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Abstract

The purpose of this study was to investigate the macraand microstructural constitution of
Direct Laser Deposited (DLD) SS316tSi on stainless steel base materials. The
characterisation of the deposited material was carried out using light optical microspy
(LOM), scanning electron microscopy (SEM), energy dispersive-Ky spectroscopy (EDS),
electron backscattered diffraction (EBSD), transmissiorand scanning transmission electron
microscopy (TEM and STEM)together with Vickers hardness measurements. Té DLD
process produced a crackfree, almost fully dense (porosity >99.5%) metallic part. The
investigation revealed a duplex microstructure containing a primary austenitic matrix with
s e ¢ 0 n dfarnteyinterdendritic and alongsubg r ai n b o u n dferritei hasformed h e
due to segregation of ferrite stabilizing alloying elements and has helped voiding the material
from hot-cracking during the thermal cycles. The austenit dendrites have formed
preferentially along <001> direction generating a solidifation texture and large columnar
grains along the thermal gradient beings-10 times larger in longitudinal than latitudinal
direction. A microstructural variation exists througbut the samples with cellular and
columnar dendritic structures depending o solidification rate, with a localized heaaffect
zone for each layer. While the process has formed a solid metallurgical bond to the base
material in the case where the cleaning procedure was followed thoroughlwith a small
heat-affect zone in the bag material. Hardness values was found to be almost uniform in
parallet and normal to build directions¥ 170HV. The elevated hardness compared to
conventional manufactured SS316L is due to silicate nanmclusions that generate large
concentrations of disbcat i ons and the u nferfite facilitatidgi teet r i b u
dislocation pileups. The investigation has also reveal defects such as entrapped gas which
has created spherical pores, inteitrack porosity along laser travel direction and segregation
of alloying elements. Various solutions to improve the defects has been discussed so the

study may serve as a guide to improve the process parameters.
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CHAPTER 1

INTRODUCTION

Over the last few decades, additive manufacturing (AMhas experienced a significant
increase in attention from the industry and researchers from around the world leading to a
remarkable evolution from initially enablingnly poor prototyping [1] to now producing fully
functional parts for everything from medicgR] to the aerospace [3] and automotive industry
[4], into oil and gasindustry [5] and even fabricating functional tools in spacg6]. Today
there exists several varieties of AM, while one of the contemporary techniques for producing
near-net shape parts is material deposition by applying a laser beam. Within this egbory
there is several different techniques such as laser engineered net shapi®@JLENS)[7], laser
metal deposition shaping (MDS)[8], laser solid forming (LSF)9] and direct laser deposition
(DLD) [10]. AM by applying the method of DLD can directly fabricate, repair, add strength
enhancing and fully dense metallic features with complex geometry to existing smadind
large-scale parts. In comparison to traditional manufacting, additive manufacturing with
DLD is advantageous in the applied technology ani$ competitive in terms of economics. By
applying highly developedlaser- and machining technology DLD can customizend repair
pre-existing parts, generate components with geometry beyond the capability of
conventional manufacturing, reduce material wastage significantly by directly depositing the
material with fine precision which reduce the need of costlgquipmentand machining[11,
12]. DLD also allows for designing components with specifically refined microstructures to

achieve desired properties which is not possible with conventional manufacturifg3, 14].

The AM process utilizes layeby-layer fabrication of previouslygenerated computer aided
design (CAD) models. By applying &sers, such as Nd:YAG(Neodymiumdoped Ytterium
Aluminium Garnej} diode lasers, a concentrated melt pool igproduced on a base material
surface which is injected by a high pressurized gas carrying powder material used to
generate the metallic feature.During the process, the laser moves in a raster specified in
computer aided manufacturing (CAM) software while the powder material is continuously fed
in the rapidly evolving melt pool. High alloyed stainless steels such as 316L contain larger
amounts of chromum, molybdenum and nickel which gives it impeccable corrosion

resistance, good ductility, high strength and good weldability at relatively low cost. This



makes the material highly applicablgor the automotive, oit, gas- and refinery industry,

chemical plants, biomedical, within construction and for nuclear reactos [15-17].

Today the AM of metal parts are under thorough investigation as the tecique of layerby-
layer manufacturing generate specific macroand microstructures, defects and phases that
are different from conventional manufacturing of the same materials. This makes it necessary
to formulate relationships between the multiple procesgparameters and the resulting
microstructure and correlating mechanical properties before the technology are applied to

crucial structural parts.

Saeidi et al.[14] studied the microstructure d applyinglaser meltingto SS316L generating

a hardened singlephase austenitic structure with molybdenum enriched sugrain
boundaries with large dislocation concentrationsand dispersed silicate naneinclusions.
While Dutta et al [15] produced almost fully dense SS316L parts with a homogenous
microstructure. The study showed that scan speedhas a major influence on the
microstructural morphology. Yadollahi et al[13] studied the effect of process time interval
followed by heat treatment of DLD SS316L and showed that longer local time intervals
resulted in higher cooling rates and finer microstructure. While pores and weaker
metallurgical bonds was found to be predominant in the last layers due to reduced laser
penetration. On the other hand, the relatively high cooling rates has been shown to have an

adverse effect on layer adhesion and give interack porosity [18, 19].

The aim of this thesis is to carefully and thoroughly study the macrand microstructural
evolution of DLD SS316LSi metal powder on SS304 base material without proper cleaning
procedure, and on SS316L base material with proper cleaning procedure. Study the
microstructural variations in the layers, solidification texturesnvestigate the presence of

secondary phases,defects, hardnessand fusion to base materia.



CHAPTER 2

LITERATURE STUDY

2.1 Additive Manufacturing

Additive manufacturing, AM, is a term given to describe all processes which is based upon
generating threedimensional objects by adding material layeupon-layer. The common
denominator for AM is the use of computers, software to geerate 3D models by computer

aided design(CAD), lasers and inert environment.

The 3D CAD model is converted to an STHfile. The fileis sliced into discrete layers which
represent each layer thickness.When this is done,computer aided manufacturing (CAM)
software integrated intoAM equipment reads the file and starts to add successive layers of
the process material. Depending on the geometry and the manufacturing process, there may
be a need to specify support material for surfaces with overhang angle ter than 45° to

avoid deformation of the shape.
AM is diverse and can be used in different applications as:

- Concept visualization

- Rapid Prototyping

- To generate parts with intricate and complex geometry
- Medical application

- Manufacturing of structural parts

2.1.1 A brief History

The thought of producing a 3dimensional object layer by layer, came long before the idea
of additive manufacturing. In 1902, Peacoclsubmitted a patent for a laminated horse shoe
[20]. 50 years later, a Japanese man, Kojima, published research demonstrating the benefits

of layered manufacturing[21].

In 1987 the Stereolithography Apparatus 1, SLA, marks the first ever commercialized rapid
prototyping system in the world. This process is based on curing photo-polymer resin by
laser. The object is created on a platform which is submerged one layer thickness into a
chamber containingthe resin. A lasersolidifiesthe first layer, before the platform is lowered

another thickness into the chamber, and the pcess is repeated until the object is complete.



Over the years, additive manufacturing processes has evolved, and new material has come
into play. Polymers, ceramics, composites, food, biological material, metals and even rock
[22]. And the newer AM techniques such as Selective Laser Sinteri(@LS), Selective Laser
Melting (SLM) and Direct Laser Deposition(DLD) among others, makes it possible to create
not only prototypes, but also fully functional ash structural parts which in some cases has
better mechanical properties than conventionally manufactured parts due to their refined

microstructure [23].

2.2 Direct Laser Deposition

2.2.1 The deposition process

Direct laser deposition is he process ofadding materialby spray depositionto pre-existing
material and parts similar to cladding The process is used to create fredormed
components and repair previously damaged parts. And can also be used to add
strengthening features to castel and forged structural components. As for other AM

techniques all the required data comes in a predefined CAlhodel.

The deposition process is executed in a controlled environment to minimize any atmospheric
influence on the end result, similar to weldingvhere a shielding inert gas is used. A high
power laser generates a small melt pool at thdase material surface and a nozzle inject
powdered material directly into the focused laser beam. This generates a weld bead and by
the addition of multiple layersa 3-dimensional feature is generatedFigure 1 is a schematic
illustrationover the DLD process.As a consequence of a small laser spot size and the speed
which the laser travels, the deposited melted material experiences a cooling raté 10°-
10%K/s[24]. Thisresult in a very localized and small heaaffected zone in the fusion between
base- and the deposited material,which also occursbetween each layer in the build. The
cooling rates has an additional large influence on the end result, generating a refined

microstructure [10].
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Figurel: Schematicillustrationover the Direct Laser Deposition process, the focus optics, powder feeder and
base material.

2.2.2 Powder material

Depending on the type of metal or the alloy, the metal powder comes in different size and
shapes and is produced using a large variety of processe The requirement for repeatable
processes in additive manufacturing makes the geometry, size and chemistry of the powder
particles critical for successful part production. There is also a requirement for the powder

material to be stable in a molten pod|25].

The powder particle size range generally from 2050 pum. In this size range, the material can

be delivered with a gas flow and will easily transform to a liquid state in the melt pool.

2.2.3 Benefits and Limitations

The DLD process involves acomplex interaction between the laser beam and the metal
powder. This interaction can lead to different kinds afnwanted constituentsin the material,
such as residual stresses due to high cooling rates, binding defects between the layers
leading to layered void and entrapped gas forming spherical pore426]. Also element
segregation and carbide formationcan occur due to the nature of continuous reheating of

the material.

As expected from high cooling rates, residual stresses will occur in theaterial. This can
cause development of crack formations and further propagation of the cracks which

eventually leads to failure of the componeri27]. As the melt pools are formed, gas may get
5



enclosed in the layers during solidification. This gas can come from contaminants, turbulent
impact between particlesthat generate gases, gases contained insid¢he powder-particles
or vaporization of alloying constituents. The gas will generate spherical voids if it does not
reach the material surface before the material has solidified. The interface betweewa
layers may also contain voids, generated due to lack of fusion between them. These voids

tend to have a more irregular and elongated shapf6].

Other limitations to the LD process is poor resolution and rough surface finish. With it beg
difficult to achieve accuracy better than 250um and surface roughness less than 25um
[28]. The deposition rates are fairly low with 280 g/h, which makes the build time long for
larger components. It is possible to achieve better deposition rates on the expense of surface
finish. And similar it is possible to achieve better accuracy with reduced laser beam spot size
and deposition rates. Clanges in the input power for the laser and scan speed will influence
the microstructure, and optimal setting must be found byrade-offs between deposition rate,

accuracy, surface finish and microstructure

The benefits of D are many, and already in thistage of the development, the benefits
outweigh the disadvantages in a lot of areas. At this time in our history, a products lifespan
is relatively short due to rapid improvements made in all fields every year. This suitc[
and other AM techniques, asthe time from design to the part being available on market can
be shortened to a fraction of what conventional machining can do. Weight reduction
optimization ispossible to some degree by removing unnecessary material from the part in
the CAD model, a pre-printing preparation. DLD does not have the same unlimited
possibilities for the geometry as other AM techniques, such as powder bed fusion, ag. D
has a larger requirement for support structuressince the powder material is deposited
directly onto the suface material This still allows for internal structures to be made such as
pipe channels, ducts, support columns or other desiredeatures. Expensive and extensive
tooling is not needed, the part can be printed and directly usei the part does not have any

aesthetically function

DLD present the capability of exceptional control over the microstructure. With the ability to
change material composition and solidification rate by changing powder content and process
parameters, this makes the mechanical properties of D parts proportionate to
conventional produced parts and in some cases much improved23]. With continuous
research on the effects of process parameters, in some years the process will open up the

6



possibility of generating parts with specific mechanical corrosive- and conductive

properties on demand.

DLD can be utilized for effectively repairing defective and servieeamaged components.To
deposit thin layers of corrosion and wear resistance material to components to improve their
performance and lifetime.Or to adding features and material to existingtructural parts to
improve their performance characteristic§28]. Material wastage during production isalso
reduced significantlywith DLD. The laser is nonpollutive and the process is environmentally
friendly and allows for green poduction, thus DLD is suitable for the sustainable development

that is currentlyongoing [29].

2.3 Stainless Steel

2.3.1 Type 316L

American Iron and Steel Institute graded 316L stainless steel is a low carbon austenitic steel.
SS316L has a similar chemical composition a$S304, with less carbon and the addition of
molybdenum which gives the material excellent corrosion resistance pregies, even in
environment containing chlorides[30]. Table 1 gives the chemical composition of the

material.

Table 1: Chemical composition of 316L grade stainless steel.

C Mn Si P S Cr Ni N Mo Fe
Min.

- - - - - 16.00 10.00 - 2.00 Balance
[wit9s]
Max.

0.03 2.00 0.75 0.045 0.03 18.00 14.00 0.10 3.00 Balance
[wit%s]

Its chemical composition makes the material excellent for use in weldments, cladding and
additive manufacturing as it reduces the possibility of sensitization. The material exhibits
good machinability even though it has a tendency to work harden. Good dulity, weldability
and toughness, even down to cryogenic temperatures. The creep, stress to rupture and
tensile strength at elevated temperatures is also higher compared to other chromiumckel
stainless steels. Because of these properties the material gen in use in a wide range of

applications; from onshore to offshore constructions, in marine environments all the way into



the food industry and in medical implants. For conventionally forge8S316L the average
hardness value is 155H\[31].

2.3.2 Type 304

The type 304 stainless steel is a versatile and widely used stainless steel, it may be referred
to as 18/8 which is a name derived from the chemical composition of 18wt% chromium and
8wt% nickel. InTable 2 the chemical composition of 304 is given. The hardness value for
SS304 can be up to 260HV[32].

Table 2: Chemical composition of 304 grade stainless steel.

C Mn Si P S Cr Ni N Fe
Min.
- - - - - 17.50 8.00 - Balance
[wit%s]
Max.
0.07 2.00 1.00 0.05 0.03 19.50 10.50 0.11 Balance
[wit%s]

SS304 has good corrosive properties, though it is prone to pitting and crevice corrosion in
chloride environments and may experience stress corrosion cracking (SCC) at temperatures
above 60°C. The grade SS304 is suitable for welding as the material is an-hardenable

during cooling and require no pre or post-weld heat treatment[33].

2.4 Micro- and macrostructure

The microstructure has a direct influence osome of the mechanical properties and physical
behaviours of the material. The featuresin material are characterized by different phases, its
locations and defects. And the final structuratonfiguration at room-temperature depends
mainly on the alloying elements, solidification conditions and peptocessing heat and

mechanical treatment[34].

2.4.1 Influence of alloying elements

Austenitic steels are susceptible to different phase transformations depending on
temperature, cooling rate and alloying elements. The high amount of alloying elements in
SS316L slow down the ferritictransformation to a point where the transformation might be
completely repressed, then the material preserve the faceentred cubic austenite at room

temperature [35].



Austenitic steels do not undergo a ductilébrittle transition, which causes problem in ferritic
steels. The austenite structure is also less exposed tg-phase. The 3-phase is one of the
main reasons for the degradation oft he st ai nl ess steel s® pro

properties, weldability and corrosion resistanc¢36].

If chromium is added alone to a plain carbon steel the solution will favour the formation of
ferrite. However, when nickel is introduced it retards the austenit®-ferrite transformation.
Nickel, together with chromium and molybdenum is the alying elements which give the
316L stainless steels its superior corrosive properties. The chromium improves the corrosion
resistance by forming a thin and stable oxide film on the material surface. While the
molybdenum increase the resistance to creviceand pitting corrosion[35]. The nickel helps

facilitate the passivation of the surface, thus controlling the pitting resistanga7].

The conventional chemical composition of theSS316L, previously given inTable 1, is
presented again inTable 3 to ease the reading of the rapport. All the elements in the alloy
are added to influence the material in a specific wayhus in the following a short description

of each elements role in thesolution is given[38]:

Table 3: Chemical composition of 316L grade stainless steel.

C Mn Si P S Cr Ni N Mo Fe
Min.

- - - - - 16.00 10.00 - 2.00 Balance
[wit%s]
Max.

0.03 2.00 0.75 0.045 0.03 18.00 14.00 0.10 3.00 Balance
[wit%s]

- Carbon: The addition of carborto iron helps the material gain strength and hardness
by its substitutional and interstitial placement in the lattice. Carbon ids® a strong
austenite former.

- Manganese: In order to improve the ductility at elevated temperature manganese is
added. This dement also helps stabilize the austenite at lower temperatures and
increase the solubility of nitrogen in the material.

- Silicon: Silicon benefits the formation of ferrite. Increase the materials resistance to
oxidation and prevent carburising at elevatedemperatures.

- Phosphorus: Phosphorus is added to improve the machinabilityf the material This

element has a detrimental effect on the corrosion resistance and increase the
9



possibility of formation of cracks during weldinghus it is critical to controlthe amount
added to the solute

- Sulphur: Similar to phosphorus, sulphur increase the machinability when added in
small amounts It also has a detrimental effect on corrosion resistance and weldability.

- Chromium: The addition of chromium, as mentioned eaglr, benefits the material by
making it highly corrosion resistant. Chromium is a ferrite stabilizer.

- Nickel: Nickel is a beneficial elementogether with the improvement irductility it also
gives the materialtoughnessand favours the formation of austeite. In 316L stainless
steel, the nickel content as given in the table lies between 104wt%. In this range
the nickel content makes the material more prone to stress corrosion cracking9].

- Nitrogen: Nitrogen actively promote the formation adin austenitic microstructure. It
significantly increases the resistance to pitting corrosion in addition with molybdenum.

- Molybdenum: This element strongly promotes a ferritic microstructurés previously
mentioned, t significantly improves the corrosion resistance, both pitting and crevice

corrosion. And to some extent increase the mechanical strength of the material.

Due to the amount of chromium and carbon in the 316L stainless steel, and the method
which the DLD process deposits materialayer-by-layer, it can lead to formation of carbides.
If the material is held at a temperature within the range ofd®-800°C it will lead to rejection
of carbon from the solution. The carbon will then favour binding with the surrounding material
and form Cr»3Cs carbides. Since most of the carbon is found near the grain boundarieshé
carbides willprecipitate there. Because carbon can bind large amounts of chromiumone of
the two alloying elements giving the material its impressive corrosive propertiethe
surrounding areawill get depleted and may thus be susceptible tantergranular corrosive

attacks. There are several ways to stabilize this:

- Reheating the part after the DLD process. Heating to 950100°C allows for the
Cr23Cs to dissolve followed by apid quenching.

- Reduction of carbon content to below 0.03wt%.

- Increase amount of molybdenum will considerably increase the time for sensitization.

- Introduce stronger carbideforming elements, such as niobium and titanium. The
carbon will then preferentiall combine with them and thus lessen the possibility for

chromium carbides to nucleate[35].
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The alloying constituent s ®onvenienty@mdsanteccbly ur al
diagrams such as the IronCarbon equilibrium, Iron-Chromium equilibrium and the

Schaeffler diagram.

2.4.2 Iron-Carbon equilibrium diagram

The ironcarbon phase diagramis a highly important binary alloy system, the diagram
provides an invaluable foundation for the understanding of the microstructural evolution
before, during and after solidification of a iron-carbon alloy. The solidification behaviour of

the 316L stainlesssteel after the CLD process is influenced by the diagrams basic features.

The iron-carbon phase equilibrium diagram can be seen iifrigure 2. As seen in the figure,

the diagram contains multiple critical points which must be considered. Athe eutectoid

reaction, which occur at a temperature of 723C is the upper limit of the ferte-cementite

phase field. At A, the so-called Curie point, the ferritic iron change from ferromagnetic to
paramagnetic and happen at 76FC for pure iron As marks the line where the ferritic
structure transforms to austenitic. A marks where thea-ferrit e ¢ h a Afgrige.[tto®s; wor t
noting that there are no physical differences between the two phaseghe { is used to

represents a hightemperature formation of the ferrite[35].
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Figure 2: Iron-carbon phase equilibrium diagramRed and vertical lineis indicating 0.03wt% carbon[34].

Thered and verticaly dashed line in the Figure 2 represents the carbon content of 0.03wt%
for a pure ironcarbon alloy. From the liquid statessome of the materialtransforms tot -ferrite

at about 1535°C to form a liquid +1 -ferrite. At 1493°C the solution undergoes another
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transformation to t -ferrite + austenite before an amount of the austenite transforms to ferrite

again at As. The material keeps this duplex phase until Awhere the remaining austenite
transforms to cementite, FeC.

The course of phase transformation described will occur if the material is a pure irgarbon
alloy of 0.03wt% carbon. The alloying elements i8S316L hinders these transformatios to

some extent, as can be represented by the iroithromium equilibrium diagam.

2.4.3 Iron-Chromium equilibrium diagram

The ironrchromium equilibrium diagram is given ifrigure 3, with a red dashed line indicating
the chromium content of SS316L The figure shovs how a chromium content over 13wt%
give a microstructure containing only ferrite over the whole temperature range. The ferrite
here is the previously described; -ferrite, since the chromium allowthe phase to have a

continuous existence from it occurs and all the way down to room temperature.
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Figure 3: The iron-chromium equilibrium diagram with a dashed red line indicating the chromium content of
SS316L[40].

Figure 4 show the effect of adding carbon to the binary alloy, which extends the austenite

loop into higher chromium content the dashed red line indicates the chromium content of

SS316L As can be seen in the figure it also widens the ferrite + austenite phase. The addition
of nickel further expands the austenitdoop until at about 8wt% nickel which allows for the

austenitic microstructure to remain down to room temperatureAside from thepossibility of

forming chromium carbides as previously mentionetly introducing carbon into the alloying
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mixture, Figure4 show that abovex 7.5% chromium other carbides can be formed. In 316L

stainless steel, where the carbon contenties around 0.03wt% and chromiumare above

16wt% the carbide Ki=M.:Csi S

t he

mo s t

significant

car bi

metal atoms. These carbides precipitate preferentially along the grain boundariesand

intragranular where they form along dislocationsThe carbides exists from belowx 900°C

down to room temperature[35].
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Figure4: The ironchromium equilibrium diagram with expanded loops due to addition o&rbon, with a dashed

red line indicating the amount of chromium in SS316[35].

2.4.4 Ternary phase diagram

As the SS316L is a high alloyed stainless steel, with the three maatioying constituents iron,

chromium and nickel. The ternary phase diagram is beneficial for understanding the

solidification behaviour and the phasesvolution. Figure 5 show an excerpt from a ternary

system withx 68% iron. The vertical dashed red line indicates the compositios of nickel

and chromium inSS316L. As the line indicate, the phase evolution is in the proximity to both

the peritectic trandormation, © ,

r O r andternary peritectic transformation, ©

r 19 r. The complete description of the solidification processnd the result at room

temperature will be given in subchapter 2.4.6
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2.4.5 Schaeffler diagram
An invaluable way of understanding the effect thealloying elements have on the
microstructure of a nickelchromium based stainless steel such as 316L is the Schaeffler

diagram, given inFigure 6.
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Figure 6: Schaeffler diagram. Intersection of thelashedred lines indicate the chromium and nickel equvalents
of 316L-Si stainless steelpowder used to produce the studied componentd42].
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The benefits of the Schaeffler diagram is that it plots the material composition at room
temperature with respect to austenite, ferrite and martensite by the use of the nickeind
chromium equivalents given n equation (1) and (2). The equivalents use the weight

percentage of each elementq43, 44].
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These equivalents consist of respectively ferriteand austenite stabilizing elements and are
empirically determined. The crossing point given ifrigure 6 between the two red lines
indicate the area which an average SS316L-Si microstructure should lie at room
temperature; the values are calculated using theontent of the constituents fromthe powder
material used in the deposition procespresented inTable5 in sub-chapter 3.2 . As the point
indicate, the microstructure for theSS316L-Simay containx 5% t -ferrite. This small amount
of ferrite would be beneficial to the material as the ferrite can dissolve more sulphur and
phosphorous than austenite, thus improve the resistance to the formation of sulphur
containing liquid films along thegrain boundariesand also reduce the possibility of cracking
during solidification[45]. Welding and AM is analogous in many waysand some of the
literature from welding may be applicable to AM. To avoid solidification cracking during
conventional welds, a chromiumto nickel ratio of minimum 1.48 has been proposed[46].
For AM the cooling rates are higher due to a small laser spot size amrresponding small
weld pool, thus this ratio has been adjusted to 1.7 fdaser melting processeq47]. The ratio

of equivalents forthe average SS316L-Si powder are 147, hence the DLD process may
facilitate cracking during solidification

246Sol i di f iferate i on of ¢

As the Schaeffler diagramand the ternary phase diagrami ndi cat e t heferffeossi b
formation it is necessary to consider the transformation and how it is retained in the austenitic
matrix. A study done by Takaloetall[48] s howed t hat t-femite presenuwitt s o f
a chromium/nickel equivalent ratio 1.48 will form from the remaining melt retained between
growing austenitic cells or dendritedeading to eutectic solidification between thegrimary
austenite andthe € ¢ o n d derrite. t A s -ferritel issformjed by the remaining melt there

will exist a difference in composition between the two phases as a result of element
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segregation during solidification Element segregation will be revisited latem sub-chapter
247. As previously mentioned t her e -faritecbutst o me
can also have anegative effect on the corrosion propertiesdue to the difference in alloy
composition between austenite andt -ferrite [49]. Takalo [48] also proposed different
solidification types Microstructural type
type A gives cellular and dendritic ferrite formation with a $bappearance and correspond

to a chromium/nickel equivalent ratio 1.48. Type B gives a vermicular or lathy/needle
morphology for the ferrite located at cellular or dendritic axeand lies between type A and

C, while type Cin relation to chromium/nickebquivalent 1.98h as a Hadrritelcomtent §
with lathy morphology mainly inside larger grains with an wdirectional solidification

structure.

2.4.7 Segregation of alloying elements
Initially in the liquidus state there remain a homogenous distribution afloying elements.

During solidificationa variation in chemical composition wikmerge. With a larger heat input
the dendritic size increase which gives an increase in distance which the elements must
diffuse to compensate for the fluctuation in composin. Heavier alloying elements such as
molybdenumand chromium have slow kinetics due to a low diffusion rate in austenite, this
seclude the elemens from the solidification front in the melt pool and force the elemesto
stay in liquid phase. As the melpool continue to solidify a steady increasén concentration

of the various alloysn the melt occur until it has been segregated to the edges of the grains
where it solidifies. The low diffusion rate of molybdenum keeps it from diffusing back into the
solid to balance the inhomogeneous element distribution in the material, the same can occur
for the other compositional elements in SS316L. This can destitute some areas while the
dendritic- and grain boundaries become enriched in the alloying elements. Treegregation

will lead to a clear display of the dendrites within the grains after etchifg§0, 51].

2.4.8 Heat Affected Zone

In the process ofadding material to a component through DD the region on the component
adjacent to thefusionzone will experiencealteration of the microstructure andsubsequently
the mechanical propertiesdue to the heat input this is also the case for each layerThe
regionis called the heat-affected zong or HAZ. Figure 7 is a schematicillustrationover the
heat-affected zoneand its microstructural variation from the fusion zone and into the base

material The possible alterations to the material are:
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- Recrystallization and grain growth due to the heat input. This will lead to a decrease
in hardness, strength and toughness.

- Due to high cooling rates residual stresses may form in the HAZ during solidification.
Thismay increase hot crack formationand can be found as localized brittle zones

- Sensitization of the materiaglleading tocarbide formationespecially M:sCs, which will
render the material susceptible to intergranular corrosiof85].

- Formation of unwanted phases suclas the brittle 3-phase which transorms from the
t -ferrite.

- There is also the possibility of higher susceptibility to stress corrosion crackifsR].

DLD Material
Base " HAZ to existing
Material )
N material

TN T/

Unaffected HAZ Fusion Columnar
zone zone grains

Figure7: Schematicillustrationover a base material with Direct Laser Deposited material' he fusion andheat-
affected zonestogether with resulting microstructure is shown on the right side.

The heataffected zone contains different regions. Immediately adjacent to a fusion zone
there is a band of material heated above Ain the iron-carbon phase diagram inFigure 2.
This gives a layer of coarse austenitic grains. As the distance from the fusion zone increase,
the grain size will decrease sharplyThis continues into a tempered region which stretches
into the unaffected base materia. HAZ appear as a result of thermal diffusivity into the
surroundingmateriaJ t hus it ®s a functi on daoftheenmatriain g
density and specific heat capacity If the thermal diffusivity is high, thé&dAZ will be reduced
as the material cools faster. Regular structural%carbon-steel has a thermal diffusivity of
11.7mm?/s while 304- and 316L graded stainless steel has almost a 3 times lower rate of
4.2mm?/s. Thus it would be expected that the HAZ shold extent to some degree into the

base material[53], though this ishighly dependent on the heat input
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2.5 Strengthening mechanisms

When a dislocationis allowed to move freely in the material, plastic deformation occurs due
to slip. Therefore, understandinghese linear crystalline defectsboth edge and screw, and
how to retard ther movement is crucial to the mechanical properties of the material.hE
most important mechanismsthat hinder movement of dislocation fom DLD manufactured

316L stainlesssteel are described in the following.

2.5.1 Dislocations

The dislocations cause lattice distortions in its immediate vicinity due to the nature of a
dislocation being a line imperfection in the material. This distortion displaces the atoms from
their normal lattice placement. There are two types of dislocation&n edge dislocation is an
extra halfplane of atons. This halfplane will move in response to a shear forceThisresults

in atomic rearrangement in the lattice,or slip, perpendicular to the dislocation. A screw
dislocation can be visualized as two plarein the material being displaced, by one atomic
distance, relative to another due to a shear stress. This displacement generates a helical, a
screw, extending through the crystalline material along a lin®©r described with an analogy;
the planes are conrected in a manner similar to the levels of a spiralling parking rangsound
the dislocation line[54]. The movement of a screw dislocation facilitates slip in the direction
parallel to the dislocation.In both cases, the dislocation is the boundary between aigbed

and a un-slipped region in the material.

The edge and screw dislocations are extreme cases, anchimost crystalline materials the
dislocations do not occur as pure edge or pure screw, but rather as a combination of both.

This is termed mixed disloations and is schematically represented inFigure 8.
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Slip plane
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&, .‘.'_".."05"-

!

Extra row
of atoms

Edge dislocation

Figure 8: Schematic view of nixed dislocation. Red arrow indicating Burger's vector.
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2.5.2 Solid solution strengthening by interstitialand substitutional atoms

Solid solution strengthening involves introducing alloying elements to the lattice, which due
to their relative size differences result in distortions in the matrix caused by tensile and
compressive strains on the lattice. These distortions hinder the movement dislocations

and as a consequence increase the yield strength of the material.

The alloying elements can fill two different positions in the crystal structure, interstitial and
substitutional. The interstitial placed atom is located in between the emps$pace throughout
the matrix. These have greatest influence in a ferritic microstructure, as their location in the
irregular octahedron interstice cause a tetragonal distortion. This has a dominant interaction
with the shear component of a dislocations stia field. For austenitic microstructure the
interstitial atoms form a regular octahedron, thus the atom behaves as a substitutional solute
[35]. The substitutional atom is an atom different from the general matrix which occupy a
vacant position in the lattice.Substitutional solute atoms create a spherically symmetric
stress field in the matrix, thus it has no shear stress component toteract with the shear

component from the dislocations as the interstitial does.

Increase in yield strength in the material due to solid solution strengthening can be described

by the equation

@ O 7 P ®3)

Where G is the shear modulus of the materigbbi s t he Bur Qsthe®minmtet or |,
lattice due to the solute given by 3OfOwhere3O 'O Ois the difference in atomic
diameter, D ®presents a misplaced atom and is for the general atomic diaméeer. Whilec

denotes the concentration of solute atoms.

2.5.3 Refinement of grain size

The atomic mismatch, or grain boundaries in the crystalline material will work eamn
impediment to the movement of dislocations in the material due to theudden change in
crystallographic orientation. As a result, this demands energy from the dislocation as it needs
to change direction when passing into the neighbouring grain. At higimisalignmentangled
grain boundaries dislocations may get piled up. This pHep provokesthe generation of new
dislocations in the adjacent grains due to increased stress concentrations ahead of the slip

plane[34].
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According to the grain boundary strengthening theory, the grain size is the most important
factor to the tensile stength. This is because a reduction in grain size leads to a higher count
of grain boundaries to impede the movement of the dislocationfb5]. The relationship

between grain size and yield strength is expressed in the wadhown Hdl-Petch equation

(4)

Whered is the average grain diameter3, is the yield strength,3, are a constant describing

the friction stress required to move a free dislocation along a slip plane amglis a constant

representing the slope of the plog,- d¥? [35].

2.5.4 Solidification

As a consequence of the high cooling rates in DLD, the solidification of the melt pool happens
quickly, thisresults in a complex microstructure comprised o variety of dendritic structures
generating equiaxed and columnar grains depending on temperature gradient G,

solidification velocityVs and the cooling rate”Yas illustrated inFigure 9.

dendritic
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4
cellular __-
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Figure 9: lllustration showing the dendritic development over time with respect to solidification velociB6] .

The deposited material experiencenitially a high temperature gradient in the melt pool which
preserves a low solidification velocity. The slower solidification favours the growth of regular
equiaxed cells perpendicular to the solidiquid interface, as some of the heat flow is parallel
to the previously deposited layer this can also initiate planar growth of the cellas the
temperature gradient decreasethe solidification velocity increase whichbenefits further
growth of the dendritic cells which eventually leads to side perturbationsalled secondary

dendritic arms [56]. For cubic metals, such as FCC, tb dendritic growth occurs
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preferentially in the crystallographic direction <100>This happensas the {100} family of
planes has more voids for the atoms in the liquid to stick, than for example for {}1glanes
which are more closely packed[57]. As the heat flow is highesiperpendicularto the base
material, the crystals with <100>direction along the heat flow grow at a higher rate than the
surrounding material with a subordinate pentation for some degree of supercoolingas
illustrated in Figure 10. This happens as initially all dendrites, regardless of orientation,
experience the same supercooling. As thesolidification starts the angled dendrites need to
grow at a higher rate than tle perpendicular ones as the angled has velocity components in
two directions. Since they both experience the same solidification rate the neangled
dendrites will outgrow all othersThe result is columnar grains consisting of multiple primary
dendrite amms with <100> direction roughly parallel to the columnar directiorand
perpendicular to the base material As the SS316L usually has a microstructure of single
phased austenite, the secondary and tertiary arms of neighbouring dendrites can

interconnect andlead to the formation of a continuous wall of primary dendrite arn{58].

Bas e Ther n
mat erfcad gr adi

Figure 10: Schematic illustration over the dendritic growth during solidification of deposited material in the
direction of thermal gradient.

For DLD whichis a multipass process, the partially melted material in the previous layer can
act as seed crystals for the new material resulting in epitaxigrain growth forming large
columns stretching over multiple deposited layerg59]. These large columns with their
preferential orientation can lead to a strong solidification texture in the material which will

affect the mechanical properties generating anisotropj34].
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2.6 Equipment for constitutional analysis
To enable the possibility of microscopic investigation a whole arsenal of different tools and

equipmentis available The equipment used in this thesis is described in the following:

2.6.1 Light optical microscope

The light optical microscope (LOMuses optics and illumination as basic components of the
system. Fornon-translucent materials such as metals, the microscope is used in a reflective
manner. For the material to reflect as much light as poss#l the surface must be ground
and polished with the use osuccessively finer abrasives until it reaches a mirrdike surface
finish. Further treating the material with a chemical reagent, an etchingrocedure which
selectively attack and corrode materiaht different rates. The rate of corroding depends on
crystallographic orientation phase, and alloying elements. In turn these areas give contrast
in the images due to differences in the how much light is reflectethus revealing shape and
size of grainboundaries, phases, inclusions, segregations, cracks and porg84]. Figure11l
depict a schematic overview ofa polished and etched surface, how it reflects light and the

contrast it may give in the image.

Contrast

Mi cr osc

Pol i s hect
etched

Figure 11: Schematic representation showing apolished and etched sample surface, how it reflects light and
resulting contrast in merograph.

The optical microscopes have aconsiderablelimitation in using transmitted light as source
for the observation. This restricts the magnification and resolving power of the microscope
due to the wavelengtts of light being 400-700 nm, and the numerical aperture of the
objective lens. This restriction sets the maximum magnification in the range between 500x
and 1500x [60]. In contrast electron microscopes has magnification possibilities exceeding

160.000x, while still maintaining good resolution.
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2.6.2 Electron microscope

The major difference betweeran optical- and an electron microscope, is that the latter uses
a beam of electrons to generatean image of the material The benefit of using a high voltage
accelerated dectron, is the electrons wave propertieswhich has awavelengththat isinverse
proportional to its velocity. This can generate electrons with wavelength on the order of 0.003
nm, thus enabling the possibility of high magnificationith good resolution[34]. The electron
microscope uses a large set of magnetic leses to focus the beam of electrons instead of
optical lenses.

2.6.3 Scanning Electron Microscope

The scanning electron microscope (SEM) has a widbreadth of applicability for the study of
solid materials.By focusing the beam of higkenergized electros onto the material surface

it generates a variety of signals, due tdhe interactions between the electrons and the
sample. The signals contain information about sample surface morphology, crystalline
structure and orientationtogether withthe chemical compositon. Different detectors collect
the signal data over a preselected surface area, this generates a-&mensional, high

resolution image displaying the various and distinct discrepancies in the material.

After acceleration the electrons travel at high velocity, thus carrying a considerable amount
of kinetic energy. As the electrons interact with the material the energy is dissipated by
deceleration in the sample, this interaction generates the signalshrough both elastic and
inelastic collisions The signals consist of backscattered electrons, secondary electrons,
diffracted backscattered electrons (EBSD) and photons in form of characteristi¢EDS) and
continuum Xrays. For generating the imagesbackscattered 2 and secondary electrons are
more commonly used. The backscattered electrons are valuable in depicting contrast
between the different compositions in the multiphase sample, and the diffracted
backscattered electrons generates important details about crystallographigrientations and
the overall material structure. In contrast the secondary electrons are used to illustrate
morphology and topology of the sample.While the characteristic X-rays are used to

guantitative- and qualitative analyse the element compositionf the samplesurface [61].

Backscattered electrons are the result of elastic collisions between the electron beam and
the material. As the incoming electron reach the first layers of atoms, its trajectory may be
bent more than 90° in so-called Rutherford scattering this happens due to the electron

interacting with positive chargedfields in the materialoriginating from the atoms nucleus
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With twoor more of these scatterings leading to a backscattered electronThe electron then
leaves the sample surface in about the same directionegame from. Backscattered electrons
may also be the result of multiple small angled scatteringslhere is a direct correlation
between the average atonic number and the amount of backscattered electron§62]. These
interactions are the cause of the good compositional contrast in the imag&he secondary
electrons are electrons originally in orbit around atoms in the sample that has been dislodged
from the material after inelastic collisions, both between thprimary electrons in the beam
and the previously backscattered electrons on their @y out. The secondary electrons have
a low kinetic energy, which prevents electrons from deep inside the sample escaping the
surface barrier of 26eV. This makes it only possible for electrons from the first layers of
atoms to escape. Thus resulting in good morphology and topology imagesFigure 12 is a
schematic exampleover the interactions between the primary electrons and the sampleith

the resulting backscattered and secondary electrons.

ﬁrimary

Primary pa\t/

Figure 12: Schematic representation of interactions between the primary electron beam and the atoms in the
sample resulting in; a) backscattered electron and b) secondary electron.

The characteristic Xrays are generated as photons with fixed wawéength are emittedfrom
atoms in the sample.The incoming electron beamcan collide inelastically with theslectrons
in the inner orbitals around the atomThis ionization excites the atom, making it obtain an
unstable energy state The excited atom returns to a lower energystate as an electron from
an outer shell jumpsdown to the K- or L-shell, thus emitting a fixed wavelength photon to
reduce the energy in its systemresulting in a signal corresponding to a specific elemenfs

described by Moseleys law:
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- = (5)

Where U is the wave length. Z is the atomic number. And K and 3 are constants

corresponding to specific Xxray emissionlines such as K, L or M63].

Figure 13 is a schematicover the interaction volume for each of the signals generated in the

sample.

Figure 13: Schematic representationover interaction volume between theprimary beam of electronsand the
sample surfacetogether with theresulting signals.

To detect the signals the microscope is equipped with different detectors such as the
EverhartThornley detector which is a scintillator photenultiplier. This can detet¢ both
secondary- and backscattered electronsand uses high voltage to attract or screen the low
energetic secondary electrons. Another is the solid state, semiconductor detector, this
consists of four separate detectors placed in each quadrant surroundirtfpe primary electron
beam. This is used to detect the backscattered electrons, and since the detectors receive
four independent signals it is possible to add and subtract the signals generating very good
topology contrasts and 3dimensional images of thesample surface.

2.6.3.1 Energy Dispersive Spectroscopy

To obtain a localized chemical analysis of a sample, the energy dispersive-ray
spectrometry (EDS) is used. As previously explained, when the primary electron beam

interacts with the sample, Xrays will be emtted. The detector used is a soliestate silicon
25














































































































































































