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1 Introduction

As industrial progress advances, new methods of manufacturing and material processing are
being introduced every year. Additive manufacturing has also found its place among modern
technologies and is being integrated into various phases of industrial production. Ranging from
designing and prototyping all the way to the serial manufacturing process, it is hard these days
to find an industrial branch, that could not benefit from implementing the additive technologies.
Especially in the last decade, additive manufacturing has drawn a lot of attention as a next-
generation manufacturing technology and matured in the meantime. While the initial concerns
for most technologies were issues such as printability, stability, or the appearance of the
resulting part, demands have moved deeper into the problematics over the years and showed
that there is a lot yet to be discovered about each 3D printing technology that is introduced.

In terms of material, the research has gone as far as printing concrete, food, or organic cells.
However, the usual materials used for 3D printing are still plastics and metals, which are the
two most significant materials in the industrial world. Despite its higher difficulty, metal 3D
printing has always remained at the top of the interest. The demand for having a machine
capable of creating complex-shaped metal parts from a CAD model simply at the press of a
button has driven development forward and resulted in research into many new different
technologies. The two technologies discussed in this work, Laser Metal Deposition and
Selective Laser melting, might be considered more traditional, since they have been among the
metal 3D printing technologies for the longest time. Despite having a lot in common, the
principles, as well as their applications, differ significantly. Each of them has its own
drawbacks, but maybe more importantly its own benefits, which help to keep them among the
most progressive manufacturing methods of today. And as with all technologies, their
convenient combination might bring even more benefits.

Due to its relative youth, 3D printing brings a lot of new aspects to consider during the
production process in comparison to conventional manufacturing methods. Terms such as the
choice of material, final material properties, or the working conditions and environment often
need to be approached in a completely new way. This brings many new challenges, but more
importantly, it opens up new possibilities. Among them, besides innovative design or a shorter
production loop, is the possibility to combine materials effectively and with added benefit,
utilizing multiple material values at once. Not just discovering, but mainly mastering all the
new techniques, that 3D printing offers, is fundamental for its full inclusion into everyday life
as well as into large-scale industrial manufacturing.

14
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1.1 Aim of the work
This thesis consists of two parts — research (theoretical) part, and experimental (practical) part.

The research part of the work focuses on powder based additive manufacturing technologies,
specifically on Selective Laser Melting (SLM) and Laser Metal Deposition (LMD). Its purpose
is to clarify their main principles in order to give a knowledge base for the experimental part.
Their benefits and drawbacks are presented and compared. Finally, the research part should
provide sufficient information to understand the idea behind combining these two technologies
for added benefits.

The experimental part consists of two phases. As these phases are closely related, it is possible
and beneficial to conduct them simultaneously and gather the information in one work.

The first phase is be conducted under the project AdditivePeen, which deals with the
investigation of the surface treatment of AM parts using Laser Shock Peening. For the purposes
of the project, the mechanical properties of two different materials manufactured by two
different AM technologies will be characterized, based on tensile testing. The main goal is to
compare the properties of as-built parts made by different technologies.

The second phase will be conducted within the project STREAM, which deals with surface
treatment of AM parts using Laser Shock Peening, Mechanical treatment and Thermo-chemical
treatment. In the framework of this project, several use cases should be produced, including a
conformally cooled hot-forming tool manufactured by combining LMD and SLM technology.
As a part of preliminary testing before manufacturing the actual component, the material and
technology combination have to be tested. Within this work, a DoE on the process parameters
of the LMD part of the manufacturing process is be prepared. The combined parts are
investigated again using tensile testing and the resulting characteristics are presented.

15
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2 State of the art

2.1 3D metal printing

2.1.1 Industrial role of 3D metal printing

The additive manufacturing process (AM), also referred to as 3D printing, is generally speaking
a process for creating a part by joining individual layers of material together, usually according
to a previously created CAD model. The name "additive” comes from the contrast with
conventional manufacturing methods, such as machining, during which the material is
subtracted from the bulk instead of added. Since the 1980s, when the first patent for a 3D
printing machine was introduced, many new methods of 3D printing have been introduced and
constantly improved, creating a wide scope of terminology and approaches. Even the variety of
materials, that are being printed has increased. Besides metals and polymers, research has also
focused on the printing of ceramics, concrete, cells, or even food.

An ISO/ASTM Committee F42 was formed in 2009 with the purpose of “promotion of
knowledge, stimulation of research and implementation of technology through the development
of standards for additive manufacturing technologies.* According to the F42 committee, there
are seven types of 3D printing processes [1]:

Binder jetting

Direct energy deposition (DED)
Material extrusion

Material jetting

Powder bed fusion (PBF)

Sheet lamination

Vat photopolymerization

From a broader perspective, however, the processes can be further divided. A good overview
including the division by the form of the entry material is shown in the figure below.
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Fig. 1 Overview of 3D printing technologies [2]

Although 3D printing of polymers (plastic) is in the public eye the most, the materials much
more significant for industry are metals. Given the differences in the level of complexity and
costs of the equipment, it is only understandable that resin and plastic filament printers are
widespread even among casual end users. However, using them at different stages of industrial
parts development is very common as well. From hobby-printing of action figures to complex
parts in moving 3D printed assemblies, polymer printing finds its place everywhere. But when
it comes to prototyping of high-demand industrial parts, metal printing has the upper hand. And
not only there. With the rise of part quality in recent years, the reliability of 3D metal printed
parts allows them to be produced even for end-use applications, often in a whole series.

Introducing additive technologies as a way of producing functional metal parts offers benefits
and new approaches, that would otherwise be hard to achieve. In terms of design, not only can
additive manufacturing save a significant amount of time and resources, but it also allows the
manufacturing of non-machinable shapes and geometries. Generally speaking, many
restrictions that limit traditional manufacturing, such as undercuts or tool access, do not apply
here [3]. This gives 3D printing technologies a large advantage over traditional machining in
many specific applications. A good example would be components designed with the use of
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topology optimization — a technique that helps create designs based on prescribed requirements
and constraints. It uses mathematical models to either alter an existing design or create a
completely new one. Whereas conventionally optimized designs (sizing and shape
optimization) can usually easily follow the rules of manufacturability, topology optimization
often results in complex geometries that are not always suitable for conventional manufacturing
methods. Additive manufacturing, on the other hand, is a technology well suited to
manufacturing complex structures with ease. This makes the combination of topology
optimization and AM a very strong tool, which allows the engineer to get rid of many standard
manufacturing limitations and focus on the part performance [4].

CAD model FE model Topology optimization Structural performance Final desi

NC machining Final product

Fig. 2 Process of topology optimization [4]

Conformal cooling is another great example of how the 3D printing principle allows the
manufacturing of complex integrated shapes. It is a design of cooling channels, usually in
manufacturing tools, that are placed close under the contact surface and allow a flow of coolant
dissipate the heat from the process. Conventionally, these are limited to straight holes, as they
need to be drilled. AM on the other hand allows the channels to copy the geometry of the
surface, ensuring more effective and even heat dissipation [5].

SLM and LMD will be discussed in further depth as these two AM technologies are related to
the work developed in the context of this thesis. These technologies are among the most widely
used methods of metal 3D printing today [6] and share many similarities. Before describing
each of the technologies in detail, shared and general principles will be described, to create a
knowledge base for better understanding and easier comparison of the individual technologies
discussed in the following chapters.

2.1.2 Process principles

Both selected metal AM technologies share similarities with Laser Beam Welding (LBW). The
laser beam is focused on a small area (laser spot) on the substrate material, causing it to melt
locally creating a melt pool. The laser spot is moved across the surface of the substrate, causing
the melt pool to move by melting more material in front of it while allowing solidification of
the melted material in its wake. During this, additional material in form of fine metallic powder
is being introduced into the melt pool, to increase the mass of the resulting solidified weld.
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These weld tracks can be stacked next to each other, as well as on top of each other, allowing
the method to build three-dimensional objects in a layerwise manner [7], [8].

Similar to laser welding, the nature of the interaction between the laser and the material is of
importance, as well as the process parameters and conditions. Depending on the energy
delivered by the laser, speed of the laser spot movement, and other factors, the welding process
can usually be carried out in between two regimes — conduction welding (lower power density)
and keyhole (penetration) welding (higher energy density).

Conduction welding represents the stable side of the scope. It is performed by heating the
material at a slower rate until it reaches its melting point. The heat is tranfered solely by
conduction, which means that the maximum weld depth is limited by the heat conductivity of
the material. This results in a melt pool, that is usually wider than it is deep. Such a welding
regime may be feasible in applications, where process stability, as well as the resulting
appearance of the weld, play an important role. However, due to its low penetration, it is not
suitable for heavy-duty applications, as it may lead to an insufficient connection of the
materials. In the case of 3D printing, this welding mode increases the risk of poor inter-layer
cohesion and delamination, as well as porosity and other defects in the final structure [9]-[14].

When the heat cannot dissipate fast enough (i.e. high energy input), the melt pool starts
overheating and the liquid metal starts evapourating. The metal vapor expansion above the melt
pool causes a steep rise of recoil pressure, which pushes down on the liquid, changing the shape
of the melt pool and allowing the laser to penetrate deeper into the substrate. By further
increasing the energy, a deep narrow cavity (keyhole) is created, filled mostly with the emerging
metal vapour. This keyhole welding regime is much less stable for multiple reasons. First, the
steep temperature gradients cause a strong flow of the melt due to changing surface tension,
also called the Marangoni effect. The flow is further increased by the pressure from the
expanding vapour. Moreover, the keyhole may start collapsing periodically depending on the
laser scanning speed, which results in undesirable oscillation [11]. All these factors may add to
an uncontrollable process of continuous keyhole creation and collapse, resulting in a highly
unpredictable outcome. During the collapse of such a keyhole-shaped melt pool, gas cavities
can be entrapped inside the material, making the keyhole regime prone to undesired porosity.
At the same time, the increased liquid flow and vapour pressure on the melt pool surface usually
cause spattering — ejecting of melt or other particles from the melt pool. Finally, plasma may
appear in the process depending on the energy input parameters and surrounding atmosphere.
This combined with other by-products of the process (vapour, ejected particles) creates a plume,
that forms above the melt pool, where it may interact with the incident laser radiation, lowering
its efficiency and altering the whole welding process. The trade-off for the overall instability is
good penetration depth, which can ensure a much better connection between the materials
(layers) if carried out properly. Stabilizing the keyhole is therefore of the highest importance
during laser welding, as well as during 3D metal printing. Since both process stability and
sufficient penetration depth are desirable, it is believed that the best results are achieved by
optimizing the process parameters, so that the process is carried out in a quasi-stable transition
regime between conduction and keyhole welding [11]-[14].
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Fig. 3 Welding regimes example [15]

Concerning geometry, both SLM and LMD obey similar rules that apply to polymer extrusion
technologies. Since the structure of the final part is made out of many single weld tracks, the
resolution corresponds to the size of those welds. Although the shape of the track is often
simplified as cylindrical, the actual cross-section of the weld is very different and asymmetrical.

(a) (b)

(d)

Fig. 4 Examples of different melt pool modes; a) desirable, b) undercut/balling ¢) conduction mode d)
keyhole mode e) keyhole porosity

Due to this, the resolution may change depending on the process orientation. Moreover, while
extrusion methods usually keep the printed bead the same, the shape and dimensions of the
laser weld may vary throughout the process in relation to the changes in heat dissipation (e.g.
thin structures or edges). However, the simplified model can be used to understand the
resolution limitations. The cross-sectional 2D resolution is limited by the top-view dimensions
of the weld track, similar to how milling resolution is limited by the milling cutter diameter.
Therefore, sharp edges are not obtainable, but smooth geometries and contours are otherwise
achievable. On the other hand, the side view resolution corresponds to the deposited layer
thickness, as successive layers need to be shifted in respect of each other to create shapes and
curves. Due to this, the printed parts will always have a stepped surface, often referred to as the
staircase effect [16]. The following figure shows, how the staircase effect can be theoretically
mitigated by changing the layer thickness.
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Fig. 5 Staircase effect [16]

2.1.3 Metal powders

Metal powders are an important part of the manufacturing world these days since they offer
many advantages in areas, where wrought materials fall short. Tungsten carbide, which is
widely used mainly in tooling, is a good example. Besides extrusion, sintering, injection
moulding, and so on, additive technologies also use metallic powders as the starting material.
Not only the chemical composition but also other properties of the powder particles affect the
manufacturing process and resulting properties of the printed parts. A lot of these properties are
determined by the type of powder preparation technology, which is called atomization.

The main properties of metallic powders are grain size distribution and grain morphology.
These affect other properties, such as apparent density, tap density, angle of repose, flow rate
(flowability), compressibility, and so on [17]. Sources define the usual particle size to be
roughly between 2 — 200 um, but the mean particle sizes are usually between 20 — 80 um [18],
[19]. The suitable size of the particles can differ for different technologies. For SLM, particles
smaller than 5 pum would be considered as small, as they tend to form clusters which can be
undesirable in the deposited powder bed. On the other hand, only particles up to the size of the
deposited layer thickness can be used. For the best powder bed packing density, an optimal
distribution is a combination of larger and smaller particles, as they fill the voids in between
each other [19].

Maximum

Packing Density

i B 0 0

Small X* Large
X, Fraction of Large ——»

Fig. 6 Influence of the particle size distribution on the packing density [19]

For LMD, an important attribute is the flowability of the powder, as the stability of the process
is conditioned by constant powder mass flow [20]. This can be affected by humidity or material
composition (adhesion), but mostly by the grain morphology. This is usually determined by the
type of powder atomization technology.
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2.1.4 Materials used in powder AM

SLM can fabricate using a wide variety of materials. Among the most frequently used are Fe,
Ti, Ni, Al, Co, and Cu-based alloys [21]-[23], but also pure metals such as Au, Cu, Nb, Ta, and
Ti [24], all with their specific benefits and demands.

The printability of a certain material usually depends mainly on the ability to develop process
parameters, which can ensure a stable process of the material melting and consolidating.
Although the parameter combinations are usually very specific for every single material, they
can vary significantly for different machines, powder properties, or quality requirements.

Similar to SLM, the ability of LMD to process a material depends mainly on its ability to create
suitable powder particles and the capacity to develop reliable process parameters, which can be
used to achieve sufficient results. This makes the range of materials used in powder AM very

broad. Some of the most commonly used materials are listed below [25]-[27].

Material group

Examples

Applications

Fe-based alloys,
steels

18Ni300 (Maraging steels)
316L, PH (Stainless steels)

H13, H20 (Tool steels)

Tooling, mechanical
engineering parts

Medical

Hot-working, extrusion
tools

Ti-based alloys

Ti6Al4V
CP — Ti (commercially pure)
Ti6AI7ND

Aerospace/automotive
lightweight components,
Medical
instruments/implants

Ni-based alloys

Inconel 625, 718. 939

Aircraft engines,

Chromel combustion chambers, High
HX temperature + corrosion
Nimonic 263 resistance

Al-based alloys AlSi10Mg Heat exchangers,
AlSi7Mg0.6 lightweight components

Tab. 1 Selection of materials processed by powder AM technology [21]-[23]
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2.2 SLM

2.2.1 Description of SLM

SLM stands for “Selective Laser Melting” and belongs to the Powder Bed Fusion (PBF) family
of AM. Several closely related inventions and patents have been filed for liquid and non-metal
materials before, but the first to acquire the rights for this specific method of fabrication was
the company EOS GmbH from Krailling, Germany, under the label DMLS®? in 1997. At
roughly the same time, it was also being developed by the Frauenhofer Institute for Laser
Technology in Aachen, which later introduced the name SLM [27].

The method works by creating thin layers (usually 10 — 100 um thick [30], [31]) of fine metallic
powder using a recoating element, which are subsequently scanned by a laser, melting the
powder material and connecting it with the previous layers. After scanning the desired area in
one layer, the part is lowered by the height equal to the powder layer thickness, after which the
recoater spreads a new layer of powder across the building plate, and the process repeats.

At first, a digital 3D model needs to be prepared using CAD software, usually in the format
“.stl” or “.stp”. The model is further digitally sliced, uniaxially with steps equal to the intended
powder layer thickness, converting the model into a set of tightly packed 2D geometries. These
represent the individual areas to be scanned by the laser in each step, layer by layer [1], [32].

R

‘ e Laser beam \ .\ Moving mirror

Recoater blade
Metal powder

/ﬁ//\ vy

] \
g ) L

Powder delivery Build platform
platform

Fig. 7 SLM process schematic [33]

The process usually takes place in an enclosed chamber for multiple reasons, one of which is
to ensure a nonreactive environment. Before the start of the process, the chamber is filled with
protective gas to avoid oxidation due to the high temperatures. The most commonly used gases
are nitrogen or argon, depending on the reactivity of the processed material. Nitrogen is usually
the cheaper option since it can be obtained from the atmosphere using an integrated (or external)
generator [34]. However, materials that have an affinity to Nitrogen require the use of argon as

! The abbreviation DMLS stands for German “Direkt Metall Laser Schmelzen” which translates to English as
“Direct Metal Laser Melting” [28]. The incorrect translation "Direct Metal Laser Sintering™ often leads to a
misleading interpretation, and an incorrect claim is often found in scientific publications, that, unlike SLM, this
technology does not fully melt the material [1], [29].
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the shielding atmosphere. Besides preventing oxidation, the gas plays another important role in
the process, and that is carrying away the by-products that condense above the melt pool as the
laser scans the powder bed. This vapour plume (a mix of plasma, metal condensate, and smoke)
would interfere with the incident laser beam, causing disruption and instability of the melting
process. Therefore, a continuous flow of shielding gas across the powder bed is desired. The
quality and effects of the gas flow are usually specific to different machine architectures and
have been extensively studied, as they have a strong influence on the resulting quality of the
process [35]-[38].

A build platform is used as a base for the printing process and all the parts are firmly connected
to it from the beginning. This connection serves two main purposes — heat dissipation and
prevention of part deformation. The laser irradiation heats the part significantly over time and
the accumulation of heat in the part may lead to its overheating. Therefore good conduction to
the platform needs to be ensured, which can be achieved by including additional removable
support structures [39]. However, due to high-temperature gradients, the evolution of residual
stresses in the material is unavoidable, which can lead to deformation of the parts during the
print, thus the second important role of sufficient connection to the build platform [40]. After
the printing process, the platform is extracted together with the parts and support structures,
which is followed by postprocessing including additional heat treatment and the removal of the
platform and support structures.

The theoretical resolution of the print is defined by the layer thickness (which also affects the
severity of the staircase effect) as well as by the size of the melt pool created at the focal point
of the laser. This is proportional to the laser beam spot diameter and can be also slightly adjusted
by altering the laser power output. For SLM, the spot diameter is usually 40-100 um (for EBM
it is usually larger) but can reach up to 500 um in the biggest machines [41], [42]. Experimental
measurements have shown the maximum melt pool dimensions to be around 250 pm for a laser
beam spot diameter of 50 um [43]. However, as mentioned above, the accuracy may vary
depending on the specific face orientation, process parameters, etc. Lasers used in SLM
technology can vary, but most used are continuous fibre lasers with power between 200 W and
1000 W [34], [44], [45].

Maximum part dimensions are limited by the dimensions of the process chamber. These may
vary for different manufacturers and machine types. For example, the “EOS M100” can print
parts @100 x 95 mm [41], while the “Concept Laser XLine 2000R” is referred to by Concept
Laser as the world’s largest SLM with 800 x 400 x 500 mm build volume [46].

2.2.2 Benefits and applications of SLM

The benefits of applying this technology come to the fore in various fields such as the aerospace,
automotive, and healthcare industries [47]-[49].

An important role in the medical field is the effective manufacturability of prosthetics and
implants, such as joint or teeth replacements. Typically, the implants need to be tailored for
each patient, meaning that only single numbers of each part are made. This fact combined with
the often irregular and complicated geometry of the implants makes the conventional
manufacturing methods economically unsuitable for such applications. Also, organic-like
porous structures on the implant surfaces are often desired, so that the body tissues can connect
with them properly. This is also easily achievable with SLM compared to conventional
manufacturing [50]. Typically near-net-shape geometries are obtained using this technology,
which can significantly reduce preparation and lead times in other similar cases of patient-
specific applications, such as dental implants [51].
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In the aerospace and automotive industries, the focus is on creating lightweight structures,
reducing the prices of complex parts with low production volume, and integrating large
assemblies into a smaller number of parts. In this manner, complex monolithic thrust chambers
or landing gear fittings have been made [52], as well as optimized parts for space satellites [53].
The automotive industry also uses the design freedom of the technology to optimize parts for
functionalities such as safety properties while maintaining their weight [54].

The ability to create functional internal geometries, that are hard to achieve by other means, is
advantageous in the tooling industry when designing dies and moulds. Conformal cooling can
be made by printing cooling channels during the build of the parts, rather than drilling them
afterward. The freedom of internal design allows the channels to be at a constant distance from
the tool surface, regardless of the complexity of its shape. This means more uniform cooling of
the tool is achievable, increasing the resulting part properties and reliability of the moulding
process [55], [56].

2.2.3 SLM parameters

There are many parameters and factors affecting the final part during the process. Since the
scale of the process phenomena is arguably small (melt pool size ~ 100 pm), it can be quite
sensitive to changes in ambient temperature and pressure [57], as well as the characteristics of
the atmosphere and gas flow in the process chamber [35]. Even factors such as choice of
recoating element, recoating speed, or the delay between scanning successive layers should be
considered. Depending on the depth of understanding of the process, the number of factors can
go up to 100 [8]. The parameters mostly discussed, however, are those directly affecting the
melting process and quality of single welds:

e Laser power - P [W]: Laser power is one of the most important parameters in SLM. It
is closely related to the laser spot size and the overall energy input. It is also the main
determinant of the welding regime. Higher laser power usually leads to deeper melt pool
and therefore better density of the material, but also to stronger forces of the flow and
vapor pressure above the melt pool. The power of the lasers used in SLM can range
from 100 W to 1 kW [8], [58]-[60].

e Scanning speed - vs [mms?]: Also referred to as laser speed or scanning velocity
determines the rate, by which the laser spot moves across the powder bed. Together with
laser spot size and laser power, they define the incident energy density on the powder
bed surface. The scanning speed plays a major role in setting the process productivity,
but is highly limited, mainly because higher scanning speed causes instabilities in the
weld track formation. The drawbacks of saving process time by increasing the scanning
speed are usually worse surface properties and lower process stability. The usual
scanning speed varies between 500 mms™ and 1000 mms™ [13], [61]-[64].

e Layer thickness - w [um]: The thickness of the deposited powder bed affects mainly
productivity and geometry resolution in the vertical print direction. The optimal layer
thickness depends on the material absorptivity, particle morphology, and other powder
characteristics. The usual layer thicknesses are 20 um, 40 um, 60 p,m or 80 um, but
even a thickness of 200 pm has been experimentally proved to be able to handle a stable
process [31]. Usually, the process parameters are developed for specific layer thickness,
which does not vary throughout a single build job. Higher layer thickness is usually
associated with higher productivity but also a higher risk of insufficient melting and
defect formation [65], [66].
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e Hatch distance — h [mm]: The distance between adjacent laser paths. It affects the
overlapping ratio of the tracks which is important for ensuring maximum material
density. Therefore it should be around the size of the melt pool diameter [8].

e Scanning strategy: The order and distribution of individual laser paths (hatch lines)
across individual layers. Optimizing the scanning strategy can save production time, but
more importantly, it affects the resulting properties of the part, such as residual stresses
or subsurface porosity [8], [67].

Complex factors, such as Energy Density or Volumetric Energy Density (VED) are often used
in publications to describe process windows with the intention of finding a correlation between
these factors and the resulting properties. This is based on the theoretical calculation of energy
needed to melt a defined amount of the material.

VED =

Jmm~?] (1)

Vs d'w

This equation is often further simplified to Linear Energy Density (Linear Energy Input, LED)
LED = = [Jmm™1] 2)

P — laser power, Vs — scanning speed, d — laser spot diameter, w — layer thickness

It has been experimentally disproved that the process window can be well defined just by a
range of a single factor such as VED. It is not able to capture the complex physics such as
Marangoni flow, hydrodynamic instabilities, recoil pressure, and other factors, that in the end
define the morphology of the weld tracks [58]. It is, however, able to effectively capture certain
process characteristics and can be useful for getting an approximate idea about the energy input
in the process from a thermodynamic point of view [58], [67], [68].

2.2.4 Defects and challenges in SLM

The most common challenge to overcome with the SLM technology is the porosity or part
density. There are many mechanisms for how pores and cavities of different sizes and shapes
can be formed in the fabricated part, most of which can be mitigated by optimizing the process
parameters.

Gas porosity

One type of porosity is gas entrapment, when a gas bubble becomes stuck in the solid material,
often due to the collapse of a keyhole [69]. Another cause can be the insufficient packing
density of the powder bed, which raises the amount of free space between the particles and
therefore the risk of entrapping the gas in the material. Gases can also be present in the powder
grains prior to the build [70]. Gas porosity can be identified in the metallographic analysis due
to their typically round shape of the pores.

Cavities and Lack of fusion

Irregular cavities are also often present in the material but are usually of different origins. As
has been said before, cavities can occur when the spacing between individual weld tracks is too
big or when the melt pool penetration is not deep enough. They can also be caused by improper
track formation, as it may also lead to poor overlapping of the tracks [13], [70]. A specific type
of defect is called Lack of fusion which are areas of insufficient material bonding (LOF) [70].
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These usually occur in the interface between layers, as the melted layer reaches the previous
one, but does not create a metallurgical connection. This can be caused by insufficient energy
input or insufficient wettability caused by oxidation of the solid surface [70], [71]. LOF defects
are typically thin cavities with sharp edges that may contain non-melted particles.

Balling, spatter, and inclusions

Another defect typical for powder-based additive technologies is different types of inclusions.
These are usually non-melted particles of the original powder or particles created during the
melting process that were redeposited on the powder bed. With proper choice of processing
parameters, non-melted original particles mostly coexist only with other types of defects, like
LOF [70]. However, two mechanisms of creating new particles that can be hard to melt are
commonly present during the process. Balling is a phenomenon describing the forming of
round particles that have a poor connection to the bulk material. Surface tension and insufficient
wettability usually play a big role in their evolution. Balling usually refers to particles
significantly larger than the original powder particles and can also be responsible for the
introduction of other defects due to their problems with melting [67], [68], [72]. Another
phenomenon called spatter refers to particles that are ejected from the melt pool or its
surroundings due to the vapour pressure and strong flows inside the melt pool. These particles
can be of various sizes, shapes, and origins, including ejected original powder particles and
bigger products of balling. The redeposited particles can again be hard to melt, for example due
to oxidation of their surface during their flight [67], [69], [73]. All of those particles can end up
included in the material without proper metallurgical bonding.

Residual stress and cracking

Due to extremely local high heat input, the cooling rates of the melt pool during the process can
reach up to 108Ks™ [69], [74]. This large temperature gradient causes a large residual stress in
the material. This can, besides other problems like part deformation, cause crack initiation and
propagation in the fabricated part. Materials with lower heat conductivity may be more
vulnerable to this effect [40], [70].

Hot isostatic pressing and specific heat treatment have been successfully used in some cases to
improve the part density post build [75], [76], by closing some of the cavities and pores,
improving the mechanical properties. However, the main goal is to achieve a density as close
to full as possible during the build.

All these defects decrease the mechanical performance of the material, as they often act as
failure initiation points, especially during cyclic loading [75], [77]. Defects with sharp edges
like LOF cavities present a higher risk of crack initiation, especially in combination with any
residual stresses.
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2.3 LMD

2.3.1 Description of LMD

LMD stands for Laser Metal Deposition, which is one of the DED technologies. Also referred
to as Laser Engineered Net Shaping (LENS), Laser Power Deposition, Laser Material
Deposition, or Laser-aided Direct Metal Deposition, it belongs to the family of Direct Energy
Deposition technologies, together with other techniques such as Directed Light Fabrication or
3D Cladding. The early concept developed from welding techniques by implementing the idea
of consolidating multiple welds on top of each other. With the earliest patents being submitted
in the 1950s [78], this method evolved over the years as a tool for repairing metal parts as well
as building whole three-dimensional parts and was given the name LENS for the first time by
the laboratories of National Technology and Engineering Solutions of Sandia, LLC. in the USA
[79].

Powder nozzle
Laser beam

Shielding gas

Deposited material Powder

Fusion zone j "._ Molten pool
NS Base material

Fig. 8 LMD process schematic [80]

Similar to SLM, this method also uses a laser to create a melt pool and fine metallic powder as
a building material. However, the principle of delivering the material to the substrate differs
fundamentally. The laser, in this case, is mounted on a printing head. The laser optics inside the
head are fixed, which means that for moving and targeting the laser spot, the whole laser head
needs to be moved relative to the printed part. The positioning of the head is usually don in a
similar way to CNC machines, by moving both the part and the printing head in multiple axes.
The additional powder is simultaneously delivered directly into the melt pool via channels
mounted on the printing head. This assembly together with the shielding gas delivery system
creates the work nozzle [81]-[83].

Fig. 9 LMD process [84]
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Originally developed for coating, this technology is very close to numerically controlled
welding, with the biggest difference being the deposition strategy and amount of material
deposited. Before powder was used, wire-fed systems (LMD-w) were commonly used and still
have the upper hand over the powder-based process in many respects. Based on the material
and the form of the feedstock, the material costs can be up to twice as high for powder than for
wire [85]. Also, the efficiency of the wire process is near to 100%, whereas during the powder-
based process the effective use of the material may vary between 35 % - 97 % [86]. Last but
not least, the homogeneity of the resulting part is easier to achieve using the wire, as the laser-
wire interaction is much more stable than the laser-powder interaction. The powder-fed process
on the other hand is much more flexible, as the range of the work-nozzle movement is larger,
and better resolution is achievable, as the melt pool size is adjustable and usually smaller [85],
[87]. In general, the wire-fed system is considered more robust, as well as faster in terms of
deposition rate. However, direct comparison of deposition rates is difficult, as it may vary
significantly for different parameters and materials [88], [89].

Three types of nozzles are commonly used for powder-based LMD. They differ in their
construction, properties, and also applications for which they are meant to be used [90].

The off-axis setting derives from the wire-fed process, which is fundamentally the same as laser
welding with metal wire filler material. This construction delivers the powder to the melt pool
via a single channel from one side. Such nozzles can be overall smaller overall, offering better
access to the printing location. It is also an economical option. On the other hand, the
productivity is rather low and the process is limited to being unidirectional since the movement
of the work head should be always performed in the same relative position of the powder
channel to the deposition direction. It is commonly used for depositing layers on rotational
parts, where the direction of deposition does not change.

In order to allow the work head to move freely, coaxial nozzles were developed. The coaxial-
discrete setup feeds the powder into the melt pool via multiple channels (usually 3 or 4), which
focus the streams of powder to the melt pool. These channels are placed radially around the
nozzle outlet, allowing sufficient quality of deposition in all directions. These nozzles ensure
high productivity while maintaining a wide range of movement.

The coaxial-continuous nozzle setup delivers the powder to the melt pool via a thin space
between two conical surfaces. This nozzle delivers powder uniformly among the whole
circumference of the outlet, ensuring great stability of the process in all directions. They are
widely used for their high efficiency. They have also the strong advantage of a small area of
powder focus, which allows more precise deposition. However, this design comes with the
drawback of higher cost resulting from the more complex geometry. Also, continuous nozzles
are the most sensitive to working angles, since the inclination of the nozzle changes the
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direction of the gravity vector and therefore influences the distribution of the powder across the
nozzle outlet. [90]-[92]

m coaxial-continuous coaxial-discrete

5mm

good accessibility small powder focus (less robust and suited for
direction dependent than 100 mm possible) 3D-cladding

Fig. 10 Powder feeding nozzles [87]

The resolution of the print, similarly to SLM, is mostly affected by the laser spot diameter,
which can vary from around 0,5 mm — 1,5 mm [93], [94]. The maximum part size varies for
different process environments. For enclosed machines, the workspace is usually well defined
and goes up to 1200 mm x 800 mm x 800 mm in the Magic 800 machine from AddUp Inc.
(BeAM) [95]. However, external systems are commonly used, where the work nozzle is
mounted on an industrial robot arm which allows more movement freedom. This is especially
beneficial for processing large parts such as turbine blades or long shafts.

Multiple gases are usually present in the process. Just like other welding processes, a shielding
atmosphere needs to be deployed to prevent oxidation and other undesirable reactions during
the melting. While some processes take place in enclosed chambers filled with inert gas (or
vacuum in case of electron beam melting), a more common, and cost-effective method is to
deliver the shielding gas locally to the area of melting, using channels inside the printing nozzle.
Optimizing the amount of shielding gas used has a strong impact on the quality of the deposited
material. Secondly, a carrier gas is used to drag the powder through the delivery system to the
nozzle. It is responsible for accelerating and injecting the powder into the melt pool. The
interaction of both gases with the powder directly influences the powder distribution in the melt
pool [91], [96].

The gases used are in most cases argon and helium as the shielding and carrier gas respectively.
The use of nitrogen as shielding gas is often feasible for its lower cost, however, its reactivity
with the processed elements needs to be considered. Especially alloys containing Titanium,
Niobium, or Vanadium are prone to undesirable reactions with nitrogen. Alloys like Inconel
718 or Ti6Al4V are therefore incompatible with nitrogen shielding. Helium is a good
alternative, considering its inert properties. However, since the amount of shielding gas needed
during the process can be rather high (7-15 I/min [91]), cheaper argon is usually a more
favourable option. However, helium has, in comparison to argon, lower density and therefore
overall better dynamical properties. This ensures smoother fluid flow, which is why it is usually
preferred over argon as the carrier gas in the powder delivery system [96], [97].
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2.3.2 Benefits and applications of LMD

Besides building whole functional parts, LMD is known for its ability to repair damaged parts.
This is usually performed by building up several layers at the desired location, which adds
enough material, from which the final geometry can be machined and finished. Conventional
welding in such cases is often not feasible, because of the high energy input which might cause
part distortion and typically creates a large heat-affected zone around the weld beads. LMD
overcomes these problems with its fast laser exposure, which usually leads to smaller melt-
pools and lower impact of the heat input on the joint area [98], [99].

Another aspect that makes this technology advantageous for repairs is its flexibility in terms of
geometry. Unlike SLM (PBF), the layers do not need to be deposited in a plane, since the nozzle
(welding head) can move in multiple axes relatively to the workpiece. Non-planar layers are
therefore manufacturable. All these benefits also come to the fore when creating coatings of
different thicknesses on surfaces of various geometries. Typically this is used for simple parts
such as drive shafts but is often used for parts with complex geometry like turbine blades [25],
[98]-[101].

Besides altering the geometry, this ability of LMD is also used to create coatings with different
properties. Layers of materials with different compositions are often deposited as protection
from the work environment [25]. The deposition of porous coatings has also been investigated,
and used to create biocompatible features on the surfaces of implants [102], [103].

Thanks to continuous powder delivery from the powder hoppers, LMD has the option to mix
different materials in-situ and change the material composition during the run of the process.
This allows creation of functionally graded materials for different purposes. However, different
material compositions are usually sensitive to changes in the process parameters, and therefore
require extensive parameter development and control, in order to be printed properly [104],
[105], [105], [106].

A significant benefit of LMD is the ability to print material on parts, that have been previously
processed. Together with good automatization, this allows the integration of the technology
into existing manufacturing cycles. A good example of this is hybrid manufacturing solutions.
These usually consist of a multi-axis machining machine with an integrated LMD work head.
In such machines, the additive process can be included in the CNC program, either prior to or
after machining, or even in between individual machining cycles [103]. But this attribute of
LMD can be beneficial even without integration into hybrid systems. Besides repairing and
renewing original geometries, LMD can add material to simple-shaped prefabricates to create
more complicated geometries, that would otherwise require costly resources. An example of
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this could be switching to cut-outs from sheet metal and adding features with LMD which saves
the stamping tool wear and allows easy change of the knife contour [107].

Fig. 11 Kitchen knives that used to be stamped [107]

Compared to other metal 3D printing techniques, DED techniques usually have the fastest build
rates, making them attractive in terms of integrating into the large-scale manufacturing of
products like car or plane parts [108].

2.3.3 LMD parameters

One of the main process characteristics are the properties of deposited beads. These can vary
based on the type of nozzle, material, laser power, deposition speed, and many other variables.
Generally speaking, larger beads are associated with higher productivity, while smaller beads
with higher accuracy. However, research papers have been presented, which show, that
efficiency and accuracy can go hand in hand [88]. Other properties, such as resulting part
density, porosity, microstructure, or residual stresses are also of high interest.

Similar to the SLM process, depending on the depth of understanding, the number of parameters
influencing the process can get very high. Although the process is overall more robust than
SLM, there are other variables that need to be considered. Factors such as powder flowability
and nozzle working angle can strongly influence the results even though they are usually
considered secondary control variables [20], [92]. There are, however, several parameters that
are believed to influence the process significantly more than others:

e Bead dimensions — h, w: The cross-section shape and dimensions (height and width)
are complex parameters that directly depend on other process variables. Nevertheless
they are sometimes used to characterize the process as they directly affect other process
characteristics, such as deposition rate and deposition strategy, as the bead height
defines the layer thickness. They also determine the maximum resolution of the print
[80], [109].

e Laser power - P [W]: Laser power is one of the most important parameters in LMD
process. The amount of energy delivered by the laser is responsible for the welding
regime and dimensions of the weld bead. Conduction regime is often sufficient, since it
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provides enough penetration thanks to overall larger melt pool [110]. The size of the
melt pool for a constant laser spot diameter is also affected by the laser power, especially
in cases of low power processes [111]. The laser power of LMD machines can go up to
8kWw [112].

e Laser spot diameter - d [um]: The laser spot size together with laser power defines
the overall energy density. It is the most influential factor affecting the melt pool size,
and therefore print resolution. The challenge in maintaining constant spot size is control
of the distance between the nozzle and the bulk surface [90]. The range of laser spot
diameters is usually from 0.5 mm to 3.5 mm [111], [113].

e Deposition speed - v [mms]: Besides laser power, the speed of the nozzle movement
across the build surface is considered one of the main process parameters. It directly
affects the deposition rate, but also the melt pool behavior and therefore the overall weld
bead quality. High deposition speed ensures short exposure times, resulting in higher
cooling rates and small heat affected zones. Slower deposition rates on the other hand,
are sometimes related to larger melt pools and weld beads, resulting in high
productivity. Works have been presented studying the influence of deposition speed on
properties such as microhardness [114] or surface finish [115]. However, the resulting
quality comes down to the stability of the melt pool and solidification characteristics
[79], [116], [117].

e Powder feed rate [g/min]: The amount of material delivered into the process needs to
be controlled with respect to the other process factors and conditions. For specific
conditions, the range of feed rates is usually rather small. Too high feed rates can lead
to insufficient melting of the powder resulting in bad connection to the bulk material or
inclusions in the resulting part. It may also be uneconomical as the ratio of delivered
material to effectively used material rises. On the other hand, too low feed rates can lead
to excessive unused energy, which makes the melt pools bigger and less stable, with the
possibility of evaporation or undesirable keyhole effects [79], [102].

¢ Shielding gas flow rate [I/min]: The purpose of shielding gas is to protect the process
from undesired reacting with the process environment (mainly oxidation). In cases of
closed process, the whole process chamber can be filled with the protective atmosphere.
However, the shielding gas is more commonly employed locally from the work nozzle
directly into the welding spot. Besides protection, the volume and velocity of the gas
can also affect the weld bead properties, such as its shape or porosity. The amount of
gas used is usually higher than the amount of carrier gas. Effect of shielding gas flow
rate ranging from 0 Imin™ to 90 Imin* have been investigated [118], however more
common values vary between 5 Imintand 12 Imin [91], [96], [97].

e Carrier gas flow rate [I/min]: The carrier gas is responsible for delivering the powder
material through the channels into the melt pool at desired speed and rate, whilst
protecting it from oxidation on the way. Depending on the delivery system design, the
carrier gas flow rate determines the impact velocity of the powder, as well as its
distribution and therefore efficiency of the process [96]. The rate of the carrier gas flow
usually varies from 2 Imin™ to 6 Imin™ [116], [118].

e Track overlap [%]: The overlapping ratio of the neighboring weld tracks is of
importance not only because of sufficient metallurgical bonding, but affects also the
resulting structure and porosity [119]. Overlap too small might lead to insufficient
remelting and porosities at the weld bead boundaries, whereas overlap too high might
result in overheating and instability of the process [79].
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e Deposition strategy [-]: Deposition strategy is a complex factor that determines the
arrangement of the weld beads as well as the order and direction of their deposition.
With the geometrical complexity of the part rises the importance of choosing the right
strategy, as it is often a decisive factor for buildability of the part. Although general
rules can be followed, such as changing the bead direction in every layer in order to
eliminate anisotropy and residual stresses of the material, a proper choice of deposition
strategy requires significant amount of experience [60], [77], [120], [121].

Complex parameters similar SLM (equations (1) and (2)) are sometimes also used for LMD to
estimate the power input to the process [110].

Fig. 12 Surface of the deposited material for two different parameter sets [88]

2.3.4 Defects and challenges in LMD

Defects and anomalies typical for LMD bring a more complex group of challenges than SLM
or conventional welding, while sharing a lot of similarities with them. In case of density and
porosity, the challenge is the same as with SLM but on slightly bigger scale. Introducing gas
porosity in the bulk is even more likely to happen, as the gases are being blown directly into
the melt pool area. The Lack of fusion defects on the other hand are less likely to happen, as
the penetration is usually significantly deeper than in SLM. Inclusions and non-melted particles
may also end up in the bulk material during deposition, causing similar threat to those occurring
during the SLM process. Challenges shared with laser welding are mainly residual stresses,
shrinkage and development of heat affected zones [102], [122].

Very significant area of problems are geometrical issues. Depending on the process
characteristics, the deviation from the nominal geometry can vary a lot and usually stands as a
reason for necessary postprocessing machining operations. Besides the tolerance issues, other
specific geometric deviation can occur:

Non-uniform layer thickness

Although an optimized the process is usually suited for a constant layer thickness, the real layer
thickness for one set of parameters may vary throughout the print job. This is caused mainly by
the change of heat transfer, as the base plate usually serves as a heat sink. This causes the earlier
layers to be cooled more effectively, creating higher beads. In the latter layers, the heat transfer
rate decreases, the part heats up and the solidification rate drops, causing the welds to be broader
but thinner in height. Proper process monitoring, as well as implementing support structures to
create heat flow routes are possible ways of mitigation [122], [123].

Edge effects
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Edge effects mean mostly material overlay or underlay (lifting or falling) which occur at the
beginning and end of the weld track, or at a point of abrupt process direction change. Their
cause may be in local parameter change, as well as in local change in thermal conductivity
(edges in general). If stacked over multiple layers, this anomaly may have significant effect on
the resulting geometry accuracy and can lead to process failure. Therefore it is important to
choose proper scanning strategies and prevent part overheating [122], [123].

Residual stresses and distortion

The thermomechanical nature of the manufacturing process induces fast cooling rates, non-
equilibrium solidification and therefore inevitably also residual stresses. During the building
process, the heat-induced distortion is partially mitigated by strong connection to the base
platform, maintaining correct dimensions. However, depending on the part geometry and
orientation, the whole part or its features may deform, or even induce cracking and delamination
of layers. This typically occurs at the part — base plate interface, or in the region of separate
layer boundaries. The thermal history of the part manufacturing often dictates the means of heat
treatment in the postprocessing. Besides heat expansion itself, depending on the material the
part may undergo additional volume changes due to crytalographic changes during phase
transformation. This often results in shrinkage [121], [122].

A popular approach to reducing of residual stresses is preheating of the substrate or process
chamber in order to reduce the cooling rates. Different scanning strategies may also result in
different distribution of residual stresses, possibly mitigating their impact by alternating the
orientation of stress fields [77]. However, in most cases an additional heat treatment is
employed either way, as a common step of the postprocessing.

Porosity, cavities and inclusions

The mechanisms of introducing cavities and inclusions of different types into the substrate
during the manufacturing are close to identical to the ones in SLM technology discussed above,
as well as their effects on the resulting part [123]. Thanks to the powder-stream based nature of
material delivery to the melt pool, an additional challenge pose the danger of particle clusters
occurrence. Under specific conditions, these may remain not melted completely and act as a
large stress-concentrating defect. Parameter optimization can usually lead to porosity reduction,
possibly reaching bulk densities over 99,5% [122].

2.4 Defect control and examples

3D printed metal components are usually investigated by conventional means of destructive
testing, using optical microscopy (OM) and scanning electron microscopy (SEM) of different
sections of the part, as well as the fracture surface after destructive testing (fractography).
Especially beneficial for 3D printed parts are non-destructive methods, such as X-ray computed
tomography (CT), as they can effectively investigate and evaluate single parts. CT is especially
useful for parts with internal geometry, that needs to be controlled. Other methods such as the
acoustic emission method have also been used in experimental works to investigate internal
geometry [124].

Examples of results for different defect control methods are shown in the following figures.
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(c) CT slice at height of 0.6 mm (d) CT slice at height of 5.2 mm (e) CT slice at height of 8.9 mm
Fig. 13 Porosity in cubic specimen AlSi1l0Mg by CT [125]
a) ¥ ‘ b) :
; . Irregular Porosity (lack of fusion)
Round Porosity . i
LK @ Unmelted powder

Fig. 14 Optical microscopy of porosities in IN718 specimen [71]

Fig. 15 Examples of porosity at the melt pool boundaries in IN718 specimen, left: SEM, right: OM [71]
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Fig. 16 Single track formation for different parameters [126]

Fig. 18 Inclusions in the fracture plane [128]
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2.5 Joining dissimilar materials

As mentioned earlier, both 3D printing techniques discussed in this work share a lot of
similarities with the process of laser welding. Welding as a way of joining materials is of great
importance in almost every industry. Its ability to join parts of different shapes and sizes is an
essential prerequisite for the construction of large products, such as bridges or vehicles.
Complex design these days, however, requires not only combining parts of different shapes but
also of different materials. Welding together parts of different chemical compositions is called
dissimilar welding. This technique can be very difficult, as the chemical difference between the
materials often causes different behaviours under the welding conditions. These must be
carefully adjusted to suit both of the weld materials, which can be extremely hard to achieve
[129].

Traditionally both fusion welding (laser, electron, arc, etc.) and solid-state welding (friction,
explosion, ultrasonic welding, etc.) are used to join dissimilar metals. Both of these groups
suffer from specific disadvantages, with the common ones depicted in the figure below:

Issues common to fusion and conventional solid-

state flding
'l A\
Differences in Differences in Differences in
melting point thermal thermal
expansion conductivity

Issues unique to fusion welding

4 N\
Porosity and Significant amount of brittle
high residual phase formation, its shape,
stress size, and distribution®

Fig. 19 Disadvantages of conventional welding techniques for dissimilar materials [130, p. 1]

Generally speaking, dissimilar welding is achievable with metals (alloys) that have good
solubility in each other and a reasonably small difference in melting temperatures. It has also
been shown, that solid state welding is a more feasible method since it usually does not require
melting of the materials, which helps eliminate problems such as brittle phase formation [130].

Another problem comes with the difference in thermal expansion, and that is both during the
welding process and under working conditions of the final part. This difference causes stress to
be induced on the joint, which can lead to lower fatigue strength. To reduce this effect, a filler
material is used, which has a the thermal expansion coefficient closer to the weaker material.
This moves the line of thermal stresses to the side of the stronger material. Similarly, in the case
of different melting points, the use of filler material shall be considered. The solidification and
contraction of the materials affect the side with the lower melting point, which solidifies later
and therefore inconsistently with the other material. This problem can often be eliminated by
the application of the filler material on the strong material side prior to joining the sides
together, which reduces the melting point differences during the actual welding [131].

Joining workpieces made by 3D printing differs for both technologies discussed. LMD is very
close to actual laser beam welding with filler material, which allows it to create both simple
welds as well as whole areas of complicated connecting areas. Another technique is building a
whole new part on a previously manufactured surface. One of the advantages of such a method
is the freedom of the shape of the interface, where solid-state welding methods (e.g. FSW) may
be insufficient. Another advantage is the possibility to change the chemical composition of the
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weld gradually along the connecting area [105]. In the case of the SLM technology, the idea
remains the same, but without the advantages above - the material is usually fixed and the
connecting area can be only planar. Another benefit, that both technologies share in this method,
however, is the possibility of combining complex geometries suitable for 3D printing with high
volume parts, that can be cost-effectively manufactured by other means of fabrication.

To reduce the stresses induced in the joint by the dissimilarity of materials, many works have
been presented dealing with creating functionally graded joints using the LMD technology
[104]-[106]. The usual approach is to gradually change the weight ratio of the two printed
materials across several layers. While mostly successful, the observations show, that it is hard
to completely eliminate problems such as brittle phase formation. On the other hand, it was
shown that using the various advantages of graded materials is possible, such as controlling the
hardness [105] or wear resistance [104] in specific areas of the part.
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3 Design of Experiment

3.1 Methods of DoE

Design of experiments (DoE), also known as experimental design is a set of methods used to
explain processes using mathematical statistics. It is often applied in technical, medical, and
other fields in the early stages of the development of a new product or method. Applying DoE
techniques helps describe the relations between the process inputs and their responses. It also
allows the estimation of the best operating conditions. Its usual purpose is to intentionally
change one or more process variables in order to observe how this change affects one or more
response variables. The procedure helps planning experiments in such a way that they provide
objective results of various complexity [132], [133].

The benefits of DoE can be expressed by comparing it with its alternatives. For problem-
solving, where we try to investigate a specific (optimal) response of a process, the most
fundamental method is the trial and error approach. Regardless of the number of factors
affecting the process, this method consists of multiple trials with randomly chosen values of
input variables. The goal is to run trials of different combinations of values until the
experimenter gives up or succeeds. The optimal or the best result is usually picked from the
separate responses. This approach is usually successful with simple problems and games and is
also often used in situations, where the experimenter has little knowledge of the studied area.
Its main problems are randomness and a high chance of completely missing the appropriate
experimental region, as well as its inability to investigate multiple factors at once [134], [135].

A more structured approach to investigating the effect of a certain variable on the output is the
“one factor at a time” (OFAT) or “change one separate factor at a time” (COST). This method
changes one factor (independent variable) while keeping the other factors constant (control
variables). The change is usually systematic so that the resulting response can be easily
represented (e.g. in a graph). By running this method in the same way for a certain number of
times for each of the factors, it is possible to get a fairly good idea of how each of the separate
factors affects the process. It is a simple and intuitive problem-solving method that can lead to
very useful results and in specific cases can even predict the process response outside of the
experimental region. Its main drawback, however, is that it does not consider that the variables
can affect each other. Therefore, the desired optimum of combinations can lie at a vast distance
from the trialled setups, and no accurate prediction of the process outside the tested values can
be made [133], [135].

These problems can be solved by using a set of statistically designed methods, which is DoE.
The goal of using these methods is to perform a finite number of trials, and from their responses
then extrapolate an acceptable prediction for a much wider range of combinations of factors,
usually in the form of a regression model. The complexity of the model depends on the number
of factors and their levels, as well as on the method used. The desired outcome is a statistical
approximation of the results (a function of the factors) with acceptable variance, which can
predict all possible responses inside the experimental region.

The complex process of designing an experiment usually starts with defining the problem and
selecting the factors. As there may be multiple factors investigated at a time, there may also be
multiple responses measured. The selection of the factors, for example by comparing their
impact on the response, can be made using the DoE methods, but requires significant amount
of professional insight into the problematics. After selecting the factors and their levels, the
experimental region is roughly defined as the space in between the factorial points, i.e. points
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of combinations of the separate levels of factors. This region can be further adjusted, if a
curvature of the region is identified [132], [136].

For example, a graphical demonstration of the experimental region for two factor — two level
design is shown in the figure below. In this case, the two factors are temperature and pressure,
with levels 190 °C and 210 °C, and 50 MPa and 100 MPa. In this case, axial (star) points are
also introduced to adjust the curvature of the experimental space.

210%, 50MPa 214.1°, 75MPa (axial point) 210°, 100MPa

200°, 35.6MPa (axial point) 200%, 110.4MPa (axial point)

190°, 50MPa 185.9°, 75MPa (axial point) 190°, 100MPa

Fig. 20 Example of the central composite design with two factors and two levels [137]

For three factor — three level design the space would take the shape of a three-dimensional cube.
The central points and factorial points define the experimental region for a full factorial or
fractional factorial designs. By introducing the star points, a central composite design (CCD) is
created [137].

Subsequently, the table of trials can be made, experiments performed, and a resulting regression
model created. However, since the model is just an approximation, it is good practice to
examine its quality. Usually, this is performed by analysing the residues — the differences
between the model and the actual measured values. In an accurate model, these should normally
be distributed around the theoretical value and their variance should be constant. This validation
is usually performed by Graphical Residual Analysis, which illustrates well a broad range of
aspects of the relationship between the data and the model. Numerical methods, such as
ANOVA or Lack-Of-Fit Test also play an important role in validating the model, however, they
tend to be narrowly focused on a specific aspect of the relationship between the model and the
data [132], [136], [138].
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3.2 Project use case

For the AdditivePeen project, surface quality of parts manufactured by additive manufacturing
treated with Laser Shock Peening technology is meant to be investigated. Large part of the
preliminary research consists of characterization of mechanical properties of the printed
materials.

As one the drawbacks of AM technologies is poor fatigue, the project aims on improvement of
the crack growth propagation. However, besides that, other properties such as strength and
ductility need to be investigated as well. This entails testing and evaluation of samples
manufactured by different technologies, and comparing their properties to identify the influence
of each specific technology.

A specific component needs to be developed and produced in the framework of the STREAM
project. This should be a hot-forming tool for automotive sheet metal parts. This tool’s main
attribute are conformal cooling channels, which are difficult to manufacture by other means
than additive manufacturing methods. To utilize the potential of 3D printing the most, an
approach of combining two materials and two technologies was suggested.

The base part of the tool was designed to be printed with SLM technology and the material
C300. The fine and geometrically complex conformal cooling channels are created in this part,
for which SLM technology is more suitable than other AM methods. On top of this base, a layer
of the material TS700 will be deposited to create a contact, working surface. Since the starting
surface for this deposition is not planar, LMD technology will be employed. The goal is to
ensure proper metallurgical bonding between these two parts, creating a uniform part suitable
for the hot-forming process.

Fig. 21 Hlustration model of the tool with conformal cooling channels
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Fig. 22 Wireframe model of the tool with conformal channels

Before manufacturing, the materials need to be specified, and their process parameters have to
be specified. The parametrization of each material and technology requires exhaustive testing
and statistical evaluation, where a number of representative samples need to be manufactured
and investigated. The results of this evaluation should be an optimized window of parameter
sets, according to which a final reliable component with the desired properties can be
manufactured.

3.2.1 Hot-forming tool requirements

During hot-forming, which is most commonly drawing, stamping, or punching, a blank part is
heated above austenitization temperature, then transferred from the furnace to the tool, where
it is pressed (shaped, formed) and cooled at the same time. Rapid cooling causes structural
transformation in the material, improving material strength and hardness. Several factors affect
the result of this process, including holder force and hardening time [139]. The process
temperatures and cooling have the most significant effect on the result of this type of forming.
While the lower forming temperature is usually limited by the solvus temperature of austenite,
the upper forming temperature depends on the capabilities of the processing setup. A higher
forming start temperature has been shown to increase the volumetric share of martensite,
resulting in higher strength and hardness. It also hinders the risk of springback due to elastic
deformation and distribution of residual stress [139]. On the other hand, high forming
temperatures increase the thermal load on the dies, possibly increasing their wear and
shortening their life. Therefore, choosing optimal forming temperatures and cooling is of
utmost importance when designing hot-forming tools [139]-[141].

The desired properties of a hot forming tool are therefore thermal stability at high temperatures
and good heat dissipation ability. A low coefficient of thermal expansion, crack propagation
resistance, and notch sensitivity are also of high importance. Needless to say that none of these
properties matter, unless the material can reach high hardness and wear resistance to withstand
the harsh hot forming environment [139], [141].
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3.3 Materials used

Virtually any material, that can be processed into powder of suitable properties, can be used in
SLM technology, including materials that are conventionally hard to weld [24]. However, in
common situations, the printability of material relates a lot to its weldability, as the principles
of metallurgical bonding are similar. Carbon in steels plays an important role, as its higher
content responds poorly to the steep temperature gradients. Brittle phase formation and cracking
is a common issue, which is often partially mitigated by preheating the part, but since this is
often complicated, users of 3D printing machines often prefer to avoid high carbon materials if
possible [142], [143]. This narrows down the range of materials commonly used, especially the
group of steels. A further selection of materials usually comes down to those, for which the
machine suppliers offer optimized process parameters.

Materials for the project use case were chosen taking this fact into account, as well as other
criteria, such as powder price and availability. Also, the compatibility of the materials had to
be considered in terms of mutual solubility or structural similarity.

A tough and stable material was required for the forming tool base, so maraging steel C300 was
chosen. However, it does not reach the hardness and tribological properties needed for the
contact surface of the hot-forming tool. It is also a material commonly processed by various
powder 3D printing techniques and therefore the literature about it is quite relevant.

Hard material with good thermal properties was required for the contact layer deposited with
LMD. Originally, the advanced material ASP 2012 was suggested, but after further research,
consultation with the powder distributor, and facing certain flowability issues with the powder,
another material was chosen — TS700.

Another material was investigated in the part of the work related to the Additive Peen project,
which was 316L stainless steel. This material is also popular among the users of 3D printers
both for its versatility and good printability.

3.3.1 Maraging 300

Maraging 300 (also referred to as Maraging C300®, Vascomax® C300) corresponds with the
composition of US 18% Ni Maraging 300 or DIN 1.2709, which are equivalent to X3NiCoMoTi
18-9-5, or Vaco 180 [144]-[148]. It is an iron-based high-alloy carbonless material. The main
alloying element is Nickel (w%218.5), followed by Cobalt (w%9.0), Molybdenum (w%4.8),
Titanium (W%0.6), and Aluminum (w%0.1). This material can produce yield strength over
1862 MPa while maintaining great toughness and ductility. Therefore, it is suitable for high
tensile applications, like tooling. Good notch ductility is maintained down to minus 50°C, while
the strength of the material is retained up to 450°C, making it suitable for thermal applications,
e.g polymer, zinc, or silumin moulds. This is also associated with very good crack growth
resistance, for which it is often used in highly demanding environments. (e.g. aerospace) [149].

As the name suggests, it is a grade of maraging steels, which have been around for over 50
years. The marking “C” stands for the main hardening element, which in this case is cobalt. The
numbering 300 indicates the ultimate yield strength in ksi. The name “maraging” comes from
the words “martensite” and “aging”, as they describe the main features of the material [150].
Fine lathe martensite is the stable phase of its microstructure and is responsible for the ductility
and relative softness of the material (around 30 HRC in the annealed state). The final properties
are then achieved by precipitation hardening, i.e. aging of the material. Due to theoretically
zero carbon content, the material hardening cannot be performed by quenching, as with
conventional steels, but rather by slow precipitation of the intermetallic phases, similar to Al-
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Cu alloys. Usually, by heating and holding the material at 482 to 510°C for 1 to 6 hours [151],
the phases start to precipitate inside the martensitic grains, creating obstacles for dislocations.
[127], [152]

The main precipitates are Ni3Mo, Ni3Ti, Ni3Al, and Fe2Mo. The important role of cobalt is
reducing the solubility of other alloys in iron, promoting more precipitates and their even
distribution [153], [154]. Fine distribution of precipitates is desirable, as coarse precipitates
don’t have enough surface energy to effectively stop the dislocations and may act as a crack
growth initiator instead. Coarse precipitates can form when the aging temperature is too high,
therefore cooling the material to room temperature before the aging cycle is the usual approach.
Finer precipitates are obtained by aging at lower temperatures for a longer time. However, aging
the material for too long may cause overaging, which is also accompanied by undesirable
growth of the precipitates. Aging the material at higher temperatures leads to an overall coarser
structure with rising content of reverse austenite, which also decreases the material strength and
hardness [154]. Restoring the smooth austenitic structure is possible by solution-annealing
above 820°C. One of the advantages over other types of heat treatment is it avoiuds high-
temperature gradients, as well as grain phase transformation, ensuring good resistance to
distortion during this process [127], [149], [152], [153].
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Fig. 23 A flow diagram of the heat treatment process of MARAGING steels [155]

Despite the aging process almost doubling the hardness of the material (up to 57 HRC), it is
still considered a relatively soft material in comparison to other tool steels, making it unsuitable
for applications such as cutting tools. Surface treatment methods have been investigated in
pursuit of improving the wear resistance, which showed, that improving the surface properties
with thermo-chemical treatment is in most cases a trade-off for losing the benefits of the original
material. Carburizing does improve the wear resistance, but causes distortions to the material
and worsens machinability, which are both significant benefits of this material. Boriding has a
similar effect, which causes cracking on the surface layer as well. Nitrocarburizing on the other
hand does not have any of these drawbacks, however, the usual process is carried out at high
temperatures (550 to 600°C), which causes overaging of the core material, and therefore loss
of the hardness and strength. Plasma nitriding is the only one which was successful in terms of
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increasing the wear resistance while maintaining the beneficial properties of the material,
although the increase was not as significant as with other methods. The TiN PVD coating have
an additional value, which also showed a significant increase in wear resistance, suggesting the
combination of the two latter processes may be favourable for applications demanding better
abrasion resistance properties [155].

Thanks to properties mentioned together with good weldability, machinability, and dimension
stability, this material is usually used in applications such as die-casting, landing gear
components, transmission shafts or autosport components, ammunition or missile and rocket
motor cases [144], [146], [151], [156].

) -

Fig. 24 Optical microscope images of the 18Ni-300 MS substrate microstructure [157]

This material has been extensively investigated in additive manufacturing. This is due to its
properties, such as weldability and good dimension stability, which are beneficial in the
additive manufacturing process [157]-[160]. The crack growth resistance is also of great
importance since one of the biggest drawbacks of additive manufacturing technologies today
are pores and inclusions in the material. These work as crack initiation points and are the
usual cause of fatigue failure of the material.[127], [149], [152]

3.3.2 TS700

Tool steel Pearl® Micro TS700 is a powder material developed by the company Aubert &
Duval© especially for additive manufacturing applications. It is a precipitation hardening steel
intended for manufacturing of die casting tools and hot work tools. This iron-based alloy
contains mainly Chromium (w%>5.0), Nickel (w%2.0), Molybdenum (w%38.0), and Cobalt
(W%11.0). It is considered a low-carbon steel (max w%0.05). The supplier emphasizes its good
heat resistance as well as ductility, compared to the maraging 300 steel.
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The yield strength of this material after hardening reaches 1430 MPa with maximum elongation
up to 8%. The highest achievable hardness is around 51 HRC. The properties are maintained
even at elevated temperatures, where while kept at 600°C for 100 hours, it does not lose its
hardness. This combination makes the material suitable for hot working applications, while
relatively high ductility hinders crack propagation and ensures higher durability.

As this material is not standardized and the literature concerning this particular material is
scarce, most of the properties listed above are taken from the supplier’s datasheet. This data
also refers specifically to the 3D printed (and hardened) material.

To describe the material a little bit more thoroughly, a similar group of tool steels will be briefly
described. The closest group composition-wise is the Chromium hot-work steels, known as H1-
H19 according to AISI. Specifically, H11, H12, and H13 are the most commonly used hot-work
steels, as their air-quenching ability ensures lower distortion during heat treatment than for
example carbon-tool steels. The content of chromium helps deep quenching up to 150 mm.
Their low carbon content hinders precipitation of carbides which would cause heat-induced
cracking. They reach yield strengths up to 2070 MPa and hardness up to 55 HRC [161], [162].

TS700 shares a lot of properties with them, except for the high content of cobalt. It works as a
main precipitation hardening element, similar to maraging steels, where it helps the
precipitation by lowering the solubility of other elements in iron. This implies the main
difference from other chromium hot-work steels, where the main hardening mechanism is
quenching [161], [163]. As opposed to e.g. H13, this material reaches slightly lower strengths,
with the exchange for thermal stability at higher temperatures.
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Fig. 26 Microstructure of TS700 after age hardening

TS700 was chosen based on a powder supplier’s recommendation for the specific application
(hot forming tools). It is a material that has good thermal conductivity, hardness properties and
oxidation resistance, which makes it a good choice for manufacturing tools with cooling
channels. In addition, it has mechanical properties suitable for tool steel. Its low carbon content
promises good printability without undesirable precipitation and cracking [164], [165].
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Fig. 27 Temper resistance of TS700 compared to other tools steels [164]

3.3.3 316L

AISI 316/316L (UNS S31600/ UNS S31603, DIN 1.4404) is one of the most commonly used
stainless steels. It is a chromium-nickel-molybdenum austenitic stainless steel with excellent
corrosion resistance properties. Its main alloying element is Chromium (w%217.0) followed by
Nickel (w%12) and Molybdenum (w%?2.5). The letter “L” in 316L stands for “Low carbon”,
which refers to lowered content of carbon down to a maximum of 0.03w%, whereas 316
contains a maximum of 0.08w% of carbon. This makes 316L less prone to precipitation
cracking and therefore more suitable for welding, and other thermal applications, with little to
no change in its other properties.
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The material reaches yield tensile strengths of 205 MPa. In the annealed state it has relatively
high ductility of about 60%, which makes it easy to process by most basic forming methods,
such as shearing, stamping, or drawing. It is rather soft, with approximately 80 HRB in the
annealed state. As for all austenitic steels, 316L is not hardenable by heat treatment, as it usually
results in an austenitic structure, instead of hard bainite or martensite. It is however strain
hardenable by cold-working [166]. Surface hardening is also a suitable option [167]. However,
hardness is not the strong side of this material. Its main advantage is its corrosion resistance in
almost all aggressive environments. It is labelled as marine steel, as it is suitable for long-time
applications underwater or in other corrosive environments. Its good finish and abrasion
resistance make it suitable for medical applications, such as medical tools or implants. It is also
used in jewellery, for its durability and biocompatibility. The lower carbon in 316L ensures
mitigation of carbide precipitation and intergranular corrosion, making it even safer for medical
uses. 316 is commonly used for tubing, marine, and other underwater applications [168], [169].

This alloy is mostly paramagnetic, welding and cold working can induce slight ferromagnetism
due to retained delta-ferrite and deformation-induced martensite.
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Fig. 28 Austenitic structure of 316L with residues of delta-ferrite [170]

The corrosion resistance, biocompatibility, and other things make 316L a popular material be
processing by additive manufacturing due to its versatility and suitability for special
applications. Its low carbon content and excellent ductility and fracture toughness make it
relatively easy to print with most powder-based AM technologies [60], [166], [171], [172]. It
is also one of the materials that in the as-built state reaches different mechanical properties than
the conventionally wrought material, as datasheets of additively printed material advertise a
yield strength of more than double [173].
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3.4 Experimental

The first and main experimental part of the present work was the mechanical characterization
of the materials C300 and 316L processed both by the SLM and LMD technology. For both
materials, blocks were manufactured by both technologies using default parameter sets
recommended by the supplier of the machines. Subsequently from these blocks, a number of
tensile specimens were cut out using a conventional milling machine for the contour and an
EDM wire cutter for high precision slicing. Due to the investigation of anisotropy of mechanical
properties, the samples were cut out in three different orientations with respect to the build
direction. Samples manufactured from conventionally wrought materials were also tested for
validation and comparison.

Based on the knowledge gained from this testing, second part of the experiment was conducted.
The goal of this was to create a Central Composite Design for testing of LMD process
parameters. During this DoE a number of specimens manufactured with the combination of
SLM and LMD technology was created, and will be subsequently investigated. The SLM part
of the specimens was printed using the default parameter set recommended by the machine
supplier. The result of this DoE will be an optimal set of parameters for such combined process,
and these parameters will be later used for manufacturing of the specific component — hot-
forming tool. For the part created by SLM the material C300 was used, while for the LMD part
the material TS700 was used, with respect to the final component composition.

For all testing, materials were in the as-build state.

3.4.1 Methods and equipment

The SLM parts were manufactured using the TruPrint 3000 LMF/PBF/LPBF machine. This
machine has a build volume of 3000 mm x 4000 mm and uses a single 400 W fiber laser?.
Laser beam diameter in the focus spot is 280 um. One-sided recoating is performed by a rubber
lip, allowing powder layer thickness from 20 pm to 150 um. The shielding gas used in the
process was argon. The machine uses a system of internally exchangeable build and powder-
supply cylinders, ensuring constant inert atmosphere in the building chamber and avoiding
excessive powder and part oxidation. Additional peripheries of the machine were used, such as
the powder sieving module and depowdering station, that increased the efficiency of the
processes [112].

2 A newer version of this machine model currently on the market already comes with multilaser solution with 2
overlapping 500 W fiber lasers [112].
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Fig. 29 TruPrint 3000 machine [112]

The LMD parts were manufactured using the TruLaser Cell 3000 5-axis laser machine suitable
for LMD, laser welding and two and three-dimensional laser cutting. The travel range of the
axes defining the workspace is 800 mm x 600 mm x 400 mm, with the a work-head rotational
B-axis range of +£135°. It uses an 8 kW disc laser, which is much more powerful than the needs
of common LMD processes as the machine options for cutting and welding as well. For the
LMD processes a three-beam (3-channel coaxial) nozzle SO12 was used, with a powder focus
diameter of 2.5 mm and working distance of approximately 12 mm. The nozzle is water cooled
and therefore needs to be connected to a water supply. The shielding gas used was argon [107].

The powder supply was via a the Flowmotion powder feeder made by Medicoat. This delivery
system consists of two sets of powder hoppers, oscillating conveyors and delivery tubing which
are connected to the work-nozzle module in the machine. The hoppers store the powdered
material and provide a stable flow of the powder onto the supply plate and subsequently the
conveyor. The conveyor is a V-shaped channel which transports the powder to the delivery
tubing. The volume of the powder delivered is given by the amplitude of oscillation. The
construction of the plate and the conveyor secures a constant flow of powder while mitigating
the influence of uneven grain size distribution. The whole system is filled with carrier gas which
helps to accelerate the powder inside the delivery tubing. The system is able to work at an
overpressure of up to 15 bar. The upper limit for the powder flow volume is 60 cm®min, the
lower limit is defined by the least powder flow mass of 0.5 gmin™.
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Fig. 30 TruLaser Cell 3000 machine [107]
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Fig. 31 Flowmotion powder delivery module [174]

Quasi-static tensile testing of the samples was conducted for both experimental parts on a
custom-made MIAMI testing machine, designed by the Laboratory of Experimental Mechanics
at the Inegi research centre in Porto. The load of the tensile specimen was monitored by a Vetek-
2t 2 ton load cell. The work load was recorded using a custom-made software, creating a load-
over-time table in format of .csv. A constant deformation speed of 1 mms was used for all the
tests.
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The machine is equipped with a contact strain gauge, but it was not used for our strain
measurement. To achieve more accurate data collection, a DIC assembly was set up to monitor
the deformation of the sample. This assembly consisted of a Basler Ace acA2500 - 60um
industrial camera, additional illumination and Pylon viewer 6.3.0 software, which processed
and recorded the images throughout the tensile testing at a constant frequency. The image
sequences were processed using VIC-2D 7 software for strain computation. This computed
strain was subsequently synchronized with the load-over-time table using the MATLAB
processor, which enabled plotting of Stress-strain curves (SS curves) for each specimen. These
were further evaluated and compared to characterize the investigated materials and the
technologies.

The fracture surfaces of a selection of the samples were investigated using a Keyence VHX-
6000 microscope. However, this was not sufficient for a full evaluation of the fracture
characteristics, and a more thorough fractography study could be achieved, preferably using a
scanning electron microscope.

motor

tensile crosskhf :

illumination

Fig. 32 Tensile testing assembly

3.4.2 Sample preparation

For the first experimental part, the blocks were printed using default parameters that were
optimized by the machine supplier. The blocks were cut from the build platform using an EDM
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wire cutter. Subsequently, the blocks were positioned in the milling machine according to the
desired final sample orientation (see the schematic below) and the contour of the samples was
machined. Finally, an EDM cutter was used to create the individual parts. For the technical
drawing see attachment nr. 7. For the manufacturing process instructions see attachment nr. 8.

Tab. 1 SLM process parameters

Scanning Layer Hatch Shielding .
Material Laserm' W | oeed thickness | spadng | Gasspeed ?;e;yg
[ns] [um [ud [T
Chesshoard
316 220 700 30 120 21 5x5mm
Chesshoard
C300 223 800 30 120 21 Gx5mm)
Tab. 2 LMD process parameters
laser | Scamning | Powder ot Track | Carmier | Shielding Seari
Miterial | Pover | speed | feed | P | overlap | gesflow | gasflow | T g
M | [ms] | [gnin d | Dnin] | [min ¥
[
6L | 1130 1000 10 3 50 5 12 hidirectional
C300 | 1200 1000 10 3 50 5 12 hidirectional

Fig. 33 Blocks printed with the SLM technology
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Fig. 34 Samples cut out from a block printed with LMD technology in the ,,Z* direction prior to EDM
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Fig. 35 Sample direction schematic

For the DIC analysis, the samples needed to be covered with a speckle pattern. The principle of
DIC analysis is the calculation of the displacement from two images of the object taken before
and after deformation. To do this, the image is divided into smaller areas called subsets. Each
subset is then found in the second picture and its displacement from the original is calculated.
To reliably identify the matching subsets in between images, they need to be easy to distinguish
from one another and unique. Therefore, the speckle pattern needs to be sufficiently fine,
random have a high degree of contrast with the background. To achieve this, one face of the
sample was painted white using a powder-based spray paint, and subsequently covered in a
black speckle pattern using an airbrush gun. This is a common technique for preparing of
samples for DIC analysis [175].
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Fig. 36 Tensile specimen; left: as manufactured, right: prepared for DIC

The second part of the experiment was conducted based on the knowledge gained from this
testing. The goal was to create a Central Composite Design testing of the LMD process
parameters. During this DoE specimens were manufactured using a combination of SLM and
LMD technology, which will be subsequently investigated. The SLM parts of the specimens
were printed using the default parameter set recommended by the machine supplier. The result
of this DoE will be an optimal set of parameters for this combined process, and these parameters
will be later used for manufacturing a the specific component — a hot-forming tool. C300 was
used for the part created by SLM, and TS700 was used for the LMD part, with respect to the
final component composition.

For this phase, combined specimens of C300 and TS700 were manufactured using different
technologies for each part. First, blocks of C300 were manufactured using SLM with the same
procedure and process parameters (see tab. 1) as the parts for the first experimental part.
These were subsequently positioned in the LMD machine and a block of TS700 was
deposited on top of them using LMD technology.

AL I n b (T TR TSmO

Fig. 37 C300 Blocks printed with SLM
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For this deposition, different parameter sets were used according to a DoE table generated for
the CCD. Factors and levels needed to be chosen to create the DoE table of parameter sets.
Laser power, scanning speed and powder feed were chosen as the factors, with three levels
each, based on the importance of different parameters. This created the Three-level Full-
factorial Design. Additionally, star points were introduced to create a Central Composite
Design.

Since no recommendations for the parameters were available from the machine supplier, the
level values had to be estimated based on the experience of the machine operator. Initially, six
parameter sets were chosen in the expected process window and used to print several layers of
the material on a blank part. These deposited layers were observed during the print and
visually evaluated after the deposition process. The result can be seen in the figure below.

Fig. 39 Parameter testing for estimation of CCD levels - side view
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Tab. 3 Parameters picked for estimation of CCD levels

Bc. Matéj Rott

Laser Scanning Powder Laser spat Track Camier gas | Shielding
Run N- Power Speed feed diameter | overlap flow gas flow
\ [rsT] [grin] [ ] frin] | [imine]
1 2000 1000 10
2 1500 750 125
3 1000 1000 10
3 50 5 12
4 2000 1000 5
5 1300 800 10
6 800 750 10

Parameter set 1 showed signs of excessive heat input, as the deposit surface was uneven, the
edges showed severe edge effects and the area of coloration due to HAZ was relatively large.
Set 2 showed a significantly great achieved layer thickness and more promising surface quality.
Sets 3 and 6 showed similar results, where the edges show a low degree of material falling on
the edges, but the individual weld beads are not properly connected on the sides. This implies
the possibility of insufficient melting. Set 4 had to be terminated prematurely, because the low
powder feed caused insufficient heat absorption by the bulk material and the excess reflected
energy might have damaged the machine optics. Set 5 showed similar results to set 2 with a
more even surface and thinner layers.

Based on this observations and machine operator’s experience, the three levels for the Factorial
design were selected as shown in the table below. Axial points were then introduced to create
a Circumscribed CCD by using the formula [176]:

a = (2)025 = (23)025 = 16818 = 1.7 3)

a — axial points level value, k — number of factors

The value of a« was rounded up to give reasonable values for the process parameters. The
resulting values were used to create a DoE table with twenty runs in a randomized run order
using Minitab® [177] software. For the complete DoE table see attachment nr. 1.

Tab. 4 Final CCD values

a=17 Level -a Level -1 Level 0 Level 4 Level +a
Laser Power W 790 1000 1300 1600 1810
Scanning speed [mrsT] 560 700 900 1100 1240
Powder feed [gmin] 575 15 10 125 14,25
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The TS700 blocks were deposited on top of the C300 cubes according to the DoE table. The
C300 cubes were positioned so that the LMD build direction was perpendicular to the build
direction of the SLM cubes, which matches the planned orientation setup of the final
component. The control parameters of the process matched the previous LMD processes (see
tab.2 and tab.3).

The manufacturing process started by setting up the machine and powder delivery system. It
was necessary to calibrate the powder feed before the print. The C300 cubes were placed in the
machine and the nozzle was positioned using a real-time camera imaging inside the nozzle
assembly. After stabilizing the powder flow, the process started depositing the material
according to the program. The default layer height was set to 0,7 mm, but was subsequently
adjusted during the process, according to the real layer height. This was done by stopping the
process after every sixth layer and readjusting the nozzle distance from the surface. These
readjusting procedures took approximately two minutes on average. There was also a five-
second idle time between individual layers to avoid local overheating. The process continued
until a sufficient amount (height) of material (at least 25 mm), was deposited. Depending on
the real layer height for each parameter set, this was between 30 to 72 layers.

Fig. 40 SLM blocks ready for the LMD of TS700
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Fig. 41 Combined block of C300 and TS700 created by SLM and LMD respectively

Tensile specimens were then manufactured from the combined blocks in a similar way as
before. Careful positioning of the parts for the machining was necessary, as it was an intention
to have the material interface, e.g. the edge of the original C300 cube, in the middle of the area
of interest. The parts were numbered according to their run order for identification and also to
indicate, which side of the sample is made out of which material (see attachment nr. 8).

Lastly, the samples were again painted white and covered with a speckle pattern for the DIC.

4 Results and discussion

The tensile testing resulted in a series of tensile diagrams (SS curves), from which certain
material characteristics were expressed. The main focus was on evaluating and comparing the
material ductility, e.g. ultimate strain at failure, and ultimate strength of the material to
investigate the differences between both technologies. Determining the yield strength was not
a purpose of this work, but it would be most likely determined as Rp0,2, as it was not clearly
distinguishable in the diagrams. The values of ultimate stress and Strain at failure were further
compared using bar graphs.

4.1 316L results

Examples of the resulting SS curves and corresponding fractures are shown below, as well as
examples of the fracture images from the light microscopy. Complete data including measured
values are listed in attachments nr. 2, 3 and 5.
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Fig. 42 SS curves of 316L SLM X-direction samples with fractures
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Fig. 43 SS curves of 316L LMD X-direction samples with fractures

62



University of West Bohemia in Pilsen Diploma thesis, academic year 2021/2022
Faculty of Mechanical Engineering Bc. Matgj Rott

Department of Machining, Additive Technology and Quality Assurance

Fig. 44 Fracture surface of a 316L SLM Y-direction sample
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Significant dissimilarities were observed between the two technologies for 316L. Besides the
obvious difference in ultimate strength, the SLM specimens also exhibited more even necking,
which occurred only in one place, where it eventually resulted in failure. On the other hand, the
surface of the LMD samples deformed unevenly at random places on the specimens, especially
on their sides. Although the fractures look in the end very similar to the SLM samples, they
were hard to predict and caused more variation in the ultimate strain. The effect of surface
coarsening was most severe for the LMD X-direction samples.

316L UTS Comparison
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Fig. 46 316L Ultimate strength comparison
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Fig. 47 316L Ultimate strain comparison
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Tab. 5 Comparison of average resulting values for 316L

316L Mean UTS [Mpal] Mean strain at failure [%] Mean Young's modulus [Mpa]
SLM X 636.26837 45.97 135055.0638
SLM Y 637.61950 60.04 248352.3307
SLM Z 556.57367 93.99 121710.5292
LMD X 524.93523 34.72 107780.9754
LMDY 497.60980 48.27 115194.1833
LMD Z 493.37155 52.88 131654.5071
Milled (conventional) 652.30127 77.69 137860.1287

The fracture imaging showed the significant uneven deformation of the samples. It also showed,
that the SLM samples exhibited a greater reduction of the area, which corresponds with the
overall higher ductility. Inclusions of around 15-30 um were observed in the fracture surface
of the LMD samples, while the SLM and conventional samples did not.

After the testing and evaluation, the following conclusions were made:

e 316L performed better in SLM than LMD technology for both ultimate strength and
strain at failure. This may be due to uneven necking of the LMD specimens during the
tensile testing, which was probably caused by a coarser weld bead structure. Also, high
energy input may introduce the formation of brittle phases at the grain boundaries,
further weakening the material.

e 316L showed slight anisotropy in terms of strength, where the Z-direction performed
worse overall than the other two directions. At the same time, 316L showed significant
anisotropy in terms of strain, where the Z-direction showed the highest ductility. This
contrast implies, that the anisotropy is most likely caused by the different grain
orientations, while brittle phase formation had a lesser impact, as it would be expected
to lower both strength and ductility in the Z-direction.

e 316L showed relatively consistent results, both for stress and strain measurement. The
SS curves varied for both technologies — while the LMD samples were closer to the
conventional material, the SLM samples exhibited higher yield strength and different
strengthening curve shapes. The SLM Z-direction samples differed the most, with the
highest ductility but very little deformation strengthening.

e Results showed that the as-built 316L achieve the property values of conventionally
wrought material and that the build orientation can trade-off the ductility for higher
strength. The SLM samples had on average 93.50% of the strength of the concentional
material, while the LMD had on average 77.5%. Their fractures were of irregular shape,
mostly plastic with significant necking.

4.2 C300 results

Examples of the resulting SS curves and corresponding fractures are shown below, as well as
examples of the fracture images from the light microscopy. Complete data including measured
values are listed in attachments nr. 2, 4 and 6.
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Fig. 48 Fracture surface of a c300 SLM Z-direction sample
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Fig. 49 Fracture surface of a c300 LMD Y-direction sample
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Fig. 50 Fracture surface of a C300 SLM Z-direction sample
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e

Fig. 51 Fracture surface of a C300 LMD Y-direction sample
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This material also exhibited differences between the technologies. The main issue during testing
and evaluation of the results was the high rate of premature failures of the LMD samples. Unlike
the SLM samples, the LMD ones often showed irregular fracture shapes without significant
necking. From the recorded image sequences could be observed, that the parts that showed
higher ultimate strains also showed significant necking in the 45° shear region. These
differences were most severe for the LMD Y -direction samples, that showed a lot of variation
in strength, strain and shape of the strengthening curves as well as the whole diagram.
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Tab. 6 Comparison of average resulting values for C300

C300 Mean UTS [Mpal] Mean strain at failure [%] Mean Young's modulus [Mpa]

SLM X 1103.57800 12.05 112299.1433
SLMY 1102.65610 12.27 115303.9135
SLM Z 1091.00924 9.98 101021.6180
LMD X 1449.87486 8.30 146477.4679
LMD Y 1342.89695 8.00 126128.3594
LMD Z 1318.12290 12.82 130734.5116
Milled (conventional) 1004.61060 12.73 78167.6877

The fracture imaging showed significantly higher reduction of area in the SLM samples, which
Is again in agreement with the higher Strain at failure and therefore ductility. Inclusions were
observed in the facture surfaces of the SLM samples of around 20 — 30 um. The LMD samples
showed smaller irregularities. These could be inclusions as well as porosities.

After the testing and evaluation, following conclusions were made:

e (300 performed better in LMD than SLM in terms of ultimate strength, but worse in
strain at failure, while both technologies exceed the strength of conventionally wrought
material. This is attributed to partial precipitation and aging due to increased
temperature during the building process.

e (300 showed little to no anisotropy in the SLM specimens. The LMD samples showed
a slight anisotropy, where the Z-direction shows the lowest strength but the highest
ductility, similar to 316L.

e (300 showed less consistent results, especially in terms of strain measurement. The
results showed many obviously premature failures. Those usually occurred above the
yield point, but caused high dispersion of the results of the strain measurement. A
feasible explanation is that both technologies introduce defects such as pores and
inclusions into the material. Due to low ductility, the material is presumably more notch
sensitive and prone to fail prematurely due to fracture initiation at those stress
concentration points.

e The C300 SS curves for the SLM technology were very similar to the conventional
material, while the LMD exhibited higher yield strength as well as a different character
of their strengthening curves.

e The stable fractures of C300 samples showed a plastic shear mechanism in the 45° angle
to the loading direction, with little to no necking. The premature failure fractures were
of irregular shapes with a brittle character.

e Results showed that the as-built C300 can exceed the property values of conventionally
wrought material with an impact of the building orientation on the resulting ductility.
The SLM samples had on average 109,4% of the strength of the conventional material,
while the LMD had on average 136,4%.
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5 Conclusion

The presented work focused on two different technologies of additive manufacturing —
Selective Laser Melting and Laser Metal Deposition, as well as testing of the materials
processed by them and their resulting characteristics.

The research part dealt with the problematics of metal 3D printing in general. First, its role in
the industrial world was presented. The scope of different metal AM techniques was listed and
also set in the context of the official ASTM standardization system. Further on, the work
focused on the description of SLM and LMD, as they were significant for the framework of the
experimental part of the thesis. Their common principles were discussed and compared. The
metallic powders as an input of the process were briefly discussed, as well as different materials
commonly used for the powder-based AM processes.

Both technologies were then thoroughly described in order to provide knowledge necessary for
understanding the problematics of the experimental part. Phenomena specific for each of them
were identified and discussed. The benefits and drawbacks of each technology were formulated
and compared. Concerning the process development process discussed in the experimental part,
special attention was paid to expressing the importance of specific process parameters and their
influence on the respective process. As material quality assessment of the AM parts is of high
importance, defect formation mechanisms and defect control methods were presented, along
with other relevant challenges. Finally, a chapter regarding joining dissimilar materials was
compiled, as well as a chapter containing a necessary introduction to DoE statistical techniques
and their practical use.

The experimental part consisted of two phases — the first one investigating the differences
between the two discussed technologies using material testing, and the second one dealing with
the preparation of DoE and manufacturing of testing specimens using a combination of the two
technologies.

For the first experimental phase, the testing samples were manufactured, prepared and
subsequently subjected to quasi-static tensile testing using a custom testing machine. A Digital
Image Correlation setup was used for the measurement of the sample deformation and strain to
ensure higher measurement accuracy. The MATLAB computational engine was used to process
the measurement data and create a visual representation of the testing, i.e. tensile diagrams
(stress-strain curves). A selection of specimens was also subjected to light microscopy, which
proved to be insufficient as a tool for fracture surface investigation, but supported the proposal
of using Scanning Electron Microscope Fractography for forthcoming testing. The testing
identified significant differences between the technologies used in terms of as-build material
properties, which were then discussed.

The second experimental phase consisted mostly of preparing the Central Composite Design
with the intention of optimizing the LMD parameters for the manufacturing of a combined hot-
work tool with conformal cooling channels. First the parameter window was estimated in order
to appropriately select the levels for the CCD factors. Then the combined samples and tensile
specimens were manufactured. Due to a delay in a related project schedule, the testing was not
realized in time to include the testing results in this work. However, they will be presented
within the project deliverables later.

A further suggestion is to perform another DoE to investigate samples made in discussed
manner using metallographic methods. This would confirm or disprove assumptions above and
give a more detailed insight into the problematics.
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This thesis fulfilled most of its original goals and is of importance not only for the companies
involved in the project realization, but also for a greater scope of future work focused on
investigation of AM parts and their testing. It also provides comprehensive information about
the benefits and drawbacks of combining the SLM and LMD technologies, and suggests new
ways for their effective utilization in today’s industrial world.
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ATTACHMENT nr. 1

DoE table for the LMD of combined specimens
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ATTACHMENT nr. 2

Table of measured values



Part UTS [MPa] Strain at failure [%] Young's modulus [Mpa]

316L_SLM_X4 638.4129 42.82 127356.4925
316L_SLM_X5 627.9089 47.12 137027.3444
316L_SLM_X6 642.4833 47.97 140781.3544
316L_SLM_Y4 613.4751 69.4 345010.9509
316L_SLM_Y5 642.5306 56.58 224959.587
316L_SLM_Y6 656.8528 54.13 175086.4543
316L_SLM_z4 546.442 105.4 101758.367
316L_SLM_Z5 558.7497 85.23 123794.7859
316L_SLM_Z6 564.5293 91.35 139578.4348
316L_LMD_X1 530.9443 30.58 101057.3015
316L_LMD_X2 544.6448 43.88 89054.9967
316L_LMD_X3 501.8079 29.6 101634.1611
316L_LMD_X5 522.3439 34.83 139377.4424
316L_LMD_Y1 521.4674 46.7 125839.4341
316L_LMD_Y2 491.2208 4064 93158.3161
316L_LMD_Y3 509.7287 56.45 111596.8076
316L_LMD_Y4 490.076 47.68 126306.9514
316L_LMD_Y5 475.5561 49.87 119069.4072
316L_LMD_71 505.1768 49.41 126912.4764
316L_LMD_Z72 506.4359 55.07 195091.6635
316L_LMD_Z3 490.5965 52.1 65346.6303
316L_LMD_z4 471.277 54.94 139267.2582
316L_M5 685.474 89.52 202492.1382
316L_M6 632.4168 72.11 105293.5148
316L_M7 639.013 71.45 105794.7331
C300_SLM_X3 1104.6299 12.86 97184.4727
C300_SLM_X4 1098.3938 11.36 101945.774
C300_SLM_X5 1107.7103 11.93 137767.1831
C300_SLM_Y1 1056.5321 12.43 103954.5897
C300_SLM_Y2 1129.28 10.35 189836.3454
C300_SLM_Y3 1071.9056 12.75 94150.8986
C300_SLM_Y4 1147.4464 12.85 97921.8131
C300_SLM_Y5 1108.1164 12.95 90655.9207
C300_SLM_72 1096.4113 5.62 130683.7739
C300_SLM_z4 1076.3755 11.84 101795.6016
C300_SLM_75 1113.4451 9.73 97715.8711
C300_SLM_Z6 1080.2938 10.76 85099.9914
C300_SLM_77 1088.5205 11.97 89812.852
C300_LMD_X1 1467.1461 13.38 155873.3922
C300_LMD_X2 1430.3973 6.19 142635.5523
C300_LMD_X3 1447.6053 6.97 128702.0303
C300_LMD_X4 1452.9687 7.49 191048.7948
C300_LMD_X5 1451.2569 7.47 114127.5698
C300_LMD_Y1 1567.7157 2.06 204886.5445
C300_LMD_Y2 1333.0482 11 142969.6735
C300_LMD_Y3 1417.7025 7.31 184637.944
C300_LMD_Y4 1233.4707 2.78 12304.102
C300_LMD_Y5 1346.7659 12.8 123806.5649
C300_LMD_Y6 1158.6787 12.03 88165.3273
C300_LMD_z1 1335.9927 5.22 143219.8902
C300_LMD_2Z72 1310.899 13.87 133371.9668
C300_LMD_z3 1330.5058 15.01 136256.6446
C300_LMD_z4 1295.0941 17.16 110089.5446
C300_M1 997.3279 11.86 82845.5986
C300_M2 992.6781 12.85 82951.7033
C300_M3 1023.8258 13.47 68705.7612
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ATTACHMENT nr. 3

Stress — strain curves for the tested 316L specimens
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ATTACHMENT nr. 4

Stress — strain curves for the tested C300 specimens
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ATTACHMENT nr. 5

Fractures of the 316L specimens
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ATTACHMENT nr. 6

Fractures of the C300 specimens
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ATATCHMENT nr. 7

Technical drawing of the tensile specimen
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ATTACHMENT nr. 8

Manufacturing process of combined specimens
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Cotas Max. (Stock) | X: 60 Y: 30 z:27

1_IBARMIA-H530i

R:\Process0s2022\0707_QTL\0707Q75A - AM\PROGRAMAGAO

CNC\MAQUINAGCAO\0707Q75A0BBH_\0707Q75A0BBH_.SLDPRT PROGRAMADO POR: Ana Andrade

Limites maquinagao | Xmax:66 Xmin:-6 | Ymax:21.843Ymin:-21.2 Tempo Total: | 0:05:24
TABELA DE FERRAMENTAS
T2 TD 12MD INOX P=12 Ltotal=90 Lutil=55 EmptyHolder - 20.000 TEMPO: 0:01:01
T3 TD 8MD INOX ?=8 Ltotal=90 Lutil=55 EmptyHolder - 20.000 TEMPO: 0:01:49
T11 HITACHI_2020M_LIGAR AH®=20 RC=2 Ltotal=125 Lutil=10 BT40 MAXIN 20x85 TEMPO: 0:02:33
LISTA DE OPERA(;()ES
Legenda: ap - incremento em Z | ae - incremento lateral | SL- Stock Lateral | SF - Stock Fundo | ZT-ZTopo | ZF - Z Fundo

T Nome da operagdo ZTopo | Zfundo Spindle | Feed Diam RC TEMPO
T2 |TD 12MD INOX Z Minimo de operagdo: 0 S4000 F900 ?=12 0:01:01
T11 [HITACHI_2020M_LIGAR AR Z Minimo de operagdo: -17  |S2864 F9999 @=20 |[RC=2 0:02:33
T3 |TD 8MD INOX Z Minimo de operagdo: -17  [S5000 F900 ?=8 0:01:49

Inserir compensacao do diametro na tabela dos offsets da
maquina em todas a fresas.

Em todas as maquinacoes de ferramentas, para o bloco sair
a cota temos que fazer o zero no lado de baixo do bloco
(lado ja maquinado), subir a cota pedida no desenho e voltar
a fazer o zero maquina.



X-> LADO ESQUERDO do bloco (C300)
Y- ao centro do bloco
Z->na parte de cima do bloco
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