e.g. using solution heat treated or aged powder.
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11 Summaries of appended papers
11.1 Paper A. Review of Laser Deposited
Superalloys using Powder as an Additive
In this paper laser metal deposition (LMD) with blown powder was reviewed with
respect to the material behaviour of nickel and iron-nickel based superalloys. The
key benefits of LMD 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 LMD 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 LMD 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 LMD 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.

11.2 Paper B. Economic Viability of Laser Metal
Deposition
Reports on large economic savings using Additive Manufacturing (AM) has been
found in literature when exploiting the positive capabilities of AM. This paper
evaluates the economic potential of, the AM method, laser metal deposition
(LMD) in production of add-on features compared to conventional
manufacturing methods. This is done by theoretical case studies, which explore
factors critical to the cost of manufacturing a jet engine flange. LMD has the
potential to be an economical viable alternative to conventional manufacturing
methods when the manufactured component has a high buy-to-fly ratio, the
component is small and complex, if the operator time can be kept to a minimum,
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and/or when the design freedom of LMD can be capitalized into lighter and more
efficient components.

11.3 Paper C. 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 degree than the actual
temperature being experienced in the material. In order to cope with these
challenges, a method of measuring temperatures during laser metal deposition of
materials using protective sheets 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.

11.4 Paper D. Evaluation of the Effect of Process
Parameters on Microstructural
Characteristics in Laser Metal Deposition of
Alloy 718
The influence of laser metal deposition process parameters on material
characteristics such as height of the deposit, width of the deposit, secondary phase
precipitation, segregation of alloying elements, dilution, penetration depth and
pore content, using Alloy 718 powder, were investigated in this study using thin
wall builds. It was found that the most significant process parameters were the
laser power, scanning speed, powder feeding rate and powder standoff distance.
The depositions were performed on a stainless steel (SS-EN 1.4401) substrate and
considerable compositional changes were found in bottom and middle of the
deposits due to dilution. The dilution of iron aid in forming constituents rich in
niobium which seems to have an effect on the hardness of the samples. The
microstructure of the deposits was columnar with long epitaxial dendrites growing
through multiple layers for most of the samples. Temperature measurements
indicate that no significant aging occur in the deposits, however, some parameter
sets generate considerable longer aging time than others. The highest pore content
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for a sample was found to be ~0.3% with the largest pore size diameter of 45 μm.
The hardness of the samples varies from ~200 HV up to 270 HV
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Additive Manufacturing using Alloy 718
Powder
Influence of Laser Metal Deposition Process Parameters on Microstructural Characteristics
Laser metal deposition using powder as an additive is an additive manufacturing process which uses a multi-axis computer numerical control 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.
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 and that these parameters have a significant effect on the dimensional characteristics of the material as well as the temperature history and microstructural characteristics.
Additionally a temperature measurement method using thermocouples
protected by thin stainless steel sheets has been developed and evaluated. This method has shown promising results in reducing the influence of
the emitted laser light on the thermocouples.
Furthermore, a theoretical case study of the manufacturing of a jet engine
duct flange has been conducted. It was here shown that LMD can be an
economical viable method but that it is strongly dependent on the level of
automation and what kind of product that is manufactured.
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