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Abstract

Maraging steels are often used for high temperature applications, like forging dies, casting dies, or
parts which are used in harsh environments. They are based on Fe with a relatively high amount
of Ni (i.e. 17 - 19 %) and were developed for the aero, space and tooling industry. Maraging
steels feature a high strength and toughness, but lack of resistance against wear, which limits their
applications in some areas. Due to the weak tribological behaviour, parts made out of maraging
steel sometimes do not last very long, if they are involved in an abrasive movement.

In this thesis work, the metal matrix of maraging steel MS1 was reinforced with different volume
contents of either vanadium carbide or titanium carbide. The goal was to improve the hardness
values and the tribological behaviour of the created metal matrix composite (MMC). As traditional
manufacturing methods like casting are often not applicable, a powder processing route had to be
chosen. For this, mechanical mixing of the MS1 and the composite material was chosen for the first
step of the process route. After mechanical mixing, the powders were processed with a selective
laser melting (SLM) machine to additively manufacture solid parts. Computer aided design (CAD)
files were used to laser weld contours of the metal powder and layer by layer, parts were built three
dimensional.

The first investigation was about the influence of the initial particle size of the composite mate-
rial. As vanadium carbide has a significantly higher melting temperature, the ability to melt these
particles in a SLM machine had to be analyzed. Furthermore, the tendency of agglomerations due
to Van der Waals forces had to be considered. After performing a Design of Experiments to find the
optimal parameters for SLM processing, specimens with improved hardness were manufactured,
but had some design flaws. To further improve the results and to better understand the effects of
vanadium carbide on the matrix material, different volume contents were analyzed. However, after
these first investigations it was found that solely mixing is insufficient for a homogeneous particle
distribution, which is why mechanical alloying (MA) was performed as a post-powder processing
technique. MA allowed to crack the agglomerations of the carbides and to embed the particles
into the metal matrix material. This processing step was important for the stability of the SLM
process and significantly improved the results. The metal matrix composite system of MS1 and
TiC was the most promising and achieved the best results. A higher energy density 7 improved
the part density and lead to the complete melting of VC and TiC particles, which then solidified
as primary carbides.

While designing advanced materials with metal matrix composites, it is important to under-
stand the phase formations and the mechanical properties of the new material. Several metal-
lurgical, mechanical and tribological tests were performed after SLM processing the mechanically
alloyed powders. To find the optimal mechanical alloying parameters, various milling times were
applied. Afterwards, the morphology and the particle size distribution was investigated. It was
found that the addition of carbides through mechanical alloying can significantly influence not
just the mechanical properties, but also the phase formation. Some chemical transformations were
observed in the VC and TiC particles, which influenced the solidification of the melt and the phase
transformation of the +-Fe into a-Fe. Future scientific work is suggested in the optimization of
SLM parameters for higher part densities and as a result, higher mechanical properties. Electron



backscatter diffraction and transmission electron microscopy could furthermore, help to understand
the microstructures of metal matrix composites.
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Introduction

Inventions become perfect by slow
improvement, and each step is itself an
invention

Josep Jastrow

Motivation and Background

Todays manufacturing plants are more than ever forced to consider the factor ”time to market” to
create products and parts which are financially able to succeed. In some cases it might be reason-
able to exceed planned budgets for research and development just to make sure that a product can
be delivered to the market ”in time” and maybe before a competitor does. To decrease developing
times and manufacturing costs, new processes had to be developed. Especially the production of
prototypes was a time consuming process, which caused high costs during product developments.
The first rapid prototyping (RP) technologies have been invented. These technologies had the
goal to decrease development times and to produce prototypes from computer aided design (CAD)
models. Whereas in the beginning of RP technologies the focus laid solely on design prototypes,
to review the CAD model and their design, these days RP is capable of creating functional parts
with very similar mechanical properties like the final product. Because of an early usage during
product development of rapid prototyping technologies, product recalls, which are not just cost
intense but also bad for a brands reputation, can be avoided.

Another huge demand of todays industry is the possibility to economically produce customized
parts and to manufacture parts which are designed for their function rather than designed for their
manufacturing process. It can be seen that industries are shifting away from mass produced stan-
dardized parts to mass customized parts. In these fields additive manufacturing (AM, or commonly
also called 3D-printing) can show-off it’s core strengths. In traditional methods, such as casting
or subtractive machining, customization of products can not be achieved that easily in most cases.
As the name suggests, parts are additively built layer-by-layer, rather than subtractively removed
from a solid block. AM is a cost effective production technique, which allows a direct production
of complex parts even from lot size one. AM techniques are able to produce nearly net-shaped or
even full net-shaped parts by slicing CAD models into lots of thin sections, which are then passed
to the 3D printer. The printer then produces the desired part layer-by-layer [45,46]. Additive
manufacturing can not just decrease the costs for part production or part development, but also
decrease the lead times, as there is no need for casting molds or tools. Another advantage is the
fact, that AM technologies are producing parts in a more lean-philosophy friendly way than waste-
ful subtractive processes do. In theory, AM technologies have the capability to produce with zero
wastage, because the feedstock material can be recycled. As a matter of fact this consequently
reduces emissions due to a lower amount of feedstock material which has to be produced. In sub-
tractive processes there are often toxic chemicals used for lubrication and/or cooling. These liquids
are not needed in most AM machines as they are working with another principle of manufacturing.

At the time of writing this thesis, the most common AM technologies can be named as fused
deposition modeling (FDM), selective laser sintering (SLS) and stereolithography for the produc-
tion of - or with - plastics and laser metal deposition (LMD), selective laser melting (SLM) and
electron beam melting (EBM) for the production of metals. Each of these technologies works with
a raw material like a wire, a liquid resin, a printing ink, a thermoplastic filament which is extruded,
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a thermoplastic powder or a metal powder which is sintered, respectively molten by a laser or elec-
tron beam. Currently, one of the most promising AM technologies for metals is SLM. Even though
SLM has its roots in a sintering process, these days the technology is able to produce fully dense
parts. Improvements in laser sources, laser powers, focus diameters and feedstock powder morphol-
ogy drastically influenced the achievable part density and surface quality. SLM is a powder bed
fusion technology to manufacture solid parts from metal feedstock powder. The aforementioned
CAD file is sliced and transferred to an SLM printer, which melts the coated powder selectively
with a laser. The resulting melt pool experiences rapid solidification with a very high cooling
rate, which gives this technology some unique metallurgical properties. The main applications for
SLM parts are found in aerospace, dental, medical and tooling industries and it has proven its
capabilities in numerous industries and areas [16,47-55]. Even though some materials and their
according processing parameters have been undergone a lot of research, there are still many mate-
rials which have not been processed yet or need further investigations to achieve higher density or
crack resistance. The complex metallurgical and atomic mechanisms during SLM processing and
the involved heat absorption have a huge effect on microstructures, mechanical properties, cracks,
surface quality, residual porosity and dimensional accuracy. [56-59].

Research Problem and Approach

Every year about 2 billion parts are manufactured in Germany through solid forming processes [60].
Most of these parts are made for the automotive industry and about a third of them is produced
for machinery and industrial applications. 67 % of all these parts are manufactured using solid
forming processes [61]. For the process of forging there are dies used, which should give the final
form and shape to a part. These dies can have a negatively shaped form of the final part, but
might also be designed as a forging inlay for holes depending on the application. The lifetime
of a die is mostly influenced by mechanical, tribological and thermal strains. During the forging
process of complex steel parts, like connecting rods or crankshafts, temperatures are exceeding
1000 ° C and simultaneously, there are huge mechanical forces involved to get the parts into shape.
Because of these influences, some of the most stressed forging dies have a lifetime of less than 1500
cycles [62]. To decrease the costs of the forging process, dies which are lasting longer are desired
by the industry. Ocylok [62] analyzed the possibilities of using LMD to repair or initially weld a
reinforcing protective layer by adding nanoparticular elements. As LMD has its process related
disadvantages in terms of freedom of design compared to the SLM process, in the following study
various powder based alloys for SLM applications were analyzed. The focus was set on materials
not just suitable for forging dies, but which are also used in other industries. Industries like the
tooling, aircraft and oil industry, or the nuclear industry, which uses high strength materials for
the production of enriched uranium, are constantly looking for better and longer lasting materials.
A core technology, beside the additive manufacturing with SLM, in this study is mechanical al-
loying (MA). The process parameters for MA were investigated to produce powders with a fitting
morphology for SLM. As the influence of some of the reinforcing particles and their melt point
significantly influences the melt pool during SLM processing, a design of experiments (DoE) was
used to get adequate parameters for the production of SLMed specimens.

The present study set out to develop new innovative particle-reinforced metal matrix compos-
ites (MMC) based on maraging steel (MS). Maraging steels have superior toughness and strength
derived from precipitations of intermetallic nickel compounds. Maraging steels are used in areas in
which a high strength-to-weight ratio is needed, as it offers an unusual preferrable combination of a
high tensile strength, a good resistance to cracks and a high elongation at break. One of the biggest
advantages of MS is their capability to be machined even at temperatures of up to 500 °C without
warpage. Typically, MS contains about 17 - 19 wt. % of nickel which acts as the main alloying
element and some amounts of cobalt, molybdenum and titanium. Even though the carbon content
is under 0.03 wt. % in most maraging steels, they do not compromise lower ductility levels. The
martensitic phase almost contains no carbon, but it is a supersaturated solution of Ni in a-ferrite.
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MDMCs offer promising mechanical properties, but are limited in their usage with traditional man-
ufacturing methods [12]. Because of these limitations their applications in engineering fields are
limited. In this study a different route was chosen to develop these particle reinforced MMCs. The
powders were mechanically mixed, mechanically alloyed and then processed in SLM machines. The
effects of ball milling and different initial particle reinforcement sizes were analyzed in detail. As
there is a high amount of parameters in SLM that can be changed, it was important to understand
the relationships between the SLM processing, the microstructure and the resulting mechanical
properties, but also the build behaviour of the material. The most important investigation tools
for the reinforcing content and the microstructure were X-ray diffraction (XRD), scanning electron
microscopy (SEM) and electron backscattering diffraction (EDX). The mechanical properties have
been investigated through micro hardness testing, ultimate tensile strength testing, Charpy impact
tests and hot tensile strength tests.

Ideally, materials for forging dies, rocket motor cases, gas centrifugal components and landing
gears for aircrafts have to withstand high stresses. The three main desired characteristics are:

e shape retention
e toughness
e wear resistance

A more specific overview of the most desired material properties can be found in table 1. Of
course, not all of these characteristics can be fully achieved in one single material. For example, it
can be said that toughness has an inverse proportional effect on the resistance against abrasion in
high temperature environments. Furthermore, it can be said that usually a harder material is more
brittle than a softer material as it features a higher ductility. Through alloying elements some of
these properties can be increased, but the potential of classical methodologies is limited. This is
the reason why todays researchers are focusing on MMCs to further improve material properties
and to create advanced materials, which are able to outperform currently available alloys.

Table 1: Characteristics of an ideal material for high performance applications [36]

Requirement mechanical & metallurgical characteristics
. hardness
shape retention strength
ductility

tough . .
oughness resistance against stress from repeated temperature changes

surface hardness

wear resistance

abrasion resistance caused from high temperatures

Scope of the Thesis

Chapter 1 is about additive manufacturing in general. A quick historical background information
is provided and then the selective laser melting process with the laser system and the according
the laser physics are explained. To understand the effects during laser melting, information about
material processing is provided as well.

Chapter 2 talks about mechanical mixing and mechanical alloying, which are powder processing
techniques for metal matrix composites. A historical overview, some physics and a technological
explanation is given.

In Chapter 3 metal matrix composites are explained and examples of other investigations are listed.
The used materials in this thesis work are listed in Chapter 4. Furthermore, the theoretical shift
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of melting points is explained.

To process and to analyze the used materials, several machines and different equipment was used
in this work, which is shown in Chapter 5.

In the Chapters 6 to 10 the scientific research is described. In the beginning, the effects of different
initial particle sizes and different volume contents of the metal matrix composite were investigated.
Some difficulties were found while processing mixed MMC powders, which is why mechanical al-
loying was used as an alternative powder processing route. While Chapter 8 and 9 are about
maraging steel with an addition of vanadium carbide, Chapter 10 was about the investigation of
maraging steel with reinforcing titanium carbide powder.

In the beginning, it was desired to reinforce maraging steel with carbides simply by mechanically
mixing the two powders together and then processing them in a selective laser melting machine.
Metal matrix composite materials should have been produced with outstanding mechanical prop-
erties. Especially the wear resistance and hardness were aimed to be improved. However, the
mixing process had some significant difficulties and drawbacks, which is why the processing route
of mechanical alloying had to be performed. This step, between mixing and SLM processing the
powders, allowed to embed the hard carbide materials into the softer and more ductile matrix
material. Bigger VC particles were cracked into smaller ones and then formed coalescences with
the maraging steel powder.



Additive Manufacturing

I think there is a need for something
completely new. Something that is too
different, too unexpected, to be accepted
as yet

Anton Zeilinger

In this chapter an overview of the current state of the art technology shall be given. In
the beginning some of the historical background is given. The main technology to additively
manufacture metal parts used for this thesis work was selective laser melting (SLM), which will
be described in detail. The technology and its biggest influencing parameters will be explained
and the technique will be compared to traditional manufacturing techniques in terms of impact on
the environment, energy efficiency, microstructure and morphology. Even though SLM is a widely
known process these days, a general introduction will be given.

1.1 Introduction to Additive Manufacturing

As mentioned before, in modern production plants the ”time to market” principle is becoming more
and more relevant. The first additive manufacturing (AM) technologies had the goal to decrease
development times of new products. As the name suggests, additive manufacturing technologies
are creating parts from bulk materials, like powders, wires or liquids by giving them a new shape.
In contrast, subtractive manufacturing technologies start with a solid block and cut the desired
part shape out of the block. One of the greatest advantages of AM is the freedom of designing a
product according to the needs of a customer, rather than designing a product according to the
manufacturing capabilities. These days, AM technologies can provide products with outstanding
mechanical properties and new levels of customizations for customers with a lot size of only one
single piece. The more complex a product is, the better it fits for additive manufacturing. Ad-
ditive manufacturing is also referred to as Rapid Prototyping, because in the beginnings of this
relatively new production method, mainly prototypes were manufactured. And compared to their
traditionally manufactured counterparts, these prototypes were manufactured a lot faster, hence
the name.

The term rapid prototyping describes a fast method of producing prototypes or models with a
CAD model. It allows a much quicker scrutiny of the design and, if there are corrections necessary,
the model can be changed very quickly. Modifications of models prepared for traditional manu-
facturing methods are often very complex and critical, as most products have a complex structure
and a change of the product often leads to necessary changes of other parts and tools. The later
a modification is necessary in the product development process, the higher are the resulting costs,
since these increase exponentially with the degree of product development and become substan-
tially more time consuming. Prominent examples for cost intensive and prestige damaging cases are
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recall actions in the automotive industry. Additive manufacturing can help to identify inevitable
modifications in parts. Prototypes can be manufactured faster and sometimes even cheaper than
traditional methods could. These prototypes can be built as proof-of-concept prototypes, geometry
or functional prototypes, and technical prototypes. But also final production parts are becoming
more and more interesting for additive manufacturing techniques.

The various AM technologies for rapid prototyping, rapid tooling and rapid manufacturing
are powerful tools for modern companies. With these methods, highly flexible products can be
produced and a fast reaction to individual customer demands and requirements is possible. The
technologies are relevant for aerospace technology, military, motor sports, automotive industry,
tools and machine tools, medical technology, dentistry, art and jewellery, consumer products,
household appliances, and many more. Additive manufacturing is the right tool for companies to
keep pace with the constantly changing world market and increasing competitive pressure.

1.2 Historical Overview of Laser and Powder-Bed-Based
AM

The earliest known technique, which can be considered as an additive manufacturing technology,
or at least an approach, was back in the days of the end of the 19th century. Layer-based maps for
topographical purposes were produced layer by layer. In 1951, Otto John Munz invented a system
similar to modern stereolithography technologies. He used photosensitive emulsion and printed
transparent photographs. Then, a system for selective light exposure was used to harden the emul-
sion. The finished part was a transparent cylinder with a 3D image of the desired object [7]. The
first developments regarding powder based technologies were done by Ciraud in 1971 and in 1979
by Housholder. Housholders patent described a layer based system, which used a controlled heat
source for solidifying areas of each layer.

For laser based additive manufacturing, an even earlier important date can be named. Back in
the days of 1926, the Austrian scientist Erwin Schrodinger developed one of the main equations
for todays quantum mechanics. Various modern technologies are based on his equation, like lasers,
scanning electron microscopes and many others. Lasers are essential for most additive manufac-
turing technologies and some machines even use multiple laser sources these days.

In the early years of 1990 selective laser sintering (SLS) of metals was invented and had a
few minor fields in which it was used. A laser source sintered or partially melted metal powder,
which was the only cause for a rapid consolidation. The main problem with this process was the
relatively low density and ductility that was achieved. Today it is still used for thermoplastics,
but the principle is not used for metals anymore. The differences can be seen in figure 1.1, but it
has to be mentioned that the SLS layers are usually bonded very well, but not fully melted. In
the image Klocke [1] tried to show the improvements that were made in the technologies. SLS is a
sintering process, in which the layers and particles are not perfectly melted together. The selective
laser sintering process was improved and refined to a process in which metal powder is not just
sintered, but rather fully melted and this process was them named Selective Laser Melting (SLM).
SLS machines for thermoplasts are still very common and use COq lasers, whereas SLM devices
use high-energy-density fibre lasers, which emit short-wavelength infrared light that is necessary
to melt thin layers of metal powder.

1.3 Selective Laser Melting Process
In this thesis work, selective laser melting was used to fabricate specimens for further analysis. It

is one of the most common techniques to additively produce metal parts during writing this thesis
and it is based on the similar process of selective laser sintering. However, powders in SLM are not
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Figure 1.1: Differences between SLM (left) and SLS (right). [1]
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Figure 1.2: Processing route of additively manufactured parts.

sintered anymore, they are melted completely and rapidly solidified afterwards. Materials available
for selective laser melting are increasing as industries demand ever improving material properties.

Various materials can be processed with SLM. Basically, all metals, ceramics and carbides that
can be molten with the laser and will solidify while cooling down can be processed. In the beginning
of each printing job, there is always a CAD file of the desired part necessary. These CAD files can
be either created based on technical drawings, or on reverse engineered files acquired by computed
tomography scanning, 3D scanning or other techniques. In Figure 1.2 the processing route from
the design to the finished printed product is shown. Usually, a CAD designer creates a CAD file
for the 3D printing process. However, if reverse engineering is necessary, an original part can be
3D scanned with computer tomography to create voxel data, which can then be transformed into
a CAD file or directly triangulated. Triangulation and slicing is the next necessary step for each
file to create a suitable file for the printer. After printing the part it has to be post-processed in
most cases to create a smooth surface and to remove support structure.

1.3.1 Triangulation

As mentioned before, an additive process is the exact opposite of a subtractive process, as parts
are built layer by layer in additive manufacturing. The part is created by fusing together small
volumetric elements. In the case of selective laser melting these elements are powders. To get
a suitable file for the SLM machine, a Standard Triangulation Language (STL) file is necessary.
The CAD file is triangulated, which means that the surface model is interpolated in triangles. The
more triangles used, the higher the resolution of the final part. In any case, it has to be understood
that every volumetric model is changed into a surface model and all surfaces have to be closed
to be able to be triangulated. The surface of the part is approximated by triangles of different
sizes that perfectly fit the shape of the surface. The triangle patches contain the coordinates of
the three corner points and the normal vector in positive outward direction. The STL format is
de facto an industry standard of additive manufacturing and thus, usable in almost every system.
The quality of a part depends not just on the type of production and the SLM parameters, but
also on the quality of the CAD design and the triangulation into an STL format. As a matter of
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Figure 1.3: Joining of two bodies (based on [2]).

fact, a triangulated component can never be of a higher quality than the CAD model on which
it is based on. If there are errors or inaccuracies in a CAD or STL component, they will also
have a negative impact on the construction process. State of the art rapid prototyping software,
e.g. Magics (Materialise, Belgium) checks these models for errors and can even correct them if
necessary. However, defects or baldy designed CAD files should be avoided in any case.

The three categories of errors are:
e design errors,

e execution errors,

e and description errors.

Design errors are about redundant data inside of a body and are caused by an incorrect com-
bination of bodies in the CAD program. Usually, these errors are relatively irrelevant in powder
bed fusion processes. The part might be melted by the laser more often than necessary in some
areas and this causes a longer build time. However, if the bodies are overlapped in most parts, the
additional laser exposure can cause residual stress, which is very unwanted. An example is given
in Figure 1.3 for a correctly and an incorrectly fused body.

Conversion errors and round-shaped edges with reduced quality are caused by the STL for-
mulation. The surface of the component is approximated by flat triangles. This is absolutely no
problem on flat surfaces and slopes, but sharp edges do occur on curves. An example for the
problem of triangulation is given in Figure 1.4.

Unfortunately, perfectly rounded edges are impossible with the process of triangulation. How-
ever, it is possible to increase the resolution of the shape through varying the amount of triangles
in the STL file. A higher number of triangles will increase the accuracy of a round contour as the
round shape is more precisely approximated. But as a matter of fact, the higher the resolution
of the STL file, the more data has to be handled. The computational effort is strongly increased
and the process time of the STL file will be much longer. In Figure 1.5 three spheres with the
same diameter (i.e. 10 mm), but with different amounts of triangles are given. One can see that
the file size significantly increases. The first sphere is made out of 80 triangles and has a very
rough surface, but features a file size of only 4 kB. The second sphere is triangulated with 320
triangles and has 16 kB. The third sphere has the highest resolution with 5120 triangles and is
almost perfectly spherical. However, the file has a size of 251 kB.

Errors in the triangulation process can be characterized by three types:
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Figure 1.4: Triangulation of round-shaped edges (based on [3]).
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Figure 1.5: Triangulation of spheres and their respective file size (based on [3]).



6 1. Additive Manufacturing

gap overlapping
Patch 1 Patch 5 Patch 1 Patch 5
gap 4 overlap
Patch 2 Patch 2 i Patch 6
- Patch 4 Patch 3 — Patch 4
Patch 3 . . .
misorientation
correct
orientation
Patch 1 H Patch 5

Patch 2
.

Patch 3
Patch 4

misorientation

Figure 1.6: Triangulation errors (based on [4]).

e Boundary errors, which are gaps between triangular patches.
e Overlapping errors, which are double triangular patches in the same place.
e Misorientation errors, which are incorrectly oriented patches.

Triangulation errors, in contrast to design and implementation errors, can have significant neg-
ative effects on the building process of a part. Under certain circumstances, the production process
is only possible with restrictions, or not at all. If patches are calculated imprecisely, gaps can oc-
cur and the model will not be completely closed. An incorrect orientation is characterized by the
orientation of the vector points. If the vector points to the inside of the model - not to the outside
- the software cannot distinguish what is inside and what is outside of the body. This can lead
to unmelted layers in the construction process, which in turn can cause defects in the component,
such as layer separation and the associated loss of material strength [3]. Examples for boundary
errors, overlapping errors and misorientation errors are given in Figure 1.6.

1.3.2 Slicing

After triangulation, the STL file has to be sliced into layers to be readable in an SLM machine.
Through the slicing process, the layer thickness for the SLM process is defined. The software
preparation process chain is shown in Figure 1.7. While slicing a file the used powder already has
to be taken into account. Especially the average particle size distribution has to be known. If the
particles used for the SLM process have a size distribution of 30 to 60 microns, it is advisable to set
the layer height ¢ to approximately 40 microns. If one uses a layer height of 25 or even less microns,
the SLM process will be more unstable and the coating of the powder will be critical. The thinner
the layer thickness in the construction process, the finer the details and the less ”stairs” will be
visible. The stair effect refers to the layer height and occurs because the building in the z-direction
is done by joining individual layers of a certain thickness. If there are more layers available to
describe or build a contour, the resolution will be finer. However, the finer the layer thickness, the
longer the overall build time will be.

After slicing the part and loading it into the SLM machine, the SLM processing parameters
have to be set. Especially the hatching is important for the contour calculation. The laser has
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Figure 1.7: Process chain of the cad preparation, slicing and printing [5].
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Figure 1.8: Shrinking and bending caused by mechanical tension (based on [6]).

to know which paths it has to follow. Other parameters include, but are not limited to, the laser
energy in watts, the overlapping described by the hatch distance in microns and the scanning speed
given in mm/s.

1.3.3 Geometry

One of the biggest advantages in powder bed fusion additive manufacturing compared to conven-
tional manufacturing technologies is the fact, that the geometry of the parts is of little importance.
The layer based manufacturing allows the construction of complex bodies with cavities and un-
dercuts. Even though support structure is necessary in SLM processing, the surrounding powder
during manufacturing is a natural support for the melted part and geometries are possible to be
manufactured, which would be very difficult or impossible to manufacture with other techniques.

The production of thin walls is only limited by the laser beam diameter d;, in the focus point
wg. However, the melt pool and therefore, the solidified material will usually be slightly bigger.
The challenge of producing thin walls, is the warping during the fast solidification. This is particu-
larly noticeable at the beginning of flat surfaces, for example in the first layers of a component and
overhangs. The very first layer is not very critical and does not have any major effects. The area
ist just subject to a normal shrinkage after solidification. However, the following layer is welded
to the first layer and the volume reduction is hindered at the border of the two layers. Mechanical
tension o,,ech occurs, which can lead to distortion and cause bending of the part.

Some of these problems can be solved through variation of the placement in the building cham-
ber. A different angle or position affects how the part is built and also changes the requirements
for support structure. Support structure can not just help to keep a part in place, it is also an
effective way to get rid of excessive heat in a part. Especially large massive parts can face a lot of
thermal stress and they can bend, if there is too much heat in the part. A support structure can
dissipate heat from these critical massive areas.
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1.3.4 Dimensions

The maximum possible size of a component that has to be printed, is limited to the volume of the
building chamber of the SLM machine. Large objects have a correspondingly long printing time.
In order to keep this time as short as possible, the dimensions in x, y and z direction should be
limited, if realizable. The height in the z-direction determines the number of layers that have to be
printed. The sum of the laser exposure time, the material coating time and the number of layers
extends the SLM processing time and therefore, increases costs.

Components with a large mass can also store a lot of heat during the building process. The
parts cool down very slowly and the stored heat leads to an excessive attaching of surrounding
powder material, as adjacent powder particles melt to the contour of the part. Components with
small dimensions cool down very fast and might warp in the cooling process.

1.3.5 Parameters

As soon as the parameters are set for each part that should be produced, the machine can be
flooded with an inert gas like argon or nitrogen, to prevent the metal powders from oxidation and
to provide good welding conditions. Once an oxygen level of approximately 0.4 % is reached, the
print job can be started. The first step is the coating of the building platform with powder. The
coating of the powders is done by a coater equipped with a brush made out of carbon fibre. An-
other possibility is the use of rubber coaters, depending on the processed material. After coating
the powder material, a laser beam controlled by various motorized scanning mirrors, is melting
the powder exactly at the geometries given by the sliced CAD file. An overview of the SLM pro-
cess is given in Figure 1.9. To minimize stress through thermal energy, some SLM machines offer
the possibility to heat the process chamber. For some materials, this can be advisable, but it is
not necessary for all of them. After the laser beam has molten all parts of the layer, the coater
will apply the next layer of powder and the process is repeated. During the coating process, the
building platform will be slightly lowered to avoid unwanted movements caused by the coater.
Layer by layer the part will be printed and only the powder that will be formed to a solid part
will be melted. The time needed for the whole print job depends mostly on the slices and the
time needed to exposure one layer. The rest of the unmelted powder can be recycled and reused
for the next print job. However, during the SLM process there are spatters formed and powder
in the laser heat affected zone can be sintered with other surrounding particles. Because of this,
sieving as a post-printing-process is necessary. But as a matter of fact, not all spatters are large
enough to be able to be sieved out of the powder, which is why the quality and the properties of
the powder will decrease after each use. Fresh powder can be added after each print job for dilution.

The quality of the finished product depends on several factors. It can be differentiated between
process related and material related influencing factors [7].
Process Related Influencing Factors
The laser system depends on:

e the energy,

e the intensity,

e the wave length,

e and the spot diameter.
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Figure 1.9: Powder bed fusion additive manufacturing (based on [7]).

The exposure with the laser depends on:
e the hatch distance,
e the scanning speed,

e the number of scan iterations,

the scanning strategy,

e and the compensation settings.

The mentioned factors are machine related and some can be better manipulated than others.
The produced part is dependent of other factors, which are related to the preparation in the CAD
and slicing software [5]. These influencing parameters are:

e the layer thickness,

the way the part is positioned in the building chamber,

the orientation of the part,

the support structure design, quality and quantity,

the geometry and the dimensions,

and the scaling factor.

As one can see, there are factors which can be used to improve the part quality and reduce the
risk of a failing print job. To determine which factors should be changed accordingly requires a lot
of experience of the machine user. Preliminary work showed, that even though some parts are in
theory printable, it is not advisable to print them. If the geometry or the dimension of a part is
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too thick, there might be too much energy in the building chamber, causing an excessive heat and
extreme stress in the part. This stress can even cause damage in the SLM machine in some rare
occasions. In some cases, printing might not be the right technology, or the process parameters
have to be adjusted accordingly and a longer print time has to be calculated to let cool down the
chamber after each layer. But also the environment, in which the selective laser melting process
is performed, can be seen as an influencing factor. For example the pre-heating phase can lead to
lower stress and the selected inert gas can react with the powder material if not chosen properly.
Furthermore, the oxygen level has to be kept very low (i.e. < 0.4 %). One major influencing factor,
which is important to actually produce weldings right in the beginning of the process, is the used
base plate material. If the base plate is manufactured out of a material that is hard to weld to in
combination with the desired end product, the print job will very likely fail.

Material Related Influencing Factors

Of course, the used material for the SLM process can also significantly influence the results. There
are factors which are powder related, material property related and ones which are related to the
laser physics [5].

The thermal influencing factors are:
e the thermal heat flux,

e the heat capacity of a material,

e the thermal expansion,

e and the viscosity.

As selective laser melting relies, as the name suggests, on a laser to melt the powder, the optical
properties of the material can influence the outcome. Therefore, the influencing factors in terms
of optics are:

e the absorption,
e the reflexion,

e the transmission,

the index of absorption,

and the index of refraction.

And lastly, one must not forget the powder itself, which depends on various factors:

e the state of the powder in terms of dryness,

the particle size,

the particle morphology,

the particle size distribution,

the packing density in the SLM machine,

e and the pourability.
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1.4 The Laser Source

1.4.1 Laser Physics

The laser is the main tool for the whole melting and production process. It is responsible to
provide enough energy to heat up the powder material up to its melting point and therefore, to
provide enough thermal energy. The name laser is an acronym for light amplification by stimulated
emission of radiation. The principle of a laser is based on Albert Einstein’s theory of light from
1916 and the work of Gordon Gould from 1959. Gould published a paper about lasers and was the
first person who suggested the term. However, a patent from April 1959 was denied and instead,
a patent was awarded to the Bell Labs in 1960. Theodore H. Maiman was the first person who
actually built a working laser, which was based on a flash lamp pumped ruby crystal, in May 1960.

Today it is known that there are three working principles of lasers, which are different interac-
tions between the electron in the laser medium and the photons:

e stimulated absorption,
e spontaneous emission,

e and stimulated emission.

In the stimulated absorption, a nucleus, that is made of protons and neutrons with a positive
charge, is needed. Usually, electrons are most likely found in a ground state as it is easier for them
to exist in this level. However, it is possible to excite electrons by external means. If a photon
of light, which is one unit of light, comes across an electron in a low energy ground state, it can
sacrifice itself and push the electron to a higher excited state. The photon is inhaliated, but the
energy is now part of the excited electron. At this point, it should be noted that each material
has different levels of energy and the photon has to have the exact necessary energy to push the
electron form the ground state to the excited state, that is required in this excited state. If the
energy is too low, the electron will not jump into the excited state. If the energy of the photon is
too high, the electron will be pushed out and the atom will be ionized.

The next mechanism is called spontaneous emission and is the following mechanism after an
electron was excited. As commonly known, the excited state is more unstable than the ground
state for an electron. The electron would stay in the higher state, if the energy levels would be
perfectly balanced. However, due to vacuum energy perturbations, a quantum mechanical effect,
the electron will become out of balance. Because of this, the electron will fall back to the ground
state after approximately 100 nano seconds. During this process, the electron will release a photon
with an energy equal to the difference in energy levels. The higher the fall from the excited state
to the ground state, the higher the energy of the photon will be. If the energy is in the visible
range to the human eye, it can be seen as a colour. As a result of the spontaneous emission, the
lasers have different colours.

The most important mechanism for lasers is the stimulated emission. This mechanism occurs,
when a photon interacts with an electron that is already in an excited state. This photon can act
as a type of perturbation and will also cause the electron to fall down to a lower energy state. As
a result, two photons are emitted at the same time. These emitted photons now have the same
phase, frequency and polarisation and are coherent with each other. This is exactly what light
amplification by stimulated emission radiation is about.

The time frame for the stimulated emission is very short (i.e. 100 nano seconds). However,
there are materials available with meta stable states in which photons have more time to interact
with electrons in an excited state. The electrons can stay in these meta stable states for a longer
period of time (i.e. several milli seconds) and therefore, chances for an interaction are increased.
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The transformation from a stable to a metastable state is radiationless, but some energy becomes
heat. To increase the total number of electrons in an excited state, a population inversion is re-
quired. For example, if there are only two energy levels in a nucleus, chances are 50 % to 50 % that
half of the electrons are in an excited state and the other half is is a ground state. By introducing
the metastable state by pumping, there are significantly more electrons in an excited state than
usual.

It is not practical to build lasers that are extremely long, which is why the laser medium is put
into a cavity. Since light is a wavelength, it is subject to destructive and constructive interference.
In order to get a high intensity laser beam, a constructive interference between all photons is
desired. For this, the laser cavity containing the laser medium is put between two mirrors. Some
lightwaves will travel through the medium irregularly through spontaneous emission. Others will
travel perpendicularly back and forth between the mirrors as they are reflected. At the first stage,
emissions are spontaneously emitted followed quickly by stimulated emitted photons. As photons
can also be seen as waves, they will travel with the same phase and frequency towards the mirror
and will be reflected. Two waves are now traveling through the laser medium. One from the
left and one from the right. The amplitude will increase, because of the constructive interference
between the mirrors. In this case, a standing wave is produced to they eye of an observer. To
understand what modes can exist in a specific cavity, Equation 1.1 is given.

f=nx

v
5% L (1.1)

In the equation, f is the frequency that exists in the cavity, n is the mode, which is always an
integer, v is the velocity of the wave, and L is the length of the cavity. The velocity is always equal
to the speed of light ¢ (i.e. 299,792,458 ms~! in vacuum). In the cavity, some modes can produce
standing waves, others cannot and not all frequencies can exist in this cavity. All waves can just
exist, because the photons are coherent with each other [63,64]. A schematic overview of a laser
with its mirrors and the cavity is given in Figure 1.10.

Stimulated
emissions

Laser beam

Mirror 1

Figure 1.10: Overview of a simple laser with mirrors and a pumping source.

In laser sintering machines for the production of plastics, CO5 lasers are used. The gas in these
lasers consists of a mixture of carbon dioxide, nitrogen and helium. Their emitting wavelength is
at approximately 10600 nm. For metal applications however, shorter wavelengths are necessary
due to their absorptivity. For metals, usually a wavelength of 0.2 and 0.5 microns is advisable, as
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these materials have an absorption rate of approximately 10 to 90 % in this range. This is the
reason why SLM machines use solid-state lasers like Yb:YAG or Nd:YAG lasers. In both cases,
the laser beam can be guided through glass fibre optics, which is not possible with CO5 lasers.
The COq laser sources are furthermore somewhat limited in their minimum spot size. Figure 1.11
gives an overview of the different laser types and the absorption rate of some selected materials.
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Figure 1.11: Overview of the different wavelengths of lasers and the absorption of some materials [8].

1.4.2 Laser Power

The laser beam power P always has to be chosen according to the material that has to be pro-
cessed. It is one of the main influencing parameters to put energy into a system in SLM processing.
The overall energy has to exceed a certain minimum in powder bed fusion and other laser based
systems, to be sufficiently high to melt the powders completely. This always depends on the ma-
terial used in the SLM machine. Melting temperatures are a key factor, but also the reflectivity
and the thermal conductivity has to be taken into account. Obviously, the energy has to be high
enough, to reach or exceed the melting temperature of the used material. But the reflectivity
influences the amount of energy that can be absorbed by the material. Furthermore, the thermal
conductivity increases the minimum required amount of energy density, as energy and heat can
diffuse faster, if the material has a higher heat flux density. Aluminium and copper are relatively
complex to process with laser based technologies, to name two critical materials. Of course, the
spot size should be relatively small, not just for geometry purposes, but also to put a higher energy
into a smaller area. The laser beam is focused through a lens and the laser spot represents the
smallest spot of the laser beam. Yb:YAG fibre lasers feature such small spot diameters d;, due to
their short wavelengths. Figure 1.12 explains the laser beam and the spot diameter accordingly.

It has to be understood that the energy density, defined by hatch distance h, laser power P,
scanning speed v, and layer thickness ¢, have a significant influence on the melt pool and also
the heat affected zone (HAZ). Therefore, the surrounding material of a melt pool is influenced
and things like a consequent remelting of layers underneath the melt pool, the cool down speed
(quenching), and nucleation are influenced. Furthermore, too much energy can cause the vapor-
ization of material. Apart from that, too little energy will result in lack of fusion, pores and a low
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Figure 1.12: Focussing of the laser beam (based on [3]).

part density [65]. Equation 1.2 shows how the energy density E,, given in J/mm? is calculated.
However, the energy density is just an indicator for the approximate melting process, as they do
not take into account all the physical phenomenons happening during SLM processing.

P

= — 1.2
vktxh (1.2)

v

1.4.3 Scanning Strategy

Another important parameter in SLM processing is the scanning strategy. To achieve a full melt-
ing and a well welded part with the powder material in SLM, the layers are remelted repeatedly.
The heat energy of the laser beam is sufficiently high to remelt parts of the previously solidified
material. Therefore, parts with a high relative density are possible, but the scanning strategy
influences the quality of each layer and the stress in the system. The path the laser is guided to
from the controlling software, is critical for the heat distribution and different scanning strategies
cause different effects in the material. While printing a model with an SLM machine, there are
often different settings chosen for the contour and for the infill. The contour mode defines how
the laser has to scan the hull, respectively the outline of the part. Furthermore, the laser power
can be adjusted to achieve better surface finishes and less powder satellites attached to the solid
part. The rest of the part is then scanned differently [9]. In Figure 1.13 the most common infill
strategies, namely meander, stripes, chess and contour are shown.

The right choice for a scanning strategy always depends on the material, the energy density
and other factors. What can be said for certain, is that the rotation of the scanning strategy after
each layer definitely improves the results of the selective laser melting. Most studies recommend
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Figure 1.13: Some common scanning strategies for SLM applications [9].

a rotation of 67 ° after each layer for the best results [9]. While rotating the scanning strategy
for 67 °, the scheme will be repeated after 180 layers. A schematic of the scanning pattern ro-
tation is given in Figure 1.14. The figure shows a rotation for 90 degrees on the left side and a
67 degree rotation on the right side of the picture. Some SLM devices allow to set the direction
of scanning. It is possible to choose, if the laser scanning should be done in the direction of the
gas flow or away from the gas flow. In a processing chamber in an SLM device, an inert gas is
usually flooding the chamber, to prevent oxidation. Fumes are sucked away to improve the part
quality and to avoid too much metal dust on the laser optics. In most cases it is advisable to fol-
low the gas stream of the metal dust, as the laser beam will not be diffracted as much as vice versa.
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Figure 1.14: Stripe scanning pattern with 90 degree (left) and 67 degree (right) rotation after each
layer. [10].

1.4.4 Laser Spot Considerations

The slicer fill scan spacing or hatch distance is the distance between each scanning track. One
strategy is, to consequently overlap each laser track to ensure a full melting of the powder. How-
ever, another strategy is to use more laser power to completely melt the powder. There is always
a heat affected zone which is significantly larger than the laser spot itself. To give a schematic ex-
planation for the hatch distance, Figure 1.15 is provided. It shows the laser focus spot dj, scanning
each line and overlapping the previous layer with the hatch distance h. The higher the hatching
distance h, the faster the printing process.

Of course, if one considers the true focus of a laser beam, it becomes obvious that the focus
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Figure 1.15: Hatching distance h between the laser tracks (based on [3]).

spot is a tiny spot in the middle. At this spot, the focus is perfectly centered and the theoretical
maximum energy density available. However, the further the distance from this focus point wy,
the lower the energy density. The laser beam around the focus wg was described by Rayleigh. The
Rayleigh length of a laser spot can be defined as the length from the laser beam waist radius and
the wavelength A. A laser beam is in most cases approximated by the Gaussian beam, even though
a laser in any real life application cannot be perfectly described by a Gaussian distribution. In
Figure 1.16 a three dimensional heat distribution of a 50 W laser source is shown from the work
of Teng et al. [11].
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Figure 1.16: Laser beam energy heat distribution of a 50 W laser source [11].

While printing parts with a round shaped laser, it is obvious that edges in a part cannot be
printed perfectly. The smaller the laser spot, the higher the possible achievable resolution. Some
SLM devices feature adjustable laser spot diameters. Most larger SLM machines have minimum
spot sizes of approximately 80 microns, whereas research machines can have smaller diameters
like approximately 35 microns. The laser track width can never be smaller than the laser spot



1.5. Material Processing 17

diameter. In Figure 1.17a a typical limitation in the parts geometry is shown. The round laser
spot is not able to melt the edge of the CAD drawing and therefore, the edge will be manufactured
with a slightly rounded shape. This problem only occurs in outwards facing edges. In inwards
facing edges, the laser track is intersecting itself with an X - and Y - movement as shown in the
image. The image also indicates the areas, which cannot be molten by the laser. Furthermore,
some geometrical details cannot be printed, or will be printed too large as Figure 1.17b and 1.17c
shows.

a) _ b) c)

. Unmolten
Tt powder

too large
manufactured

manufactured

Figure 1.17: Limitations during SLM processing with a round shaped laser beam (based on [3]).

1.4.5 Track Width Compensation

In the SLM machine controlling software, the laser beam is usually guided according to the contour
of the part and its according infill. At the outwards facing contour of every part, this would lead
to parts manufactured too large, because the half width of the laser beam would melt powder
outside of the contour. Contours which are facing outwards, would be manufactured too large
and inwards facing contours would be built too small. In Figure 1.18 a simple plate is shown for
demonstration reasons. In the middle of the plate, there is a rectangular hole. The laser beam
would usually melt too much powder material on the outwards facing contour and therefore, the
plate would be too large. The same happens with the hole in the middle of the plate and the hole
would be manufactured too small. At each contour, the error would be wy or dy,/2 respectively.
At the right edge of the shown part, an incision is shown. Without any kind of compensation, the
incision would be gone and the plate would be printed as an enclosed rectangle. If the laser beam
has a spot diameter of 80 microns, the error would be 40 microns.

To manufacture parts as precisely as possible, an intelligent software to calculate a correct
track width compensation at each contour is inevitable. In some SLM machine softwares, this is
called beam offset. The software usually calculates a new path in parallel to the original contour
(nominal value). This offset contour considers the laser beam spot size and changes the nominal
value and the path accordingly. Of course, the new calculated path always has to be facing the
inner part, which has to be printed. Otherwise, the calculated new path would double the error
according to 2 % wg or df,.

1.5 Material Processing

1.5.1 Preparation of the Feedstock Powder and Characteristics

The powder used for SLM processing has to be chosen with the correct properties and character-
istics to achieve the best possible results. Some of the most important properties were listed by
Al Mangour [12] and are given in Table 1.1. The flow rate, for example, is significantly influenced
by the size of the used powder and the particle size distribution. Thereby, the melt pool viscosity
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Figure 1.18: Overhangs of SLM parts without track width compensation (based on [3]).

is influenced too. As one can imagine, a smaller particle - especially, if the particle diameter is
smaller than the diameter of the laser spot - tends to absorb more energy and therefore, the particle
temperature is increased. The mechanisms of densification are influenced and are different than
the mechanisms of bigger particles. Coarse particle cannot fill voids as good as small particles can
and depending on the average particle size and the particle size distribution, the packing density
of the feedstock powder can be very different from batch to batch. Furthermore, the solidifica-
tion rate is different and therefore, the microstructure can be more coarse or finer, depending on
the feedstock powder material [66]. However, if the particles are relatively small, large Van der
Waals forces can increase the formation of huge agglomerates, which is especially the case with
sub-micron and nanoparticles [67]. These agglomerations negatively influence the homogenisation
and the flowability of a powder [68]. Also, depending on the materials used, agglomerations can
increase the solidification rate and therefore, the microstructure formation is influenced [12].

Table 1.1: Influencing powder characteristics for the SLM process [12].

Property type Examples

Metallurgical and alloy composition, oxygen and carbon concentration,
chemical properties reaction enthalpy, oxidation potential

Granulomophometric  particle morphology, particle size distribution,
characteristics powder flowability, surface roughness of the powder particle

Rheological properties  viscosity and surface tension

Mechanical properties elastic modulus, tensile strength, yield point

Thermal properties conductivity, melting temperature, thermal expansion, specific heat
Optical properties optical penetration, reflection and absorption ratio
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1.5.2 Solidification Physics of the Melt Pool and Microstructure
Melt Pool Physics

The selective laser melting process features not just rapid solidification after melting the powder,
it also rapidly heats the powder and melts it, due to the high scanning speed and the high laser
power. This leads to short interaction times between the laser and the powder material. Sev-
eral physical phenomena are happening during SLM processing, which are very complex. This
is schematically shown in Figure 1.19. The laser melts the powder with a near-Gaussian energy
distribution and moves along the contour given by the software. A melt pool is formed very rapidly
due to absorption of the material, followed by rapid solidification and, depending on the material,
dendrite forming. Heat and mass are transferred and in some cases, a phase formation appears,
which is, again, depending on the material and the process parameters. Furthermore, chemical
reactions can change the chemical composition of the material and surface tension gradients influ-
ence the formation of spatters and the homogenization of the melt [69]. The shape and the size
of the melt pool influence, just like the cooling rate does, the microstructure formation and the
grain growth. Through the Hall-Petch grain refinement, caused by such a high cooling rate and
fine microstructure, the material properties can be improved. However, effects like the Marangoni
flow, which is generated through a temperature gradient between the middle point of the melt pool
and the outer periphery (near-Gaussian energy distribution), causing surface tension gradients to
incline, significantly influence the results of homogenization of elements in the final part [70]. In
the Marangoni flow, the melt flow will first flow in the outward direction, but due to surface energy
decreases, the melt flow can change its direction and will then flow into the center of the melt pool.
This can, on one hand, cause the formation of spatters and defects, but can on the other hand lead
to a refined microstructure and metastable phases [71].

Melt pool

Dendritic structure Feedstock
powder

Figure 1.19: Process of solidification during SLM processing [12].

It can be said that the Marangoni flow is formed due to the surface gradient and the direction
of the flow depends on a negative or positive gradient. If the surface gradient is positive, the
formed melt pool has a small diameter, the depth is relatively deep and the flow is directed from
the periphery to the center point. However, if the surface gradient is negative, the melt pool is
comparably wide, but not very deep and the Marangoni flow is directed from the center to the
edge of the melt pool [72]. To calculate the surface tension, Equations 1.3 are needed.
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dyrv
drT

<0,

(1.3)

dyLv

aT >0

In the given equations, yry is the surface tension of the liquid and T' the temperature. There-
fore, if d“" < 0 then the flow is facing outwards, like shown in Figure 1.20a (upper part) and in

contrary, 1f “’LV > 0, then the flow changes its direction and faces to the center point of the melt
pool, which i IS shown in Figure 1.20a (bottom part) [13,72].
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Figure 1.20: Effects of the a) surface tension gradient [13] and b) the scanning speed on the
Marangoni flow during SLM processing [12].

In Figure 1.20b the Marangoni flow with a negative surface gradient is shown, but with different
laser scanning speeds. The melt pool can have a different shape and different convection flows,
but with the same direction of Marangoni flow [12]. The depth of the melt pool can be used, to
influence the microstructure and homogeneity of the phases.

Microstructure Mechanisms

Two categories of microstructure growth mechanisms can be named in selective laser melting,
which are the epitazial growth mechanism and the irregular solidification front mechanism. In the
first mechanism, grains are growing in the direction of the maximum thermal gradient [12]. The
grains are forming, if the solidification temperature is uniformly decreasing in all directions. The
forming grains are also called globulites. In SLM processing, previously processed and already
solidified layers of the part are subsequently remelted with the laser and therefore, the crystals
will have the same orientation as the ones in previous layers. Large grains can form through this
mechanism, which are mostly arranged in columns. The second mechanism happens, if the melt
pool induces unstable solidification fronts. This usually happens through inconsistencies in the
melt pool front. A very fine grain structure grows away from the periphery of the melt pool to
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the center point of it. If long and fine prismatic crystal grains are formed, the melt does not cool
evenly in all directions. The crystals grow preferentially in one direction, but less rapidly in the
other two directions. Uneven directed heat dissipation will cause elongated crystal growth against
the preferred direction of heat dissipation. In any case, the mechanisms can be influenced through
variation of the energy density (i.e. the laser power and the scanning speed). Starr et al. [14]
studied the control of the phase composition in selective laser melted steels and found a very
unique microstructure. In Figure 1.21 images of a stainless steel 17-4 specimen is shown, in Figure
1.21a the image was taken with an optical microscope (OM) and in Figure 1.21b with a scanning
electron microscope (SEM). In the image taken with the OM, a typical microstructure of an SLM
processed sample is shown. The laser melted the material and after solidification and polishing
the specimen, the laser tracks became visible. These laser tracks are overlapping and are shaped
like a bowl. In the SEM image, columnar grains are shown, which have a clearly visible grain
orientation. In a cubic crystal structure, which is also the crystal system of stainless steel 17-4, the
grain tends to grow more rapidly perpendicularly to the cubic surface than in other directions [12].
Interestingly, both microstructures - columnar grains and fine equiaxed grains - can be found in
the specimen of Starr et al. [14].

Figure 1.21: Images of stainless steel 17-4 of a) optical microscopy and b) scanning electron
microscopy [14].

1.5.3 Crystallographic Textures

A crystallographic texture is the sum of the crystalline orientations in a multi-crystalline solid
material. It describes the anisotropy of the material and it can be measured through electron
backscatter diffraction. Selective laser melting usually experiences a cyclic thermal history based
on each layer [15]. The texture is influenced by the type and speed of solidification. The scanning
method can change the texture by changing the scanning vector. The <001> crystallographic
texture is developed in the build direction and therefore, against the route of the heat dissipation.
The maximum thermal gradient for cubic metals follows the <100> direction, which is why this
the typical texture form in steel based materials. This columnar crystal orientation, respectively
the columnar crystal growth, can be broken, if a zigzag pattern in a bidirectional scanning strategy
is applied and the laser beam is directed with a 90 © rotation along the contour [12]. Sun et al. [15]
investigated the possibilities of in-situ tailoring of the crystallographic texture of 316L stainless
steel. Specifically, it was desired to change the <100> crystal orientation of the face-centered cubic
metal to a more favourable finer <011> texture, by changing the scanning strategy. In Figure 1.22
their theoretical approach for specimens with higher stress resistance processed by SLM is shown.
First, the scanning strategy, including the scanning vector rotation and alternation, and the laser
power can be varied. Resulting of these influencing factors, the melt pool geometry will be changed
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in width, depth and rear length. These geometrical changes are directly correlated with the grain
growth and the crystallographic texture. To reinforce a material, the two prevailing deformation
mechanisms have to be considered, which are twinning and dislocation movements. Finally, an
enhanced strength and ductility can be expected according to Sun et al. [15].
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Figure 1.22: Flowchart of texture optimized SLM processing. a) A different laser scanning strategy.
b) Grain growth affection by variation of the width, depth and rear length. c) Orientation of
different crystal textures. d) Deformation mechanisms in metals. e) Expected outcome through
texture variation [15].

1.5.4 Grain Size and Homogenization

Monolithic parts manufactured by traditional technologies like casting usually have a more coarse
microstructure than their SLM processed counterparts. The significantly higher cooling rate of
SLM processed parts limits the time a grain can evolve and grow. In Figure 1.23 some AlSil0Mg
samples after T6 heat treatment can be seen. It is very obvious that the casted specimen of Fig-
ure 1.23a and 1.23b have a more coarse and a less homogeneous microstructure than the SLM
processed specimen of Figure 1.23c and 1.23d. The casted specimen has lots of dendritical crystal
growth and precipitations of silicon along the dendrite borders, whereas the Si precipitations in
the SLM processed specimen are very homogeneously distributed in the microstructure [16].

1.5.5 Densification Level and Laser-Based Defects

A quite common problem while selective laser melting metals and alloys is balling. It occurs, if
the wettability of the laser melted material is insufficient and it cannot wet the powder or solid
material underneath [73,74]. Therefore, the melted material forms balls and furthermore, porosi-
ties are generated, as material is missing in these areas. The quality of the surface decreases and
the mechanical properties are lower, due to these defects. One way to increase the wettability is
the sufficient and even supply of inert gas in the processing chamber to avoid oxidation. It is also
important, to handle the powder as quick as possible under standard environment atmospheres to
avoid oxide layers on the powder. Moisture has to be avoided with drying agents in the powder
containers. The wettability of some materials can also be improved by adding different alloying
additions to the powder material [47].

Another type of porosity can form due to insufficient melting, because of energy density that
is too low. If the powder feeding with the coater faces problems, an uneven powder layer can also
cause porosities. Furthermore, gas can be trapped in the solidified material after SLM processing.
This gas can either come from oxidation, SLM process related effects (Marangoni convection), or
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Figure 1.23: OM images of AlSi10Mg of a) and b) a casted sample and ¢) and d) an SLM processed
sample [16].

from the gas atomization process while manufacturing the powder in the gas atomizer.

Every laser based melting technology introduces stress in a small area of the part. There-
fore, residual stresses occur as the thermal gradients change quickly. After melting the powder,
rapid solidification takes place and this is repeated in every layer several times as the laser usually
remelts each layer for two - three times. The higher the cooling rate, the finer the microstructure,
but the more residual stresses are brought into the part and therefore, the material properties are
weakened. If the energy density in an SLM process is lowered, the residual stresses are lowered,
but other errors might occur, like a poor wetting, spheroidization or unstable melt pools. A higher
energy density however, can cause the vaporization of liquid metal and keyholes can be formed. In
general it can be said, that a stable melt pool is very important for a high part quality. Further,
finding the optimal parameters is challenging, but inevitable for highly dense parts without cracks.

Another variable that is subject to fluctuations during the printing process is the laser power
that is available at the powder bed level. Variations of the optical output power at the laser itself, as
well as the additional expansion and scattering of the laser radiation due to deposited condensates
and dirty and worn optical elements in the laser beam lead to changed process conditions. In
most cases, a lower optical power is available in the process zone, so that the heat balance and the
resulting component properties change. In addition, the formation of smoke above the process zone
and its influence by the existing inert gas flow contribute to this effect. Further variations in the
process itself are caused by the user or machine operator. The cleaning of the construction chamber
in general and the removal of condensate residues, before each building process in particular, as
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well as the manual powder recycling, are subject to certain fluctuations which cannot be easily
quantified. The repeated processing of the unconsolidated powder can also lead to a changed
particle size distribution and to a contamination of the powder with other substances.



Mechanical Alloying

Invention is a process; you don’t get there
overnight

Louis Foreman

2.1 Historical Overview of Mechanical Alloying

The powder processing technique of mechanical alloying was developed in 1966 by John Benjamin
et. al. of the INCO, the International Nickel Company [75,76]. Mechanical alloying (MA) is able
to produce homogenous mixtures of different bulk powder materials, but can also form coalescences
of elements added to the mill, through repeated cold welding and fracturing of the powder par-
ticles. Initially, the technology was developed to create nickel-based superalloys for gas turbines.
INCO was working on a technique to inject nickel coated oxides into nickel-based alloys. That way,
the oxide particles should get wettable by a nickel chromium alloy. But as these tests failed and
other attempts did not prove to be successful, attention was brought to the ball milling process.
In previous tests, ball milling was used for coating of hard tungsten carbide particles with softer
nickel or cobalt. Researchers also knew, that metal powder could be cracked and fractured with
extreme plastic deformation techniques. Benjamin decided to create composite powders with the
use of a high energy ball mill and he was even able to produce thoria dispersed nickel, which is used
in high temperature applications. In further tests, encouraged by his success, an alloy of Ni-Cr-
Al-Ti containing thoria dispersion was created. These successful tests were the birth of MA as a
production technique to process oxide dispersion strengthened alloys [17]. The term of mechanical
alloying was suggested by Ewan C. MacQueen, who was a patent attorney at INCO and this term
has become the most common term in literature these days.

Since then, MA has become a useful production technique to process materials both for industry
and for scientific sectors. In 1981 Ermakov et al. investigated the magnetic properties of amorphous
Y-Co alloys (i.e. YCos, Y2Co7, YCos and Y2Co;7) using a high energy ball mill [77] and Koch
et al. observed the formation of amorphous NigoyNbyy during mechanical alloying in 1983 [78].
Koch compared amorphous liquid quenched with mechanically alloyed NiggNbyg and proved the
achievable similarities of these two processing techniques. These studies brought attention to MA
and were the basis for further investigations, as they showed the potential of MA being a non-
equilibrium technique. Further research was performed including amorphous alloys, stable and
metastable phases and supersaturated solid solutions [17,79-82]. Due to all these investigations,
this relatively simple technology has been applied to composite materials, polymers, ceramics and
of course metals [17,37]. Even conferences have been organized, which were focused on the topic
of MA and its proceedings, but also books and journals have been published [83-87]. To name a
few examples:
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e Rapidly Quenched Metals (now known as Rapidly Quenched and Metastable Materials) [88—
91]

e International Symposia on Mechanically Alloyed, Metastable, and Nanocrystalline Materials
(ISMANAM)

e Materials Science Forum of Tech Publications [92-95]
e Mechanical Alloying [81]
e Literature collection of MA between 1970 and 1994 [79]

e Journal of Mechanochemistry and Mechanical Alloying

Today there are many researcher worldwide performing investigations in the topics of MA
and advanced materials. These results are mostly published in well recognized journals. Two
terms are mostly used in todays scientific world: Mechanical Alloying and Mechanical Milling.
When two different powders are mixed together and the goal is to transfer one element into the
other respectively to form coalescences with a homogeneously distributed alloy, the commonly used
nomenclature is mechanical alloying. Whereas the terminology of mechanical milling is more likely
used solely for homogenization of different elements without any material transfer, but this is not
a common rule, as the terms are used in different applications..

2.2 General Mechanical Alloying Process

Todays high performance applications in the aerospace, rocket and the nuclear industry, just to
name a few, are striving to get ever-increasing material properties. In the last few decades signif-
icant improvements have been achieved in physical, chemical and mechanical material properties.
Traditional metals become more resistant to abrasion and corrosion, were improved in terms of
lightness, stiffness and increasingly became stronger. However, as technologies improve and hu-
man mankind strives for higher limits, materials scientists designed and developed the new field of
advanced materials.

Advanced materials can outperform traditional materials and they provide precisely tailored
properties which are demanded by a specific application [96]. It is well known these days, that the
constitution and the structure of materials in general can be controlled in a better way, while these
materials are processed under non-equilibrium respectively far-from-equilibrium conditions [97].
One of the first attempts to control materials in a far-from-equilibrium way and to get supersatu-
rated materials was the rapid solidification of melted alloys [98,99]. Since then, other technologies
have evolved like plasma processing, vapour deposition and mechanical alloying [79-82,100, 101].
The goal or principle of all these technologies is basically the same. A material has to be brought
into a metastable non-equilibrium state by the use of external forces like evaporation, melting or
plastic deformation [17,102] and might also involve the change of the state of matter (i.e. solid, lig-
uid, gas). After reaching the aforementioned non-equilibrium state the material has to be quenched
into a frozen status.

Turnbull et. al. defined the departure from equilibrium as an indicator of efficiency for the
different processing technologies to create metastable structures, which can either be calculated
or estimated [17,102,103]. The principle, which is illustrated in Figure 2.1 of ”energizing and
quenching” is based on storing as much excess energy as possible in a system and furthermore, to
keep this energy in the system. The resulting departure from the equilibrium or stable status to
the metastable phase is expressed in kJ/mol for the excess energy [103,104]. The schematic figure
shows how the Gibbs free energy (G) can be increased thru temperature (T'), pressure (P) and
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Figure 2.1: schematic concept of energizing and quenching non-equilibrium materials. [17]

internal energy (E).

To todays understanding it is clear, that ion implantation and vapour deposition technologies
have an effective quenching rate respectively have a large departure from the stable equilibrium
state. But it is also clear, that rapid solidification cannot process material as far from equilibrium
as mechanical alloying can, even though rapid solidification has proven its tremendous poten-
tial [96,97].

The process of MA actually always starts with with a mixture of different powders, which are
poured into the mill. As there also has to be a grinding medium involved, in most cases balls made
out of steel, ceramics or tungsten carbide are added - except the goal is to solely mix the powders
homogeneously. After closing the milling container, it sometimes might be advisable to use an
inert gas to prevent oxidation during the milling process. After the setup process, the actual MA
process can be started. The powders are milled for the desired duration, whereas the jar can get
quite hot due to the high energy brought into the system. Depending on the process parameters
and the desired outcome, breaks to cool-off the equipment must take place.

2.2.1 Raw Materials

The initial bulk powder for MA can have a size distribution of 1-200 pym and can be brittle, duc-
tile, soft or hard. Even though the initial particle size is not that important in most cases, as the
particles tend to decrease in size after only a short amount of time, it depends on the application.
If the MA powder should keep its morphological properties, the particle size will not change as
dramatically, due to a lower energy input during milling. This can be done through lower rotational
speeds, or a different ball-to-powder weight ratio. After longer milling periods however, some of
the particles tend to increase in their size, even with lower energy levels. This happens because
of the constant fracturing and cold-welding of the particles involved in the process mechanics of
MA. Initial powder mixtures can be made with ductile - ductile, brittle - brittle or ductile - brittle
materials, whereas ductile matrix materials with some added brittle particles might be the easiest
route to get coalescences. In some milling experiments there might be a liquid additive involved,
which can reduce the surface energy of the newly formed particles to obtain finer material [17]. MA
with a liquid grinding additive is called wet grinding and MA without these additives is referred
to as textitdry grinding.

As mentioned before, the process of MA is a repeated sequence of fracturing, flattening and
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cold welding of the involved particles. This happens every time a ball-powder-ball collision occurs,
as the powder is trapped in-between the balls, as can be seen in Figure 2.2. Another option
is the ball-powder-vial collision, which can also happen. In the first phase of the process, some
fracturing and cold-welding occurs and forces the different powders compositions (i.e. metal A
and metal B - or component B) together (Figure 2.3a). This process is permanently repeated
and produces a constant exchange of elements between the particles, which ensures a high mixing
rate [105]. In the second phase, the different elements start to form dispersoids and precipitations
during solidification (Figure 2.3b). This obviously just occours, if enough power is used for the MA
process. Next, some intermetallic compounds can be discovered and the two starting powders have
formed a solid coalescence while the microstructure gets finer in the particles (Figure 2.3¢). In the
last phase the particles have formed a metastable structure in a steady-state period. The particles
can still contain precipitations of intermetallic compounds or dispersoids (Figure 2.3d) [18]. One
key factor for MA is the thermal activation of the surface areas of the grinded powders. With
high energy ball milling the elements of the particles tend to be mixed on an atomic level, whereas
the formation of coalescences without chemical reactions or phase formations is the goal with low
energy ball milling.

Figure 2.2: Balls crushing particles and force them together. [18]
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Figure 2.3: Stages of mechanical alloying. [18]

2.2.2 Types of Mills

These days various types of mills for mechanical allying exist. They differ in their general design,
way of operation, capacity and some can even be equipped with cooling or heating additions.
Planetary Ball Mills

One of the most popular mills for powder processing is probably the planetary ball mill. The
biggest and most well known manufacturers for ball mills are the Fritsch GmbH (Figure 2.4a) and
the Retsch GmbH, both located in Germany.

b)

Figure 2.4: Photos of a) Fritsch Pulverisette 4 [19], b) Turbula shaker mixer [20], ¢) Attritor ball
mill [21].

As the name suggests the mill has a planet-like movement of its jars, which are mounted on a
support disk. The support disk moves with an adjustable rotational speed and because of a special
drive mechanism also the vial itself rotates around its own axis. The occurring centrifugal forces
act on the jar and its containing balls and powders. As the supporting disc and the jar rotate in
the opposite direction, the centrifugal forces act in like and in the opposite direction depending on
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their position in the cycle. Due to this change of rotational direction respectively the change of the
direction of the force, the grinding balls travel freely through the jar and collide with the opposing
wall. This is the time, when the balls will crush some of the powder material and induce force to
the powder particles. An overview of the process is given in Figure 2.5 in which a planetary ball
mill with 4 jars is shown.

rotation of
the
grinding
jar

grinding jar
—

centrifugal
force

sun wheel

movement of
the support
disc

Figure 2.5: Schematic image of a planetary ball mill with 4 vials.

There are also mills available with only two or even one jar for research applications in labora-
tories. The image also shows the free travelling balls and the friction effect, which occurs when the
balls run from one side to the other side of the jar. Some modern mills let the operator adjust not
just the rotational speed of the supporting disc, but also the rotational speed of the grinding jars.
The grinding vials are available in various materials - hardened steel, stainless steel, tungsten car-
bide, agate, sintered aluminium oxide (corundum), silicon nitride, zirconium oxide, polypropylene.
The sizes of the milling containers can be up to 500 mL each.

Attritor Mills

Horizontal mixing mills, similar to the ones used on construction sites, are limited in their maximum
milling speed, as they are relying on the principle of gravity and centrifugal force. As soon as the
milling container rotates too fast, the centripetal and the centrifugal forces are equal and therefore
none of the material inside will fall down. To induce higher energies into a system, the principle
of stirred ball milling was invented and the machines are commonly known as Attritor Mills. One
of the advantages of an Attritor is the fact, that the power input is used for agiatating the powder
thru a rotating impeller instead of rotating a large and heavy jar [106]. They are built in a vertical
setup and the rotating impeller energizes the balls. Therefore, the process of milling is started
and the mean powder size is decreased. The powder gets impacted between the milling balls,
the container wall and the impeller shafts. In Figure 2.4c a schematic overview is given. This
induces shearing and impact forces to the powder material. Attritors are built to handle large
quantities of powder, as they are designed to work with 0.5 - 40 kg of material. Commercial units
are designed and manufactured by Union Process in Akron, Ohio. Even though they can work
with higher speeds than their predecessors (i.e. horizontal mixing mills), their overall energy input
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Figure 2.6: Time to decrease particle size distribution of TiB2 powder in a) planetary ball mill
and b) Attritor.

is comparably lower than in planetary ball mills due to the lower grinding medium velocities. The
grinding jars are mostly made out of stainless steel and can be coated with rubber, polyurethane,
aluminum, silicon carbide, silicon nitride or zirconia. A great plus, is the possibility to heat or cool
the grinding jars, which is often not possible with other techniques [17,106].

Others

Lots of other designs have been developed in recent years like vibrating mills, rod mills, jaw
crushers, cutting mills, knife mills, morat grinders, disc mills and cryo mills. Cryo mills use liquid
nitrogen to cool down the powder material to make it more brittle and then perform an axial
movement to crush the powder with the grinding balls. One type of device, which was intentionally
not designed for milling, but can easily be used for this purpose is a Turbula shaker mixer. Shaker
mixers are mostly known for their outstanding capability to homogeneously mix powders, which
is achieved by an interaction of translation, rotation and inversion. They are designed to rotate in
a three-dimensional motion. They mostly work with plastic containers which can be completely
closed and therefore work dust-free. If one adds steel balls to the powder material, a similar effect
like in other mills can be achieved, even though the energy input is not as high. Tests showed, that
the milling time has to be increased accordingly, but the results are comparable to planetary ball
milling. They were brought to the market in the early 1990s by Willy A. Bachofen AG, Switzerland
(Figure 2.4b). The efficiency of the mills always depends on the starting material and the desired
outcome. For example, Figure 2.6 shows, that an Attritor mill can decrease the particle size faster
for a TiBy powder than a planetary ball mill, but due to the lower energy input it might not always
be that suitable for mechanical alloying of the bulk powder [107].

2.2.3 Process Variables

For the technique of mechanical alloying there are lots of parameters influencing the process. These
parameters can be quite complex if there is a specific desired outcome of the particle size, phase
and microstructure. As mentioned before, there are lots of different mills. So choosing the right
mill for the application is mostly the first step. Next, the material for the milling container and
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the grinding balls has to be chosen. On one hand the material depends on the budget that can be
spent, on the other hand it is important to understand the effects of a material which is too weak or
soft for an application. Due to the high impact forces of the balls against the inner jar walls, some
of the material might get dislodged and can cause contaminations. With some applications this
must not happen, while in other applications it might not be such a problem, as the milled powder
might contain similar elements just as the grinding jar does. Another possibility is, that fine and
hard particles of a powder sample could get stuck in a jar or in the balls, if the used material is
too soft. Therefore, the percentual amount of these elements might decrease. One of the most
influencing process variable is the milling speed. The higher the milling speed, the higher the
energy input into the powder system. This is true up to a certain maximum speed, which depends
on the design of the mill. In a conventional high energy ball mill an increased rotational speed will
effect the balls linearly. The higher this rotational speed is set, the more energy will be transferred
into the powder, but if the speed gets too high, the balls will be pinned to the jar and will not fall
down anymore. This is the critical point which must not be exceeded for this type of mill. The
milling speed also affects the temperature during ball milling. This is somehow also a limitation
factor, as the vials are not supposed to get too hot and therefore could get damaged. However,
in some applications a high temperature might be desired, because it is necessary for a particular
system to form alloys or special phase changes. In other cases, a high temperature during MA
might cause problems. Kaloshkin et. al. reported, that an increasing mechanical intensity, due to
an increasing temperature inside the vial, accelerated the diffusion processes while mechanically
alloying Fe-Cu powder. The face centered cubic (f.c.c.) Fe-Cu solution contained random Fe and
Cu atoms in the lattice and decomposed into Fe-rich and Cu-rich solutions, instead of homogenous
f.c.c. Fe-Cu. The positive enthalpy of the Fe-Cu solution formation and therefore, its endothermic
reaction, resulted in less free energy [108].

2.2.4 Temperature Rise during Ball and Powder Impacts

To avoid temperatures that can cause damage to the grinding jar it is necessary to understand
the temperature rise during ball milling. But also, it is of importance to understand the powder
surface temperatures occurring during every impact to predict the mechanisms during MA. Due
to the dynamic behaviour of the process it is very difficult to measure temperatures in-situ. Fur-
thermore, the temperatures changes only on a microscopic size level. To face these challenges, one
can choose from three different approaches: theoretical calculations, indirect measurements and
observations on a microstructural level. [109]. As the goal for the materials in this study was to
form coalescences with low energy ball milling and to keep a near spherical shape after the MA
process, the temperatures during the procedure had to be kept as low as possible. An estimation
for the peak temperature of a particle, which is trapped between two balls, can be approximately
estimated based on calculations of Schwarz and Koch [110]. In their research they assume that a
particle is deformed by localized shear and the bulk temperature increases:

ar= I (A (2.1)
2 TkoppCp

where F' = the energy flux which dissipated on the glide plane. F' equals to o,v, in which o, =
normal stress caused by a head-on collision. It is assumed that a particle deforms by shear under
this stress [109]. v, = the relative velocity of the ball before impacting the particle. In this study,
tungsten carbide and stainless steel 440C were the materials used for high energy ball milling.
Both, the jar and the balls were either made out of 440C or WC and were not mixed up. As there
were different bulk powder materials processed, case scenarios have to be considered for the correct
calculations.

First, the volume of the 10 mm balls had to be calculated which was 0.523 cm?. Based on the
specific density of 440C (pp,,,.) and WC (pp,,.) the mass masoc and my ¢ can be calculated.
This gives myaoc = 4.02 g and myy¢ = 8.12 g respectively. Then, the two centrifugal forces had to
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Figure 2.7: Rotation and revolution of the supporting disc and the grinding jar in a planetary ball
mill.

be calculated, because on one hand the supporting disc has a revolutionary speed, which rotates
the grinding jar on its outside. On the other hand, the jar itself has a rotational speed, spinning
around its own axis. The rotational speed of the jar and the revolution speed of the supporting
disc are linked with a -2:1 ratio.

To calculate the centrifugal forces the equations
Fj =m#l*w? (2.2)
Foa=mx(R—1)*Q? (2.3)

are needed [111]. In these equations m is the mass of the used balls (i.e. WC or 440C steel), R is
the radius of the supporting disc, [ denotes the radius minus the diameter of one ball as it is the
distance of the rotational center of the jar to the centroid of a ball which is in contact with the jar
wall and w and () are the angular velocities respectively the angular frequency for the jar rotation
and the supporting disc revolution. A schematic is given in Figure 2.7.

This angular frequency is the product of 27 and the frequency f. Based on 200 rpm for the
supporting disc f is equal to 3.332 rps and based on 400 rpm for the grinding jar it is 6.667 rps. As
there are case differentiations, the centrifugal force of the supporting disc with steel balls (Fsq,,oc )s
for the grinding jar with steel balls (F},,,.), for the supporting disc with tungsten carbide balls
(Fsaw ) and for the grinding jar with tungsten carbide (F}, ) had to be calculated separately. If
one uses the values for Equation 2.2 and Equation 2.3, the results are

Fedpoe = 0.0879 N | Fj,,.. = 0.7837 N, Foqyy, = 0.1602 N and F)

Iwc

= 0.388 N. (2.4)

dasoc 440C dwc

Furthermore, the acceleration of the balls can be calculated. Because of the unique design of a
planetary ball mill at a certain point during a circle, the two centrifugal forces have to be added
and at another point, the forces have to be subtracted. The latter is the point, in which the balls
will fall freely through the vial and crush the powder. It is therefore given:

Fyq + F} Fyq + F;
(14400 — Sa440C Jaa0C and aWC — saw Jwc (25)
yzvilel mwc

Thus, the results for the acceleration of steel balls are asoc = 116.21 m s~2 and awc = 116.24
m s~ 2, which are interesting results considering the different forces and masses involved. Finally,
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the velocity of the balls can be understood with:

v = /a2l + v (2.6)

If one fills in the numeric results and values for Equation 2.6, in which vq is the initial speed, a
is the acceleration of the steel, respectively the tungsten carbide balls and [ is the way the balls
travelled through the vial, the results for the velocities are v;.,,,. = 3.2340 m s~! and v, =
3.2344 m s~!, which is not a big difference, but reasonable due to the fact of the small differences
in the acceleration of the balls and the short travelling distance from one end of the vial to the
other end. Nevertheless, it is therefore proven, that the velocity and the acceleration during MA
is, at least in this case, not dependent of the material of the balls. To keep the further calculations
simple, the value for v, = 3.23 m s~! will be used for Equation 2.1.

To solve Equation 2.1 it shall be deemed that o, = pyvsv,, in which p, = 7.67 g cm™3 for
440C steel and p, = 15.63 g cm ™3 for tungsten carbide. This state of stress lasts for a certain
amount of time which is expressed through At and this equals to 2d/vs where d = 1 cm and is the
diameter of all used balls and v, is the speed of a longitudinal wave running through the used solid
material of the balls (i.e. steel or WC), which has to be distinguished accordingly. In 440C steel
vs = 5390 m s~! and in tungsten carbide vs = 6220 m s~'. The values for the powder density p,
and specific heat capacity c, are based on the manufacturers data. Therefore equations 2.7 have
to be considered:

mpsi 4 myc
PMS1 pvce

The typical density value for MS1 is 8.0 g/cm?® and 5.77 g/cm?® for VC. The ratio for MS1 and VC
was 90:10 wt% so it can be therefore calculated:

90 10
4 =12.98 cm? 2.8
80 507 o (28)

VMsigoven, = (2.7)

Vmsigve =

With equation 2.9 the relative density of the combined material can be estimated:

100 g
=——=7734 — 2.
PMS190V Cio VIS ooV o 7.73 p— (2.9)

The same approach can now be adopted to the MS1 and TiC mixtures, which had the same
composition. Pure TiC has a density of typically 4.93 g/cm?®:

90 10
VisiaoTic = 55 1 793 = 1328 cm? (2.10)
100 g
PMS190TiC19 = VMS190TZ‘CIO =17.53 @ (211)

To calculate the specific heat capacity ¢, for MS1 and VC respectively MS1 and TiC the following
equation was used:

Cp(mizture) = Z Cp(i) T4 (212)

where z; is the mole fraction of each component. From equation 2.12 can be obtained

T O+ (— 22— )Cpo + oo+ (

Mmizture Mmixture Mmizture

My

)Con (2.13)

Cp(mizture) = (

Based on the data of EOS MS1 and Treibacher VC the equation can be formed accordingly to:

90 10
Cp(MS1eoVCio) = (TOO) - 450 + (ﬁ) - 519 (2.14)
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respectively for EOS MS1 and Treibacher TiC:

90 10
Cp(MS190TiCro) = (7)) - 450 + (=) - 569 (2.15)

100 100
which results in a heat capacity of 456.9 J/kgK for MS1 and 10 wt% VC and 461.9 J/kgK for MS1
and 10 wt% TiC. As mentioned above, the energy heat flux, that dissipates on the glide plane, can
be calculated with F' = p,v,., but a case differentiation has to be considered according to the used
balls for MA. Two new formulas can be generated:

F44OC = Pbasoc US44OC’U3 (216>

and

Fwe = pbwc”chvz' (2'17)

If one puts the previously mentioned values into these equations, the results are:

Fuioc = 7670 5390 * 3.23% = 431.31 MJ/m"s (2.18)

Fwe = 15630 % 6220 * 3.23% = 1014.27 MJ /m’s (2.19)

Furthermore, it can now be calculated that Atyyoc = 3.71 ps and Aty e = 3.22 us. To finally
calculate AT with equation 2.1 the thermal conductivity kg is assumed by EOS for maraging steel
at 0.15 W/cmK and therefore, the resulting irradiated temperature rise per impact for maraging
steel and vanadium carbide with 440C steel balls for the time Af is:

431310000 \/ 3.71 % 106

AT =
VCaaoc 9 7% 15 % T734 * 456.9

ATyc,00 = 3219 K (2.20)

The irradiated temperature for maraging steel and vanadium carbide with tungsten carbide balls
is:

ATVCWC =

1014270000 \/ 3.22 % 106
2 % 15 % 7734 % 456.9

ATyc, o = 70.52 K (2.21)

And eventually for maraging steel and titanium carbide with tungsten carbide balls is:

1014270000 \/ 3.22 % 106

AT i -
TiCwc 9 7 * 15 % 7734 % 456.9

ATricye = T1.08 K (2.22)

The results of the average temperature rises lies substantially below the melting temperatures of
the used powders, but the heat might be sufficient for transformation processes which are thermally
activated. As these temperatures occur only with direct ball-to-ball head-on impacts and only
affect a very small surface, they do not affect the whole powder or jar. But after longer milling
times, temperature may rise and therefore cooling-off breaks are advisable during the process of
mechanical alloying. While the melting of surfaces with these temperature increasings are quite
unlikely, it is possible that the occurring temperatures cause enhanced micro-diffusion or enhanced
deformation [109].
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2.3 Mechanical Mixing

In mixing processes, the constituents of at least two separate mixture components are repositioned
by a relative movement in such a way that a new arrangement pattern is created. This produces
a mixture (also called batch) and, under certain conditions, a new substance. The so-called main
phase is present as a continuous phase, while the so-called additional phase is initially discontinu-
ous. In distributive mixing, two substances that are soluble in each other are mixed at low shear
forces, but as there were just solid un-soluble one-phase powders (solid-solid) used in this thesis,
the focus was set on diffusive mixing.

In the first attempts to produce composite powders in this work, mechanical mixing was used.
It was furthermore used as a preliminary step in each powder batch, to achieve homogeneous
powder mixtures. This is, where the core strength of the procedure lies. It is capable of fast
and efficient mixing of different constituents. One very common tool to mix powders is a Turbula
shaker mixer. The powders are poured into a plastic container and mixed for 10 to 20 minutes.
While mixing solid-solid batches together, it is important to introduce as much relative motion
as possible into the material that has to be mixed. A Turbula shaker mixer is performing several
of these relative motions due to its unique design. The mixing procedure can be done with or
without solid additives. Additives can prevent the formation of agglomerations and therefore, a
finer dispersion can be achieved. While mixing powders one has to consider the energy in the
mixing system. Especially, if additives are added, the energy can lead to unwanted coalescences
and deformation of the particles due to excess heat and plastic deformation.

Mechanical mixing is a promising technique for large spherical powders that have to be coated
with a second element, which is significantly smaller. The second constituent should have a sub-
micron or nano size distribution [17]. In the work of Gu et al. [23] the capabilities of mechanical
mixing are presented, just to name one example. Nano-TiC powder was coated to spherically
shaped Ti without the use of any additives. Two flaws of mechanical mixing however, are the
possible inhomogeneities due to agglomerations and the low Van-der-Waals forces, which hold the
elements together.



Metal Matrix Composites

The task is not to see what has never
been seen before, but to think what has
never been thought before about what
you see everyday.

Erwin Schrodinger

As mentioned in the chapter of Mechanical Alloying, todays research focus lies on advanced
materials. These materials are a relatively new, but promising research field. Research groups all
over the world are investigating alternative processing technologies to manufacture these advanced
materials. One may have heard from high entropy alloys (HEA) which are alloys that do not have
a base element, but rather have five or more components which are synthesized in an almost equal
amount. Another route to advanced materials are so called metal matrix composites (MMCs).
MMCs consist of two or more chemically and physically distinct phases, which are distributed in
a suitable way. These phases shall give properties to an advanced material, which would not be
obtainable with only one phase individually [37]. The two phases consist of the matrix material,
which is the bulk material, and at least one reinforcing material in a particulate, fibrous or laminate
shape [112].

3.1 Introduction

Composite materials are made out of two or more elements and while designing a composite
material, it is usually desired to combine the positive aspects of each element into one composite
material. In most cases, the mechanical properties are the main reason, why one would try to
create a new advanced material. But the economical aspects are factors that must be considered
too. The availability and the price of an element can be critical and the production costs of a
composite material might be too high for some applications. Krainer [113] mentions the following
potentials of composites:

e the increase of ultimate tensile strength and the elongation at break,

e the increase of the fatigue strength in high temperature environments,

a higher wear resistance
e a lower thermal expansion coefficient

e and an increase of the Young’s modulus.

Hamilton [112] categorizes the enhancements in mechanical properties, thermal capabilities and
fatigue behaviour. Through the increase of the frequency of dislocations in a matrix material
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Table 3.1: Types of reinforcing elements for MMCs [37].

Type Aspect ratio Diameter Examples

Particle 1-4 1-25 um  SiC, Al,O3, BN, B,C, WC

Short fiber or whisker 10 - 10,000 1-5pum C, SiC, Al;O3, Al,O3 + SiO9
Continuous fiber > 1,000 3-150 pm  SiC, Al,O3, C, B, W, Nb-Ti, NbsSn
Nanoparticle 1-4 <100 nm  C, Al,O3, SiC

Nanotube > 1,000 <100 nm C

caused by the reinforcing composite, the mechanical properties can be better than the properties
of unreinforced materials. The thermal capability is influenced, because of the constraint of the
matrix flow properties and therefore, MMCs can have a higher creep resistance. Lastly, the fatigue
resistance can be increased with ceramic reinforcing particles as shown by Chawla and Chawla [37].

Arth [114] furthermore mentions, that the magnetic properties and the bio-compatibility can
be increased. Polymers, ceramics and metals are the three main material groups and they all can
be combined together. In this thesis, the focus was set on metal matrix composites, as they are
the most promising for casting tools and selective laser melting.

However, some material properties can be improved, but there are some drawbacks of MMCs.
For example, the machinability of MMCs is often complicated due to the low ductility and resis-
tance against fracture. Furthermore, stress caused by different coefficients of thermal expansion
between the matrix material and the composite material can create a comparably low fracture
toughness [112] . Especially, environmental temperature changes can cause part failure, due to
stresses in the MMC. It was also discovered by Jayalakshmi and Gupta [115] that some MMCs
have a lower ductility and a higher brittleness. Another very well known critical aspect of com-
posite materials are agglomerations and inhomogeneities of the reinforcing elements in the matrix
material, caused by Van der Waals forces between the sub-micron and nano-particles [115].

Typically metal matrix composites have improved mechanical properties compared to tradi-
tional unreinforced metal alloys. Because of the better mechanical properties, in some cases there
can be less material used, while achieving similar results in performance. Other advantages are
higher temperature capabilities and resistances, higher wear resistances and in some cases improved
fatigue characteristics. During the time of writing this thesis there are four main types of MMCs
known, which are, according to Chawla and Chawla [37], the following:

e Particle reinforced metal matrix composites

e Short fibre- or whisker-reinforced metal matrix composites

e Continuous sheet- and fibre-reinforced metal matrix composites
e Layered or laminated metal matrix composites

The different types of MMCs are given in figure 3.1. Typically, there are particles in the micron,
sub-micron or nanometer scale used for metal matrix composites. However, there are other forms
sometimes used and an overview is given in Table 3.1.

To produce MMCs there are different processing routes available. Evans et al. [116] differentiate
between.

e liquid - phase processes (e.g. in the melt pool),
e solid - phase processes (e.g. powder metallurgy),
e two - phase processes (e.g. rheo-casting),

e gas - phase processes (e.g. coatings).
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Figure 3.1: Different ways to create reinforcing composite materials.

As gas - phase processes were not relevant for this thesis work, the topic will not be discussed
in detail. In liquid-phase processes for example ceramic particles are infiltrated into a melt. An-
other variant includes a vortex mixer, which mixes the ceramic particles into a melt for a better
homogenisation. In solid - phase processes, the components will be mixed together, whereas the
amount and the particle size can be varied as required. Powder metallurgy is the most known
example for a solid - phase process. One method for the powder metallurgical route is mechanical
mixing followed by sintering. Another way to fabricate MMCs within a solid - phase is mechanical
alloying, in which a mill is used to form coalescences of the different elements. It is mostly used
for elements, which are impossible or very hard to create an alloy with.

3.2 Grain Refinement

While designing a steel based alloy, it is very common to use carbide-forming elements like Ta, Ti, V
or Nb as they will form mono-carbides with carbon during solidification [117]. These precipitations
at the grain borders will hinder the further growth of grains and therefore, the grains will exist
in a smaller form. Each of these grains is a border for dislocation movements and they will act
against stress. The lattice structure of the grains differs in orientation and if a force acts against
a grain, there is more energy required to dislocate adjacent grains, as they are oriented differently
and the force has to change directions. This is called the Hall-Petch grain strengthening. The
grain strengthening effect is expressed in a dislocation-dislocation interaction and the stress field
around these grains is given by:

g X ) (3.1)

in which o is the stress, G is the shea modulus of the material, r is the distance of the dislocation
and b is the Burgers vector. Therefore, stress is inversely proportional to the distance between
the precipitations [112]. It can be said that the more homogeneous and the finer the reinforcing
particles are distributed in the matrix, the shorter is the distance r. Therefore, if one assumes
a fixed weight percentage of reinforcing composite particles, the higher the resistance is against
dislocation movements.

In any case, it has to be understood that through the introduction of carbide-forming elements,
these elements will bind carbon with them and therefore, the phase formation will be significantly
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influenced. For example, the martensite starting temperature will be increased, if there is less car-
bon in the steel matrix. Furthermore, there will be less C available for a formation of martensite
and therefore, the hardening effects of martensite will be decreased [118]. Another effect of grain
refinement is the introduction of particles for potential nucleation starting points. These particles
should not be melted during the melting process due to their significantly higher melting temper-
ature. They should not be soluble in an iron matrix and should have a similar crystal structure to
the matrix material crystal structure [62]. To act as a nucleation starting point, the particle has
to act as a point of a new solidification wave. For this, an interaction between melt and particle
surface is necessary, which requires a good wettability of the particle and therefore, a contact angle
of less than 90 ° [62,119].

Oxide ceramics, like aluminum oxide and yttrium oxide, do not dissolve very well in an iron melt
[119] and their wettability is also relatively poor (contact angle > 90°). The elements furthermore
have a tendency to agglomerate and will separate from the metal matrix. Carbides however, have
a good solutability at higher temperatures in an iron matrix, but are depending on the carbide
forming alloying element [120]. Therefore, mono-carbide forming elements like titanium, vanadium
and tungsten are potential candidates for a reinforcing component in a metal matrix composite.

3.2.1 Correlation of the Mechanical Properties to the Grain Size

Grain refinement is usually performed with ultra high strength steels. The correlation is described
by the Hall-Petch relationship [62]. Specifically, a correlation between the yield stress o, of a
material with a large grain size and the yield stress oy of a material with a small grain size is
given. Furthermore, kg p, the Hall-Petch strengthening constant of a material, and d, the average
grain diameter, is needed [121]. The Hall-Petch relationship is mathematically described as:

oy =00+ —. 3.2
) 0 \/g ( )
The relationship of the yield stress o, of a material with a fine grain size and the yield stress oy
of a material with a large grain size is given in Figure 3.2. It has to be mentioned that the Hall-Petch
effect has its limits. If the grains become finer than approximately 10 nm, the grain boundaries
will begin to slide past each other and there will be no strengthening effects anymore [112].

3.3 Particle Strengthening

As mentioned before, the Hall-Petch effect can increase the mechanical properties of a material
through finer grains. Grain refinement causes natural borders for stress and dislocation movements.
The same effect can be caused through precipitation hardening and coherent, semi-coherent and
incoherent precipitated particles. If the precipitated particles have a similar lattice constant as
the matrix material has (difference less than 2 %), the lattice structure of the matrix material can
blend into the precipitation. If the precipitation and the matrix material just have a few similar
lattice planes, it is called semi-coherence. Incoherence describes precipitates with no similarity to
the matrix material and in this scenario, a theoretical dislocation movement cannot cut through
the lattice structure of such a precipitation. The force has to change its direction and is therefore
weakened (Orowan force) [122,123]. As a result, the material properties are increased, due to the
higher force necessary for dislocation movements [123].

The extension of the dislocation line can be geometrically defined as semicircles with the radius
R:

_l—2T
T2

R (3.3)
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Figure 3.2: The correlation of yield stresses and the grain size explained through the Hall-Petch
relationship.

in which 2r is the diameter of the particle and [ is the average distance of the particles from the
center to the center point. Therefore, | — 27 is the dislocation line. For the mechanism, a critical
configuration, respectively a critical maximum is reached, if the stress A, exceeds the value:

_ Gx*b

A,
l—2r

(3.4)

and in which G is the shear modulus and b the magnitude of the Burgers vector. If the critical
stress is exceeded, the particles are either cut or the force for the dislocation movement changes
its direction.

In Table 3.2 the information about the crystal structure of all materials used in this thesis work
are provided. The martensitic phase, which was the matrix material, did not show any similarity
to the intermetallic phases FeNig, Ni3Ti, MoFey nor to the carbides TiC, VC, VgCy, VoC or V4Cs.
Because of this, the intermetallic phases precipitated incoherently and so did the carbides, if they
were melted completely. Therefore, the intermetallic phases and the carbides can potentially hinder
dislocation movements and increase the strength of the material. Some carbides, which did not
melt completely, had a bigger particle size and also acted as dislocation movements, but were
also potential starting points for micro-cracks, due to their size and shape in the solidified matrix
material. Such particles are never perfectly embedded into a matrix and therefore, cracks can
potentially start from these spots. However, unmolten carbides are usually also starting points for
nucleation and crystal growth and therefore, a finer crystal structure, which increases the material
properties of a material.
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Table 3.2: Crystallographic data for the materials used in this study [38].

Phase Pearson Symbol Space Group Designation Prototype

(a-Fe) cl2 Im3m W
FeNi;  cP4 Pm3m AuCus
NisTi  hP16 194 TiNig
MoFey; hP12 194 MgZns
TiC ckF8 225 NaCl
VC ckF8 225 NaCl
VgC7 cP60 213 VSC7
VQC oP12 60 F82N0_94
VeCs hP33 151 VeCs
3.4 Wear

In recent years some scientific work showed the capabilities of ceramic particle reinforced materials
[124-128]. The materials used for the reinforcing phase included Aly;O3, SiC and TiO,. Of course,
an inevitable requirement for reinforcing particles is a higher hardness and wear resistance than the
matrix material. Especially ceramic particles and carbides are interesting candidates as composite
materials, due to their relatively high hardness of > 1000 HV. There are two different mechanisms
of how a reinforcing phase can act in the matrix material:

e The reinforcing particles are not melted and just act as a starting point for nucleation and
will act against dislocations or

e the particles will be melted and dissolved, but will form primary precipitations after solidi-
fication.

In the first case, the particle will not be molten and it will be intracrystallinely (within a
crystal) or intercrystallinely (along the borders of the crystals) integrated. The morphology of
the particles will not change dramatically. The second mechanism describes a full dissolvement
of the reinforcing particles and therefore, the morphology is changed completely. In most cases,
the primary formed precipitated particles will be more homogeneously distributed in the solidified
matrix material. In traditional casting methodologies, the materials should be quenched or at
least cooled down more rapidly, as a slow solidification process can increase the particle size of
these elements. However, in selective laser melting the cooling rates are significantly higher and
therefore, the reinforcing particles will precipitate relatively small [62,129].

3.5 Additive Manufacturing of Metal Matrix Composites

The addition of ceramic particles to achieve a grain refinement is a common technique and has
been known for many years, especially in the casting industry. Even in welding processes, the ad-
dition of ceramic reinforcing particles was successful and it was possible to achieve a heterogeneous
nucleation and equiaxed grain growth [112,130]. Sokoluk et al. [131] investigated aluminum metal
matrix composites with nano-sized TiC particles, to get crack-free welds in an unweldable A17075.
In recent years, research started to apply nano-ceramic refinement particles in additive manufac-
turing technologies, to mitigate phase segregation and to resolve cracking in Al based alloys [132].

Research is more and more focusing on metal matrix composites (MMC) for selective laser
melting applications, but particle reinforced advanced materials have a very particular tailoring
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process. One has to take into account the particle size distribution and the particle morphology
during powder processing and SLM processing. Furthermore, the melt pool is affected during laser
scanning the powders and the Marangoni convection in a melt pool can cause segregation and
therefore, an inhomogeneous distribution in the solidified part. Because of some drawbacks while
designing metal matrix composites for additive manufacturing and because of the complex effects
happening during the process route, MMCs in AM are a relatively new research field.

Overall, there is a huge demand from various industries for advanced materials, due to the
better mechanical properties, thermal properties and wear resistances. There were several MMCs
developed for laser beam melting, with very good results. However, for powder bed based tech-
nologies, there were less studies performed and the powder preparation and SLM parameters have
to be optimized and investigated. In the future, more composite materials will be developed, but
research has to focus on the particle morphology, the particle size distribution, the homogeneous
distribution of the composite materials and the investigation of phase formations during SLM
processing.

3.6 MMC Powder Fabrication for SLM

Usually, powders for selective laser melting or other powder bed fusion based techniques, are pro-
duced via gas, water or plasma atomization. Water and plasma atomization are limited in terms
of powder oxidation and more expensive than gas atomization, which is why the production of
powders is mostly done in a gas atomizer.

For the atomization process a solid block, wire or powder is molten and then rapidly cooled
down by an inert gas. A schematic overview of two gas atomizers is given in Figure 3.3. In Figure
3.3a the raw material exists as melt or powder and in Figure 3.3b a solid metal block is processed.
In both cases the raw material is transformed to metal powder through gas atomization. Through
the rapid solidification and the gas, spherical powders are formed, which is the perfect morphology
and shape for powder bed fusion processes. The process is hard to control, as there are many dif-
ferent particle sizes produced during the solidification. Usually, the right particle sizes are sieved
for each application. In some cases, there are many satellites formed in the powders. Satellites are
smaller undesired particles which attach to bigger ones and significantly influence the spreadability
in the SLM coating process. During the cooling phase in the gas atomizer, a matching inert gas
has to be chosen to control the microstructure of the spherical powders and to prevent oxidation.
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Figure 3.3: Schematic of a gas atomizer for powder production (based on [22]).

The gas atomization process is suitable for most conventional alloys, but is limited for the
production of MMCs. The reinforcing particles have to be spray injected into the matrix material
during the atomization process into the molten spray stream. The particles have to be precisely
injected to guarantee a homogeneous distribution. This is particularly hard to achieve, the smaller
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the reinforcing particles get. Sub-micron and nano-particles have a high tendency to form agglom-
erations, due to large Van der Waals forces and are hard to inject. Due to these problems and the
high equipment costs, a small batch production is not advisable.

Another route of reinforcing formation is an in-situ reaction synthesis during melting the ma-
trix material and the composite particles. In selective laser melting, the capabilities of controlling
the heat input and the speed of solidification are relatively flexible, which makes SLM an optimal
processing technique for the formation of MMCs. Al Mangour [133-135] in-situ formed TiC in
a 316L stainless steel matrix with a laser-induced reaction. 99 % purity Ti powder and graphite
powder were mechanically alloyed with 316L powder. The mixture was then SLM processed and it
was discovered that the Ti and C elements formed a TiC phase [12]. Chang et al. [68] investigated
AlSi10Mg with the addition of coarse or fine SiC in a laser beam melting process. They discovered
a formation of Al;C3 and an increase of microhardness and a decrease of the wear rate. However,
some reactions can cause troubles and are not desirable. Cormier et al. [136] analyzed the possi-
bilities of mechanically alloyed 4-TiAl compounds from Ti alloys using electron beam melting. Ti
and Al powders were used in a planetary high energy ball mill, but a less preferable TiAlz phase
was synthesised. An in-situ synthetisation of MMCs has proven in several scientific investigations
its capabilities, however, the production is still challenging. The feedstock powder preparation
and the laser process parameters significantly influence the results and the phase formations and
therefore, further work should be performed for a deeper understanding of the mechanisms.

Surface coating is another way how researchers have successfully produced metal matrix com-
posites. There were several studies found in the literature, like excessive mechanical mixing or
mechanical alloying. If the composite powder is in a sub-micron or nano size range, it can be
sufficient to just mix the powders, for example in a planetary ball mill, without any grinding
medium. Gu et al. [23] distributed nano-TiC on spherically shaped Ti powders in a planetary ball
mill without grinding balls. The result of their work is given in Figure 3.4.

Figure 3.4: Nano-TiC distributed on Ti fabricated with mechanical mixing [23].

The biggest advantage of a mixing process is, that particles will stay spherical, and this is
beneficial for the coatability in selective laser melting applications. However, in some studies, the
reinforcing elements did not stick very well to the matrix material. Agglomerations were caused
and as a result, inhomogeneous distribution after SLM processing. Mechanical alloying in high
energy planetary ball mills with grinding balls has proven to successfully combat these issues [17].
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Christian Doppler

4.1 The Base Material: Maraging Steel Grade 300

Maraging steels (MS) are a group of high performance steels which have superior toughness and
strength, derived from precipitations of intermetallic nickel compounds, without compromising
lower ductility levels [137]. They are almost carbon free and are alloyed with a high amount of
nickel. Typically the weight percentage of nickel in maraging steels is greater than 12 percent. The
name is a portmanteau of maternsite and aging, in which the latter refers to the heat treatment
process in which a solutionized metal allows its alloyed elements to diffuse through the microstruc-
ture and therefore, form intermetallic particles. In maraging steels these particles are most likely
Fe3sNi intermetallics and will fall out of the solution. They then act as a reinforcing phase and
increase the materials strength. The main alloying elements are Ni, Mo, Co and Ti. The carbon
content has to be kept low in these types of steels. Even at low cooling rates, maraging steels will
form a soft type of nickel-martensite, which can be age hardened at 435 - 510 °© C for 1 - 6 h.
During this aging process, the mentioned intermetallic precipitations form and make the steel very
hard. Microstructures of maraging steels impart in excellent tensile strength, high elongation at
break, impact strength, resistance to cracks, a good thermal conductivity plus great machinability
at temperatures of up to 500 © C. These steels are used in the tooling, aircraft and oil industry, but
are also used for gas centrifuges in the nuclear industry. Maraging steel fabrication with SLM and
its mechanical properties has been investigated by various researchers and these days, maraging
steel powder for SLM is commercially available. For example German SLM manufacturer EOS
offers maraging steel powder called MS1, but also Austrian based steel manufacturer Bohler Edel-
stahl offers MS powder for SLM processing called W722 just to name a few. These days, most
maraging steels have a nickel content of around 18 %. Commercial MS is available with different
tensile strengths and they are named with their ultimate tensile strength in ksi (kilo pound force
per square inch) and their nickel content. Variants between 200 ksi (1380 MPa) and 350 ksi (2400
MPa) are available [138]. Therefore, 18Ni300 has a nickel content of 18 % and an ultimate tensile
strength of 300 ksi, to name an example. The MS1 from EOS has a chemical composition corre-
sponding to US classification 18 % Ni Maraging 300, European 1.2709 and German X3NiCoMoTi
18-9-5. After the SLM building process, it can be easily post-hardened to more than 50 HRC by
age-hardening at 490 ° C for 6 hours. The ultimate tensile strength can be expected at around
1100 MPa respectively at 2050 MPa after age hardening.
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4.1.1 Properties and Applications

Typically, maraging steels are used for applications which demand high ductility levels, a high ten-
sile strength and a good resistance to stress in high temperature environments. Maraging steels are
able to deliver these characteristics. The promising material properties often find usage in rocket
and space parts, motorsports, the military environment, nuclear power plants and the forging in-
dustry. Especially dies for the solid forming industry and the injection molding industry often are
manufactured out of maraging steels. These dies and molds are influenced by a number of external
forces and therefore, they often have a lifetime of less than 1500 cycles. Injection molding dies
made out of MS often face complex cavities and cooling channels. To further improve lifetimes
of dies, space exploration parts and uranium centrifugal plants, carbides can be added to the MS
matrix material.

One way to increase the material properties of maraging steel is to form particle-reinforced
metal matrix composites, for example with tungsten carbide, like the work of Yan et al. [139]
shows. While designing MMCs the main aim is to combine the high toughness of the metal matrix
material and the superior hardness of the added composite particles to produce parts with ex-
cellent wear resistance, mechanical properties and isotropic behaviour. Furthermore, they can be
processed with similar technologies as for monolithic materials. Nevertheless some material prop-
erties can be increased, others like the fracture toughness of steel MMCs is comparably lower than
that of the original matrix material. Studies of Pagounis [140] and Bacon [141] suggested, that
stress caused by strain can crack up the reinforcing particle respectively cause the matrix interface
to form cracks starting from the primary hard particle. Another factor for possible failures is the
difference in thermal expansion coefficients of the metal matrix component and the reinforcing
composite component, which can deviate cracks during solidification, but also can be a source of
errors during high temperature usage of a MMC part.

As promising as the material properties of these MMCs are, their usage is limited due to
the geometrical limitations of traditional manufacturing methods. Because of this, engineering
applications of particle-reinforced metal matrix composites are limited these days. In this study,
a unique approach of powder processing and manufacturing was applied, after some preliminary
experiments revealed the drawbacks of mechanical mixing compared to mechanical alloying.

4.1.2 Microstructure and Chemical Properties

Martensite is the main phase of maraging steels and is an a-Fe which forms out of austenite without
the diffusion of atoms. It is named after German metallurgist Adolf Martens. To form martensite
in carbon-steels, they have to be quenched from the y-austenite phase with a very high cooling
rate to start a phase formation, plus the quenching has to be fast enough to prevent the diffusion
of atoms out of the crystal structure to form FesC cementite. This differs from steels with a very
low amount of carbon respectively in maraging steels. Especially nickel, but also other alloying
elements (i.e. Co) can stabilize the v-Phase down to temperatures of 200 © C. The temperature
at which the martensite starts to form (Mg) is underneath the equilibrium temperature Ty, in
which austenite and martensite have an identical level of Gibbs free energy and therefore are in
an equal state. Quenching the face-centered cubic (f.c.c.) austenite under Ty forms body-centered
tetragonal (b.c.t.) martensite, which is supersaturated with carbon. To start the transformation
from austenite into the non-equilibrium phase martensite, a minimum level of Gibbs free energy
AG (1,— M) for nucleation is necessary, which is dependent of the alloying elements. As soon as
the temperature reaches T the process of martensite formation starts [142]. A schematic is given
in Figure 4.1. Martensite can reach hardness values of more than 900 HV, whereas cementite is
limited to 800 HV. The more carbon in an alloy the higher the retained-austenite, which leads to
lower hardness levels, but might increase the ductility.

The chemical composition of the MS1 powder, which acts as the metal matrix in this study, is
shown in Table 4.1 [24].



4.1. The Base Material: Maraging Steel Grade 300 a7

Gibbs free energy G

Ms To Az

Temperature

Figure 4.1: Influence of the temperature on the Gibbs free energy G of austenite A, ferrit «, iron
carbide Fe3C and martensite M (based on [24]).

Table 4.1: Chemical composition of MS1 powder [24].

Element Fe Ni Co Mo Ti Al Cr,Cu C Mn, Si P, S
wt% Rest 17-19 8.5-9.5 4.5-5.2 0.6-0.8 0.05-0.15 < 0.5 <0.03 <0.1 <0.01

Figure 4.3 shows as-purchased gas atomized EOS MS1 powder analyzed with (X-ray diffraction)
XRD by Thotakura et. al [26]. The constituent phases were evaluated in a Rigaku 600 Miniflex
diffractometer with Cu Ka radiation. The 26 values were recorded from 40 ° to 100 ° with a
stepping of 0.02 °. The Miller indices h, k and [ of the 20, planes were fitted to the corresponding
diffraction peaks with a pseudo-Voigt function, which is a typical function to describe diffraction
peaks in XRD analysis and is a combination of Gauss and Lorentz functions. Then the phases
were identified by comparison of the diffraction angles and intensities of the different diffraction
peaks with standard x-ray diffraction patterns from the literature. Their analysis showed that the
powder particles consisted mostly out of a-martensite (b.c.c. structure) and some small amounts
of retained-y-austenite (f.c.c. structure). Retained-austenite was found in akin analyses [27,143]
and depends on the carbon content and the speed of solidification. The phase diagram for the
Fe-Ni system can be found in Figure 4.2, which not just shows the various phases and intermetallic
compounds, but also the change of the Curie temperature. The crystallographic data is given in
Table 4.2.

The microstructure of commercially available MS1 has been investigated by Kempen et. al. [27].
In their study they found a cellular and dendritic grain growth in their SLMed specimens. The
crystals had homoepitaxial grain growth perpendicular to the laser track build sequence. Figure
4.4b shows their results under the scanning electron microscope. Depending on the temperature
and the elements in an alloy, the grains of a martensitic material can change. Lath martensite is
formed at very high temperatures (temperatures close to the martensite start temperature) and low
amounts of carbon (i.e. 0.4 - 0.5 %). Typically, lath martensite has portions of parallel laths which
are < 1 um wide. Plate martensite is formed at lower temperatures and higher carbon contents
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Figure 4.2: Phase diagram of the Fe-Ni system [25].
Table 4.2: Crystallographic data for the Fe-Ni system [25].
Phase Composition, Pearson Symbol Space Group Prototype
wt% Ni Designation
(6-Fe) 0 to 3.7 cl2 Im3m w
(v-Fe, Ni) 0 to 100 cF4 Fm3m Cu
(a-Fe) 0 to 5.8 cl2 Im3m W
FeNis 64 to ~90 cP4 Pm3m AuCug

of about 0.8 - 1.0 %. The plates are not formed parallel, but are formed in different angles to
each other. Their growth is stopped due to retained-austenite or other plates. This means, that
the longer the solidification can last, the shorter these plates are. Plate martensite is not as easily
formed and shaped as lath martensite is. In the study of Kempen the intercellular spacing was <
1 pm indicating lath martensite, but due to the very rapid solidification rates during SLM, lath
formation can be prevented, respectively the laths can be very short. Figure 4.4a is a maraging
steel sample fabricated with a Farsoon SLM printer with 94 J/mm? resulting from a layer thickness
of 40 pm, a scanning speed of 600 mm/s, a laser power of 180 W and a hatching distance of 80
pum. The density of this specimen was measured at 97.91 %. The cylindrical sample manufactured
with the Farsoon SLM printer was cross-sectioned, polished and etched in a solution of 10 ml 65
% HNO3 and 100 ml 96 % ethanol also known as nital. It can be seen, that the laser remelted
every layer about two to three times, which can help to increase the density of a SLMed part and
decrease porosity.

4.1.3 Powder Morphology

The scanning electron microscope revealed that there were lots of very small particles distributed
in the maraging steel powder used for mechanical alloying and selective laser melting. Also, in
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Figure 4.3: XRD analysis of pure MS1 powder. [26]

Figure 4.4: Microstructure of maraging steels in a) an optical microscope and b) in a scanning
electron microscope showing very short lath martensite [27].

some of the bigger particles were smaller satellites found, which adhered to primary particles in
the gas atomization process when particles collided and the temperature was already too low to let
the bigger particle absorb the satellite particle [144]. In Figure 4.5 two SEM images of MS powder
are given. Figure 4.5a shows some spherical particles, which would be the optimal outcome of gas
atomized powder. However, there are some irregular solidified particles attached to the spherical
powders, which will affect the flowability of the powder during the coating process in a SLM
machine. Another defect that can occur are so called satellites. An example is given in Figure
4.5b. Furthermore, the martensitic grains are visible in the MS particle, but again, some irregular
solidified material is sticking to the bigger spherical particle.
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Figure 4.5: SEM images of MS powder a) showing spherical and irregular solidified powder and b)
with satellites, irregular shaped solidified MS and the visible grain boundaries of the martensitic
phase.

4.1.4 Aging Process

Maraging steels can have outstanding hardness values, but right after selective laser melting their
hardness is limited to around 33 - 37 HRC. Nevertheless, these steels are easily thermally ageable
and hardness values of up to 50 - 54 HRC are possible, if the as-built parts are heated to 480 - 500
° C for several hours [28]. During this time a fine dispersion of hard precipitates can form within
the softer martensite matrix, which will hinder the material from motions of dislocations. The
respective diagram for 18Ni300 can be found in Figure 4.6a which shows the achievable Rockwell
hardness. The main types of precipitates in maraging steels are NigMo, NigAl, NizTi and FegMo.
Due to the low amount of carbon in the chemical composition, the formation of carbide precipita-
tions is very unlikely. Due to the precipitations and some retained austenite the yield strength and
ultimate tensile strength is also very high in maraging steels. Figure 4.6b gives an example of the
performance of heat treated 18Ni300 in an ultimate tensile strength test including the reduction
of area measurement [28].

4.2 Carbides

Carbides usually are described as a compound of carbon and another element. There are four
types of carbides defined according to Tulhoff et. al. [39], which are:

e Saltlike carbides of metallic elements (i.e. CaCs)
e Metal-like carbides of metallic elements (i.e. WC)
e Diamond-like carbides (i.e. SiC)

e Carbides of non-metallic elements (i.e. CO)

In this thesis the focus is set on metal-like carbides, which are not soluble in water. These
carbides have a comparably high electrical and thermal conductivity. Alkaline, acids and organic
liquids are not able to attack metal-like carbides.

4.2.1 Tungsten Carbide

In the hexagonal tungsten carbide system, there are the monocarbides a-WC and the subcarbides
W>C known to be of industrial significance [39]. Additionally, a substoichiometric face-centered
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Figure 4.6: Diagrams of 18Ni300 maraging steel showing a) the achievable hardness over the
temperature and b) yield strength at various temperatures [28].

Table 4.3: Physical properties of TiC, VC and WC [39].

Properties VC WC TiC
CAS Registry Number [12070-10-9] [12070-12-1]  [12070-08-5]
Molecular mass M, 62.96 195.87 59.91
Carbon content (theory), wt% 19.08 8.13 20.05
Crystal structure fee, B1 hex., Bh fce, B1
Lattice constants, pm 416.5 a291 /c284 4328
Density, g/cm? 5.36 15.7 4.93
Melting point mp,°C 2650 2776 3067
Microhardness, kg/mm? 2900 1200-2000 ~ 3000
Modulus of elasticity, GPa 422 696 451
Specific heat, J mol~! K~! 32.3 39.8 47.7
Heat of formation AHasgg, kJ/mol -100.8 -40.5 -183.7
Coefficient of thermal conductivity, Wm—!K—! 38.9 121 21
Coefficient of thermal expansion, 107K ! 7.2 ab2/c73 774
Electrical resistivity, u$2 - cm 60 22 68
Superconductive transition temp., K > 1.2 10.0 1.15
Hall constant 10~%cm3A =151 -0.48 -21.8 -15.0

Magnetic suspectibility, 10~ emu/mol +26.2 +10.0 +6.7
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cubic WC;_, (8-WC) exists, but has only be found above 2530 °C and is unstable at room
temperature. The properties of WC can be found in Table 4.3. Tungsten carbide is a gray metallic
powder and is one of the basic components for very hard metal alloys. Tungsten carbide tends to
oxide above 600 °C, which might be a problem, if particles are used for the reinforcement of forging
dies. This is one of the reasons, why WC was not used for particle reinforcement in this work,
even though the material properties are very good and especially the hardness is a key advantage
of WC. In this study tungsten carbide is mentioned for comparison reasons and because the vial
and the grinding balls were made out of WC in some of the performed tests. Even though WC
offers high performance material properties, some grit was found in the powder samples due to
mechanical wear of the equipment.

4.2.2 Vanadium Carbide

Vanadium Carbide is an intermetallic compound and one of the most thermally stable carbides.
It has a melting temperature of 2650 °© C and a hardness of around 2800 HV. VC is often used
in alloys for grain refinement and therefore, to strengthen the alloy through the Hall-Petch grain
boundary strengthening effect. It is furthermore commercially used in workshop tools and cutting
tools.

Various forms of vanadium carbide are known. A very common form is the face-centered
cubic monocarbide VC, which exists from 43 to 49 mol% C [39]. At very high temperatures VC
can transform to the subcarbide VoC which can exist in a low-temperature a phase and in a
high-temperature S phase, but the latter decomposes on melting. In todays industries, especially
stoichiometric VC is used, as it has a higher shear modulus, bulk modulus, hardness and Young’s
modulus than other forms of VC. However, in the study of Wang et. al. [29] it was found that due
to the different symmetry of VC (F'm3m) and VgCr (P4332) the latter is more stable. The unit
cell of VC has a body centered cubic form. As V4Cs is missing one C atom, the form changes to
a face centered cubic unit cell. VgCy; also has a cubic symmetry, but it crystallizes in the space
group P4332. The vanadium atoms are occupying positions slightly off the ideal fcc positions and
therefore, the carbon atoms have an ordered arrangement on the interstitial sites [29,145,146]. A
tabular overview is given in Table 4.4 and the phase diagram for vanadium carbide can be found
in Figure 4.7d.

Table 4.4: Crystallographic data for the V-C system [30,40-42].

Phase Pearson Symbol Space Group Strukturbericht Prototype
Designation

V (bce) cl2 Im3m A2 w

VC cF8 Fm3m Bl NaCl

V,C hP3 P63/mmce L'3 FesN

V4 C3 hR20 Rgm HOAlg

V6Cs (monoclinic)  hP33 C2/m or C2

V6Cs (trigonal) hP33 P3;

VsCr cP60 P4332 or P4332 ...

C hP4 P63/mmce A9 C(graphite)

The physical properties of the vanadium carbide acquired from Treibacher Industrie AG are
shown in the Table 4.3 and a SEM picture of the powder with a particle size distribution of
approximately sub-micron levels to maximum 2.5 pym (according to Treibacher Industrie AG) can
be found in Figure 4.8. In Figure 4.8a there is a VC powder particle, that is clearly bigger than
the maximum of 2.5 ym that should be in this powder. Unfortunately, there were more of these
particles found and it is not clear, how they found their way into this mixture. As this particle
was obviously formed during consolidation, it should be sieved out from the manufacturer. In
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Figure 4.7: Schematic of the crystallographic unit cell structure of a) VC, b) V4C3 and ¢) VgCr [29];
and d) the phase diagram for the V-C system [30].

Figure 4.8b there is also a bigger particle visible, which did not form out of the melt pool, but
rather formed due to finer particles forming an agglomeration. Agglomerations in fine particle size
distributions are a common effect. Fine particles have much larger surface to volume ratio, which
means that the surface free energy versus bulk free energy is much higher than in larger particles.
Therefore, these fine particle can stick together, because of simple mechanical connections or Van
der Waals forces. These particles can be easily cracked up again, as their bounding forces are
relatively low.

solidified
big particle

Figure 4.8: SEM images of the Treibacher VC powder with a) a big solidified powder particle and
b) an overview and an agglomerated powder particle.

4.2.3 Titanium Carbide

As the name suggests, TiC consists of titanium and carbon. Pure titanium can exist in a hexagonal
crystal structured « - phase up to 882 °C and will transform into a body centered cubic crystal S -
phase above this temperature. Nevertheless, TiC typically forms a face-centered cubic system and
crystallizes in the rock salt (NaCl-type) lattice structure [147]. Like most other carbides, Titanium
Carbide (TiC) offers a very high hardness. TiC is often used in very low amounts (i.e. < 0.2 wt%)
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in steels for grain refinement and therefore, to increase the steels yield strength values through the
Hall-Petch grain boundary effect [62,118]. TiC only exists as a refractory monocarbide and has
a greyish or blackish colour. There are, however, sub-stoichiometric forms of -TiC, like TiCy 50
to TiCyq.97, but they are defined through vacancies in the crystal structure. It precipitates faster
than other carbides and prevents the formation of austenite. Titanium carbide is often used in
CVD and PVD coated tools [148]. In Table 4.3 the physical properties of the Treibacher Industrie
AG TiC powder is given. In Figure 4.9a the average TiC particles are visible under the SEM with
an SE detector. The particle size distribution was specified as < 2 pum. The image clearly shows
the small size distribution at sub-micron level. However, Figure 4.9b shows a big agglomeration.
Van der Waals forces and mechanical effects hold this fragile metastable structure together. The
involved forces of a high energy ball mill will easily break up these particles.

Figure 4.9: SEM images of the Treibacher TiC powder in a) a detailed image and b) an agglom-
erated powder particle.

The phase diagram of TiC consists of o - Ti, § - Ti, monocarbide TiC, liquid phases and C -
phases. It can be found in Figure 4.10b. One peritectoid at 920 °C and two eutectic reactions at
1646 and 2776 °C can be found in the TiC phase diagram. There is a tendency of carbon ordering
below stoichiometric concentrations in this intermetallic compound, which is why there is no TiyC
phase in the phase diagram [31,149]. The crystal structure data is given in Table 4.5 [43].

Table 4.5: Crystallographic data for the Ti-C system [43].

Phase Composition Pearson Symbol Space Group Strukturbericht Prototype

(at. %C) Designation
(a-Ti) 0-1.6 hP2 P63/mme A3 Mg
(8-Ti) 0-0.6 cl2 Im3m A2 w
TiC ~ 32 -48.8 cF8 Fm3m B1 NaCl
Ti,C ~ 32 - 36 cF'48 Fd3m
(©) 100 hP4 P63/mmc A9 C(graphite)

The phase stabilities of sub-stoichiometric TiCy_, were studied by Hugosson et al. [32]. They
used a model of a 16 atom TiC supercell and four planes of the crystal to understand the vacancies
of the lattice structure. The results of their work are given in Figure 4.11.
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Figure 4.10: Schematic of a) the crystallographic unit cell structure of TiC and b) the phase
diagram for the Ti-C system [31].

4.3 Shift of Melting Points

In 1886 German physicist Robert von Helmholtz observed a higher vapour pressure of finely dis-
persed liquids [150] which lead to predictions in 1906 of German chemist Friedrich Wilhelm Kiister,
that the melting point of fine powders must be lower that the bulk solid [151]. After years of re-
search, in 1920 two scientists independently developed the Gibbs-Thomson equation. German
physical chemist Friedrich Meissner and Austrian physicist Gustav Tammann from the University
of Vienna first derived the modern form of the equation [152]. However, it was not called Gibbs-
Thomson equation back then, but it was based on their work. In todays common physics usage,
it is about the dependence of the vapour pressure across a curved surface. Due to the existence of
positive interfacial energies caused by a change in bulk free energy, there is a higher need of energy
to form small particles with a high curvature [153]. According to the Gibbs-Thomson effect, these
particles will exhibit an increase in vapour pressure [154].

Based on the early model to describe the shift of the melting points of fine particles, three main
hypotheses were developed. The hypothesis of homogenous melting describes the melting of the
particles from solid to liquid without any kind of pre-melting phase. They are named Homogeneous
Melting (HM), Liquid Skin Melting (LSM) and Liquid Nucleation Growth (LNG). The schematic
process flows of these theories are given in Figure 4.12. In the theory of homogeneous melting,
the particle heats up and as soon as the temperature reaches the melting point 7}, the particle
instantly melts as a whole. According to the liquid skin theory the surface of the particle melts
faster than the core of the particle. As soon as the temperature 77, which lies under T}, the
surface starts to melt and transforms to a liquid state around the inner core. The LSM theory also
assumes that, even though the temperature increases, the thickness of the liquid layer does not
increase until T}, is reached. The thickness of the melted boundary layer is increasing until the
particle melting temperature is reached and the whole particle liquifies. Only then, the particle
melts completely and liquifies. The third hypothesis also considers that particles will first melt
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Figure 4.11: Structures of TiC in a stoichiometric and sub-stoichiometric form in a 16 atom
supercell in which z represents the different planes [32].

a thin boundary layer after reaching a temperature 77, which is lower than the melting temper-
ature T, of the bulk solid. But in contrast to the LSM theory, the liquid nucleation growth
theory assumes a continued and consistent growth of the liquid layer until the whole particle is
smelted [62,155].

The particle melting temperature 7}, can be calculated with Equation 4.1. The value of Tas
is referring to the melting temperature of the bulk solid material. The particle diameter is given
in d, and the values z, 3 and § are operating numbers. Furthermore, § and z are constants in the
various smelting hypotheses [155].

zp
Tom =T 1-— 4.1
o =T » (1= 7055) (11)
To calculate § the Equation 4.2 is needed.
)
6 =2% 7(751} - PYl'u) (42)

AH;

For the hypotheses of HM and LSM the value for z = 3 in Equation 4.1, whereas in the hy-
pothesis of LNG z is considered as 2 [155]. 0 equals to zero in the cases of homogenous melting
and liquid nucleation growth, which means, that the calculated shift of the melting point 7T}, is
linearly dependent of the inversive particle diameter d,; 1162,155)].

To calculate the figure of 5 the specific volume ¥, the latent heat of fusion ( or melting en-
thalpy) AH; and the gamma surface energies of solid-vapour (7s,) and liquid-vapour (v;,) are
needed. The § value is positive for LSM only and is zero for HM and LNG. To solve the equation
for 8, in LSM and HM z = 3 and for LNG z = 2. All of the three theories describe a decrease of
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Figure 4.12: Schematic of the different melting hypotheses HM, LSM and LNG.

the melting temperature of small particles in comparison to bulk solid material. The smaller the
particles, the lower the melting point. This effect is potentially present for nanoparticles, but also
affects sub-micron or even micron sized particles. In Figure 4.13 the different melting hypotheses
are shown. The values for the diagram are based on tungsten carbide and shall give a schematic
overview of the hypotheses. To get all the needed values, some physical experiments have to be
performed. Calverley for example used a tungsten rod in an apparatus to find out the surface
tension of bulk and liquid particles with the drop weight theory [156]. Another experimental pro-
cedure was performed by Skripov et. al. to verify their theory. They used Sn, Bi, Pb and In in an
electron diffractometer to measure the integral intensity of reflection [157]. Other studies have been
done for aluminum nanoparticles [158], small tin particles [159,160], gold [161,162] and lead [163].
Furthermore, various studies were done to verify the LSM, HM and LNG hypotheses [164-167].

It was found, that in most scientific papers the shift of the melting point was at about 5 - 15 %
lower for small sized particles. As in this study powders with a very fine particle size distribution
were used - some of them as low as some tens of nanometers - the respective lower melting point
has to be considered. Based on these percental values the an approximation for the materials used
in this study are given in Table 4.6. The calculation is based on a decrease of 5 % for particles >
5 pm and a decrease of 12 % below 5 um, as these values tended to be reasonable and common in
LNG, HM and LSM calculations.

Of course, it has to be mentioned that a significant particle size refinement took place during
high energy ball milling. As the experiments were based on ductile-brittle materials, the particles
mostly formed coalescences and therefore their size is not measurable anymore. An approximation
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Figure 4.13: Diagram of the different melting hypotheses HM, LSM and LNG for various particle
sizes.

is only possible through SEM analysis, which is not as accurate as a Microtrac particle size analyzer.
What this means is that after the milling the respective melting points could be even lower and
have to be taken into account.

Table 4.6: Calculated melting point temperature for VgC7, VC and TiC.

Material Particle Size Melting Point Bulk Material Melting Point Calculated

VC 100 nm — 33 um 2810 °C [168 2473 - 2670 °C
vC 50 nm — 5 um 2810 °C [168 2473 - 2670 °C
VsCr 100 nm — 33 pum 2667 °C

|
[168]
[168] 2347 - 2533 °C
VsCr 50 nm — 5 pm 2667 °C [168)] 2347 - 2533 °C
TiC 50 nm — 2 pum 3160 °C [169] 2781 - 3002 °C

4.4 Theoretical Approach

To calculate and predict phases and solidification models, Thermocalc (Thermo-Calc Software AB,
Sweden) was used. It is commonly used to construct and solve statements of equality of chemical
elements between phases. Thermocalc relies on databases and thermodynamic data and uses uses
mass-balance or direct constraints in compositional variables. This way, equilibrium phases can be
predicted and Scheil solidification diagrams can be plotted. Furthermore, the solidification range of
an alloy can be calculated and a segregation can be estimated, if applicable. In the Scheil-Gulliver
solidification simulation, the following assumptions are made:

e The diffusion of all included elements in the liquid material are infinitely fast.
e The diffusion of all elements is zero in the solidified phase.
e The solid/liquid interface is in a thermodynamic equilibrium.

Thermocalc was used in this thesis work to get an understanding of the expected phase forma-
tions. First, the maraging steel composition (MS1) was analyzed and simulated, which is shown in
Figure 4.14. It can be seen that there are several phases forming, especially below approximately
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600 ° C. The predominant phase was the face-centered cubic Fe system, which consisted of Fe
atoms and possible vacancies (Va) in the L1y crystal structure. The main reinforcing intermetallic
phases NigTi and CoMoFe (i - phase) were precipitating and forming at around 750 © C. At about
450 ° C the monocarbide TiC was forming. One inaccuracy has to be mentioned though. In the
liquid phase should all other elements be included, as the melt for sure does not just consist of Fe.
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Figure 4.14: Equilibrium diagram of maraging steel MS1.

In Figure 4.15 the Scheil calculation results for the maraging steel system MS1 is given. In the
diagram, the solid line represents the Scheil solidification simulation. It provides information at
what temperature various phases solidify from the liquid phase. In the diagram of the maraging
steel system, the solidification starts at around 1440 ° C with a mixture of a liquid FeNi phase and
a face-centered cubic FeNi (Va possible) phase in a L1s crystal structure type.

It was then desired to understand the effects of the addition of vanadium on the equilibrium
and the Scheil calculation. For this purpose, the calculations were repeated with an addition of
10 % V. However, it has to be mentioned that this was just done to understand the FeV system,
rather than real phase predictions, as MA and SLM are non-equilibrium processing techniques. In
Thermocalc, the calculations assume a perfect liquid phase of all elements and infinitely slow solid-
ification. Obviously, this is not the case in real applications. In selective laser melting, the process
is known to have a rapid solidification. Furthermore, the vanadium carbides have a significantly
higher melting temperature and depending on their size, not all of them might have been molten
completely. In Figure 4.16 the equilibrium diagram of the maraging steel composition MS1 and
Vanadium is given. It can be seen that the vanadium significantly increases the martensite starting
temperature. Martensite is formed at approximately 450 ° C in a standard maraging steel alloy.
Due to the addition of vanadium, martensite is already starting to form at approximately 750 ° C.
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Figure 4.15: Scheil calculation diagram of maraging steel MS1.

Some carbides are formed at above 1200 ° C consisting of Ti, V, and C (TL,V:TL,V:C). Thermocalc
describes sublattices in the lattice structure with possible elements that can place atoms in the
sublattices’ edges.

In the Scheil solidification diagram of the MS1 + V diagram, the austenitic phase is the first
phase to form. But at about 1330 ° C, which is significantly sooner than without V, a-Fe is starting
to form. Additionally, some V can be found in the lattice structure of the body-centered cubic
crystal structure.

In Figure 4.18 the phase diagram of MS1 + V is given. It shows all phases, which would form,
between 0 - 70 wt% of V. Obviously, very complex phases can form in this composition. An addi-
tion of more than 30 % of vanadium would cause severe phase changes and transitions, hence the
vanadium level should be kept lower. It is worth mentioning that the melting point decreases, if
vanadium is added to the composition. This fact is important for the experimental considerations
and expectations.
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Figure 4.16: Equilibrium diagram of maraging steel MS1 with additional vanadium.
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5.1 Powder Preparation

5.1.1 Turbula Shaker Mixer

In this work, the focus was set on the fabrication of metal matrix composites. As some of these
advanced materials are not or very hard produceable through conventional casting or atomiza-
tion processes, an alternative way had to be found. In the first phase, regardless of what kind of
post-processes are planned, it is advisable to start with a homogenous mixture of the desired alloy.
For this purpose, a Turbula shaker mixer (Willy A. Bachofen AG, Switzerland) was used. It is
described in detail in Section 2.2.2 and a schematic picture is given in 2.4b. It can hold various
sizes of containers and has a fixed amplitude of movement.

Researchers often use mixing technologies to produce ex-situ metal matrix composites with a
homogenous particle distribution for various applications [17,79,139,170-174]. In some cases it
is sufficient to just mix powders rather than mechanically alloy them. For this purpose, a shaker
mixer is a cost effective tool to achieve the desired homogenous mixtures.

5.1.2 Planetary Ball Mill

After mixing powders in a shaker mixer, in this work a Fritsch Pulverisette 4 (Fritsch GmbH,
Germany) high energy ball mill was used for mechanical alloying. As mentioned before, if the
composite material is small enough (i.e. sub-micron sized), the powder processing step of mechan-
ical alloying can be skipped and mechanical mixing can be sufficient, as small particles tend to
stick to the bigger matrix material particles. However, if the composite particles are too big or a
refinement during the milling process is desired, a high energy ball mill is the right tool of choice.
Furthermore, through mechanical alloying an even better homogeneity can be achieved, as parti-
cles tend to form coalescences. In some cases, even an in-situ chemical reaction can be started [134].

The general function of planetary ball mills is described in Chapter 2 and a picture of a Fritsch
Pulverisette 4 can be found in Figure 2.4a. The Pulverisette 4 only features place for one vial and
can be adjusted in terms of rounds per minute. Furthermore, it is possible to set breaks to allow
a cool-off of the jar and the milled powder.
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The scientific world has been acknowledging this powder processing technique for many years
[23,75,105,109,133-135,175-188] as mechanical alloying is a cost effective way to process material
far from equilibrium and has a higher potential than rapid solidification has [17,96,97].

5.2 SLM Equipment

As described in Chapter 1, for the process of selective laser melting various equipments are nec-
essary. To produce samples out of metal powder, the correct bulk powder has to be used. In
the SLM printer, the powder is then melted layer by layer and unused powder can be sieved in a
post-process to be recycled and used for the next print job. While handling fine metal powders,
it is important to take precautions as some of the metals used are very reactive with oxygen (i.e.
titanium).

5.2.1 MCP Realizer SLM 250

The German company MCP-HEK Tooling GmbH developed their first SLM machine back in 2002.
The company was one of the pioneers in the SLM technology and mainly focused on the produc-
tion of custom made tools. The MCP Realizer SLM 250 used in this PhD thesis work has a build
chamber of 250 x 250 x 220 mm and is equipped with a single ytterbium 100 W fibre laser. The
laser spot diameter is 0.12 mm. It is possible to flood the building chamber constantly with argon
to prevent unwanted oxidation during the process. The layer height is adjustable and was set
accordingly. The machine is also equipped with a heating system to heat up the building chamber,
which can increase densification and reduce stress in the part.

The MCP Realizer 250 SLM, shown in Figure 5.1b, used in this work was modified to be able
to work with low amounts of powder. For this purpose a separate cylindrical build platform was
built into the original build chamber. Furthermore, a glovebox with special gloves was attached
to the building chamber, in case the operator had to work inside the chamber. The advantage of
such a system is, that there is no need to open the chamber while it is flooded with argon and
to maintain a constantly low level of oxygen. Re-flooding the chamber again is time consuming,
which is why especially in research applications, in which often difficulties and complications occur
during a process, a glovebox is a great advantage. A schematic overview of the Realizer machine
is given in Figure 5.1a, which is basically very similar to other machines.

a) b)
2 axis Galvo Seanner system Control cards for
scanning u:u'm:lls\ onclosure sensors

Process parameters

control windew Somme

control unit

Windows po
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Process
Solidified chamber
Al filter for airbodm:
powder particles.
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Container for
excess powder

Contred cards for
motors

Figure 5.1: a) Schematic of the MCP Realizer SLM process showing the laser path and b) a picture
of an MCP Realizer SLM 250 machine. [33]
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5.2.2 Farsoon FS121M

Chinese manufacturer Farsoon Technologies is a quite unknown brand in Europe and America, but
they are striving to gain a foothold in the western market. One of their smaller machines is the so
called FS121M, which was also used in this work and can be seen in Figure 5.2a. It features a sin-
gle 200 W fibre laser controlled by a high-precision three-axis digital galvo system. The minimum
laser spot size is 40 microns and can be set to a maximum of up to 100 microns. The layer height
can be set between 20 and 80 yum. The FS121M is meant for small parts in research applications
and for scientific powder development works. Because of this, the building chamber is smaller
than most other SLM machines and it has a size of 120 x 120 x 100 mm. It has to be mentioned
though, that the given height does not include the height of the building platform. This factor is
very important and has to be taken into account while planning the print job. Especially while
printing the common ASTM E8 ultimate tensile strength specimens in the Z - direction, the height
of the building platform is a critical variable. Another important note must be given in terms of
the building size. The scanner optic is able to control the laser further than the actual maximum
platform size, which means, the laser can damage the machine, if the parts are not placed within
certain borders in the controlling software.

The software is, compared to other bigger manufacturers of SLM machines, surprisingly effec-
tive, intuitive and powerful. The controlling software runs on a Windows computer and even has
a part editor for simple manipulations. The parts can be visualized in three dimensional views
and an example is given in Figure 5.2b. During the printing process, parts can be removed from
the job, or their parameters can be edited accordingly. The software supports lots of different
parameters free to edit, which is a plus.

Overall the machine offers some good features for the comparably low purchase price. However,
some design related flaws should be improved in future generations. The container for excess
powder for example, is too small for one print job and there is no sensor causing an alarm if the
container is full. If the excess powder container is full, the machine will be hard to clean afterwards.
Furthermore, the layout of the three chambers, the fresh powder container, the building platform
and the excess powder container are designed to be behind one another, which makes working and
cleaning of the printer relatively hard. Another negative design decision, is the lack of enough
powder and fume suction canals, which causes a lot of dust in the machine and in the end worse
part densities.

5.3 Software

5.3.1 Slicing Software

To design simple cubes for first parameter tests, but also for the design of support structure, the
designated 3D printing software Magics (Materialise, Belgium) was used. It furthermore allows to
place and orientate CAD files in a specific area, which is equal to the maximum available space of the
used 3D printing machine. This way, the print job can be perfectly prepared and distances to other
parts can be kept in mind. Through the specialized software, the design of very particular support
structure can be designed easily. Magics allows to export the STL files into machine readable files
like CLI, SLI, SLC files, or Concept Laser specific files like CLS. Additionally, Magics can repair
files in terms of walls, which are too thin for the technology used, non-watertight designs, and
other common errors. It is, by time of writing this thesis, one of the most common softwares used
in the additive manufacturing industry.

5.3.2 Design of Experiments

Performing experiments of all kinds always requires resources. On one hand, experiments should
be conducted as accurately as possible, on the other hand, resources have to be kept in mind. With
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Figure 5.2: Picture of a) the Farsoon FS121M SLM printer and b) the positioning and parameter
software.

a well planned Design of Experiments (DoE), the total number of experiments can be decreased.
In a DoE, the relationships between influencing factors (= unconditional variables) and target
variables (= conditional variables) are investigated and determined as precisely as possible with
as few individual experiments as possible.

The Federov method assumes that there is an initial optimal design with n number of runs [189].
One of the rows in the initial design has to be exchanged with one of the rows from the candidate
runs. The initial design is called X,;4 and the design after the row exchange is called X,¢,,. The
determining factor of the new information is:

X pewXnew| = [X5aXoal x (14 Alwi, z;)) (5.1)

in which z; is the row of the current optimal design. The x; needs to be exchanged with x;,
which is a candidate run from the candidate set. The amount of change in the determining factor
of the information matrix is expressed by A(xz;,x;). It is calculated using the formula:

A(sci,xj) = d(.’lij) — [d(l‘zd(l‘J) — d(l‘i,l‘j)2] — d(l‘z) (52)
where:

o d(z;,x;) = xi(X),4Xo1a) *x; is the covariance for x; and x; and

e d(z;) and d(x;) are the variance of ; and x;. They are calculated with the current optimal
design X4 [189].

The Federov algorithm aims to calculate the A-value for all possible exchange pairs from the
current design and the candidate runs [189]. Afterwards, the pair with the highest value is chosen
and the calculation is continued. Each iteration calculates n x N delta values, in which n is the
number of runs in the current design matrix and N is the number of runs in the candidate run
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matrix. Again, the highest value is chosen for an exchange. The algorithm is finished, when the
change of the determining factor is less than a user defined small value [189].

To perform these calculations, R Studio was used in this thesis work. The laser power, the
scanning speed and the hatch distance were set as the variable parameters. The layer height was
defined as a fixed parameter. The initial parameter set was developed around the standard EOS
parameter set for maraging steel MS1, but adjusted in terms of laser power due to the limitations
of the SLM equipment. The parameters were:

e laser power: 190 W,
e scanning speed: 640 mm/s,

e hatch distance: 110 pum.

For the Design of Experiments calculation, five levels and three variables were defined:

30 dat <- gen.factorial(levels = c(5,5,5), nVars = 3, center=FALSE)
31

32 wval_x1 <- c(180, 185, 19@, 195, 200) #laser power

33 wval_x2 <- c(448, 544, 640, 736, 832) #scanninc speed

34 wval_x3 <- c(77, 94, 110, 127, 143) #hatch distance

Then, a new matrix was programmed and the equation for the energy density was defined:

42 ### New matrix with the actuall vallues

43

44  dat_fractexp <- data.frame(laser_power = orig_X1, scan_speed = orig_X2, hatching = orig_X3)
45

46 ### definition Energy Density

47

48 energy_density <- dat_fractexp$laser_power / (dat_fractexp$scan_speed * ((dat_fractexp$hatching * 40)/1000000))
49
50 1ind <- which (energy_density < 5000 & energy_density >1) #Limits can be set

To use the Federov method, the original parameter had to be identified for R Studio:
58 1indl <- which (dat_redexp$laser_power == 190 & dat_redexp$scan_speed == 640 & dat_redexp$hatching == 110)
Finally, the Design of Experiments calculations using the Federov operator could be performed.

The number of trials was limited to 20, as this was the maximum number of specimens fitting to
the process chamber:

61 ### DoE

62

63 des_D <- optFederov(~ laser_power + scan_speed + hatching

64 + laser_power:scan_speed + laser_power:hatching + hatching:scan_speed
65 # + laser_power:scan_speed:hatching

66 + laser_power”2 + scan_speed"2 + hatching”2

67 # + I(laser_powerA3) + I(scan_speedA3) + IChatchingA3)
68 , dat_redexp

69 , nTrials= 20

70 #eval = TRUE, approximate = TRUE, crit ="D",

71 , center = FALSE

72 #DFrac = 1, CFrac = 1, args = FALSE

73 , rows = c(indl, 1)

74 , augment = TRUE

75 , nullify =1

76 )
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5.4 Heat Treatment

The resulting microstructure and grain growth of the selective laser melting process is transversal
isotropic, which leads to lower material strengths and properties in Z - direction. Furthermore,
the laser remelts the layers underneath about two times, which increases the probability of grain
growth through the layers and therefore might increase the brittleness of the material according
to the study of Kruth et al. [47].

One of the most important post-processes after selective laser melting is the heat treatment
of the printed parts. As SLM is an anisotropic process, it is often required to perform heat
treatments. SLM causes internal stresses in the parts, which will cause deformations, if there is
no stress relieving post-process performed, after printing. This process has to be done before the
support structures of the building plate are removed obviously. Different heat treatment cycles for
different materials exist. For casted maraging steels, a heat treatment is particularly important.
After several hours in a furnace, intermetallic precipitations form within the soft martensite matrix
material causing increased material properties. Due to the repeated re-melting and the high cooling
rates, the annealing cycle is not as important as with monolithic material, but can still improve
the material properties of the SLMed part. In this study, some of the samples were heat treated
according to EOS recommended annealing cycle. For this purpose, a Linn High Term (Germany)
VMK-135 furnace was used. It can reach maximum working temperatures of 1200 ° and has a
chamber size of 250 x 180 x 300 mm. The radiation is realized from three sides to ensure consistent
temperatures throughout the whole chamber. To prevent direct radiation to the part, the walls
are fibre insulated. The furnace is controlled through two independently working temperature
controllers to ensure redundancy and they are capable of following preprogrammed heat treatment
cycles. Of course the whole process can be done in an inert gas atmosphere to prevent oxidation.

5.5 Analysis

5.5.1 Microscopy
Inspection Microscopy

A microscope is an instrument that can magnify objects, which would be too small to investigate
through the eye. Most modern microscopes feature light sources, to get even higher magnification
rates. The light microscope used in this thesis work was a Leica Aristomet (Leica Microsystems
GmbH, Germany). The microscope is equipped with a trinocular head which allows the user to use
a camera while simultaneously using both eyepieces. This system is ideal for frequent snapshots or
even video recording. As the name of a light microscope suggests, the Aristomet is also equipped
with a 12V /100W halogen illumination source to better analyse specimens. The microscope also
allows to adjust the colour of the light source through filters to better understand the topology
of the specimen. Sometimes defects and unmolten particle can occur very similar. The usage of
filters helps clarifying, if a spotted anomaly is actually a defect or a particle.

The microscope, respectively its camera system, is connected to PC with the Leica Application
Suite, which allows not just to take pictures, but also to calculate the part density through image
analyzation algorithms.

Stereo Microscopy

Stereo microscopes are a special type of microscopes. The difference to a binocular or trinocular
microscope is the way the light travels through the microscope. In standard microscopes, even with
setups for both eyepieces, the light is split up to show both eyes an image. In stereo microscopes
however, there are two separate optical paths with two objectives. Resulting from this, there is a
slightly different viewing angle to the eyes, providing a three-dimensional visualization. This type
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Figure 5.3: Overview of the samples and how they were cut for analysis.

of microscope cannot reach such a high magnification as others can, but it can provide information
about the topology of a specimen, even if it is very complex. In this study, an Olympus SZX10
(Olympus Corporation, Japan) with a ColorView imaging sensor was used for specimen analysis.
The zoom ratio of the SZX10 is 10, but it offers different magnifications. The microscope works
with a fluorescence illuminator for higher brightness and better optical images. Furthermore, the
stereo microscope is equipped with a ColorView II camera (Soft Imaging System GmbH, Germany),
which was especially designed for material science applications. The camera has a dynamic range
of 3 x 12 bit in the colour mode and can vary the exposure time from 100 us to 160 s. The
maximum possible resolution is 2080 x 1544 in colour mode. The camera is connected to a PC
running an image processing software to export taken photos.

Sample Preparation

Specimen preparation for further analysis in most cases begins with an embedding process. In
the first phase, it has to be decided which direction should be investigated. This is particularly
important for SLMed specimens as the process is anisotropic. In most cases the Z- direction is
the most interesting, which is why an X - Z or a Y - Z plane is chosen. A schematic is given
in Figure 5.3. While cutting the solid specimen for embedding, it is important to not heat up
the material, as this might cause an unwanted heat treatment, or could cause an unwanted phase
transformation. This was done with a Struers (Struers Inc., USA) Secotom cutting machine, with
automatic cooling and cutting programs, eliminating the risk of specimens, that become too hot.

Afterwards, the specimen has a reasonable size and the solid block - or in some cases the powder
- is placed in a cylinder, which is then filled carefully with the embedding powder. The machine of
choice for this study was the Struers CitoPress-15 equipped with a single cylinder electro-hydraulic
mounting press. The process was done with warm-processed mounting powder, which is heated up
and melted to secure a solid embedding. After liquefaction, the system is cooled down with water
and solidified. After the mounting process, the samples can be grinded and polished.

Again, a Struers device was chosen for this study. To be precise, a Struers Tegramin automatic
polishing for reproducibility was selected. It offers an electronically controlled dosing of the pol-
ishing and water supplement. However, the fine polishing often has to be done manually and a lot
of experience is necessary to achieve the best possible results.
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Density Measurement

One of the main goals in the development process of new materials for selective laser melting is
to achieve a very high relative part density. Typically, densities above 99 % are recognized as
sufficiently high. However, this is not always possible, respectively it is hard to achieve. Two
main techniques were used in this PhD thesis work to measure the relative density of solid parts.
The first technique, which is probably the most common and most accurate, is the Archimedes’
principle. As commonly known, the Archimedes’ principle suggests, that there are several forces
acting on a solid, if it is immersed in a fluid. The force of gravity acts against the upward buoyancy
force Fy. This buoyancy force equals to the weight of the fluid that the solid body displaces. As
a measurement device, a hydrostatical scale is used. In the first step, the specimens weight m, is
measured in standard air environment. Afterwards, the specimen is submerged in water, while it
must not sink to the bottom, but rather hang on the scale to measure its weight m,,. Furthermore,
it is important that there are no air bubbles sticking to the specimens as they would influence
the measurement. Especially with SLMed parts and their sometimes rough surface, this can be
challenging. The difference of the two measurements equals to the force F,. The density p, of
the water at room temperature is approximately 0.9977 g/cm?. Equation 5.3 can now be used to
calculate the density of the specimen ps.

Ps * Mg

(ma - mw)

ps = (5.3)

To evaluate the relative density of the specimen and to find out how much porosity and defects
it has, the bulk density of the standard solid material has to be known, which can be found in the
literature. As the density of the specimen p; and the density of the pure defect-free block material
py are known, Equation 5.4 can be solved.

100 * pg
Pb

The relative density now indicates the defects of the printed part and gives information of the
amount of blowholes and pores. As mentioned before, a relative density above 99 % is considered
as an excellent value in material development sciences.

= Relative density [%) (5.4)

The second method to evaluate the relative density of an SLMed part, is through analysation
of the microstructure. After cutting, mounting-in, grinding and polishing of a specimen, images
with a microscope can be taken. In this study three images per specimen were taken with a Leica
Aristomet light microscope (Leica Microsystems GmbH, Germany) and a Leica Application Suite
(Leica Microsystems GmbH, Germany) software was used for the image processing and analysis.
The software uses algorithms to estimate what colours refer to a pore and what refer to the solid
material. This can of course be adjusted. One problem of this technique is the fact, that some
particles tend to have a more greyish colour than the rest of the material. This can lead to a
lower relative density result as the software misinterprets the image. On the other hand this way
of analysis is much faster and can be done while analysing other aspects of the specimen.

5.5.2 Microhardness

The method of microhardness testing is especially meant for small samples or specimens in which
only a small region is to be measured for its hardness. The advantage of microhardness testing is
the possibility to get information of the material hardness even if the material is prone to cracking
or has a fine microstructure. In some cases even multi-phase or non-homogenous materials can
be analyzed. This is especially important for particle reinforced metal matrix composites or high
entropy alloys with multiple phase formations. For metal hardness tests three main techniques
exist, which involve a diamond or a carbide indenter:

e Brinell hardness with a steel or tungsten carbide ball indenter
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e Vickers hardness using a diamond indenter formed as a pyramid

e Rockwell hardness either with a steel sphere or a diamond sphere for harder materials

All three of the hardness tests measure the resistance against deformation caused by an inden-
ter, which is loaded with constant force. The applied force is adjustable and therefore known to
the operator. After the indenting process, the resulting surface of the indention is measured un-
der the microscope and is used to calculate the respecting hardness according to the used technique.

In this thesis work a Frank (Karl Frank GmbH, Germany) hardness tester was used. The tech-
nique used for hardness testing was following Vickers hardness standards. The device is equipped
with a microscope camera system to measure the diagonals of the rectangular shaped indent. The
camera is connected to a computer software program, which allows automatic calculations of the

hardness and sample management. The applied force for the Vickers microhardness tests was 9.8
N.

5.5.3 'Tribological Analysis

One of the reasons to reinforce materials with carbides and to design metal matrix composites
is to increase the mechanical properties of the material. In this study, it was desired to increase
the hardness and the wear resistance of maraging steel. To analyze the behaviour of an abrasive
movement, tribological tests were performed. For this, a tribometer (Micro Scratch Tester, Anton
Paar, Austria) was used. An indenter was applied with 5 N of force and moved back and forth for
1000 times on a track with a length of 5 mm. The indenter was a stainless steel ball with a diameter
of 6 mm. After the tests, the track was analyzed to understand the depth and width. These values
were used to calculate the coefficient of friction. Through various (i.e. at least five) measurements
in a profilometer (Dektak 150, Veeco, USA) a mean value was calculated and multiplied with the
track length (i.e. 5 mm), to calculate the volume of the wear track. With the information of the
ablated material in the MMC and the volume of the ablated calotte of the ball, the total lost
volume could be calculated. In Equation 5.5 the formula for the calotte volume is given, in which
V' is the volume, h the height of the calotte, and d is the ball wear scar diameter.

-(3) ()

To calculate the height, equation 5.6 is needed, in which r is the radius of the ball.

o @
4

The ball wear rate, which is given in mm?3/Nm, is then calculated by dividing the calotte volume
with the product of the load (i.e. 5 N) and the sliding distance (i.e. 8 m). The same calculation
is performed with the volume of the track wear to calculate the track wear rate, also given in
mm?/Nm.

h=r—\/r (5.6)

The higher the wear rate of the track, the more volume was removed and therefore, the weaker
the material against the indenter ball was. Thus, the higher the wear rate of the ball, the better
the wear resistance of the material against the indenter ball. If the ball wear rate is relatively high
and the track wear rate is low, the material has a good resistance against wear and a high hardness.
The coefficient of friction provides information about the sliding properties of a material. If the
COF is comparably low, it can be assumed that there was some kind of an effect happening which
caused the indenter to better glide over the surface. To understand the effects during tribological
tests, the penetration depth is an important factor. It provides information about the depth the
indenter was able to scratch into the material. The deeper this depth, the weaker the material.
It is called relative penetration depth as it measured from the initial surface before the test was
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started and the maximum depth the indenter was able to reach after scratching the surface for the
last time.

5.5.4 X-Ray Diffraction

Ordered structures are usually formed in crystal structures and these symmetric patterns are re-
peated along all three dimensions. The smallest formation of atoms with such a repeating pattern
is called a wnit cell. A unit cell always reflects the structure and the form of the whole crystal, no
matter how large it appears to be. If the lattice points are only at the corners of the unit cell, it is a
primitive lattice and there are seven different of them, namely triclinic, monoclinic, orthorhombic,
tetragonal, trigonal, hexagonal and cubic. However, to better describe the crystal structure it can
be sometimes advisable to use one of the four centering methods for the crystal systems, which
are an addition to the seven primitive unit cells. Theoretically, there should exist 28 lattice types,
but as some of them are redundant, respectively some of them are not possible due to symmetry
reasons, there are only 14. All these unit cells are also known as Bravais lattices. One important
property of a unit cell is the possibility of repetitive translation along the principal axes, which
also applies for centered cells [190]. The nodes of the Bravais lattices are defined by the the vectors
of the translation.

To analyze the lattice parameters of a crystal, the technique of X-ray diffraction (XRD) is
used. A sample is placed in an X-ray diffractometer, which uses, as the name suggests, X-rays to
illuminate the sample. The emitting X-ray tube and the detector are rotating in a synchronized
motion. The signal coming from the sample is then recorded and graphed. Peaks of the graph are
related to the atomic structure of the specimen.

The wavelength A of X-rays is very similar to the distance d between atoms in a crystal.
Typically a A(Cu K,) X-ray energy is used in instruments with a wavelength of 0.154 nm. As
soon as an X-ray encounters an atom, it’s energy is absorbed by the electrons of the atom. This
energy however, is not sufficient to release the electron, it is emitting the energy again in the form
of a new X-ray, which has the same energy as the original X-ray. This process is called elastic
scattering. As described before, crystals consist of ordered structures with a certain distance of
each atom. When the atomic plains are exposed to an X-ray beam, X-rays are scattered by the
equally spaced atoms. At specific angles, strong amplification of the X-rays occur, which is called
constructive interference or diffraction effect. Other angles lead to destructive interference causing
a destruction of the signal and therefore no signal in the detector. The angle between the incident
and the scatter beam at the atom is called 20. As the incoming X-rays will make different paths
before they reach the detector, they will also travel further. If this difference in distance is equal
to an integer of A, constructive interference will occur. The relationship between the diffraction
angle © and the spacing between the atoms d can be determined by applying a sine function.

$in® = (5.7)

SHINTNG

Rearranging this equation yields in an equation (5.8 commonly known as Braggs law, named
after father-son team Sir William Henry Bragg and William Lawrence Bragg.

nA=2x%d* sin® (5.8)

In conventional XRD experiments, the given property is the fixed wavelength and the d-spacing
of the crystal structure is the unknown, which has to be analyzed in the specimen. The diffraction
angle is the resulting property that can be observed with the detector. In Figure 5.4 a schematic
of a XRD experiment with a crystal structure is shown. If the X-rays illuminate deeper planes and
hits atoms in such a plane, both the distance between the atoms and of course A multiplies by an
integer.
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To determine the size of crystals, Scherrer’s formula can be used, which is provided in Equation
5.9. The equation is expressed through:

e 7, which stands for the mean size of the ordered domains

e K the Scherrer form factor with a value of approximately 1

A the x-ray wavelength

A(20) the full width at the half maximum intensity (FWHM)

0 the Bragg angle.

T = K—*)‘ ( 5.9)
A(26) x cos(0)

Bragg’s law is often used to describe the diffraction principle and it is expected, that the
X-rays are simply reflected to the detector with the same angle and intensity. However, this is
physically incorrect. In Figure 5.4 it is assumed that all atoms are positioned above each other,
which is not correct in most crystals. Atomic planes are not mirror-like and atoms do not simply
reflect X-rays. Nevertheless, Bragg’s condition is necessary for constructive diffraction, but it is
not a sufficient condition [191]. In fact, atoms react with X-rays through scattering and energy
is re-radiated through a wave, which will form a spherical-shaped wave around each atom that
is hit by an X-ray. Interferences will occur from all interacting atoms. This explains, why there
are constructive and deconstructive interferences which will then cause patterns on the XRD graph.

As mentioned before, there is always an X-ray emitting tube and a detector used, which are
moving in synchronized motions, to analyze specimens in an X-ray diffractometer. In this thesis
work, a PANalytical PW 3040/6 X’Pert Pro (United Kingdom) device was used. It was operating
at 40 kV and 35 mA with Cu Ko radiation (A = 0.15406 nm). In all experiments two-theta was
recorded in the range of 30° and 90° with a step size of 0.05 and a counting time of 200 seconds
per step.

5.5.5 Ultimate Tensile Strength

In the ultimate tensile strength test, the maximum stress a material can withstand, while it is
stretched and pulled, shall be investigated. A specimen is applied with constant tension in a
tensometer. Depending on the material it will undergo plastic deformation and necking before
fracture. Other materials, like very brittle ones, tend to break very sharply. The ultimate tensile
strength is measured as force per unit area (i.e. Pascal and Newton per square meter) as it is
defined as a stress acting on the sample and is the maximum stress a sample can handle before
fracture. The yield strength is corresponding to the point at which a material will overcome the
elastic limit and will start plastic deformation. Beneath the yield point, the samples do not show
any kind of deformation. Above this point, the specimen will produce permanent deformation and
elongation. It is described as Hooke’s law which basically says that the extension is proportional
to the force. In some materials a phenomenon called Liider’s bands occur, which is an oscillation
of strain and stress [192]. This occurs especially in materials with interstitial defects. Interstitial
atoms are reinforcing the material as they act against dislocation movements in the matrix. As
strain increases, the forces are becoming too high and the atoms are moving until another cluster
of interstitial atoms (Cottrell atmosphere) hinder motions. This process repeats until the material
has no Cottrell atmospheres left. Afterwards, the stress has to be increased again due to the cold
work hardening of the material [193,194].

The shape of the specimen and the process are standardized to make results comparable in-
ternationally and with various materials. Before force is applied, the length and the width of
the specimen is measured. After the specimen fractured, these values are measured again. The
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Figure 5.4: The principle of Bragg’s law with the X-rays illuminating atoms and the followed
elastic scattering [34].

elongation at break is given in percent, as it describes the ratio between the initial length and the
length after break. It represents the capability of a material to resist strain without cracking. If
the specimen deformed before fracture, it will show some necking. This necking leads to smaller
widths which describe the ductility of the specimen. Another important material information, that
can be discovered with an ultimate tensile strength test, is the Young’s modulus. It describes the
stiffness of a material and is the relationship of stress and strain. It is defined in Equation 5.10 in
which F is the Young’s modulus, o is the stress given in force per unit surface and strain ¢ which
is the change in length [195].

o
E=- 5.10

’ (5.10)

For the scientific world, the internationally acknowledged standard is the ASTM (American
Society for Testing and Materials, USA) E 8 norm, which also has a section for powder based

fabricated samples.

In this study, a Zwick / Roell Zmart.Pro (ZwickRoell AG, Germany) tensometer was used
for ultimate tensile strength tests. The machine was equipped with contacting extensometers to
directly measure the length throughout the whole test until fracture. The control of the machine
and the data acquisition software (Xpert IT Test, ZwickRoell AG, Germany) was running on a
connected computer nearby. The software managed and recorded the sensor inputs and calculated
the achieved results accordingly after the test.

5.5.6 Hot Ultimate Tensile Strength

Just as described in Section 5.5.5 material properties are best investigated through an ultimate
tensile strength test. However, in some cases it is also interesting to understand the material
behaviour under higher temperatures. Especially for materials which will be used mostly in en-
vironments with high temperatures. For this reason, the hot ultimate tensile strength test was
introduced. The procedure for tension tests at elevated temperatures is described in ASTM E21
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and E151.

The hot ultimate tensile strength tests for this study have been performed on a Gleeble 3800
(Dynamic Systems Inc., USA). The system had a maximum tension force of 20 tons and was able
to heat specimens with 10,000 °C/second at the specimens surface. The maximum theoretical
temperature was at 3,000 ° C and it was possible to hold the temperature on the set level within
a steady-state equilibrium of +/— 1 © C. The tests in this thesis work were performed at 450 ° C.

5.5.7 Charpy Impact Toughness

The Charpy impact test, which is also known as the Charpy V-notch test, is a standardized test
method to measure the amount of energy that is absorbed by a material during fracture. The test
is easy and cheap to conduct with a pendulum that swings and fractures the sample. The shape
of the notch and the size of the samples are standardized by ASTM A370 and ISO 148. Even
though there are subsize specimens, most commonly the dimensions are 10 mm x 10 mm x 55
mm. Qualitative results can be used to understand the ductility of a material. Flat plane breaks
indicate a brittle fracture and a deformed break indicates ductile material properties.

5.5.8 Scanning Electron Microscopy

A scanning electron microscope (SEM) is a very important tool for metallurgical scientists, as it
allows to investigate the morphology and the grain formation of samples. First, the samples have
to be prepared for the microscope. For SLMed specimens this can be done as described in Section
5.5.1. Depending on the sample and what exactly shall be investigated, it can be advisable to etch
the samples after polishing. If powders have to be analyzed, they must adhere to a sticking surface
on a special specimen mount. It is very important to understand that the specimens must not
have any loose particles as they could damage the detector of the SEM.

In a SEM, a focused electron beam, emitted from a tungsten cathode, is scanning the specimen
surface. The electron beam is bundled and accelerated through anode-magnets. Because of the
high energy of the beam, some electrons of the specimen will be released. These electrons are called
secondary electrons. An electrically positive charged scattered electron (SE) detector absorbs the
negatively charged electrons and literally attracts them. If there are lots of secondary electrons
detected in a raster element, it will appear as a white point. The less electrons can be detected, the
darker the picture will appear. If the electron beam enters the specimens surface perpendicularly,
there are less secondary electrons released than in an angle.

Another type of image creation is through a backscattered electron detector. This type of
detector focusses on high-energy electrons from the electron beam which are reflected from the
specimen. BSE detectors are used to analyze different chemical compositions, whereas SE detec-
tors are used for topographical analyzes.

All specimens have to have an electrical conductivity to be analyzed in a SEM. If they are
nonconductive, the electron beam will charge them and cause scanning faults or other artifacts.
To increase a specimens electrical conductivity, physical vapour deposition or sputtering is a com-
mon process. The specimen will be coated with a very conductive material, for example with
gold. Atoms of the gold are battered with ions and will form plasma. This happens in an argon
atmosphere, which acts as the sputter gas, and a magnetron vacuum tube utilizes a strong electric
and magnetic field to limit the plasma flow. Therefore, the gold plasma will collide with and coat
the specimen with a very thin layer.

The samples manufactured with SLM in this thesis work were all cross-sectioned, polished and
etched in a solution of 30 ml 32 % HCI, 15 ml 65 % HNO3 and 30 ml 48 % HF, whereas the pure
MS1 specimens were etched in a solution of 10 ml 65 % HNO3 and 100 ml 96 % ethanol, also
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known as nital. Some samples for detailed microstructure analysis were etched in Adler’s reagent.
This etchant was mixed with 9 gr of copper ammonium chloride, 150 ml hydrochloric acid, 45 gr
ferric hydrated chloride and 75 ml of distilled water. Afterwards the specimens were observed by
a Tescan Vega 3 (Czech Republic) scanning electron microscope. Sputtering for SEM analysis was
done with a Dressler Cesar 136 (Advanced Energy Industries, Inc., USA) sputtering system and
the chamber was pumped down to 1.7 * 10~° mbar.

5.5.9 Electron Dispersive X-Ray Spectroscopy

In a scanning electron microscope primary accelerated electrons batter secondary electrons out of
a random atom shell of the specimen. Because of this, the atom has a vacancy of one electron. If
an electron of one of the inner shells is missing, an electron out of the next higher shell will fill the
hole. During this movement, energy in form of an X-ray will be released. This X-ray can be mea-
sured by an energy-dispersive spectrometer (EDX). The atomic structure and the characteristics
of the X-ray allow to analyze which element the emitting source was [196].

The SEM used for this work was also equipped with a silicon drift detector (Ultim Max 40,
Oxford Instruments, United Kingdom) for energy dispersive X-ray spectroscopy.

5.5.10 Particle Size Analysis

In powder technology processes, it is very important to know the different particle sizes in the
used bulk material. A powder will behave different, if the particle sizes differ a lot and if the size
distribution is very broad. For example. very fine particles are more likely to form agglomerates.
Furthermore, the packing density is influenced by different powder particle sizes and has to be
considered when calculating the necessary amount of powder for a volume. A common technology
to understand the particle size distribution is laser diffraction.

For the particle size distribution analysis in this work, a Microtrac SDC in combination with a
Microtrac S3500 (Retsch GmbH, Germany) was used. The device uses three precisely placed red
laser diodes to accurately characterize particles. It can measure from 0.02 to 2800 pm.



Investigation of Mechanically Mixed
MS1/VC by SLM: Influence of Initial
Particle Size

From error to error one discovers the
entire truth.

Sigmund Freud

In this chapter, an introduction about maraging steels and their precipitation hardening is given.
As a processing technology for the maraging steel powder, selective laser melting was chosen. The
goal of this chapter was, to prove the possibility of producing metal matrix composites based
on ex-situ formed MS1 and vanadium carbide. It was decided to use a powder mixture of 90
% (wt%) MS1 and 10 % (wt%) VC. The initial particle size of the MS1 powder was between
15 pm and 40 pm. For the VC powder a particle size distribution of 1-33 pm was chosen in
the first attempt to manufacture a metal matrix composite. For comparison reasons, pure MS1
was processed and analyzed first. Afterwards, the MS1/VC mixture was processed in the SLM
machine. For SLM processing several energy densities were chosen to find the optimal parameters.
For this, a preliminary design of experiments was performed. While analyzing the microstructure
and the micro-hardness, it was very obvious that a finer particle size distribution of VC could
improve the results, which is why another batch of specimens was printed. Through a refinement
of VC particles, the results were significantly improved and the lack of fusion pores were reduced.
However, the defects were indeed reduced, but not eliminated, which is why an alternative scanning
strategy was tested. After each production of specimens, the results were analyzed accordingly. If
was furthermore investigated, that under certain circumstances it is possible to fully melt the VC
particles, even though VC has a considerably higher melting temperature than MS1.

6.1 Introduction

Maraging steels are a type of steel which were developed for high-performance applications in
demanding industries. Even at temperatures of up to 500 °C maraging steel has a good machin-
ability [197]. They consist of alpha-Fe and Ni with very low amounts of C. Their outstanding
material properties, like the high strength and toughness, are derived from strengthening precipi-
tations [198]. The gamma-Fe melt, which also contains the other elements and most importantly
Ti and Ni, is cooled down at a moderate rate and relatively soft a-Fe martensite is formed.
The martensitic phase almost contains no carbon, but is a supersaturated solution of Ni in a-
ferrite [199]. Afterwards, the material is heat treated with an aging process. This causes the
formation of Ni3Ti or NigMo intermetallic compounds, which are the reason for the superior ma-
terial properties [27]. Due to the good weldability and a high ductility, maraging steels became



80 6. Investigation of Mechanically Mixed MS1/VC by SLM: Influence of Initial Particle Size

available for selective laser melting, an additive manufacturing method. The melt pool formed by
the laser in an SLM machine experiences rapid solidification with a very high cool-down (i.e. up
to 10% K/s) rate [200]. Because of this, the material has some unique metallurgical features and
the microstructure differs from monolithic materials. On the other hand, the laser remelts every
solidified layer two to three times, causing cracks in some materials. Therefore, it is very important
in SLM applications that the processed materials have a high resistance against quenching cracks
as SLM involves high heating and cooling rates. Due to the low carbon content of maraging steels,
the tendency for quench cracks is significantly lower compared to high carbon steels.

The technology of selective laser melting has proven its capabilities and has been applied in
numerous industries and areas [16,47]. A research field which attracts many laboratories, but also
commercial companies, is the field of powder production. It is of great interest for the industry
due to the high cost of commercial powders and limited variety of materials. Usually powder pro-
duction for SLM applications is done by plasma, gas or water atomization processes [201-204], in
which pre-alloyed wires or solid blocks are melted and atomized through the immediate cool-down
by gas or liquids. Typically, the powder used for SLM printers has a particle size distribution of
15 to 63 pm and must have a spherical morphology to increase flowability and packing density [204].

In the studies of Hermann and Kempen [27,205] the microstructure and the mechanical prop-
erties of maraging steel grade 300 (18Ni-300) was investigated. They reported a high densification
and comparable mechanical properties to its wrought counterpart. Dalmau et al. investigated
martensitic stainless steel for its wear, corrosion and tribocorrosion properties [206,207]. It was
found that maraging steels have a limited wear resistance, which restricts their use in some environ-
ments. Especially forging dies and injection molding dies, which are used in harsh environments,
will undergo constant wear. Even though these steels have a different composition and a better
corrosion resistance, mostly because of their high Cr content, their other properties are very similar
to MS1. One reasonable way to improve the wear behaviour of maraging steels is the addition of
reinforcing composite particles. According to the literature, the technology of SLM has reportedly
been used to fabricate high performance metal matrix composites. While designing MMCs the goal
is to combine the high toughness of the matrix material with the high hardness of the composite
material [204]. Furthermore, they can be processed with similar technologies as for monolithic
materials [208]. An overview of some scientific papers for ex-situ formed metal matrix composites
and alloys are given in Table 6.1, to name just a few.

Table 6.1: Literature overview of ex-situ formed MMCs and alloys fabricated with SLM.

Reference Matrix Material Composite Material Mixing Time Porosity
Aversa et al. [170] AlSi10Mg 1 wt% nano TiB, 48 hours 1%
Aversa et al. [170] AlSil0Mg 10 wt% micro TiB, 48 hours 22 %
Tan et al. [171] Al-2.54Li-1.49Cu-0.91Mg-0.13%Zr 20 wt% sub-micro SiC 5 hours

Tan et al. [171] Al-2.54Li-1.49Cu-0.91Mg-0.13%Zr 10 wt% micro SiC 5 hours

Yan et al. [139] maraging steel 300 15 wt% micro WC 200 minutes 0.83 %
Kang et al. [172] maraging steel 18Ni-300 15 wt% micro WC 1 hour 04 %
Strouf [209] maraging steel 1.2709 5 wt% micro CuCrZr 1 hour 0.06 %
Strouf [209] maraging steel 1.2709 10 wt% micro CuCrZr 1 hour 0.06 %
Strouf [209] maraging steel 1.2709 20 wt% micro CuCrZr 1 hour 0.02 %
Strouf [209] maraging steel 1.2709 30 wt% micro CuCrZr 1 hour 0.15 %
Ivekovié et al. [210] tungsten 1 wt% tantalum 24 hours 5.6 %
Ivekovié et al. [210] tungsten 5 wt% tantalum 24 hours 4.9 %
Ivekovié et al. [210] tungsten 10 wt% tantalum 24 hours 2.5 %
AlMangour et al. [185] 316L 2.5 wt% micro TiB, 1 hour
AlMangour et al. [185] 316L 15 wt% micro TiBy 1 hour 8.5 %
Song et al. [211] Fe 2.2 wt% nano SiC 2 hours 0.13 %

In the literature, mixing in a tumbling mixer, like in a Turbula shaker mixer, is very present.
The matrix material and the composite material are mixed homogeneously together and then used
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in an SLM machine. This powder processing route is called ex-situ MMC formation, as the two
components are not alloyed nor do they form coalescences in most cases. However, if properly
done, the solidified material will have better mechanical properties than the matrix material with-
out reinforcing particles. This approach was also chosen for this study.

The aim of this study was to investigate the possibility of reinforcing maraging steel with
vanadium carbide. Through conventional mixing, powder combinations with two different VC
particle sizes were fabricated. Both mixtures had a ratio of 10 wt% of VC and 90 wt% of MS1.
The MS1/VC powder was then processed in a SLM machine and analyzed to find the optimal
laser parameters and to investigate the density and microhardness. Furthermore, the behaviour
of the VC particles were inspected after SLM processing. For comparison reasons, pure MS1 was
fabricated too and examined.

6.2 Experimental Procedures

6.2.1 Design of Experiments

To find the best parameters for the SLM process, a design of experiments was performed in R
Studio. The main parameters laser power, scan speed and hatch distance were taken into account.
Other parameters were set to fixed values. Reasonable limits were set for the energy density 7.
The DoE consisted of five levels and three variables:

e laser power: val_ z1 <- ¢(180, 185,190, 195, 200)
e scanning speed: val- x2 <- ¢(448, 544,640, 736, 832)
e hatch distance: val_ x3 <- ¢(77,94,110,127,143)

The values were chosen according to the study of Tan et al. [212], in which the optimum energy
density was found at 67 J/mm? for EOS MS1 fabricated on an EOS M290 SLM machine. It was
expected that the n-values for pure MS1 had to be in the same range of energy density, whereas the
n-values for the MS1/VC mixture probably were slightly higher due to the higher melting point
of VC (2810 °C). As the Farsoon FS121M, which was used in this work, had a less powerful laser,
the values had to be adjusted accordingly. The values were chosen within a range of 70 - 130 %
and the maximum number of specimens was set to 20. For the R script calculations, the limits for
n were set to 35 J/mm? and 180 J/mm?3. In Table 6.2 the output of the R script can be seen. The
specimens (spec.) were numbered in ascending order, but also the DoE numbers are given.

Table 6.2 contains values for the hatching distance, which were calculated through the R script.
Based on Equation 1.2 the resulting energy density could be calculated based on the laser power,
the hatching distance, the scanning speed and the layer thickness. However, the so called Build
Manager software of the Farsoon printer did only allow values with a step size of five, some
parameters had to be adjusted accordingly. This is the reason, why there are further values in the
table. The parameters were used for SLM processing the pure MS1 and the MS1/VC mixture.

6.2.2 Powder Preparation

In the first phase a homogeneous mixture of the maraging steel and VC powder had to be achieved.
For that, commercially available spherical gas atomized maraging steel powder (MS1, EOS GmbH,
Germany) with a size distribution between 15 pym and 40 pm was mixed with irregular shaped
VC powder (Treibacher Industrie AG, Austria) with a size distribution of 1 - 33 pm (furthermore
called VC-33). Another batch of powder mixture was created with the same MS1 matrix material
and VC powder (Treibacher Industrie AG, Austria) with a smaller size distribution of < 2.5um
(furthermore called VC-2.5), but with the same chemical properties as the VC-33 had. The chem-
ical composition of the VC powder consisted of mostly VgCr7, with very small amounts of V5C,
VCs and stoichiometric VC possible. Both powder mixtures with 90 wt% of MS1 and 10 wt% of
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Table 6.2: Parameters from the design of experiments R script.

Spec. DoE Laser Power Scan Speed Hatching Hatching Energy Density Energy Density

No. Nr. [W] [mm/s] DoE [pm] Real [um] DoE [J/mm?3] Real [J/mm?]
1 1 180 448 7 80 130.45 125.56
2 185 448 7 80 134.08 129.05
3 5 200 448 M 80 144.95 139.51
4 6 180 544 M 80 107.43 103.41
5 10 200 544 7 80 119.37 114.89
[§ 20 200 736 7 80 88.23 84.92
7 21 180 832 7 80 70.25 67.61
8 22 185 832 7 80 72.20 69.49
9 25 200 832 7 80 78.05 75.13
10 63 190 640 110 110 67.48 67.48
11 76 180 448 127 130 79.10 7027
12 80 200 448 127 130 87.88 85.86
13 96 180 832 127 130 42.59 41.61
14 100 200 832 127 130 47.32 46.23
15 101 180 448 143 140 70.25 71.75
16 105 200 448 143 140 78.05 79.72
17 106 180 544 143 140 57.85 59.09
18 110 200 544 143 140 64.28 65.66
19 121 180 832 143 140 37.83 38.64
20 125 200 832 143 140 42.03 42.93

VC were mechanically mixed in a Turbula tumbler (Willy A. Bachofen AG, Switzerland) shaker
mixer - each batch for 15 min. In preliminary studies it was exhibited that demixing of powders
can occur, if the mixing times are too long. The morphologies of this mixture and the VC-33
bulk material are shown in Figure 6.1. The picture shows some sub-micron particles, which are
sticking to the bigger MS1 particle, whereas >1 um are laying next to each other. The chemical
composition of the MS1 powder, which acts as the metal matrix in this study, is shown in Table 4.1
and is described in detail in Section 4.1.2. The bulk material of the VC-2.5 is shown in Figure 4.8a.
In this figure, one can see that even though - according to the manufacturers specification - there
should be no particle bigger than 2.5 microns, some particle, as a matter of fact, are. Nevertheless,
the tests were still continued, but this anomaly has to be considered in the analysis. Overall, the
VC-2.5 powder had a significantly lower mean particle size and maximum particle diameter.

The pure MS1 powder was used as delivered without any pre-processing or treatment.

6.2.3 SLM Process

For SLM processing, a Farsoon FS121M (Farsoon Technologies, China) was used to create cubic
specimens (10 mm x 10 mm x 10 mm). The device was equipped with a 200 W fibre laser which
featured a laser spot diameter of 55 pm. The layer height was set to 40 microns. Before the actual
SLM process was started, the building chamber (120 mm x 120 mm x 100 mm) was flooded with
argon to keep the oxygen level below 0.4 %. This way possible oxidation and a stable welding
process could be provided. The coating of the building platform was increased in the beginning
of the process to achieve even coated layers. After approximately 10 layers, the standard coating
parameter was chosen. The scanning strategy for the solid parts included an alternating hatch
pattern. The pattern was rotated 90 © every other layer.

6.2.4 Microstructural Observation and Density

The cubic formed specimens were cut-off the build plate and then their weight was measured.
Archimedes’ principle was used to measure the density of the samples using a dedicated scale.
Afterwards the cubic specimens were mounted in resin (Struers CitoPress-15, Struers Inc., USA),
cross-sectioned and polished (Struers Tegramin, Struers Inc., USA). To get as much information
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Figure 6.1: SEM image of the initial mixed spherical MS1 and the irregular shaped VC-33 bulk
powder.
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about each layer of the samples, the X-Z plane was cut for further analysis. The next step was the
etching of the samples. For the MS1/VC specimens a solution of 30 ml 32 % HCI, 15 ml 65 % HNOs5
and 30 ml 48 % HF was used and for the pure MS1 specimens nital (10 ml 65 % HNO3 and 100 ml
96 % ethanol) was used. After the etching, the laser tracks were visible and could be observed under
the microscope. For the microstructural analysis an optical microscope (Leica Aristomet, Leica
Microsystems, Germany) and appropriate software (Leica Application Suite, Leica Microsystems,
Germany) was used.

6.2.5 Microhardness

A micro-hardness testing device (Karl Frank GmbH, Germany) was used to observe the Vickers
hardness of the samples. For all specimens the device was loaded with 9.8 N (HV1). At least three
measurements were done at each specimen.

6.3 Results and Discussion

6.3.1 Microstructural Characterization and Density of MS1

Before the actual MMCs were tested, some pure MS1 was processed in the Farsoon SLM machine.
Unfortunately, some of the parameters caused troubles during SLM processing. The maraging
steel samples had a tendency to break-off of the build platform and some emergency stops were
necessary to prevent damage to the carbon fibre coater. If possible, the deformed samples were
just deleted in the software and the build job was continued. However, some of the samples were a
severe danger to the coater and therefore, the samples had to be removed manually. In Table 6.3
the built specimens and their related SLM parameters with the resulting energy densities (Energy
D.) are given. Furthermore, the measured and mean relative densities (Rel. D.) are added to
the table. Because of the 55 pm spot diameter, there was no direct overlap of each scan track.
However, the laser spot diameter does not equal to the melt pool diameter. The melt pool will
always be bigger than the laser spot which means that it is not necessary to overlap the tracks. It
is important though, to get an overlap of the melt pools of each track to achieve a high relative
density in the manufactured part.

Table 6.3: Overview of the SLM parameters and the density measurements of MS1.

Spec. Laser Power Scan Speed Hatching Energy D. Rel D. Rel. D. Rel. D. Rel. D.
No. (W] [mm/s] Real [pm] Real [J/mm?®] 1[%] 2 [%] 3 [%] Mean [%)]
1 180 448 80 125.56 90.03 86.86 86.07 87.65

2 185 448 80 129.05 94.43 93.57 94.33 94.11

3 200 448 80 139.51 96.59 97.20 96.68 96.82

4 180 544 80 103.40 97.84 97.65 98.23 97.91

5 200 544 80 114.89 98.10 97.95 97.92 97.99

6 200 736 80 84.92 88.12 90.25 89.42 89.26

7 180 832 80 67.61 91.65 91.30 90.48 91.14

8 185 832 80 69.49 98.08 98.24 98.26 98.19

9 200 832 80 75.12 97.8 97.61 97.55 97.65

10 190 640 110 67.47 95.33 95.27 94.40 95.00

Table 6.3 indicates that the highest density was achieved at 69.49 J/mm? for pure maraging
steel powder. The relative density and the microstructure strongly depends on the laser parameters
and the goal in SLM manufacturing is always to produce near fully dense parts. To compare and
to better understand the effects of the various parameters, the energy densities and the related
relative densities were plotted in Figure 6.2. Representative micrographs were chosen, to show the
densification characteristics. Sample nr. 1 stands out though, due to the high standard deviation,
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Figure 6.2: Graph of the achieved MS1 densities with the Farsoon SLM machine and micrographs
of selected samples.

respectively due to the different measured densities.

Figure 6.3a shows the microstructure and laser tracks of sample nr. 8 etched with nital and
6.3b shows nr. 5 unetched. Both samples have a relative high density, but nevertheless, their
microstructure is very diverse. Sample 5 was fabricated with a higher laser powder and a lower
scanning speed resulting in a higher energy density overall, whereas sample 8 was produced with
lower energy density in the system. Obviously, two different pores can be found in the samples. In
sample 8 there are mostly spherical pores, which indicates that gas inclusions, that were unable to
escape the melt pool due to a high solidification rate, caused this type of pore. Gas can be trapped
in the bulk material, if the powder itself contains a lot of process-related (i.e. from gas atomization)
gas inside [213]. Zhang et al. [214] furthermore describe the possibility of spherical porosities with
metal powders with a low packing density (i.e. under 50 percent). Another possibility is that the
laser energy input was too high for some alloy constituents and that they evaporated. These gas
bubbles are then trapped in the solidified material and cause spherical pores [215]. In contrast to
this, specimen nr. 5 shows irregular shaped pores, which also indicate too much energy. However,
in this case it is very likely, that not just gas bubbles were formed. If the melt pool exhibits severe
energy input, the melt pool becomes very unstable and in certain cases the matrix material can
evaporate or have an increased tendency to form spatters. The melt pool will then solidify, but
due to the lack of sufficient material, poor bonding defects will occur. Figure 6.3b furthermore
shows some artefacts of the polishing and the post cleaning process with ethanol.

To give an overview of all produced MS1 specimens and their cross-sections in X-Z plane, Fig-
ure 6.4 is given. The samples are ordered in an ascending order according to their energy density.
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Figure 6.3: Microstructure of a) specimen nr. 8 after etching in nital and b) specimen nr. 5
unetched using OM.
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Figure 6.4: Microstructure of all MS1 SLM processed specimens using OM.
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Figure 6.5: Micro-hardness values of the MS1 specimens.

6.3.2 Microhardness of MS1
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After the microstructural analysis, Vickers micro-hardness was tested. The results can be found in
Figure 6.5 in which the results are arranged according to the related energy density in an increasing

order.

The highest mean hardness was measured with sample nr. 5, but the highest value overall
was measured with specimen nr. 8, which also had the highest density. According to the powder
manufacturer EOS, hardness values of parts in an as-built state, should be between 330 and 360
HV. Sample nr. 8 had a peak value of 354 HV and the mean value of specimen nr. 5 was 347
HV. These numbers are matching the manufacturers specifications. In Table 6.4 all of the other
results are given for the sake of completeness and in Table 6.5 the according statistical information

is provided.

Table 6.4: Overview of the SLM parameters and the micro-hardness measurements of MS1.

Spec. Laser Power Scan Speed Hatching Energy D. Hardness Hardness Hardness Hardness
No. [W] [mm/s] Real [um] Real [J/mm?®] 1 [HV] 2 [HV] 3 [HV] Mean [HV]
1 180 448 80 125.56 239 176 290 235

2 185 448 80 129.05 323 345 337 335

3 200 448 80 139.51 341 336 349 342

4 180 544 80 103.40 341 341 342 341

5 200 544 80 114.89 350 341 349 347

6 200 736 80 84.92 329 344 347 340

7 180 832 80 67.61 329 231 225 262

8 185 832 80 69.49 322 324 354 333

9 200 832 80 75.12 232 347 325 301

10 190 640 110 67.47 342 177 295 271
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Table 6.5: Statistical information for micro-hardness measurements of the MS1 samples.

2

Specimen Nr. Range R Variance ¢© Standard Deviation o

10 165 4817.67 69.41
7 104 2273 47.68
8 32 214.33 14.64
9 115 2484.33 49.84
6 18 62 7.87
4 1 0.33 0.57
) 9 16.33 4.04
1 114 2174 46.63
2 22 82.67 9.09
3 13 28.67 5.35

6.3.3 Microstructural Characterization and Density of MS1/VC-33

The micrographs of the MS1/VC-33 powder mixture revealed that VC particles were not molten
in most cases. Throughout the whole specimen there are many VC particles visible, which were
not molten. Their homogeneous distribution is remarkable though. In Figure 6.6 an example is
given. There are some micro-cracks visible, some blowholes, and multiple unmolten VC particles.
Especially the spherical pores are worth mentioning. They are called lack-of-fusion pores and
appear because of interferences during SLM processing [216]. However, if the VC is not molten
during the SLM process the particles can still increase some mechanical properties. In preliminary
studies it was found, that especially the wear resistance will be increased. The VC particles have
a very high hardness and therefore, will resist against abrasion. On the other hand, there is a
higher tendency for micro-cracks in the matrix material starting from the hard VC particle. Stress
caused by strain can furthermore crack the VC particle itself, which is then a potential source
for material failure [140, 141]. Generally speaking, material properties will increase overall and
be more stable, if particles are molten completely and precipitate homogeneously distributed in
the solidified material. The achieved relative densities and the mean density of the MS1/VC-33
SLMed material can be found in Table 6.6.

The highest relative density was achieved with specimen nr. 18 which had a similar energy
density (i.e. 65.65 J/mm?) as the best sample of the pure MS1 had (i.e. 69.49 J/mm?). However,
the laser power was higher and the scan speed was comparably lower causing a stabilization of the
melt pool. The introduction of the composite particles probably interfered the melt pool slightly,
but with an overall slower process, this was compensated. Obviously, the VC composite material
brought into the matrix did have a big effect on the melt pool and the melting temperature, as most
VC particles did not melt at all and more energy was necessary for a more dense microstructure.
A plot of the energy densities and the respective relative densities is given in Figure 6.7 which also
includes some representative micrographs.

In Figure 6.8 a complete overview is given of all SLM processed samples. It can be seen that
especially at higher energy densities the material was more likely to be built without porosity. This
clearly indicates the influence of the VC particles, as the n-values had to be significantly higher
than for the MS1 samples.

6.3.4 Microhardness of MS1/VC-33

Figure 6.9 shows the achieved microhardness values of the MS1/VC-33 specimens and the respective
standard deviations sorted to the energy density from low to high. The highest mean hardness
value, but also the highest mean value overall was achieved with specimen nr. 5 which was 463 HV
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Figure 6.6: Micrograph of SLM processed MS1/VC-33 with micro-cracks, porosity and unmolten
VC particles.
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Figure 6.7: Graph of the achieved MS1/VC-33 densities with the Farsoon SLM machine and
micrographs of selected samples.
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10341

Figure 6.8: Microstructure of all MS1/VC-33 specimens which were SLM processed.
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Table 6.6: Overview of the SLM parameters and the density measurements of MS1/VC-33.

Spec. Laser Power Scan Speed Hatching Energy D. Rel D. Rel. D. Rel. D. Rel. D.
No. [W] [mm/s] Real [pm] Real [J/mm?®] 1 [%] 2 [%] 3 [%] Mean [%)]
1 180 448 80 125.56 96.50 96.54 96.34 96.46
2 185 448 80 129.05 96.93 96.57 96.58 96.69
3 200 448 80 139.51 95.64 95.66 96.32 95.87
4 180 544 80 103.4 96.65 95.90 95.63 96.06
5 200 544 80 114.89 96.21 97.06 96.95 96.74
6 200 736 80 84.92 94.56 91.47 93.51 93.18
7 180 832 80 67.61 84.14 83.09 85.00 84.08
8 185 832 80 69.49 88.69 86.53 89.08 88.10
9 200 832 80 75.12 87.04 84.63 90.51 87.39
10 190 640 110 67.47 95.28 91.84 93.76 93.63
11 180 448 130 77.27 96.65 96.00 95.03 95.89
12 200 448 130 85.85 96.93 96.09 97.28 96.77
13 180 832 130 41.61 86.47 88.94 88.68 88.03
14 200 832 130 46.23 92.54 88.21 91.22 90.66
15 180 448 140 71.75 96.73 96.48 96.77 96.66
16 200 448 140 79.72 97.05 95.81 96.98 96.61
17 180 544 140 59.09 94.43 95.69 95.33 95.15
18 200 544 140 65.65 97.28 97.20 97.48 97.32
19 180 832 140 38.63 85.83 85.98 87.43 86.41
20 200 832 140 42.93 82.89 86.11 88.07 85.69

and a peak value of 486 HV. Compared to the pure MS1 fabricated samples, this is an increase of
132 HV or 37.29 % for the peak values and an increase of 116 HV or 33.43 % for the mean hardness
values. This proves that even though most VC particles did not melt at all, the micro-hardness was
improved significantly. The VC particles act against dislocation movements and therefore increase
the hardness of the material. Furthermore, the particles themselves have a very high hardness.
Table 6.7 shows all of the samples and their according results.

Table 6.7: Overview of the SLM parameters and the micro-hardness measurements of MS1/VC-33.

Spec. Laser Power Scan Speed Hatching Energy D. Hardness Hardness Hardness Hardness
No. W] [mm/s] Real [pm] Real [J/mm?®] 1 [HV] 2 [HV] 3 [HV] Mean [HV]
1 180 448 80 125.56 392 321 430 381
2 185 448 80 129.05 436 422 428 429
3 200 448 80 139.51 439 448 435 441
4 180 544 80 103.4 408 462 427 432
5 200 544 80 114.89 437 486 466 463
6 200 736 80 84.92 394 387 437 406
7 180 832 80 67.61 436 437 433 435
8 185 832 80 69.49 407 358 459 408
9 200 832 80 75.12 419 438 448 435
10 190 640 110 67.47 364 428 363 385
11 180 448 130 T7.27 427 404 467 433
12 200 448 130 85.85 411 429 442 427
13 180 832 130 41.61 361 364 433 386
14 200 832 130 46.23 447 373 439 420
15 180 448 140 71.75 454 442 418 438
16 200 448 140 79.72 386 335 452 391
17 180 544 140 59.09 391 417 406 405
18 200 544 140 65.65 427 480 403 437
19 180 832 140 38.63 426 426 454 435

20 200 832 140 42.93 394 356 398 383
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Figure 6.9: Micro-hardness values of the MS1/VC-33 specimens.

6.3.5 Microstructural Characterization and Density of MS1/VC-2.5

To further improve the hardness results and to achieve a more homogeneous distribution of the
composite material, finer VC particles were mixed to the MS1 matrix material. It was expected to
fully melt a higher amount of VC particles due to the comparably smaller size distribution. The
new batch had a maximum size of 2.5 microns. It was also believed that a more homogeneous
distribution would cause better part densities and less porosity. If the melt pool is not interfered
by large VC particles, a more stable melt pool should form in theory. Furthermore, micro-cracks
can be reduced or avoided, if the introduced composite material particles are smaller. However, it
was observed that finer particles also hinder the powder coating after each layer during the SLM
process. Due to agglomerating fine VC powder particles, the coating of the powder layers was
interrupted, causing an uneven powder layer. It was possible to partially compensate this with a
higher powder feed rate. The measured relative densities and the mean density of the MS1/VC-2.5
SLM processed composite can be found in Table 6.8.

The results reveal that the overall density of all specimens was increased with the introduction
of smaller sized VC particles and the expected outcome of the tests was confirmed. Specimen nr.
8 had the lowest porosity respectively the highest relative density with 98.02 % at 69.49 J/mm3.
Compared to the composite material with 33 pm average sized particles, the laser power and the
hatch distance was lower, but the scanning speed was higher. Some micrographs and a plot of the
energy densities over the relative energy densities are given in Figure 6.10. The figure also includes
the standard deviation of the measurements. Furthermore, some details about the microstructure
are given in Figure 6.15a. The figure shows micro-cracks in the sample and lots of unmolten VC
particles, even though it was expected to fully melt some of them, due to the smaller initial particle
size. Obviously, this was not really the case. Their distribution in the specimens was remarkable
though and even better than with the VC-33 material. If one compares Figure 6.15a and Figure
6.6 it can be seen that there is a difference in the average particle size of the vanadium carbide.
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Table 6.8: Overview of the SLM parameters and the density measurements of MS1/VC-2.5.

Spec. Laser Power Scan Speed Hatching Energy D. Rel D. Rel. D. Rel. D. Rel. D.
No. [W] [mm/s] Real [pm] Real [J/mm?®] 1 [%] 2 [%] 3 [%] Mean [%)]
1 180 448 80 125.56 97.23 98.10 97.76 97.70
2 185 448 80 129.05 97.68 97.85 97.32 97.62
3 200 448 80 139.51 97.76 97.31 97.20 97.42
4 180 544 80 103.40 96.48 96.79 97.05 96.77
5 200 544 80 114.89 96.71 96.56 97.43 96.90
6 200 736 80 84.92 94.23 97.37 95.69 95.76
7 180 832 80 67.61 97.02 97.30 97.10 97.14
8 185 832 80 69.49 98.02 98.03 98.00 98.02
9 200 832 80 75.12 97.46 98.21 97.35 97.67
10 190 640 110 67.47 97.77 97.28 98.03 97.69
11 180 448 130 77.27 97.89 97.64 98.14 97.89
12 200 448 130 85.85 97.69 96.15 97.43 97.09
13 180 832 130 41.61 97.66 97.82 97.97 97.82
14 200 832 130 46.23 96.38 96.93 97.37 96.89
15 180 448 140 71.75 95.08 95.90 95.96 95.65
16 200 448 140 79.72 98.00 97.99 97.35 97.78
17 180 544 140 59.09 97.58 98.16 97.42 97.72
18 200 544 140 65.65 98.11 97.64 98.04 97.93
19 180 832 140 38.63 96.14 97.34 97.86 97.11
20 200 832 140 42.93 97.38 98.05 97.75 97.73

Figure 6.11 shows all of the manufactured specimens. Overall it can be said that the MS1/VC-2.5
mixture had a better behaviour while SLM processing. The densities were higher and the pores
were smaller than with the MS1/VC-33 mixture. However, there was no clear trend of a higher
or lower relative density related to the energy density. This would make a further parameter
optimization tough as there would be no starting point, which parameters should be adjusted.

6.3.6 Microhardness of MS1/VC-2.5

The microhardness values of the MS1/VC-2.5 specimens were even higher than the specimens
printed with the MS1/VC-33 powder mixture. Obviously, the vanadium carbide particles rein-
forced the composite material. The MS1 and the VC-2.5 powders were mixed based on weight
contents. Because of this, there were more particles in the mixture as the initial particle size was
finer. This means that, due to more particles in the SLM processed composite material, there were
more particles hindering dislocation movements, causing higher microhardness values. In Table
6.9 can all of the achieved values be found. Especially specimen nr. 11 had a remarkable and
outstanding Vickers hardness. The mean value was 544 HV and the peak value was as high as 597
HV. Another influencing factor for a better hardness is the porosity in a sample. As the samples
had a higher density compared to the MS1/VC-33 specimens, it was highly expected to achieve
higher microhardness results. However, the specimen with the highest density (i.e. nr. 8) did not
show the highest microhardness results interestingly, which indicates that the porosity can be an
influencing factor, but the distribution of the reinforcing particles is even more important. Fur-
thermore, specimen nr. 11 had a higher energy density, which might have lead to more dissolved
and precipitated primary VC particles in the solidified material, causing an even higher and more
homogeneous particle distribution and therefore, a higher hardness.

To visually compare the results, Figure 6.12 is provided, which also includes the standard
deviation of the measurements. The results are arranged in order of the energy density from low
to high.
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Figure 6.10: Graph of the achieved MS1/VC-2 densities with the Farsoon SLM machine and
micrographs of selected samples.

Table 6.9: Overview of the SLM parameters and the micro-hardness measurements of MS1/VC-2.5.

Spec. Laser Power Scan Speed Hatching Energy D. Hardness Hardness Hardness Hardness
No. [W] [mm/s] Real [um] Real [J/mm®] 1 [HV] 2 [HV] 3 [HV] Mean [HV]
1 180 448 80 125.56 424 428 443 432
2 185 448 80 129.05 422 463 450 445
3 200 448 80 139.51 426 428 410 421
4 180 544 80 103.4 424 427 434 428
5 200 544 80 114.89 462 420 414 432
6 200 736 80 84.92 430 441 424 432
7 180 832 80 67.61 388 418 423 410
8 185 832 80 69.49 463 497 447 469
9 200 832 80 75.12 403 413 409 408
10 190 640 110 67.47 475 467 477 473
11 180 448 130 77.27 490 545 597 544
12 200 448 130 85.85 424 460 499 461
13 180 832 130 41.61 450 464 476 463
14 200 832 130 46.23 483 490 494 489
15 180 448 140 71.75 477 479 495 484
16 200 448 140 79.72 438 415 452 435
17 180 544 140 59.09 409 415 477 434
18 200 544 140 65.65 445 464 439 449
19 180 832 140 38.63 462 459 464 462
20 200 832 140 42.93 435 415 416 422

6.3.7 Analysis of Density

After obtaining all results of the density evaluations, R Studio was used to analyze the relative
density of the specimens. Using the same model as for the Design of Experiments calculations, a
prediction for the highest possible relative density was be done. The laser power was set to a con-
stant value of 190 watts for the model. Figure 6.13 shows the coloured diagram of the predictions.
The theoretical maximum is represented by a red dot in the image. In Figure 6.13b, which shows
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Figure 6.11: Microstructures of all manufactured samples with MS1 and 10 wt% VC-2.5.
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Figure 6.12: Micro-hardness values of the MS1/VC-2.5 specimens.

the results for MS1VCyy with a particle size distribution of 1-33 microns, the theoretical maximum
at a laser power of 190 watts is at approximately 510 mm/s scan speed and 127 pm hatching.
However, Figure 6.13a shows a very strange prediction for the MS1VCyg 2.5 micron mixture. In
the middle of the image, a worse relative density is predicted. This can be explained due to the
comparably high values of relative density of all specimens. As the results are very close, the R
Studio script cannot calculate appropriate prediction models and the values are fluctuating in a
very minor way.

6.3.8 Improvement of Results

In the fabricated specimens, the microhardness was improved and the porosity was decreased by
decreasing the mean particle size of VC. However, there were some blowholes and imperfections
which had to be addressed in further parameter studies. Liu et al. [216] describe the appearance

a) Prediction of Density for Laser Power = 190 i Prediction of Density for Laser Power = 190 D"FZI"V

T T
450 500 550 600 650 700 750 800

Scan Speed Scan Speed

Figure 6.13: Prediction of the optimal relative density for MS1VCyo with a) 2.5 pm particles and
b) 33 um particles.
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of lack-of-fusion porosity in SLM processed parts similar to the ones in the MS1/VC samples. In
their study they proposed to use alternative exposures. One of them is to double exposure every
layer before the next layer is coated with powder. This way, some of the material is remelted
and a higher density can be achieved. The size of pores can be diminished and the percentage of
porosity can be decreased. Similar results were found for Cu-Al-Ni-Mn [217], Al-Mg-Zr [218] and
5CrNidMo [219]. Demir et al. investigated the achievable part densities of 18Ni300 maraging steel
using single exposure, double exposure, soft remelting and polishing scanning strategies [220]. It
was found that remelting can significantly improve the part density and reduce defects. However,
the remelting capabilities of the laser are limited due to the material transformation from a powder
to a solid material. A solid block has a different thermal conductivity and reflectivity than bulk
powder material has. Therefore, the second exposure will not remelt the material as deep as the
first exposure does.

To further improve the material density, another batch of samples was produced with the same
SLM parameters as already used and shown in Table 6.2. Except, in this case the specimens were
exposed with the laser twice. Hatch distance, scan speed and laser power were kept the same and
there was no rotation of the laser tracks in between the two exposures. The first exposure run
aimed to deposit the powder material evenly onto the layer and the second exposure was aimed
to reduce the porosity in the layer. The results of the density can be found in Table 6.10. Un-
fortunately, not all of the specimens were built respectively some had to be aborted and removed
from the build platform. Due to the increased energy brought into the specimens, there was also
more stress brought into them. This caused deformations and the cubes started to bend and
crack off of the build platform. In Figure 6.14 a comparison of the achieved relative density of
the samples manufactured with single and double exposure is given. The figure also shows the
non-manufactured specimens on the bottom of the diagram. One can see that the double exposure
scanning strategy lead to a higher relative density in most cases. However, the results were not
improved significantly, as it was expected in the beginning of the test series. According to the
density measurements there were just minor improvements, if there were any at all, compared to
the single exposure scanning strategy. On the other hand, analyzing the microstructure of the
samples with an optical microscope revealed that indeed the porosity was decreased. Especially
the amount of lack-of-fusion errors was decreased significantly. In Figure 6.15 a comparison of the
two different scanning strategies and the achieved microstructure is given. In Figure 6.15a the
MS1/VC-2.5 powder with single exposure can be seen and in Figure 6.15b the same powder with
the same applied energy density and SLM parameters, except the double exposure, is given. It is
clearly visible that the lack of fusion defects were reduced and the overall results were improved.
It was also expected, to dissolve and fully melt more of the fine VC particles. While comparing the
samples with the highest relative density (i.e. no. 8), there were no notable changes of unmelted
VC particles. However, while comparing the specimens with the highest energy density (i.e. no.
3) the amount of unmelted VC was remarkably lower in the specimen exposed twice and can be
seen in 6.15. This proved that it is possible to fully melt VC with SLM, even though the material
has such a comparably higher melting point. As the VC cannot disappear, it must have formed
primary VC particles in the solidified material. For the sake of completeness, Figure 6.16 shows
all micrographs obtained with the double exposure scanning strategy.

To understand the effects of double exposure on the material properties, the micro-hardness was
measured. It was expected that especially specimen nr. 3 must have had an improvement of the
micro-hardness, due to the high amount of primary VC particles. In Table 6.11 the SLM parameters
for the double exposed samples and the micro-hardness measurements are given. A comparison of
the Vickers micro-hardness values of the MS1/VC-2.5 single exposed and double exposed materials
can be found in Figure 6.17. The figure also includes the respective standard deviations. Against
expectations, the micro-hardness in specimens nr. 3 and nr. 8 were not improved. Instead, the
Vickers hardness was decreased. Some of the specimens however, did show higher micro-hardness
values, but there was no clear trend investigated. Maraging steels commonly are solution annealed
to homogenize the microstructure before the ageing treatment to maximize hardness. Because of
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Figure 6.14: Comparison of the density of the MS1/VC-2.5 specimens processed with single and
double exposure.
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Figure 6.15: Micrograph of SLM processed MS1/VC-2.5 (No. 3) with micro-cracks, porosity and
unmolten VC particles after a) single and b) double exposure.
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Figure 6.16: Micrographs of all SLM processed MS1/VC-2.5 specimens obtained with the double
exposure technique.
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Table 6.10: Overview of the SLM parameters and the density measurements of double exposed
MS1/VC-2.5.

Spec. Laser Power Scan Speed Hatching Energy D. Rel D. Rel. D. Rel. D. Rel. D.
No. [W] [mm/s] Real [pm] Real [J/mm?®] 1[%] 2 [%] 3 [%] Mean [%)]
1 180 448 80 125.56 97.76 97.68 97.44 97.63

3 200 448 80 139.51 97.44 97.46 97.76 97.55

4 180 544 80 103.40 98.10 98.42 98.17 98.23

5 200 544 80 114.89 98.68 98.67 98.46 98.6

6 200 736 80 84.92 97.48 97.90 98.43 97.93

7 180 832 80 67.61 98.54 98.07 97.84 98.15

8 185 832 80 69.49 98.73 98.68 98.80 98.74

9 200 832 80 75.12 98.64 98.68 98.91 98.74

11 180 448 130 77.27 98.47 97.94 98.69 98.37
13 180 832 130 41.61 98.71 98.80 97.65 98.39
17 180 544 140 59.09 98.26 98.00 98.11 98.13

19 180 832 140 38.63 96.88 97.86 97.87 97.54
20 200 832 140 42.93 98.53 98.82 98.21 98.52

the double exposure, some unwanted coarsening might have happened. Demir et al. [220] found a
correlation between preheating, SLM processing and coarsening. As the second exposure results
in higher part temperatures, a coarser microstructure is very likely to form. Furthermore, the
thermal history of the material is influenced and therefore, the grain growth, martensitic phase
formation, the formation of plate or lath martensite and precipitation hardening effect is affected.

Table 6.11: Overview of the SLM parameters and the micro-hardness measurements of the double
exposed MS1/VC-2.5.

Spec. Laser Power Scan Speed Hatching Energy D. Hardness Hardness Hardness Hardness
No. (W] [mm/s] Real [um] Real [J/mm?®] 1 [HV] 2 [HV] 3 [HV] Mean [HV]
1 180 448 80 125.56 424 452 459 445

3 200 448 80 139.51 277 445 361 361

4 180 544 80 103.40 490 474 432 465

5 200 544 80 114.89 482 455 411 449

6 200 736 80 84.92 475 391 447 438

7 180 832 80 67.61 464 382 441 429

8 185 832 80 69.49 457 469 418 448

9 200 832 80 75.12 411 418 477 435

11 180 448 130 7.27 424 438 447 436

13 180 832 130 41.61 425 442 428 432

17 180 544 140 59.09 468 470 469 469

19 180 832 140 38.63 502 479 434 472

20 200 832 140 42.93 448 448 514 470

6.4 Conclusions

In this chapter, a powder mixing technique was used to ex-situ form a metal matrix composite.
SLM processing the maraging steel and vanadium carbide mixture revealed that the large VC par-
ticles caused instabilities in the melt pool and therefore, causing porosity in the printed material.
Through particle refinement of the composite material, higher porosity levels were achieved. Ac-
cording to the LNG theory, the surface melting temperature decreases, with a decrease in particle
size. First, bonding between particles occurs and then the liquid phase of the whole particle will
be reached. However, the distribution of the fine and the coarse VC fluctuates due to the particle
size. The coarse VC particles will not be as homogeneously distributed in the powder mixture and
therefore, the laser melted front of a melt pool tends to be interrupted and becomes discontinuous.
This then results in irregular shaped pores and uneven laser tracks. The matrix material will also
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exposure scanning strategy.
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have a lower wettability with coarse VC particles, as the interfacial bonding is significantly lower,
compared to a finer reinforcing component with a comparably much higher surface area. On the
other hand, while using finer VC-2.5 powder, the powder coating process after each layer was not
as smooth and unproblematic as with the VC-33 material unfortunately. Due to the particle re-
finement, there were a lot of very small particles in the mixture causing agglomerations. Small VC
particle stuck on the bigger MS1 particles and hindered the even coating, as non spherical powder
agglomerates were formed. This was especially problematic for specimens placed at the end of the
building platform and therefore, were coated with less powder material. The feedstock rate had to
be increased accordingly.

As the powder refinement showed an increased relative density, but the desired density of 99 %
was still not reached, an alternative scanning strategy was applied to the MS1/VC-2.5 material.
Through double exposure of each layer, an overall higher relative density was achieved. However,
through the increased amount of energy and heat, there was also higher stress in the specimens,
causing cracks in some of them. Furthermore, the double exposure scanning strategy leads to
longer building times. The porosity was decreased though, but the technique of double exposure
should be applied on demand. A monitoring system could automatically decide after each layer,
if a second scan of the layer is necessary or not. The technology could be based on an image pro-
cessing technique. This would reduce lead times and improve the part quality. Furthermore, the
double exposure can affect the phase formation and martensitic growth significantly. This might
cause unwanted material properties.

The main results of this study are as follows.

e While designing MMCs with diverse melting temperatures, the particle size of the component
with the higher melting temperature should be chosen smaller than the component with the
lower melting temperature, according to the LNG theory.

e A Turbula shaker mixer is an efficient and cost effective tool to homogeneously mix powders.
The VC particles were evenly distributed throughout the whole mixture.

e A decrease of the composite material in particle size resulted in a higher relative density after
SLM processing. However, the smaller particle size also affected the coating process of each
layer during selective laser melting.

e [t was proven, that it is possible to fully melt the VC particles in a combination of MS1, if the
VC powder is very small and the energy density during SLM processing is very high. If the
VC is molten completely, it will form fine reinforcing primary VC, which is homogeneously
distributed in the solidified material.

e Through the particle reinforcement with vanadium carbide, the maraging steel showed im-
proved micro-hardness values. Especially the finer VC-2.5 increased the results significantly.
The highest result was measured at 597 HV1 using 77.27 J/mm?.

e An alternative scanning strategy increased the relative density slightly. Double exposing each
layer lead to a maximum mean density of 98.74 %. According to microstructural analysis
using optical microscopy, it was found that the defect were reduced significantly though. The
technique of double exposure is an effective tool to optimize the part quality and reduce lack
of fusion defects, but it will also increase the overall SLM processing time.



Fabrication of Mixed MS1/VC by
SLM with Different Weight Contents

7.1 Introduction

As mentioned in Chapter 6, the particle size of the VC powder played a significant role to produce
parts with a high relative density. Furthermore, the results of the microhardness measurements
were improved. It was decided to use 10 wt% of VC in Chapter 6, to prove an enhancement of the
material properties, but using such a high amount of reinforcing carbides during SLM processing
can cause problems for the melt-pool. To better understand the metal matrix composite system
of MS1/VC, it was decided to investigate the microstructure, ultimate tensile strength, hot ulti-
mate tensile strength and micro-hardness with various amounts of VC. The densification behaviour
was controlled by the starting VC content. It was expected to find an optimum for the material
strength on one hand and relative part density on the other hand.

During this study, the maraging steel and the vanadium carbide powders were homogeneously
mixed and then processed in an SLM machine. It was aimed, to produce several specimens for all
the planned tests. The mixtures of the powders were chosen as:

e 97.5 wt% maraging steel MS1 and 2.5 wt% vanadium carbide VC-2.5, in the further course
referred to as MSlg75/VCas

e 95 wt% maraging steel MS1 and 5 wt% vanadium carbide VC-2.5, in the further course
referred to as MS1lgs/VCs

e 92.5 wt% maraging steel MS1 and 7.5 wt% vanadium carbide VC-2.5, in the further course
referred to as MSlgs 5/VCr 5

e 90 wt% maraging steel MS1 and 10 wt% vanadium carbide VC-2.5, in the further course
referred to as MSlgg/VCig

7.2 Experimental Procedures

7.2.1 Powder Preparation

In this study, maraging steel (MS1, EOS GmbH, Germany) was used as the matrix material and the
reinforcing component was vanadium carbide (Treibacher Industrie AG, Austria). The MS1 powder
had a particle size distribution between 15 microns and 40 microns. To improve the relative part
density, fine VC powder with a particle size under 2.5 microns was chosen. It has to be mentioned
that there were VC particles found in the bulk powder, which had a size of about 10 microns, even
though the manufacturers data sheet stated a maximum of 2.5 ym. The chemical composition of
the MS1 powder can be found in Table 4.1. The VC powder was a mixture of mostly VgC7, as this
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composition is the most stable form VC can crystallize in [29], with some amounts of VoC, V¢Cs
and stoichiometric VC. The two different powders were mixed accordingly (i.e. MSlgr5/VCas,
MS1g5/VCs, MSlgy 5/VCr.5 and MS1gy/VCyp) in a Turbula shaker mixer (Willy A. Bachofen AG,
Switzerland). Each batch was mixed for 15 min and the powder morphology of the initial VC
powder can be found in Figure 4.8a and b.

7.2.2 SLM Process and Post-processing

To SLM process the different powders, a Farsoon FS121M (Farsoon Technologies, China) was
used. The 200 W fibre laser with a spot diameter of 55 um was used to melt the powders under
an argon atmosphere. All produced samples were printed on a steel substrate, which was mounted
and levelled on the building platform. An automatic powder spreading system applied the various
MS1/VC composite materials uniformly on the substrate with a layer thickness of 40 um. The
SLM process was controlled by the Farsoon Build Manager software. For the SLM process, the
same parameters as in the design of experiments in Chapter 6 were used and can be found in Table
6.2. An alternating hatch pattern, which rotated 90 °© after each layer, was chosen.

In the first step, the optimal parameters had to be found for each composite mixture, which
is why cubic specimens with dimensions of 10 mm x 10 mm x 10 mm were fabricated via SLM.
Afterwards, ultimate tensile strength specimens according ASTM E8 for powder metallurgical ap-
plications, hot ultimate tensile strength specimens and charpy impact specimens were produced.
Some of these samples were heat treated at 490 °© C for 6 hours and cooled down at room temper-
ature in standard air environment.

7.2.3 Microstructural Observation and Density

The cubic samples were cut and mounted in resin (Struers CitoPress-15, Struers Inc., USA).
Afterwards, the samples were polished (Struers Tegramin, Struers Inc., USA) to analyze the mi-
crostructure and the density. For the analysis, an optical microscope (Leica Aristomet, Leica
Microsystems GmbH, Germany) was used. The computer controlled microscope was capable of
calculating the relative density of the cross-sectioned surface areas using image analysis algorithms
in the dedicated software (Leica Application Suite, Leica Microsystems, Germany).

7.2.4 Microhardness

For the microhardness tests, the cubic specimens were used. A microhardness tester (Karl Frank
GmbH, Germany), calibrated for Vickers hardness, was used and appertaining software calculated
the respective values using the diagonals of the indent. The microhardness tests were performed
according to HV1 standards with a load of 9.8 N.

7.2.5 Ultimate Tensile Strength

Samples according to the ASTM ES8 standard with an overall length of 75 mm and a diameter at the
center of the reduced parallel section of 4.75 mm. The samples were used as-built and not polished
or post-processed in a lathe. However, some samples were heat-treated. All samples were tested
in a Zwick / Roell Zmart.Pro (ZwickRoell AG, Germany) tensometer, which was equipped with
extensometers for length measurements during the testing cycle. The surface of the fracture planes
of some of the samples were furthermore analyzed with an Olympus SZX10 (Olympus Corporation,
Japan) stereo microscope.

7.2.6 Hot Ultimate Tensile Strength

For further material analysis under harsh environments, special designed tensile strength specimens
were produced via SLM. The samples were specifically made for the tensometer used. In this case,
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a Gleeble 3800 (Dynamic Systems Inc., USA) tensometer was used and the testing temperature
was set to 450 ° C.

7.2.7 Charpy Impact Toughness

The Charpy impact test was performed with samples manufactured according to the ASTM A370
/ ISO 148. The specimens had a standard V-notch and a dimension of 10 mm x 10 mm x 55 mm.

7.3 Results and Discussion

7.3.1 Microstructural Characterization and Density

In Table 7.1 all SLM manufactured samples are given with their respective mean relative densities
and SLM parameters. The table includes all values for MS1lg7.5/VCs. 5, MS1g5/VCs, MSlgs.5/VCr 5
and MS1gg/VCyp, whereas the MS1lgg/VCjg results were already presented in Section 6.3.5.

Table 7.1: SLM parameters and mean measured relative densities of MS1 with 2.5, 5, 7.5 and 10
% of VC.

Spec. Laser Power Scan Speed Hatch Energy D. Rel D. Rel. D. Rel. D. Rel. D.
Nr. W] [mm/s] [pm)] [J/mm?] VCy5 [%] VG5 [%] VCrs [%] VCio [%]
1 180 448 80 125.56 99.16 98.75 98.16 97.11
2 185 448 80 129.05 99.66 98.82 98.70 97.82
3 200 448 80 139.51 99.99 98.86 98.64 97.73
4 180 544 80 103.40 99.67 98.35 97.88 96.89
5 200 544 80 114.89 99.72 98.43 97.95 97.72
6 200 736 80 84.92 99.54 92.09 92.39 97.93
7 180 832 80 67.61 99.98 79.30 91.66 97.69
8 185 832 80 69.49 99.64 84.02 93.71 97.14
9 200 832 80 75.12 99.93 88.17 93.55 98.02
10 190 640 110 67.47 99.67 97.81 98.03 95.65
11 180 448 130 77.27 99.90 98.75 98.04 97.67
12 200 448 130 85.85 99.97 98.32 98.85 97.89
13 180 832 130 41.61 99.51 82.57 93.93 97.78
14 200 832 130 46.23 98.96 90.95 97.94 95.76
15 180 448 140 71.75 99.93 98.40 98.11 97.09
16 200 448 140 79.72 99.59 98.73 98.63 96.77
17 180 544 140 59.09 99.97 97.74 98.09 96.90
18 200 544 140 65.65 99.67 98.90 98.78 97.70
19 180 832 140 38.63 98.89 94.38 98.11 97.62
20 200 832 140 42.93 99.94 70.43 88.59 97.42

Obviously, the amount of VC had a huge impact on the part density. As the amount of VC
was increased, a lower relative density was achieved after SLM processing. The micrographs of the
polished surfaces of the SLM processed micro- / nanocomposites revealed the tendency for more
defects, if there was a higher amount of vanadium carbide in the material. At a comparably low
amount of reinforcing VC content, the polished surfaces were almost free of defects. Only a few
minor micro porosities were found. While comparing the sample with the lowest energy density
(i.e. specimen nr. 19) and the sample with the highest energy density (i.e. specimen nr. 3), it
was found that the small VC particles were more likely to be molten and that particle-particle
metallurgical bonding occurred, as there were less unmolten particles found in samples nr. 3. This
result also suggests that the laser beam provided a sufficiently high energy density to possess a
stable molten pool. Defects with less than 100 pm are probably associated with similar casting
defects, like shrinkage or inclusions of gas within the melt pool. Gas can furthermore be trapped
during the mechanical mixing process in which some particles are consolidated [12].
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Figure 7.1: Micrographs of the SLM processed metal matrix composite material with a) 2.5 %, b)
5 %, ¢) 7.5 % and d) 10 % of VC.

However, as the amount of the reinforcing composite material was increased, more porosities
were observed in the SLM processed material. In Figure 7.1 micrographs of the MSlg75/VCay s,
MS1g5/VCs, MSlga.5/VCr5 and MS1lgg/VCyo SLM processed composite materials are shown. It
is clearly visible that the relative density decreased. The formation of these defects can be at-
tributed to rapid solidification of the molten material without a complete filling of all the gaps in
the melt pool [221,222]. Due to the contrasting melting temperatures and the dissimilar thermal
heat conductivities of VC and MS1, non-linear solidification with regions of different melting and
solidification behaviours can occur. This leads to instable melt pools and results in part defects. As
the reinforcing component is increased, the surface tension and Marangoni flow gradient increase.
As a result, the melt pool becomes more and more unstable and droplets can form, which splash
from the liquid melt pool front, due to the decrease in the surface energy. When the direction of the
liquid flow changes from outward to inward, the liquid molten material flows from the periphery
to the melt pool center [12,70]. As the liquid flows radically to the center and therefore, close to
the laser beam, the liquified material is forced to spheroidize. The tendency for the formation of
pores is increased, because of this flow inversion. Thereby, the melt pool has a high instability
and chances for an occurrence of the balling effect is more likely. During this situation, the surface
tension and the viscosity of the melt pool are relatively large causing disordered heterogeneous
heat and mass transfers.

A comparison of the same energy densities and the resulting relative densities showed that the
porosity was lower for the MS1/VC composite materials with lower amounts of reinforcing VC.
This indicates the higher risk for interruptions during SLM processing, while introducing more
vanadium carbide particles into the melt pool. It was also discovered that composites with a
higher content of VC had a higher tendency for spatters, which resulted from an increased balling
effect occurrence.

In Figure 7.2 all SLM manufactured samples of the MSlg75/VCsy 5 are shown. Figure 7.3
shows the MS1g5/VCs samples, Figure 7.4 gives an overview of the MSlgy 5/VCy 5 samples and
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the samples obtained with the MS1gq/VCy¢ composite material can be found in Figure 7.5.

7.3.2 Analysis of Density

To predict the best values for further specimen production, R Studio was used. Based on a
model using the Federov operator and the obtained relative densities, a theoretical maximum was
calculated. For all calculation models, the energy density was calculated and the obtained results
set in correlation. The prediction was done for 190 W laser power and can be found in Figure
7.6. In Figure 7.6a the prediction for 2.5 % of VC is found. According to the model, a wide
range of parameters are suitable for the material and even the green zone indicates a very high
relative density. Interestingly, the highest density (i.e. shown as white zone) is at approximately
750 mm/s scan speed and 130 microns hatch distance. However, the red dot which should indicate
the highest value point is barely visible and almost out of the diagram. This indicates that not
just one parameter set would lead to the highest relative density. Figure 7.6b shows the diagram
for 5 % of reinforcing content and has a trend towards slower scanning speeds and a high hatch
distance. The theoretical maximum was found to be at 510 mm/s scan speed and 127 microns
hatch distance. In Figure 7.6c the diagram for the prediction of the mixture with 7.5 percent of
VC can be found and in 7.6d the prediction for 10 % VC content is shown. Both mixtures have a
theoretical density maximum similar to the 5 % mixture.

7.3.3 Microhardness

In Figure 7.7 an overview is given for all SLM processed samples and their according microhardness
values. The graph is sorted by energy density in ascending order. One could assume that there is
no clear trend or a correlation between the different results. However, if the results are compared to
the achieved relative density of the samples, the results can be better understood. For this, Figure
7.8 is given. Obviously, the MSlg7.5/VCs 5 samples had a higher microhardness due to their com-
parably high relative density, resulting in a better resistance against the indenting pyramid of the
Vickers hardness tester. The samples with 5 % of VC were weaker than the samples with only 2.5 %
of vanadium carbide. This can be explained due to a higher porosity in the material, as can be seen
in Figure 7.8. However, when even more reinforcing particles were added to the composite material,
the hardness values increased again. It is assumed that, even though the relative density was lower
in the MSlge 5/VC7 5 samples compared to the MSlg75/VCa 5 specimens, there were sufficient
VC particles in the solid part, to act against the indenter and to hinder dislocation movements in
the crystalline structure. This effect is even higher, if 10 % of reinforcing VC is added to the MMC.

The highest achieved hardness in the MSlgy 5/VCsa.5 samples was found in specimen nr. 2,
which had 423 HV, but the highest mean values was found to be in specimen nr. 18 with 405
HV. In the MS1g5/VCj5 specimens, which had an overall very weak density, the peak value and the
highest mean values was found in specimen nr. 10. The values were 319 HV for the peak value
and 300 HV for the mean value. MSlgs5/VC7 5 had the maximum peak value at 377 HV and the
highest mean value at 355. Both values were measured in specimen nr. 19. Specimen nr. 11 was
the best performing in the MS1lgg/VCip with values of 597 maximum and 544 HV mean value.
The statistical data for the micro-hardness measurements is provided in Table 7.2. In the table R
is the range, V is the variance and SD is the standard deviation.

7.3.4 Charpy Impact Strength

In Figure 7.9 the results of the Charpy impact strength tests are shown. Unfortunately, the
absorbed energy was relatively low and there was barely necking observed. It can be concluded
that the material was very brittle, which is mostly due to binding errors.
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Figure 7.2: Micrographs of all SLM processed MS1VC samples with 2.5 % of VC.
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Figure 7.3: Micrographs of all SLM processed MS1VC samples with 5 % of VC.
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Figure 7.4: Micrographs of all SLM processed MS1VC samples with 7.5 % of VC.
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Figure 7.5: Micrographs of all SLM processed MS1VC samples with 10 % of VC.
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Figure 7.6: Prediction of the optimal relative density for MS1VC with 33 pm particles with a) 2.5
%, b) 5 %, ¢) 7.5 % and d) 10 % of reinforcing particles.
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Figure 7.7: Vickers microhardness values of the SLM processed metal matrix composite material
with 2.5 %, 5 %, 7.5 % and 10 % of VC.
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Figure 7.9: Charpy impact strength values of the 2.5 %, 5 % and 7.5 % VC samples with and
without heat treatment (HT).
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Table 7.2: Statistical information for micro-hardness measurements of the MS1 samples with 2.5
%, 5 %, 7.5 % and 10 % VC.

Spec. R \% SD R \% SD R \% SD R \% SD
Nr. 25% 0225% 025% 5% 5% o5% T5% o0*75% o75% 10% 0210% o010 %
19 17 57.56 7.59 32 184.89 13.6 46 353.56 18.8 5 4.33 2.08
13 13 30.89 5.56 21 74.89 8.65 47 421.56 20.53 26 113 10.63
20 46 409.56 20.24 27 121.56 11.03 50 443.56 21.06 20 84.67 9.2
14 40 304.22 17.44 34 193.56 13.91 47 402.89 20.07 11 20.67 4.55
17 35 228.67 15.12 21 76.22 8.73 42 299.56 17.31 68 945 30.74
18 43 401.56 20.04 32 208.22 14.43 13 29.56 5.44 25 113.67 10.66
10 50 473.56 21.76 36 218 14.76 4 2.89 1.7 10 18.67 4.32
7 19 76.22 8.73 17 48.67 6.98 19 62.89 7.93 35 239 15.46
8 17 48.22 6.94 42 358.22 18.93 32 176.22 13.27 50 434.67 20.85
15 45 353.56 18.8 49 404.67 20.12 1 0.22 0.47 18 65 8.06
9 47 374.89 19.36 28 162.67 12.75 15 44.22 6.65 10 17 4.12
11 42 296 17.2 23 117.56 10.84 9 16.22 4.03 107 1908.67 43.69
16 53 590.89 24.31 22 91.56 9.57 17 52.67 7.26 37 232.67 15.25
6 45 422 20.54 27 128.22 11.32 86 1382.89 37.19 17 49.67 7.05
12 7 10.89 3.3 10 17.56 4.19 39 258 16.06 75 938 30.63
4 52 461.56 21.48 21 80.22 8.96 16 53.56 7.32 10 17.67 4.2

5 17 64.22 8.01 20 84.67 9.2 44 322.89 17.97 48 456 21.35
1 43 368.67 19.2 2 0.67 0.82 15 44.22 6.65 19 67 8.19
2 61 632.67 25.15 52 464.89 21.56 4 2.89 1.7 41 292.67 17.11
3 1 0.22 0.47 6 6.22 2.49 8 14.22 3.77 18 65 8.06

7.3.5 Ultimate Tensile Strength

Figure 7.10 shows a diagram of all manufactured ultimate tensile strength specimens after test-
ing. It was expected to achieve slightly lower results than standard MS1 can achieve, as the hard
composite particles can act as a starting point for cracks. However, the results were surprising.
Standard MS1 in an as-built condition has an ultimate tensile strength of approximately 1100
MPa +/- 100 MPa, if the sample was built in Z direction. The MSlg75/VCa 5 composite ma-
terial without heat treatment was right in the range of the manufacturers given values for MS1
without reinforcing particles. The manufactured specimens with 2.5 % of VC in this study had
an astonishing ultimate tensile strength of 1311 MPa in the untreated state and 1861 MPa in the
heat treated state. The elongation at fracture on the other hand decreased from 5.2 % of the
untreated specimen to only 0.93 % of the heat treated one. These results were promising and it
was expected to achieve similar, but slightly lower results for the samples with higher amounts of
vanadium carbide. Unfortunately, the higher the amount of VC, the worse the ultimate tensile
strength was. MS1g5/VC;y achieved 733 MPa without heat treatment and with a 6 hour heat
treatment the maximum stress was measured at 807 MPa. The elongation at break was measured
at 2.83 % and 1.63 % respectively. The results of the MSlgs 5/VC7 5 samples were devastating.
The material was extremely brittle and it was impossible to measure any kind of elongation. The
ultimate tensile strength was measured at 138 MPa in an untreated state and at 171 MPa for the
heat treated sample. There were no samples built with 10 % of VC, because the print jobs always
stopped after a couple of cm. It was possible to manufacture cubes for density tests, but the higher
the specimens became, the more likely errors occurred in the MS1gg/VCj( samples. The more VC
content was used, the rougher the surface of the specimens was.

7.3.6 Hot Ultimate Tensile Strength

As maraging steel is especially interesting for high temperature applications, the ultimate tensile
strength at an environment of 450 ° C was measured. However, just as the results under room
temperature were not as good as desired, also the results in a hot temperature environment were
not very positive. In Figure 7.11 the graph of the hot ultimate tensile strength tests are given. It
includes all samples with 2.5 % VC, 5 % VC and 7.5 % VC, each as-built or furnace annealed (FA).
It can be seen that the VC content influenced the stress resistance again and the heat treatment
had a negative influence on the ultimate tensile strength. As mentioned, standard MS1 has a
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Figure 7.10: Ultimate tensile strength graphs of the as-built and heat treated samples with 2.5 %,
5 % and 7.5 % VC.

tensile strength of about 1100 MPa +/- 100 MPa. The particle reinforced MSlg75/VCs 5 had a
tensile strength of 1029 MPa in an environment of 450 © C, which is a very good value. Because
of the introduction of composite particles into the matrix, which can act as a starting point for
cracks, it was expected to get a slightly lower tensile strength. The heat treated sample however,
failed after 598.9 N/mm? of stress. The results of all samples are:

L] MSlg7'5/VCQ.5 as-built: R = 1029 MPa

Mys500C

MS1g7.5/VCa 5 heat treated: R = 598.9 MPa

Mys500C

MS1g5/VCs as-built: R — 816.09 MPa

Mys500C

MS195/VCs heat treated: R = 781.21 MPa

My500C

= 311.75 MPa

M8192,5/VC7‘5 as-built: R

Mys500C

e MSlgs 5/VCr 5 heat treated: R = 321.76 MPa

M450°C

The powder manufacturer EOS claims that an age hardening at 490 ° C for 6 hours should
improve the tensile strength to 2050 +/- 100 MPa with standard MS1 powder and therefore, should
be higher than in an as-built state. However, the samples in this study failed at lower stress levels
than their as-built counterparts. It was also discovered that the VC content decreased the tensile
strength.

7.3.7 Analysis of Fracture Plane

To better understand the cause of the low stress resistance of the printed specimens, a light micro-
scope and a scanning electron microscope was used to analyze the plane of fracture. In Figure 7.12



116 7. Fabrication of Mixed MS1/VC by SLM with Different Weight Contents

Stress o [N/mm?]
1200

1000

800

600

400

200

0 0.05 0.1 0.15 0.2 025 03 035
—MS15%VCFA —MS15%VC MS17,5%VCFA —MS17,5%VC —MS12,5%VC MS12,5% VC FA Strain € [mm]

Figure 7.11: Hot ultimate tensile strength graphs of the as-built and heat treated samples with 2.5
%, 5 % and 7.5 % VC under 450 ° C environment.

the fracture planes of two heat treated specimens with 7.12a 2.5 % and 7.12b 5 % of reinforcing
VC are shown. The MSlg; 5/VCa. 5 specimen had a higher elongation at fracture and showed some
necking, but the MS1lgs/VCj5 specimen did not show any elongation and the fracture can be clas-
sified as a brittle fracture. Obviously, something must have interfered the welding process. The
light microscope revealed some spatters which indicated an unstable melt pool causing a balling
effect. However, the spatters were not the only reason for the early fracture. To better understand
the cause of the failure, Figure 7.13 is provided. It shows the heat treated MSlgs/VCs sample
under a scanning electron microscope. Figure 7.13a gives an overview of the fracture starting point
and 7.13b shows the same area with a higher magnification, revealing some small spatter particles
in the lack of fusion area. Figure 7.13c shows a perfectly spherical spatter particle, which was
included into the solid manufactured part. As these spatters are relatively small, they can not be
the main reason for the fracture. As a matter of fact, spatters can be a starting point for cracks,
but if one compares the size of a spatter particle and the lack of fusion area, it is obvious that
the cause of this failure was not a spatter particle. The spatter particle had a size of 5 ym and
the lack of fusion area had a diameter of approximately 500 microns. This relatively large area, in
which there was some kind of binding error, was the starting point for the material failure. This
phenomenon occurred in several samples and as only one layer with such a lack of fusion error is
enough to significantly influence and decrease the material properties, it was very likely to happen
somewhere in each specimen, as the SLM process caused a high amount of spatters, fumes and
uneven layer weldings. Compared to other materials, there was a high formation of metal conden-
sate. The reason for such a large lack of fusion area might be a chain reaction of circumstances.
It was observed that the composite material had a tendency to grow faster in some areas in Z
direction. Especially the area which was coated first with powder was sometimes growing slightly
faster than other areas of each specimen. After some layers this might have lead to insufficient
powder coating right behind the hump of solid material. These humps were sometimes broken off
of the coater. If this excess material was pushed and coated to a surface, where a part was built,
the laser was not able to expose this particle sufficiently, respectively to melt this area due to the
big particle and its high melting point. Another reason for insufficient binding is a layer height,
which is too high. Right behind the fast growing humps, there were craters as it was impossible
to coat powder to these areas. After the hump was broken off, the coater was finally able to coat
these spots with bulk powder again. However, the layer height in these craters were way too high
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Figure 7.12: Heat treated ultimate tensile strength specimens with a) 2.5 % and b) 5 % VC under
a light microscope showing a necking (2.5 % VC) and a brittle fracture (5 % VC) phenomenon.

for a perfect welding process, causing imperfect layer binding to the previous layer. In Figure 7.13d
an agglomeration of VC can be seen. Due to the irregular shape of the VC particles, the powder
had a high tendency to form agglomerations. Some of them were growing relatively large and it
was impossible to prevent this behaviour. It can just be approximated of how large the agglomer-
ation was in this figure, but it can be certainly said that they significantly influenced not just the
melt pool, due to the considerably higher melting temperature, but also the end results in mate-
rial properties. These agglomerations were not melted at all and were just bound into the final part.

To fully understand these agglomerations and their elemental composition, EDX was used. The
point of analysis was set directly onto the found VC particles. According to the EDX analysis,
which can also be found in Figure 7.14, the particles consisted of:

e 10.81 % carbon

e 90.76 % vanadium
o 4.89 % ferrit

e 0.83 % nickel

Obviously, the Fe and Ni contents were artefacts of the surrounding material, but the carbon
vanadium composition clearly indicated VgCjy.

7.3.8 Problems of Sieving

Mechanical mixing of different powders is common technique in the scientific world to fabricate
metal matrix composites for SLM applications. Usually, the development of new materials requires
intense work including several selective laser melting iterations and repetitions. In each SLM
process, spatters occur, solid material humps can break off and a lot of metal condensate forms.
To eliminate most of these contaminations, it is advisable to sieve the used powder after each
printing process. The mesh of the sieve has to be adjusted according to the used size distribution
of the powder. In this study, a 75 micron sieve was the recommended size for the sieving process.
It was used in an automated and vibrating Retsch AS 200 sieving tower shaker (Retsch GmbH,
Germany). However, it was found that the fine powders were blocking the mesh of the sieve and
is was almost impossible to sieve the powders. One solution would be, to mix a new powder batch
for each SLM job, which would be a waste of material. Instead, a slightly bigger sieve had to be
used. As a result, the sieve had less tendency to get blocked by fine powder agglomerations, but
it also resulted in a higher remaining amount of contaminations in the sieved material, causing
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Figure 7.13: Heat treated SLM processed MS1g;/VCp specimen under a SEM showing a) and b)
the fracture starting point, ¢) a spatter particle and d) unmelted VC.
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Figure 7.14: EDX spectrum of vanadium carbide found in the fracture plane of the ultimate tensile
strength specimen with 5 % of VC.
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Figure 7.15: Heat treated SLM processed MS1lg;/VCjs specimen under a SEM showing a) and b)
the fracture starting point, ¢) a spatter particle and d) unmelted VC.

a higher risk of potential errors in the following SLM process. Another significant problem of a
blocked sieve is the demixing of the two powder fractions, resulting in an unknown amount of each
elemental fraction and furthermore, a heterogeneous powder mixture. In other words, after such
a sieving process one can not be sure, which percentage of composite material is left in the bulk
powder. In Figure 7.15 the blocked sieve is shown with some spatter particles which would have
been sieved out of the powder, but the mesh size was too small resulting in a blocked sieve.

7.4 Conclusions

To understand the influence of different amounts of reinforcing vanadium carbide contents, various
mixtures (i.e. 2.5 % of VC, 5 % of VC, 7.5 % of VC and 10 % of VC) were prepared. To find the
optimal SLM parameters for each mixture, a design of experiments based on the Federov operator
was performed in R-Studio. Cubic samples were SLM processed accordingly and analyzed. Espe-
cially samples with low amounts of VC had promising density values. The results of the porosity
and the microstructure were used to determine, which parameter set is the most promising to print
further specimens. Ultimate tensile strength tests were performed under ambient temperature and
under 450 ° C. Unfortunately, all samples with more than 2.5 % VC were devastating. The elon-
gation at break and the ultimate tensile strength were comparably low. Analysis with a light
microscope and SEM revealed binding errors. Large lack of fusion zones appeared in the samples,
without any logical or comprehensible distribution in the specimens. The reason can be found
either in huge agglomerations of VC, large spatter particles or uneven powder coating. However,
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the microhardness values were very promising and proved the increased achievable hardness in an
MS1/VC metal matrix composite, if the porosity can be kept on a low level. The mean values
were:

o MSlg75/VCas: 405 HV
o MSlgs/VCs: 300 HV
o MSlgy5/VCrs: 355 HV
o MSlgo/VCio: 544 HV

The sieving of the SLM processed powder revealed a problem that many researchers obviously
ignore. Especially for industrial applications, in which a powder must be used several times, or in
every field, which requires repetitions, it is inevitable to re-use powders without any changes in
chemical composition. If one uses mixed metal matrix composites with a very small size distribution
(mostly for the reinforcing content), the smaller component will likely form agglomerates and will
block the sieve. Therefore, the contents of each material will change and it is impossible to
determine how much of each component is left in the mixture. To solve this problem, a bigger
mesh sieve can be used, which will result in a higher amount of contaminations in the powder.
Another approach that arouse great interest in the scientific field is mechanical alloying, which can
help creating coalescences of the different components and embed the smaller carbide particles into
the bigger spherical maraging steel particles.
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Selective Laser Melting of
Mechanically Alloyed MS1/VC:
Influence of Milling Times

Bring forward what is true, write it so
that it is clear, defend it to your last
breath.

Ludwig Boltzmann

8.1 Introduction

As observed in preliminary studies, carbides, especially ones with large particle diameters, can
significantly affect the melt pool during SLM processing. Furthermore, small irregular shaped
particles will cause problems during sieving. To decrease the challenging influence of hard carbide
particles, they can be cracked into smaller ones before using them in combination with another
metal, like maraging steel. A cost effective way to crack hard particles and to in-situ form coa-
lescences of the metal matrix material and the composite particles, is mechanical alloying. This
non-equilibrium powder processing technique is done in high energy ball mills in which different
powders can be mixed and, if enough energy is used in the system, alloyed. The great advantage
of this technology is not just its cost effectiveness, but also to cold-weld and fracture the particles
repeatedly. Therefore, the particles are kept relatively cold and it is possible, to alloy materials
without melting them. Some materials would not be combinable under near-ambient temperatures
with other technologies like with rapid solidification, due to the far-from-equilibrium condition in
a high energy ball mill. Another plus for ball mills, is the fact that they are capable of small batch
productions, which is perfectly suitable for metallurgical research applications.

In this chapter, the focus was set to understand the effects of the milling times in a high
energy ball mill on maraging steel MS1 and irregular shaped vanadium carbide. It was desired to
achieve mechanically alloyed particles respectively coalescences of MS1/VC particles to increase
the stability of the melt pool during SLM processing. For SLM applications, it is important
to keep a near-spherical shape of the powder, which is why the optimal milling parameters had
to be found. The milling time, the ball-to-powder ratio and the energy put into the milling
system significantly influences the powder morphology and the homogeneous distribution of the
different components in the metal matrix composite. It was furthermore desired, to investigate
the behaviour of bigger VC particles after different milling times, to see, if a refinement took
place. Afterwards, specimens had to be produced for material property investigations. To find
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the optimal parameters, a preliminary design of experiments analysis, based on previous results
from preliminary studies, was performed. After SLM processing respective tests were performed to
analyze the maximum part density, porosities, the microstructure and the microhardness. Due to
the presence of vanadium carbide and the fact, that SLM can produce very fine microstructures,
astonishing material properties were expected, due to the Hall-Petch grain boundary effects [204].
To give an overview of other researchers work and the state of the art of mechanical alloying in
combination with selective laser melting a few scientific articles and their according materials are
presented in Table 8.1, in which B/P stands for the ball-to-powder weight ratio.

Table 8.1: Literature overview of ball milled in-situ formed MMCs and alloys fabricated with SLM.

Reference Matrix Material Composite Material Time B/P Ratio Disc Speed Density
Rong et al. [223] Inconel 718 25 wt.% micro WC 4h 4:1 200 rpm 97.8 %
Khmyrov et al. [224] Co 25 wt.% nano WC 2h 200 rpm > 90 %
Khmyrov et al. [224] Co 50 wt.% nano WC 2h 200 rpm > 90 %
AlMangour et al. [185]  316L 2.5 vol.% micro TiBy 2-8h 51 200 rpm 91.5 %
AlMangour et al. [185] 316L 15 vol.% micro TiB, 2-8h 51 200 rpm 91.5 %
Wang et al. [225] AlSil0Mg 15 wt.% micro TiC 2-15h 10:1 250 rpm
AlMangour et al. [226] 316L 15 wt.% nano TiC 8h 92.48 %
Han et al. [175] Al 15 wt.% nano AlO3 4-20h 5:1 350 rpm
Lorusso et al. [227] AlSil0Mg 1 wt.% micro TiB, 48 h 99 %
Lorusso et al. [227] AlSil0Mg 10 wt.% nano TiBo 48 h 97.8 %
Gu et al. [228] Ti 15 wt.% nano TiC 4h 5:1 200 rpm > 97 %

The available literature proves the capabilities and mechanical alloying in ball mills. Several
approaches have been chosen by different researchers. Most scientific investigations included sub-
micro or micro sized composite materials. It was desired to form coalescences of the two different
components to homogenise the powders for SLM processing. Other works focused on nano sized
composite powders to cover the metal matrix material. In both cases, some of the material prop-
erties were increased. However, researchers also reported the challenging influence of the increased
melting temperature and therefore, a higher tendency for unstable melt pools. Developing param-
eters for MMCs is definitely more complex than for other materials. The goal in this study was to
increase material properties of MS1 through reinforcing VC particles.

8.2 Material and Methods

8.2.1 Powder Preparation

First of all, a homogeneous mixture of the maraging steel metal and the vanadium carbide compos-
ite material had to be achieved. Commercially available spherical gas atomized MS1 (EOS GmbH,
Germany) and irregular shaped VC powder (Treibacher Industrie AG, Austria) was mechanically
mixed for 15 minutes in a Turbula tumbler (Willy A. Bachofen AG, Switzerland). The MS1 pow-
der had a size distribution of 15 pm - 40 um and the VC powder had a size distribution of < 33
pm. The values are given according to the manufacturers data. The chemical composition of the
maraging steel powder is given in Table 4.1. The VC powder consisted mostly of VgCr7, with very
small amounts of VoC, V¢Cs and stoichiometric VC. The powder mixture was based on 90 wt%
of MS1 and 10 wt% of VC. The morphology of the MS1 and the VC powder after mixing is given
in Figure 6.1. As one can see, some sub-micron particles are already sticking to the bigger MS1
powder particle, but VC particles > 1 um are still separated.

After the mixing process, the powder was mechanically alloyed in a high energy ball mill (Fritsch
Pulverisette 4, Germany). The planetary ball mill was equipped with a tungsten carbide vial with
a volume of 500 ml. After pouring the powder mixture into the jar, 10 mm WC balls were added
and the ball-to-powder ratio was 5:1. If a higher ball-to-powder weight ratio is used, more energy
is in the system and the powder particles need less time to get mechanically alloyed, as there are
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Table 8.2: Parameters for the Fritsch Pulverisette 4 high energy ball mill.

milling time per cycle 60 min
break 15 min
speed of main disc 200 rpm
speed of planetary disc 400 rpm
weight of balls 369 g
weight of powder T4 g

Table 8.3: Milling times and cool-off breaks.

total milling time 2h 4h 8h 12 h 16 h 24 h
total process time 2h 15 min 4h45min 9h45min 14 h45min 19 h 45 min 30 h

a lot more collisions in the jar [17]. Collisions can occur as ball-powder-ball or ball-powder-wall
collisions.

For the high energy ball mill, the parameters were set to values, which were found to be
reasonable in preliminary investigations. On one hand it was desired, to crack the hard VC
particles and to create coalescences of MS1 and VC. On the other hand, the soft and spherical
maraging steel particles should not deform too much, to become a problem for the SLM process.
The parameters are shown in Table 8.2 and are considered as low energy mechanical alloying. To
investigate the influence of the milling time, it was decided to mill the powder for 2 - 24 hours
and to take samples after every 2, 4, 8, 12, 16 and 24 hours. As there is a lot of energy involved
in mechanical alloying, the mill was set-up to let cool-off the jar and the powders for 15 minutes
after each hour of milling. Table 8.3 provides the milling times in detail.

The vial was furthermore equipped with valves to flood it with argon to prevent oxidation during
the mechanical alloying process. During the MA process, no additives were used. Therefore, the
process was performed under dry conditions.

8.2.2 SLM Process

An SLM machine (MCP-realizer SLM 250, Germany) was used to produce cylindrical specimens
with a diameter and a height of 8 mm. The SLM device was equipped with a single ytterbium fibre
laser with a theoretical output of 100 W. The laser spot diameter was set to 0.12 mm. The building
chamber originally had dimensions of 250 mm x 250 mm x 220 mm, but was retrofitted with a
cylindrical (@ 50 mm) building chamber to process very low amounts of powder. The coating after
each layer was scanned with the laser had to be performed manually. For the laser scanning process,
the chamber was flooded with argon to keep the oxygen level below 0.4 % to avoid oxidation of the
metal powder. After each layer, the scanning strategy rotated 90 °© to create an alternating hatch
pattern. The layer thickness was constant and set to 40 microns. The hatch distance, the scanning
speed and the laser power were set accordingly to a preliminary design of experiments. For this,
R-Studio (R Foundation for Statistical Computing, Austria) open source software was used. The
number of experiments needed in a full empirical test matrix can be drastically reduced, if an
appropriate DoE based on statistical functions and physical correlations is used. In this study, the
Federov operator was used in R-Studio, to determine the needed experiments. The calculations
were based on the changeable variables:

e scanning speed
e hatching distance

e laser power
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Table 8.4: Parameters for the SLM process

Laser power [W] Scanning speed [mm/s] Hatching [um] Energy density [J/mm?]

65 179 7 117,90
99 179 7 179,57
23 256 7 67,22
99 294 7 109,33
87 333 " 84,83
99 179 94 147,09
76 333 94 60,70
99 179 143 96,69

As a target figure for the script, the maximal density was set. 60 J/mm? was the lower limit
for the energy density and 180 J/mm? was set as the upper limit. Due to the size limitation in the
SLM machine and the small build chamber, 8 parameter sets were selected for the SLM process.
The parameters can be found in Table 8.4. To better understand the outcome and to have samples
for a comparison, pure MS1 was also fabricated according to the study of Tan et. al. [212].

8.2.3 Material Characterization

The cylindrical specimens which were manufactured by SLM were embedded and prepared for
cross-sectioning. The MS1/VC samples were polished and etched in a 30 ml 32 % HCI, 15 ml 65
% HNOs3 and 30 ml 48 % HF solution. The samples manufactured of pure MS1 were etched in
a solution of 10 ml 65 % HNO3 and 100 ml 96 % ethanol, which is also known as nital. After
preparation and etching, the specimens were first analyzed regarding their microstructure, laser
tracks, porosity and relative density in an optical microscope (Leitz Aristomet, Leica Microsystems,
Germany). The density was measured using a dedicated analytical imaging software attached to
the microscope.

For further analysis with a higher magnification, a scanning electron microscope (SEM, Tes-
can Vega 3, Czech Republic) which was also equipped with a silicon drift detector (Ultim Max
40, Oxford Instruments, United Kingdom) for energy dispersive X-ray spectroscopy (EDX) was
used. X-ray diffraction was used, to get information about the phase composition of the obtained
powders after mechanical alloying and of the SLM fabricated specimens. The structural evolu-
tion during the different milling times was studied with an X-ray diffractometer (PANalytical PW
3040/6 X’Pert Pro, United Kingdom) with Cu Ka radiation (A = 0.15406 nm) operating at 40 kV
and 35 mA. Two-theta was recorded in the range of 30 © and 90 ° with a step size of 0.05 and a
counting time of 200 seconds per step.

The hardness was measured with a micro hardness testing device (Karl Frank GmbH, Germany)
and loaded to 9.8 N. For the particle size distribution analysis a Microtrac SDC in combination
with a Microtrac S3500 (Retsch GmbH, Germany) was used. The device uses three precisely placed
red laser diodes to accurately characterize particles. For the tribological analysis, an Anton Paar
(Anton Paar Group AG, Austria) CPX in combination with an Anton Paar MST micro scratch
tester was used. 5 N of force were applied to the indenter and moved for 1000 times on a track
with a 5 mm length. The analysis of the wear of the indenter stainless steel ball was done with
optical microscopy and the track was analyzed with a Dektak 150 profilometer (Veeco, USA).
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8.3 Results and Discussion

8.3.1 Particle Size Distribution of the M A Powders

To get a better understanding of the effects of mechanical milling on a mixture of brittle and
ductile powders, several samples were taken. A Microtrac particle size distribution analyzer was
used to investigate the powder particle size after 2, 4, 8, 12, 16 and 24 hours of milling [204].

The particle size distribution can be measured with different techniques and are based on
the expected particle sizes. The most common methods are the particle counting method and
the particle volume method. In the Microtrac device, lasers are used to measure the halo of a
diffracted light of particles, which pass though the laser beam. This method is good for measuring
particles sizes of 0.1 to approximately 3000 microns. The technology can be used for counting
passes and volumetric analyzes. The particle size distribution curve Q(z) gives the standardized
sum of all irregular shaped particles with an equivalent spherical diameter less than or equal to x.
The particle counting method and the particle volume method are defined as:

e Particle counting method: If the number of all measured particles N; with a diameter x are
smaller than or equal to the defined diameter x; and N is the sum of all measured particles,

then N

Qc(xi) = WZ (8.1)

e Particle volume method: If the mass of all measured particles m; with a diameter x are

smaller than or equal to the defined diameter x; and m is the total mass of all measured
particles, then

mi

Qu(z;i) = (8.2)

m

In Figures 8.1a through f the results of the particle size analysis are shown based on the vol-
umetric measurement. The diagrams give a graphical overview, while the percentile results are
given next to each diagram to show the respective numerous results. According to the analysis,
the particle size increased with the milling time and agglomerations must have formed. After 16
h however, the particles potentially grew too large and therefore had a tendency to crack into
smaller ones. As can be seen in the diagram of the 24 h milled powder, the average particle size
distribution was decreased. One possibility to control the formation of agglomeration is to use
a liquid additive during the ball milling process. Liquid additives prevent such agglomerations
especially during long-time millings, but as the powder was produced for selective laser melting, it
was essential to keep the powder dry and free of contaminations.

To validate the results of the Microtrac, a backscattered electron detector in a scanning elec-
tron microscope was used. The images are shown in Figure 8.1g and h. The SEM images revealed
some quite large particles, but overall, the 24 h milled powder was finer than the 16 h milled powder.

Of course, if one measures the absolute number of particles, the amount of small particles will
be significantly higher with the particle counting method. But it provides interesting insights of
the composition of the smaller bulk powder. As the initial powder was mixed based on weight
percentages and the VC powder consisted of very fine particles, the mechanically alloyed powder
also contained a lot of small particles, as not all particles form coalescences. Figure 8.2 shows the
diagrams and the percentile numbers of the powder samples after 2, 4, 8, 12, 16 and 24 hours of
milling.

8.3.2 Phase Analysis of the Powders

Figure 8.3 shows the XRD patterns of the VC and MS1 powder mixture after various milling times.
The XRD patterns confirm that visible peaks belonging only to the VC reinforcing phase and the
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Figure 8.1: Volumetric particle size distribution of a) 2, b) 4, c¢) 8, d) 12, e) 16 and f) 24 hours of
milling and SEM comparison of g) 16 and h) 24 h milled powder.
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Figure 8.2: Particle size distribution using the counting method of a) 2, b) 4, c¢) 8, d) 12, e) 16 and
f) 24 hours of milling.

MS1 matrix exist. It can be observed, that the intensity of VC peaks decreased, for increased
milling times. The size of the crystallites had reduced significantly. The intensity of MS1 peaks,
which are equal to a-Fe, did not change markedly, which means that the steel was undergoing
plastic deformation rather than fragmentation [204].

8.3.3 Powder Morphology using SEM

Figure 8.4a - e shows the evolution of the powder after 2, 4, 8, 16 and 24 hours of milling and the
influence on the powder morphology. It can be seen, that the particle shape and size is significantly
influenced by the milling time. In the beginning the MS1 particles kept their spherical or near
spherical shape and just barely formed agglomerations with the VC particles. The longer the milling
time, the more particles merged together and started to form coalescences. Some of these particles
grew faster and larger than others, which meant that post-processing sieving was necessary. The
images furthermore show that even after long milling times, there is still a broad range of different
particle sizes. This is due to the fact that some of the particles tend to get work-hardened and
therefore have a limited ability to get plastically deformed during the milling process [17]. The
mean VC particle size decreased as the initially big and brittle composite material tended to rather
fracture than to undergo plastic deformation. The more ductile matrix material MS1 on the other
hand, was more likely to deform and after some time get cold-welded respectively got mechanically
alloyed with the smaller VC particles.

8.3.4 Powder Analysis by EDX

To investigate the effects of ball milling on the particles and their uniform distribution of the
elements, an EDX map was taken for all of the milled powders. Figure 8.5 shows measured areas
of the various milled powders and their main compositions, the matrix material (i.e. Fe) and the
composite reinforcing particles (i.e. V). The complete chemistry of the alloy can be found in Table
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Figure 8.3: XRD patterns of MS1 with VC-33 powder after milling.

Table 8.5: Elements of the MA powders.

Element wt% 2 h wt% 4 h wt% 8 h wt% 16 h wt% 24 h

Al 0.25 0.26 0.23 0.24 0.30
Ti 0.71 0.91 0.61 0.53 0.65
Y 27.76 25.69 21.56 16.12 10.83
Cr 0.25 0.32 0.22 0.24 0.22
Fe 48.68 50.93 54.04 56.78 60.17
Co 6.42 6.88 7.35 7.88 8.32
Ni 12.01 11.73 12.35 14.04 15.13
Mo 2.98 3.22 3.23 3.75 4.37
\%% 0.93 0 0.42 0.42 0

8.5 and in the EDX map sum spectrum in Figure 8.6. SEM and EDX analysis also revealed, with
longer milling times, less VC particles were found in the powder samples due to the decreasing
median particle size of VC and their tendency of forming coalescences with the MS1 particles.
This is very clearly visible in Figure 8.5f in which a 2 h milled particle can be seen, which was
mounted and polished for SEM analysis. The VC particles attached to the still spherically shaped
matrix material particles. Furthermore, powder analysis of the increased milling times evidently
shows, that the vanadium particles were embedded deeply into the steel particles as the elementary
percentage decreases indicatively, but also the EDX maps show less vanadium (i.e. red) particles.
The relatively high amount of W in the EDX map can be explained due to wear of the tungsten
carbide jar and balls of the high energy ball mill.

8.3.5 Phase Analysis of the SLM Specimens

XRD diffraction patterns of SLM composites obtained from powders with different milling time
are shown in Figure 8.7. Phase composition of solid samples manufactured from powders after
milling, reveal presence of y-Fe and a-Fe which were created during SLM processing. In the XRD
patterns of the samples that were milled for 2 h, 4 h, 8 h, 12 h and 16 h and SLM processed,
there are peaks for v-Fe visible. Pure maraging steel only forms «-Fe (bcc) with minor amounts
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Figure 8.4: SEM of the MA powders after (a) 2, (b) 4, (c) 8, (d) 16, (e) 24 hours.
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Figure 8.5: EDX maps of the MA powders after (a) 2, (b) 4, (c) 8, (d) 16, (e) 24 hours with Fe
(i.e. yellow) and V (i.e. red) elements and (f) a SEM image of a 2 h milled and grinded particle.
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Figure 8.6: EDX map sum spectrum.

of retained austenite possible, but in the 2 h - 16 h samples the predominant phase was v-Fe (fcc).
This was also discovered by Yan et. al. [139] when maraging steel 300 was reinforced with WC.
This might have happened due to a high cooling rate of some larger VC particles or a chemical
composition change, when some of the VC particles were partially or fully melted. As VC has
a higher thermal conductivity than maraging steel, it could affect the cooling rate of the melt
pool and VC could hold back the phase transition of the high temperature y-phase to the low
temperature a-phase. However, this phenomenon did not occur with the 24 h samples. Instead,
the material formed a-Fe. It is very likely, that the VC particles were too small to have an effect
on the melt pool to cause the phase transition. The XRD chart revealed another phenomenon,
which is about the vanadium carbide formation. The initially used non-stoichiometric VgC7 has
formed to precipitated primary stoichiometric VC in the 24 h milled sample. Obviously, some of
the carbon transferred to the VC. This further reduced the martensite starting temperature and
therefore, alpha-Fe was the predominant phase again. Due to the decreasing particle size of the VC
powder and the increasing embedding of these particles into the MS1 particles, the VC particles
likely tended to fully melt and form precipitations.

8.3.6 Densification and Defects in the SLM-processed Specimens

For comparison reasons, the results of pure MS1 fabricated parts are presented first in Figure
8.8a. Tan et. al. [212] showed that the optimal energy density for SLM-processed parts out of
maraging steel powders is at 67 J/mm?. However, there are many factors influencing individual
achievable results on different machines and the energy density is just an indicator. Therefore,
various laser scanning speeds, hatch distances, and laser powers, which are resulting in a similar
energy density level, have been used to get near fully dense parts. The pure MS1 powder was
processed without any minor issues throughout all applied parameter variations and the highest
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Figure 8.7: XRD pattern of milled and SLMed MS1 with reinforcing VC particles.

relative density, which was 98,2 %, was achieved with 69,49 J/mm3. However, optical microscopy
(OM) revealed small imperfections and pores, which are process related defects due to overheat-
ing of the laser resulting in evaporation of some constituents and subsequent fast cooling of the
part causing quenching cracks [229]. During SLM low energy inputs or short dwelling times at
the laser track boundaries, can lead to incomplete densification respectively incomplete melting of
powder particles [177], which results in porosity. The MS1 specimen was etched with nital and
laser scanning tracks became very apparent. They reveal that the laser power was too high, as the
laser tracks had a depth of approximately 130 pm. Accordingly, the material was heated up and
cooled down repeatedly. If the SLM parameters are adjusted accordingly, even higher densities
can be achieved through further parameter optimization, but it was beyond the scope of this study.

In Figure 8.8b one of the SLM-processed MS1/VC samples is shown. The image reveals an
elongated pore with a size of more than 50 microns across. These defects did occur - additionally
to the before mentioned process-related defects - because of the introduction of VC particles and
their significantly higher melting temperature. Processing two different materials with such diverse
melting temperatures with a laser is challenging. Overall, the MS1/VC specimens had more de-
fects than the specimens without the VC composite. Interestingly, the longer the milling time, the
greater number of defects occurred after SLM, which was most likely due to the decreased spher-
ical shape of the maraging steel particles. Samples also showed a tendency of spherical shaped
defects to transform to elongated defects. Due to the finer and more homogeneous distribution
of VC particles and their higher melting temperature, the melt pool was probably interfered and
less stable than for pure MS1. OM also revealed, that with lower energy densities and therefore
lower melting temperatures, the VC particles - dependent on their actual size - tended not to fully
melt, even after long ball milling times, resulting in finer particle size distributions (i.e. about 1 -
2 pum). There is a higher chance to fully melt the VC particles in this composition, if their average
size is decreased or a higher melting energy is brought into the system. During solidification the
VC will form primary precipitations that are homogeneously distributed throughout the sample.
It was found, that SLMed specimens with similar milling times but with a higher energy density
(n) showed less visible unmelted VC particles in SEM and OM.

The smaller the VC particles and the higher the energy input, the higher the chances are to fully
melt the particles and therefore form primary precipitated solidified VC. Printed specimens with
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Figure 8.8: Images of (a) OM of SLMed MS1, (b) SEM of unmelted MS1/VC in an SLMed
specimen.

Table 8.6: Achieved relative densities of all SLM processed specimens

Spec. Energy density Rel. D. Rel. D. Rel. D. Rel. D. Rel. D. Rel. D.

Nr.  [J/mm?] on[% 4h[% 8h[% 12h[% 16h[% 24 h [%]
2 117.90 92.45 83.75 91.70 87.70 91.83 81.90
3 179.57 97.12 95.8 92.40 93.24 83.83 93.28
5 67.22 72.36 67.43 69.83 72.57 68.42 72.56
6 109.33 95.90 90.44 88.55 83.84 84.53 79.02
8 84.83 82.47 83.24 72.70 77.38 73.86 7T
10 147.09 95.12 91.69 85.78 71.84 89.20 79.43
11 60.70 69.05 67.81 65.42 63.64 68.04 67.37
18 96.69 81.69 82.91 84.15 79.70 78.43 75.82

the same ball milling times but with higher energy density used during SLM processing showed
less visible VC particles. Moreover, the higher the energy density n the less unmolten VC particles
were found. Especially smaller particles probably had a higher tendency to fully melt, because
of the liquid nucleation growth theory. During solidification, these molten particles will form pri-
mary precipitated VC in the solid part and will increase the material strength of the produced parts.

Furthermore, the VC particle distribution after SLM processing was investigated. Using opti-
cal microscopy with a light filter, it was possible to determine the difference between pores and
elevations of VC particles. Sometimes the difference was hard to see and one must be working very
precisely. Figure 8.9 shows the SLM processed specimens after embedding, grinding and polishing.
Interestingly, after approximately 12 hours of milling, the average particle size of the vanadium
carbide decreased in the SLMed specimens. There were still some minor bigger VC visible, but
overall, the mean particle size was smaller. After 16 h of milling and SLM processing there were no
large VC particles found on the polished surface. Also, the overall amount of smaller VC particles
seemed to be decreased. However, it has to be mentioned that the specimens with the highest
energy density 1 were analyzed under the optical microscope. Therefore, the chance to fully dis-
solve the VC was higher than with any other samples, that is for sure. An overview of all achieved
relative densities is given in Table 8.6. In Figure 8.10 a comparison of all energy densities and
achieved relative densities can be seen.



136 8. Selective Laser Melting of Mechanically Alloyed MS1/VC: Influence of Milling Times

Figure 8.9: Optical microscopy images with light filter of SLMed and polished MS1/VC-33 after
(a) 2, (b) 4, (c) 8, (d) 12, (e) 16 and (f) 24 h.
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Figure 8.10: Relative densities of all samples after 2, 4, 8, 12, 16 and 24 hours of milling at different
energy densities.

8.3.7 Analysis of Density

R Studio was used to create a prediction model for the highest relative density achievable with
each mixture. The Federov operator was used to calculate an optimal set of parameters for the
DoE and based on these calculations and the results of the density measurements, the optimal
parameters for SLM processing were predicted. First, the energy density of the SLM process was
calculated. The model was then based on the results of the measured specimen densities. The
diagrams were made for 99 W laser power and are given in Figure 8.11. Basically, the models
do not change drastically except the prediction for the 16 h mechanically alloyed powder. In all
other models, the optimal scan speed was predicted to be at approximately 180 mm/s. This would
increase the energy density and cause a more stable melt pool. Furthermore, the hatch distance
was predicted to be at around 75 microns which would further increase the energy density and the
laser tracks would be more overlapped. These predictions are correlating with the analysis using
optical microscopy. The higher the energy density, the better the results were and the less porosity
was found in the specimens. However, the model of prediction for the 16 h milled powder was
very different and is shown in Figure 8.11e. According to the R Studio calculation, the optimal
scan speed was at 240 mm/s and the hatch distance optimum was at 135 microns. This would
significantly reduce the energy density and indeed, the maximum relative density was found to be
at 117.90 J/mm?. All other maxima were found to be at 179.57 J/mm?.

8.3.8 Microstructure Analysis with SEM and EDX

Fig. 8.12 shows the mechanically alloyed and SLM-processed MS1/VC after 2 (8.12a), 4 (8.12b),
8 (8.12¢), 16 (8.12d), 24 (8.12e) hours of milling with the aforementioned milling parameters.
In the specimens with shorter milling times, there were still large unmelted VC particles visible.
Specimens built with 179 J/mm? had the highest densities throughout all of the different milling
times. Even higher results than 97.12 % of relative density might be possible, through further
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parameter studies. In this study it was found, that the highest energy density produced the highest
relative density, so one can assume that higher n-values might be advisable. However, at high
energy density levels welding mechanisms change from conduction mode welding to penetration
keyhole mode welding, which can cause problems. The process temperature of a welding system can
exceed the vaporization temperature if the energy, which is brought into a conduction weld, cannot
dissipate fast enough. Materials start to evaporate and penetration keyhole welding occurs, whereas
the vaporized material generates gas bubbles that form round pores during solidification [230]. This
effect hinders near-full-dense part production. In Figure 8.12a the white arrow indicates some big
unmelted VC particles, but also smaller already refined particles can be seen, whereas Figure
8.12b shows microporosity. In Figure 8.12f the red colour shows the vanadium and the yellow
colour indicates the ferrite distribution. Furthermore, a black particle can be spotted, which might
be a primary precipitated VC particle, but could also be a micro-keyhole. EDX analysis did not
show any satisfactory results as the resolution of the sensor was not sufficient to analyze the black
particles. According to the theory of liquid nucleation growth (LNG), particles will first melt a
thin boundary layer after reaching a temperature, which is lower than the melting temperature
of the solid material. The thickness of the melted boundary layer is increasing until the particle
melting temperature is reached and the whole particle liquifies. Even when considering this theory,
the sub-micron and nano sized VC has a significantly higher melting temperature. Nevertheless,
it is highly possible that some VC particles were partially dissolved in the metal matrix composite
and formed primary VC after solidification. There were almost no remaining VC particles visible
in the SLM samples obtained from the 16 hours milled powders, which indicates a homogeneous
and fine distribution throughout the whole specimen, either of ultra-fine or primary precipitated
VC particles. Kang et al. [174] investigated the reinforcement of MS1 with tungsten carbide and
describe the capability of the laser source to heat the molten to over 3000 ° C [210] and therefore,
to fully or partially melt WC in the SLM process. The vanadium distribution was also validated
through EDX analysis, which did not show any unmelted VC particles, but a fine distributed
content of V throughout the whole specimen. Some unidentifiable grey particles in the 16 h and 24
h milled and SLMed solid part indicate that the VC has been melted completely and has formed
primary precipitations after solidification.

8.3.9 Microhardness

The results of the microhardness tests of the MS1/VC composite are shown in Figure 8.13. The
samples were fabricated with the same laser energy density and with the same SLM parameters.
Typically, the as-built hardness of MS1 is between 330 and 360 HV. The highest achieved value
was at 439 HV1, which indicates that the VC particles had a significant influence and increased
the microhardness. The microhardness of the composite material is influenced by the phase com-
position, grain size and defects in the matrix [139], therefore, at least four microhardness tests
were performed per specimen to reduce statistical errors. The increase in hardness is due to the
generation of obstacles against grain motion, but also because of the presence of VC particles in
the matrix and grain refinement. In some of the specimens, there was a relatively high standard
deviation of the measured results. This can be explained with pores in the material, which are
present under the surface and can not be seen with optical microscopy.

In Table 8.7 an overview of all mean hardness values and their statistical information is provided.
Due to some pores underneath the surface, the range R and the variance V can be comparably
high. This directly also affects the standard deviation SD.
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Figure 8.12: SEM images of: the SLM processed 179 J/mm? specimens after (a) 2, (b) 4, (c) 8,
(d) 16, (e) 24 hours of milling and a (f) possible primary VC in the 24 h sample.
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Table 8.8: Coefficient of friction, track wear rate and ball wear rate of MS1VC.

Material COF Track Wear Rate Ball Wear Rate
() [mmS/Nm] x 1079 [mmg/Nm] x 1079
MS1 0.74 1.51 1.44
MS1VC-2h 0.76 1.31 3.28
MS1VC-4h 0.73 1.71 4.51
MS1VC-8h 0.77 1.23 3.22
MS1VC-12h 0.74 1.31 6.25
MS1VC-16h 0.13 0.0863 1.45
MS1VC-24h 0.69 0.699 5.79

8.3.10 Tribological Performance

One of the main aims of reinforcing materials with carbides is to improve the wear resistance. Tri-
bological analysis was performed with the manufactured composite samples and the results were
compared to pure MS1 results. In Figure 8.14 a diagram is provided with the coefficient of friction
(COF) results and in Figure 8.15 the relative penetration depth of the indenter. The relative
penetration depth describes how deep the indenter was able to scratch into the surface based on
the initial height. Obviously, the sample which was manufactured with 16 h mechanically alloyed
powder had a significantly lower coefficient of friction. The sample was polished again and then
the tribological test was repeated. The result remained pretty much the same. Accordingly, the
wear rate was very low compared to the other results. In Table 8.8 the results of the coefficient
of friction, the track wear rate and the ball wear rate after 1000 cycles is provided. The COF of
the specimens with reinforcing VC did not change drastically compared to pure MS1, except in
the 16 h milled sample. The wear rate however, decreased notably with a minimum value being
8.63210~"[mm?/Nm)] in the 16 h sample and 6.99210~6[mm3/Nm] in the 24 h sample. The ball
wear rate was found to be dependend of the track wear rate and a graphical comparison is given
in Figure 8.16. While performing tribological tests, the densification plays a significant role. The
tests were performed with the most dense samples, however, their densification level was relatively
low in some cases. Nevertheless, the 16 h and 24 h specimens were able to increase the wear
performance by 93.30 % and 53.80 % respectively.

Especially, the penetration depth was lower in the MS1/VC samples, which indicates that the
indenter ball was not able to wear the track as much as the pure MS1 samples.

The worn surfaces were analyzed with optical microscopy and the tracks were covered with
adherent material. VC particles acted against the indenter and were acting as adhesive points for
the worn material. In Figure 8.17 the track of the 2 h milled sample is shown. The VC particle
had a size of 20 microns and was covered with adherent worn material from the indenter and the
worn track. This material was compressed and polished underneath the indenter and resulted in
a gliding plane which somewhat falsified the COF results. Furthermore, the worn material must
have become very hot as EDX analysis revealed a high amount of oxygen, which resulted in a
layer of FeO. In Figure 8.18 a SEM image is given, showing the stuck worn material. Obviously,
a VC particle was sticking out of the material causing the worn material to get stuck next to it.
EDX analysis, provided in Table 8.9, shows the elemental punctual analysis. Spektrum 38 refers
to the pure worn material, which stuck on the surface and Spektrum 39 refers to the VC particle
underneath.

8.4 Conclusions

The analysis of the mechanically alloyed MS1/VC through SEM revealed the great capabilities of
MA. It is a cost-effective and fast tool to form coalescences of separate powders. However, there is
a unique process window suitable for each powder mixture and it is dependent on the initial size
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Table 8.9: EDX analyses of the MS1VC sample that was milled for 2 h, SLM processed and
tribologically tested.

Element Mass Percent Spektrum 38 Mass Percent Spektrum 39

C 3.58 18.78
N 3.52

O 33.17

Al 0.25

Si 0.15

Ti 3.53

V 1.83 79.71
Cr 0.60

Fe 49.80 1.73
Ni 2.89

Mo 0.68

Sum: 100.00 100

distribution, material ductility and hardness, to mention the most important. Due to the big initial
size distribution of 1-33 pum of the VC feedstock powder and its high strength, the VC experienced
a significant decrease of the average particle size whereas the MS faced huge deformations leading
to a non-spherical irregular shape the longer the milling took place. As the VC was fractured
rather than deformed in the beginning of the MA process, particle refinement of VC as a pre-
process is advisable. This way milling times could be kept lower and therefore keep the initial
MSI1 particles more spherical as a non-spherical shape leads to instability during SLM processing
respectively instable melt pools and inhomogeneous layer coatings. However, after SLM processing
the 16 h milled powder with various energy densities it was not possible to detect unmelted VC
particles with a scanning electron microscope or energy dispersive X-ray spectroscopy. Instead,
homogeneously distributed primary solidified VC particles were spotted in the SLM processed
specimens. To prevent samples porosity further optimization studies should be performed. The
resulting main conclusions are:

e The tendency to achieve fully melted VC particles during SLM processing is dependent on
their size and the location in the powder. It was discovered that smaller sized particles of
VC will more likely be melted if they are part of a bigger MS1 particle (i.e. in form of a
coalescence).

e A high energy ball mill is a necessary and affordable tool to not just homogeneously distribute
different powders, but also to achieve grain refinement and coalescences in one process.
Furthermore, small amounts of powder can be processed.

e At 67 J/mm?, which is the advisable energy input for pure MS1, the composite powders were
poorly melted and the specimens showed lots of porosity and imperfections. At 179 J/mm?
the results were remarkably better and a higher part density was achieved. Nevertheless, there
were still some pores, which could be eliminated through further parameter development or
initial VC refinement.

e After 8 hours of MA the amount of unmelted VC particles was very low and after 16 hours
there were almost none visible, which indicates further refinement of VC. After 24 hours of
milling there were no VC particles visible anymore and a phase formation from +-Fe to a-Fe
was observed. Furthermore, the non-stoichiometric VgC; transformed to stoichiometric VC
which indicates the formation of primary precipitated particles which solidified after being
fully melted by the laser.
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e The presence of VC in the metal matrix of the MS1 leads to superior hardness and even
though the part density was not above the desired 99 % boundary, the in-situ formed MMC
exceeded the maximum achievable hardness of the base material. While measuring micro-
hardness at the 4 hour milled SLM processed specimen, the standard deviation was aston-
ishingly low and the maximum measured hardness was at 439 HV1.

e The tribological performance can be increased with reinforcing VC particles. In specific, the
16 h and 24 h milled and SLM processed samples were able to decrease the wear rate by
93.30 % and 53.80 % respectively.

e The MS1/VC composite material was able to outperform the pure MS1 sample in the tribo-
logical tests. The indenter was not able to wear the MMC specimens as much as the pure
MS1 samples and therefore, their penetration depth was lower.



SLM of Mechanically Alloyed
MS1/VC: Optimization of Bulk
Powder Morphology

An expert is someone who knows some of
the worst mistakes that can be made in
his subject, and how to avoid them.

Werner Karl Heisenberg

9.1 Introduction

It was discovered in preliminary studies that it is possible to reinforce martensitic steel with car-
bides, like vanadium carbide or tungsten carbide, and to improve some material properties. The
process route of the bulk powder treatment is very critical to end up with high quality and dense
selective laser melted parts. It was discovered that mechanical mixing of hard VC particles with
soft maraging steel powders is not an optimal way to create metal matrix composites. Instead,
mechanical alloying is a more advisable processing technique. However, if the milling parameters
are not chosen wisely, the parts will very likely fail or will not meet the quality criteria. Too much
energy in the ball milling system will plastically deform the MS1 particles before coalescences with
the VC particles will be formed. In preliminary investigations, it was found that the initial particle
size of the VC has to be relatively small, to decrease the milling time and therefore, to decrease
the deformation process on the MS1 particles. However, if the initial particle size is too small
(i.e. nano-sized), irregular shaped VC particles will agglomerate and therefore, the flowability of
the powders will be decreased. It is advisable to use particles in the sub-micron to micron size range.

It was decided to deepen the investigations of the MS19qVCyo powder composition, which con-
tains, as the name suggests, 90 wt.% of maraging steel and 10 wt.% vanadium carbide. In Chapter
8 a metal matrix composite was investigated with 10 wt.% of VC-33, which had a particle size
between 1 - 33 microns. The first results were very promising, but the milling process deformed the
maraging steel particles too much - especially after longer milling times. Therefore, the flowability
decreased and the SLM process was not as stable as desired. The logical next step was to decrease
the initial particle size of the bulk VC powder.

One of the most common techniques to identify the process window for a new type of alloy or
powder system, is the approach of the volumetric energy density (VED or E,). It is widely used
in the scientific field and was also used in this study. The goal is to minimize porosity respectively
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to maximize the part density. It takes into account the combined effects of the main SLM process
parameters. The scanning speed, the hatching distance, the layer thickness and the laser power.
The parameters which produce the highest relative part density are the most desired ones. The
literature [231] suggests Equation 1.2 found in Chapter 1. Equation 1.2 describes the volumetric
energy density, expressed in J/mm?, in which P is the power of the laser source, h stands for the
hatch distance, v for the scan speed and ¢ for the layer thickness. The maximum volumetric energy
density is achieved with the maximum laser power, which was 100 W in this study. However, there
are always unpredictable factors that influence the output of the laser, like a thin dust layer on
the laser optics or a non-uniform continuous wave. Therefore, the maximum value for the DoE
was set to 99 W or 99 % of the theoretical maximum. The values of the scanning speed, hatching
distance and the layer thickness will decrease the volumetric energy density. To investigate the
effect of various parameters on the hardness and density, eight parameter sets were chosen.

9.2 Experimental Procedures

In Chapter 8 a high energy ball mill with a tungsten carbide jar was used to investigate the
MS1/VC powder system. The result were high deformations of the soft martensitic steel particles,
which should be avoided respectively decreased. One way to influence the results was to decrease
the milling times, but this also would have meant less coalescences of MS1 and VC particles. This
is the reason why a VC powder with a smaller mean particle size was chosen for the mechanical
alloying process. Because of the smaller initial VC particle size, there is less milling time needed
to form the aforementioned coalescences, as the VC does not need to be cracked in advance.
However, smaller particles are known to have a higher tendency for agglomerations due to the
higher Van der Waals forces. Therefore, the particle size was chosen to be not in the nano-scaled
size distribution. Another approach was to decrease the milling energy brought into the system
during the mechanical alloying process. To understand the influence of different materials on the
powder particles for the vial and the balls used during high energy ball milling, two materials (i.e.
440C steel and WC) were investigated. For the calculations of the effects, the calculations were
based on the work of Schwarz and Koch [110]. Their theory assumes that particles are deformed
by localized shear and the particle temperature increases through Equation 2.1. The respective
calculations can be found in Chapter 2. According to the performed calculations, the irradiated
temperature rises per impact are:

o ATye,,e = 3219 K

o ATycy, =70.52 K

It can be said that the tungsten carbide balls significantly increase the temperature compared
to 440C steel balls. The WC balls and jar increase the temperature by approximately 219 %.
However, there is little known about the real influence of different materials used for mechanical
alloying and there were no scientific research papers found in the literature. The optimal way to
investigate the effects of ball milling would be an in-situ process monitoring and a direct measure-
ment of the particles, which is, at the time of writing this report, impossible. Therefore, a 440C
and a WC ball milling equipment was used with MS1/VC powders and analyzed afterwards, to
understand the effects of the different calculated temperature rises.

After the ball milling process, the powders were analyzed and then SLMed to produce samples
for further analyses.

9.2.1 Powder Preparation

A homogeneous mixture of the maraging steel and the vanadium carbide was prepared. For this,
gas atomized commercially available MS1 (EOS GmbH, Germany) and irregular shaped VC powder
(Treibach Industrie AG, Austria) was mixed for 15 minutes in a Turbula tumbler mixer (Willy A.
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Table 9.1: Milling times of the MS1/VC mixture and cool-off breaks.

total milling time 1h 2 h 4
5

h
total process time 1 h 15 min 2 h 30 min h

Bachofen AG, Switzerland). The maraging steel powder had a size distribution of 15 - 40 pm and
the chemical composition can be found in Table 4.1. The particle size of the VC powder was given
from the manufacturer as < 2.5 microns and the chemical composition of the VC powder was:

e V5C; (main content)
e V,C

o ViCs

e stoichiometric VC

The MS1/VC mixture consisted of 90 wt.% MS1 and 10 wt.% VC. After the mechanical mixing,
a planetary high energy ball mill (Fritsch Pulverisette 4, Germany) equipped with a 500 ml WC
jar and WC balls was used for the first batch of powder production. The balls had a diameter of
10 mm and the ball-to-powder weight ratio was set to 5:1. The whole mechanical alloying process
was performed under argon atmosphere to reduce the risk of unwanted oxidations. The milling
parameters were the same as in preliminary studies and can be found in Table 8.2. The milling
times were adjusted according to the smaller particle size and are shown in Table 9.1. After each
hour, there were 15 minutes of a cool-down break set.

For the second batch, a vial and milling balls made out of 440C stainless steel were used. The
milling parameters were not changed, but the milling time was adjusted. Due to time restrictions
and to get powders with meaningful results, the total milling time was set to 5 hours including 15
min of break after each hour. In preliminary studies and analyses it was found that in most cases
mechanical alloying should be performed somewhere between 2 to 6 hours. Setting the milling time
to 4 hours seemed legit for this study and the parameters can be seen in Table 9.1. However, it has
to be mentioned that the 440C vial did not have the possibility to use an argon inert atmosphere
during ball milling.

After milling, samples were taken for further analysis. Then, the powders were sieved with a
75 micron sieve. As previous works showed that this process can be critical, if shaker towers are
used, the sieving was done manually. A small spoon was used to vibrate and move the powder.
The advantage of this was the fact, that small agglomerations, which would have been sieved out,
were cracked up and therefore, went through the sieve.

9.2.2 SLM Process

For selective laser melting, an MCP-realizer (MCP-realizer SLM 250, Germany) was used to fab-
ricate cylindrical samples. The specimens had a diameter of 8 mm and were built with a height
of approximately 6 mm. The SLM printer was equipped with a ytterbium fibre laser with an
output of 100 W. The laser spot diameter was measured at 0.12 mm. During SLM processing,
the oxygen level was kept below 0.4 % to prevent oxidation. The scanning strategy included an
alternating hatch pattern (i.e. 90 degree rotation). The layer thickness was fixed at 40 microns
and the rest of the parameters were similar to the parameters used for MS1gyVC1(-33 mechanically
alloyed powders. The SLM parameters are given in Chapter 8 in Table 8.4 and were based on a
DoE performed with R-Studio (R Foundation for Statistical Computing, Austria) and the Federov
operator.
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9.2.3 Material Characterization

For cross-sectioning, the SLM processed samples were embedded and polished. To analyze the
microstructure, the specimens were etched in an acid of 30 ml 32 % HCI, 15 ml 65 % HNO3 and
30 ml 48 % HF. An optical microscope (Leitz Aristomet, Leica Microsystems, Germany) was used
to analyze the porosity and the laser tracks of the samples. The microscope was furthermore
equipped, with analytical dedicated software to calculate the relative density of each sample.

To analyze the mechanically alloyed powders and the SLM processed specimens more detailed,
a scanning electron microscope (Tescan Vega 3, Czech Republic) was used. Images were taken
with 20kV and either with a SE or BSE detector according to the requirements. The SEM was
also equipped with a silicon drift detector (Ultim Max 40, Oxford Instruments, United Kingdom)
to perform EDX analyses. With energy dispersive X-ray spectroscopy it is easier to find possible
coalescences and agglomerations of the powders. Some samples were etched with nital or Adler’s
reagent to analyze the microstructure. For the phase analysis of the bulk powder and the printed
specimens, X-ray diffraction was used. A PANalytical PW 3040/6 X’Pert Pro (United Kingdom)
diffractometer with a Cu Ka radiation source measured the samples at 40 kV and 35 mA with a
continuous scanning mode and a scanning rate of 5 °/min. 2-O was recorded between 30 degree
and 90 degree.

Micro-hardness was measured using a dedicated micro-hardness testing device (Karl Frank
GmbH, Germany) with a load of 9.8 N. At least four indentations were performed per sample. The
particle size distribution was performed with a Microtrac SDC in combination with a Microtrac
S3500 (both systems from Retsch GmbH, Germany). Tribological tests were performed using an
Anton Paar (Anton Paar Group AG, Austria) CPX and an Anton Paar MST micro scratch tester.
The spherical stainless steel indenter was loaded with 5 N. The duration of the test was 1000
cycles on a 5 mm track. The calotte of the worn stainless steel ball was measured using the micro
scratch tester software in combination with an optical microscope. The track wear was measured
and calculated with a profilometer (Dektak 150, Veeco, USA).

Charpy impact strength tests were done with V-notch specimens in a 10 mm x 10 mm x 55
mm dimension. They were manufactured according to the ASTM A370 / ISO 148 standards and
tested accordingly. For the ultimate tensile strength tests, specimens according to the German
DIN 50125 standard for UT strength tests were manufactured in the SLM machine. They had a
diameter of 4 mm and a specimen length of 65 mm. These specimens were chosen to decrease the
necessary amount of powder for SLM processing. As the specimen head was too small for the Zwick
/ Roell Zmart.Pro (ZwickRoell AG, Germany) tensometer, an adapter had to be designed and
manufactured. The specimens were used in an unpolished as-built condition, but some specimens
were heat treated at 490 ° C for comparison reasons.

9.3 Results and Discussion

9.3.1 Particle Size Distribution

First of all, the pure MS1 was analyzed. Both, the particle counting method and the particle
volume method were used. In Figure 9.1 the results of the two methods are shown. The volumetric
counting method indicates that there were slightly more particles found above 40 microns than the
powder manufacturer suggested. However, if one compares the results with the numerical method,
it is obvious that the amount of bigger particles must be relatively small.

The particle size distribution of the MS19oVC19-2.5 which was mechanically alloyed with WC
equipment is shown in Figure 9.2. In Figures 9.2a), ¢) and e) the volumetric counting method
was used and in Figure 9.2 b), d) and f) the numerical counting method was applied. Obviously,
the amount of fine particles decreased with the milling time and more coalescences must have
been formed. Interestingly, also bigger particles were decreased after 2 h of milling, but slightly
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Figure 9.1: Particle size distribution using a) the volumetric method and b) the counting method
of pure EOS MS1.

increased again after 4 h of milling.

Figure 9.3 shows the particle size distribution results for the mechanically alloyed powder using
440C stainless steel equipment. In Figure 9.3a and ¢ the volumetric and in Figure 9.3b and d
the numeric methods were applied. Figure 9.3a and b refer to an unsieved powder state, whereas
Figure 9.3c and d show the results after sieving the powder with a 75 micron sieve. If one com-
pares the unsieved results with the results of the unsieved WC equipment, it is very obvious that
the 440C powders were substantially larger. This result is very surprising as the calculations of
Equation 2.1 suggested a higher temperature and therefore, more energy in the WC system. It was
expected that the higher energy would lead to more plastic deformation and as a result, a higher
quantity of large particles. The obtained powders after 4 h of milling with the tungsten carbide
ball milling equipment had a particle size distribution of D19 = 9.49 pm, D5g = 28.50 pm and Dgg
= 61.24 pum. The particles of the same powder composition and milling time, but mechanically
alloyed with 440C stainless steel balls and jar, had a particle size distribution of D19 = 21.82 pm,
Dso = 46.83 um and Dgg = 127.7 pm.

9.3.2 Powder Phase Formation using XRD

To identify any changes of phase formations after milling the powders in a high energy ball mill,
an XRD apparatus was used. In Figure 9.4 the XRD chart, recorded with 2 theta is given.
Unfortunately, only the 1 hour and the 2 hour results can be shown at the time of writing, as the
results of the 4 h sample were not finished in time. However, no drastic changes are expected. It is
just obvious that, the longer the mechanical alloying was applied, the less VgC; peaks are visible
due to a refinement of the VC particles.
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Figure 9.2: Volume based particle size distribution of mechanically alloyed MS1VC-2.5 with WC
equipment after a) 1 h, ¢) 2 h and e) 4 h of milling and numerical based particle size distribution
after b) 1 h, d) 2 h and f) 4 h.
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Figure 9.3: Particle size distribution of mechanically alloyed MS1VC-2.5 using 440C equipment
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9.3. Results and Discussion 155

Milled with WC equipment

v * VC, V afFe
s * *
g a) *V * v
@ JA AN ~ VA B
=
b) A , A e N
[ I A A A AR MM
30 40 50 60 70 80 90

2Theta [deg.]

Figure 9.4: XRD graphs of the a) 1 h milled and b) 2 h milled MS1VC powders milled with WC
equipment.

Figure 9.5: SEM images of the MS1/VC-2.5 powder ball milled with WC equipment after a) 1 h,
b) 2h and ¢) 4 h.

9.3.3 Powder Morphology using SEM

The particle morphology and the microstructural evolution of the mechanically alloyed powders
with WC equipment as a function of the ball milling time is described in the SEM images in
Figure 9.5. The images confirm the results of the particle size distribution diagrams. The powder
decreased in size in the beginning, but after 4 h of milling the powder increased again. According
to the morphology of the powders, there was some plastic deformation in the beginning due to
the ductile nature of MS1 and after 2 h there was a lot of fracturing of particles. Figure 9.5a to
¢ indicate that the applied mechanical alloying had an effect on the particle morphology, particle
size and the particle size distribution. After 2 h of milling, the cold-welding mechanism became
dominant and the particle size slightly increased. Furthermore, there were more and more coa-
lescences found in the powder. The images also reveal a minor tendency for elongated cylindrical
shaped particles and flat flake-like shaped particles.

The evolution of the mechanical alloying process is perfectly illustrated in Figure 9.6. In Figure
9.6a the ball milling caused stress concentrations on the outside of the powder particles and the
MA process slowly intensified. However, these reinforcements of the composite material are very
minor and just on the surface of the matrix material. In Figure 9.6b a powder particle is shown,
that was already undergoing plastic deformation, fracturing and more intense cold-welding mech-
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Figure 9.6: Detailed SEM images of powder MA with WC jar and balls after a) 1 h and b) 2 h.

anisms. The reinforcing carbides already are deeply embedded into the MS1 particle.

The other powder batch that consisted of MS1 and VC and was ball milled with the 440C
milling equipment, was analyzed with an SEM too. The powder was sieved with a 75 micron sieve
and two separate SEM analyses were made. In the beginning of this study, thoughts about how
the powder morphology would look like and how the powders would differ from each other were
made. It was expected, due to the calculation results of Equation 2.1, that the WC ball milling
equipment would deform the powder particles more than the 440C equipment. A higher energy in
each ball-to-ball or ball-to-wall impact causes a higher temperature rise and therefore, the MS1VC
powder should plastically deform more in the WC ball milling equipment. However, the results
were different than expected as one can see in Figure 9.7.

The image shows the significant differences of the size distributions, but also shows how per-
fectly embedded the VC particles were. There were almost no free VC particles in the powder
mixture and therefore, the MS1 and the VC powders were obviously mechanically alloyed. How-
ever, the morphology of the powders was far from spherical. This caused severe problems during
SLM processing. Further, it was against the expectations to see such a plastic deformation and
fracturing in this powder batch. As mentioned, the theoretically calculated temperature rise per
impact was lower and therefore, less deformation was expected.

To understand, if there were any other elements in the sample, due to wear of the 440C material,
EDX analysis was performed. The results can be found in Table 9.2. Due to the mechanical alloying
under standard atmosphere, some oxygen can be seen. The level of oxygen (i.e. 72.36 %) was higher
than in the WC equipment. In fact, there was almost no oxygen found in the powder batch milled
with WC equipment. However, it is unlikely that oxygen caused the bigger average particle size
distribution and the more extreme plastic deformation.

Mechanical alloying always forms cold welded particles and builds flattened layered composites
in form of a compact. The size of these formed compacts depends on the balance between cold
welding and subsequent fracturing. Eventually, a steady state size can be reached [232]. In this
study, all parameters were kept as similar as possible to compare the results of the different ball
milling equipments. It was understood that the WC equipment causes a higher temperature rise
per impact. The radiuses of the main disks, the rotational speeds, the diameters of the jars, and
the ball-to-powder weight ratios were kept the same. The only differences were the atmospheres,
the used materials for the balls and the jars and of course the amount of balls used due to the lower
density of steel. As the oxygen was not significantly different and the different heat capacities were
considered in the calculations, the only influencing difference was found in the amount of used
balls. As the ball-to-powder weight ratio was kept the same, more balls had to be used with 440C.
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Figure 9.7: SEM images of the MS1/VC-2.5 powder ball milled for 4 h with 440C equipment with
a particle size of a), ¢) > 75 pm and b), d) < 75 pm.

Table 9.2: EDX analyses of MS1VC powder that was milled for 4 h with 440C equipment.

Element Mass Percent Measurement 1 Mass Percent Measurement 2

C 8.13 7.87
O 2.46 2.25
Ti 0.73 0.65
\% 10.29 11.53
Fe 55.82 54.96
Co 7.73 7.54
Ni 12.20 12.53
Mo 2.65 2.67

Sum: 100.00 100
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Figure 9.8: XRD graphs of the a) 1 h , b) 2 h and ¢) 4 h milled and SLMed MS1VC samples milled
with WC equipment.

More balls in the vial also meant more impacts on the powder and this very likely caused such
diverse powder morphologies.

9.3.4 Phase Analysis of the SLM Processed Samples

In the SLM processed and mechanically alloyed specimens it was found that austenite was formed
during solidification. In Figure 9.8 the XRD results of the samples after 9.8a 1 hour, 9.8b 2 hours
and 9.8c 4 hours of milling and SLM processing are shown. The gamma-phase is shown as a circle
and the peaks for 7-Fe are very dominant. As a matter of fact, pure MS1 is a martensitic a-Fe
(bcce), but similar results were found in Chapter 8. Obviously, the high cooling rate of the VgCy
influenced the martensite starting temperature and therefore, preventing a martensite formation.
The non-stoichiometric VgC7 did not form to stoichiometric VC, as in Chapter 8, which indicates
that there was no elemental transition between the constituents.

9.3.5 Densification and Defects in the SLM-processed Specimens

Specimens were SLM processed using the 440C ball milled powder and the powder that was manu-
factured with tungsten carbide equipment. Even though, it was possible to fabricate samples with
the 440C powder, the results were far from acceptable. Several attempts were necessary to finally
print test cubes for density measurements, but due to their high porosity, the samples were not
analyzed any further. It was found that the far-from-spherical powder morphology significantly
influenced the outcome of the SLM processed samples. Their densification results are shown in
Figure 9.9 after etching. Figure 9.9a shows the sample without heat treatment and Figure 9.9b
shows a sample after 6 hours of 490 ° C.

The embedded and polished WC equipment based samples were analyzed with an optical mi-
croscope. In Table 9.3 the specimens and their measured respective relative densities are given.
The smaller average particle size, compared to the investigations with VC-33, significantly im-
proved the achieved relative densities and the porosities. The overall highest density was measured
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Figure 9.9: OM images of the MS1/VC-2.5 powder ball milled for 4 h with 440C equipment after
SLM processing a) without and b) with heat treatment.

at specimen nr. 10 which had a laser power of 99 W, a scan speed of 177.78 mm/s and a hatch
distance of 94 microns. Therefore, the energy density was 147.09 J/mm?. In Figure 9.10 specimen
no. 10 is shown after 9.10a 1 h, 9.10b 2 h and 9.10c 4 h of milling. After 1 h of milling, there were
some lack of fusion pores, which might have been caused by uneven powder coatings. If the powder
layer was too high in these areas, there was insufficient energy put into the powder and the weld-
ing process was not perfect, causing interlayer porosity [233]. Figure 9.10c shows some blowholes
which are related to gas entrapments owing to vaporization. These defects are described by the
Marangoni effect and were found mostly in the 4 h milled samples. As milling times increased, the
reinforcing component was more and more mechanically alloyed with the matrix material. This
lead to a higher influence in the melt pool as MS1 and VC have a contrasting melt temperature
and dissimilar heat conductivities. The surface tension and the Marangoni flow increase and the
melt pool becomes unstable. Droplets can form, if the direction of the material flow changes from
outward to inward and therefore, to the laser beam. As a result, spatters will form through the
balling effect. In these areas, there is insufficient material and gas can be trapped causing blow-
holes [12].

Another possibility for defects is insufficient energy density resulting from too little laser power
or too high values for the hatching distance, layer thickness or scanning speed. In Figure 9.11
all SLM processed samples are shown, which were made out of 1 h mechanically alloyed powder.
Obviously, lower energy levels (i.e. around 67.21 J/mm?) are heating the melt insufficiently, to
bind the various layers together. As a result, there was a lot of porosity in these specimens. Figure
9.12 shows the MS1/VC-2.5 samples manufactured with 2 h milled powder and in Figure 9.13 the
samples based on 4 h mechanically alloyed powder. One can see that the high energy ball milling
must have had an impact on the melt temperature and the heat conductivities. The more VC
was embedded into the MS1 matrix material, the more energy density during SLM processing was
necessary, to melt the material properly and to increase the relative density. Between 67.21 and
96.69 J/mm? there was a lot of porosity found in the 4 h milled specimens.

9.3.6 Analysis of Density

To understand the results of the relative density measurements, R Studio was used to predict the
optimal parameter zone. The prediction model was performed for 99 W of laser power. In Figure
9.14 the predictions for 1 h, 2 h and 4 h of mechanically alloying are given. The calculations
were very similar and the optimal parameters are suggested at approximately 75 microns of hatch
distance and below 180 mm/s scan speed. These parameters indicate that an even higher melt
temperature than in the produced samples is advisable.
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Table 9.3: Achieved relative densities of all SLM processed specimens.

Spec. Nr. Energy density Rel. D. 1 h Rel. D. 2 h Rel. D. 4 h
[J/mm3] [%] [%] [%]
2 117.90 97.09 96.86 94.83
3 179.56 98.16 98.09 97.87
5 67.21 76.44 83.38 74.18
6 109.33 97.98 98.53 96.78
8 84.82 95.09 91.30 95.30
10 147.09 98.41 99.28 98.44
11 200.89 98.16 98.48 93.70
18 96.69 97.49 98.47 96.63

s

Figure 9.10: SEM images of a) 1 h, b) 2 h and ¢) 4 h milled (WC) and SLM processed samples
with the same energy density.

Figure 9.11: Optical microscopy of all SLM processed MS1/VC-2.5 samples mechanically alloyed
(WC) for 1 h.
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109.33
.
Figure 9.12: Optical microscopy of all SLM processed MS1/VC-2.5 samples mechanically alloyed
(WC) for 2 h.

Figure 9.13: Optical microscopy of all SLM processed MS1/VC-2.5 samples mechanically alloyed
(WC) for 4 h.
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Figure 9.14: Prediction of the optimal relative density for MS1VC with 2 ym particles mechanically
alloyed for a) 1 h, b) 2 h and c) 4 h.

9.3.7 Microstructure Analysis with SEM

In Figure 9.15 an SEM microstructural image is shown of the composite material after 9.15a 1 h
of milling, 9.15b 2 h of milling and 9.15c 4 h of milling. In Figure 9.15a some undissolved VC is
visible, which was not melted by the laser. A small round-shaped black particle can also be seen in
the image, but it was impossible to analyze which kind of particle it was. One explanation could
be that there was already some primary VC in the SLM processed sample. On the other hand the
black particle could also be just a nano blowhole. Neither the EDX detector nor the SE detector
delivered any helpful information due to the resolution of the detectors. The image also shows
a primary formed grain with a size of several tens of microns. These grains can sometimes even
grow across laser tracks and become relatively large. Due to the fast cooling happening during
selective laser melting, these grains are normally significantly smaller compared to their casted
counterparts. However, under certain circumstances, they continue to grow. Figure 9.15b again
shows some primary grains, but more interestingly several black particles. In this case it was very
likely that these particles were primary solidified vanadium carbide particles. After 2 h of milling,
the VC was refined and embedded into the MS1 particles. Therefore, the laser was more likely
melting the VC. The VC composite material is completely dissolveable above the liquidus line, but
separates underneath and forms precipitated primary carbides during solidification.

Compared to the microstructure of pure MS1, the grain size was slightly decreased. However,
this cannot be concluded solely to the introduction of VC. During SLM processing, there are many
influencing parameters. Especially, the rapid solidification plays a significant role on grain refine-
ment. Therefore, other factors could have lead to finer grains. Nevertheless, it is well known that
reinforcing elements and particles can act as starting point for grain growth and nucleation [12].
The SEM revealed some nucleation sites starting from undissolved VC which assisted the nucle-
ation process. As there were also columnar dendrites found in the SLM processed samples (i.e.
9.15d), the temperature gradient in the SLM process must have been positive (G > 0) and a lot
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Figure 9.15: SEM images of MS1/VC-2.5 mechanically alloyed for a) 1 h, b) 2 h, ¢) 4 h and d) a
detail image of dendrites forming (WC).

of energy was in the melt. If high energy levels are used, the thermal gradient is lower and slower
undercooling occurs, which will result in a coarse dendritic microstructure [231,234]. In selective
laser melting, the overall cooling rate is significantly higher than with other techniques, and the
undercooling rate can be controlled with the laser scan speed. Further, the microstructure typically
contains grains formed by epitaxial growth. While solidification occurs, the grains grow according
to the direction of the thermal gradient. As each previous layer is continuously remelted, the
grains will be remolten and then adopt to the crystal structure and orientation as the ones below.
This is called the epitazial growth mechanism. The second grain growth mechanism is caused by
dissonance of the melt pool front. Much finer grain structures grow toward the center of the melt
and form columnar grains [12]. An overview of the various solidification forms is given in Figure
9.16. Further, Figure 9.15d did not just reveal very fine dendrite forming, but also a lot of evenly
distributed primary VC in the microstructure. Such a fine distribution is exactly what is desired
for strengthening mechanisms.

Interestingly, the specimen processed with the 440C ball milling equipment had a very differ-
ent microstructure compared to the other batches. The microstructure was investigated using a
scanning electron microscope and can be seen in Figure 9.17. The formed grains were significantly
larger and the dendrites were forming much longer. This is caused by either a slower solidification
speed or the laser remelted more layers and therefore, the track depth was higher. As the samples
were manufactured with the same parameters, a different microstructure seemed to be very un-
likely, but was still discovered. However, the formed microstructure of this powder batch was less
favourable than the finer microstructure of other powder batches. Therefore, no further analyses
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Figure 9.16: Solidification structures (based on [35]).

were performed with these samples.

9.3.8 Microhardness

In Figure 9.18 the microhardness measurements are given and in Table 9.4 the according statistical
information is provided. R is the range of the measurements, V the variance, SD the standard
deviation and the Mean the mean values. The samples in the figure are sorted in ascending order
according to their energy density. Interestingly, the 4 h milled samples did not outperform the
other specimens as expected. Instead, the SLM processed specimens, which were fabricated with
powder that was mechanically alloyed for 2 h, was the most promising. The highest mean values of
455 HV were achieved equally with sample no. 6 and 10. However, sample 10 had a lower standard
deviation and therefore, had a more homogeneous hardness distribution. But as a matter of fact,
the energy density of 109.33 J/mm? of specimen no. 6 lead to higher results than with less energy
density (i.e. 147.09 J/mm?). Specimen no. 6 had a maximum value of astonishing 471 HV, which
is, compared to the more coarse MS1/VC-33 of Chapter 8, even higher by 32 HV. Therefore, the
particle refinement notably improved the microhardness of the MMC.

9.3.9 Tribological Performance

In Figure 9.19 the results of the coefficient of friction are shown and in Figure 9.20 the relative
penetration depth of the indenter is given. The MS1 had a slightly higher COF with a mean
value of p = 0.382. The MS1 sample had a comparably low COF in the beginning of the test
(i.e. p = 0.12), but the values rose to u = 0.74 after 1000 cycles. The reinforced samples had
higher COF values in the beginning of about g = 0.20, but just rose to about p = 0.64. In Table
9.5 the COF after 1000 cycles of all samples are given, plus, the track wear rate and ball wear
rate values. It has to be mentioned that there was some residue of the abrasive tribological tests
stuck on all samples. Material of the indenter and the specimen was coated on the wear track and
compressed. This caused a polished gliding plane and therefore, some COFs were lower. According
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Figure 9.17: SEM image of the 440C ball milled and SLM processed MS1/VC.
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Figure 9.18: Diagram of the microhardness measurements of the mechanically alloyed MS1/VC-2.5
(WC equipment).
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Table 9.4: Statistical information for micro-hardness measurements of the MS1 samples after 1, 2
and 4 hours of milling.

Spec. Mean R \% SD Mean R \% SD Mean R \% SD
Nr. 1h 1h 0621h o1h 2h 2h ¢22h o2h 4h 4h 024h o4h
5 396 12 29,67 5,45 345 154 4530,67 67,31 393 52 531 23,04
8 421 18 62 7,87 438 44 333,67 18,27 431 32 193 13,89
18 400 66 727 26,96 446 21 75 8,66 420 29 143 11,96
6 388 10 17 4,12 455 29 143 11,96 442 53 472,67 21,74
2 413 33 228,33 15,11 424 20 68,67 8,29 438 16 50,67 7,12
10 400 11 20,67 4,55 455 11 21,67 4,66 393 42 366 19,13
3 416 44 337 18,36 416 37 263 16,22 420 10 16,67 4,08
11 411 22 84,33 9,18 436 32 202,67 1424 430 15 47 6,86

Table 9.5: Coeflicient of friction, track wear rate and ball wear rate of MS1VC.

Material COF Track Wear Rate Ball Wear Rate
() [mmS/Nm] x 10~° [mmS/Nm] x 10~°
MS1 0.74 1.51 1.44
MS1VC-1h 0.64 2.30 1.62
MS1VC-2h 0.64 1.09 4.51
MS1VC-4h 0.69 1.14 1.70

to the measured results, the 1 h milled MS1VC had a higher track wear rate and ball wear rate,
which indicates a very abrasive process. The 2 h and 4 h samples had a lower track wear rate, but
the 2 h sample obviously had a higher resistance against the indenter as the ball wear rate was
significantly higher. A graphical overview of the results of the track wear rate and the ball wear
rate is provided in 9.21. It can be said that the wear resistance of the 2 h and the 4 h mechanically
alloyed samples was improved by 28.18 % and 24.96 % respectively.

9.4 Charpy Impact Strength

To understand the ductility of the mechanically alloyed metal matrix composite material, speci-
mens for Charpy impact strength tests were built and tested. Just as expected for such a hard
material, the ductility was relatively low and no necking of the specimens was observed. The
impact energies were measured between 8.9 and 10.2 J, which is definitely lower than standard
unreinforced maraging steel would achieve, but better than the results that were achieved with the
mixed powders - especially, if one considers the much higher reinforcing content.

9.5 Ultimate Tensile Strength

In Figure 9.22 the results of the ultimate tensile strength tests of the samples without heat treat-
ment are provided and in Figure 9.22 the samples with heat treatment at 490 © C for 6 hours are
shown. It becomes very obvious that the heat treatment did not have such a significant influence
as it had with the mixed powders. Overall, the results were quite good for such a hard material,
but it has to be mentioned that all samples again broke at a similar plane. This fracture plane
was at a spot at which the samples had a larger diameter than at the center of the specimen. This
means that, again, a binding error was causing the fracture and the material itself could have had
lead to tougher results and higher ultimate tensile strengths. This was caused by an SLM defect
and could have been prevented, if the specimens would have been built in the X-Y direction. The
fracture plane did not show any necking. Therefore, the material was not very ductile.
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Figure 9.19: Graph of the coeflicient of friction of the MS1VC samples with 2.5 microns of VC.
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Figure 9.20: Graph of the relative penetration depth of the MS1VC samples with 2.5 microns of
VC.
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9.5. Ultimate Tensile Strength 169

Stress 6 [N/mm3]

600
| A
400 - 4
4 // / ) /
500 1 S
0 e | | | | |
0 1 2 3

Strain € [mm]

Figure 9.22: Ultimate tensile strength test graphs of the MS1VC samples without heat treatment,
but same composition and milling time.
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Figure 9.23: Ultimate tensile strength test graphs of the MS1VC samples with heat treatment, but
same composition and milling time.
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9.6 Conclusions

In this study, it was desired to further improve the capabilities of maraging steel MS1 in combi-
nation with vanadium carbide. Mechanical alloying equipment was used to create coalescences of
MS1/VC. To understand the real impact of different MA equipment on the powder morphology,
two different materials for the vial and the milling balls were used. According to some calculations,
the WC equipment has a higher temperature rise per impact and therefore, more energy is put
into the powder during milling. Through the reinforcement material, a metal matrix composite
was created. As there was no similar study performed yet, comparing different high energy ball
milling equipments, it was desired to first calculate the theoretical outcome and then investigate
the real results. It was found that the theory did not match the reality. The only explanation was
found in the amount of used balls. As the density of 440C is much lower compared to WC, more
balls had to be used to keep the ball-to-powder weight ratio equal. As there were more balls in
the jar, more ball-to-ball or ball-to-wall impacts must have happened and therefore, more plastic
deformation was discovered. The theoretical temperature rise should be much higher with WC ball
milling equipment. Therefore, the morphology of the 440C ball milled MS1VC powders should be
more spherical. However, the results of the actual ball milled powders was vice versa and plastic
deformation was more dominant in the 440C ball milled samples. But as there were more impacts
in total, the temperature probably was higher with the 440C equipment. For future investigations,
a deeper analysis, using various powders and milling parameters, is suggested.

Furthermore, the initial particle size of the VC composite material was reduced. Through
this step, a more homogeneous distribution of VC in the metal matrix was achieved after SLM
processing. The powders were ball milled with a WC jar and balls for mechanical alloying. A lot
of vanadium carbide particles were embedded and the morphology was kept at a near spherical
level. The maximum achieved relative densities were 98.41 % for the 1 h milled sample, 99.28 %
for the 2 h milled specimen and the 4 h milled samples achieved a relative density of 97.87 %.
The morphology of the ball milled powders influenced the porosity after SLM processing, due to
the flowability decrease. However, it was desired to improve the density of the MS1/VC metal
matrix composite material and to improve the mechanical properties. The micro-hardness of the
MS1/VC-2.5 specimens was even higher than the hardness of the MS1/VC-33 SLM processed
samples. The maximum hardness was measured at 471 HV, which was notably higher than the
hardness of the more coarse MS1/VC-33. Further, the wear performance of the metal matrix
composite was compared to pure MS1. According to the tribological tests, using a stainless steel
indenter, the coefficient of friction was not significantly higher and the track wear rate was not
improved notably. However, the penetration depth of the 2 h and the 4 h samples was lowered by
28.18 % and 24.96 %, respectively.
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Microstructure and Mechanical
Properties of MS1/TiC MMCs
Fabricated by SLM

Only a few know, how much one must
know to know how little one knows.

Werner Heisenberg

10.1 Introduction

In recent years, there was an increased demand for metal matrix composites owing to their high
strength, stiffness and wear performance. If MMCs are designed properly, their material properties
can outperform conventional alloys. Due to their high performance, MMCs are also referred to
as advanced materials. However, standard processing routes for MMCs are not optimal and there
are some major problems associated with them. Usually, metal matrix composites are processed
with casting or powder metallurgical techniques [12]. During casting, there is always the demand
for an expensive mold, which is also time consuming to produce. Furthermore, casting is critical
for blowholes and due to high heat affected zones, the material can result in a coarse grain struc-
ture. Furthermore, if the powders are just mixed and then processed through casting or any other
manufacturing route, the low particle-to-particle material bonding can be very critical [235]. In
preliminary studies it was found that this processing route causes very low part quality and density.
The formation of agglomerations is also very undesired, but typically occurs with powders, which
have an irregular shape and are smaller than a few microns. If nano-scaled powders are used for
MDMCs it is very difficult to achieve a homogeneous distribution, due to the influence of Van der
Waals forces, which will lead to non-uniform microstructures and agglomerates [236]. To crack-up
these agglomerates and to form coalescences, mechanical alloying proved to be an excellent tech-
nique. A high energy ball mill is capable of destroying sub-micron and nano agglomerates and to
embed the particles into the matrix material. It is very important to fully melt the reinforcing
carbides to improve the wettability with the matrix material, which is why a fine composite bulk
material is required and agglomerates have to be cracked-up in advance. High energy ball milling
is a non-equilibrium technique that can process powders under relatively low temperatures. The
planetary mills are easy to use and comparably cheap to other technologies. The powders used in
these mills are repeatedly plastically deformed, cold welded and fractured. As a result, the grain
size of the particles is refined and therefore, the mechanical properties are enhanced.



172 10. Microstructure and Mechanical Properties of MS1/TiC MMCs Fabricated by SLM

During SLM processing, a relatively small melt pool is induced by a laser beam. As the melt
pool is surrounded by either powder or solid material, the cooling rate is very high and was mea-
sured between 1 - 40 K/us [237]. The rapid solidification during selective laser melting are beneficial
for a fine microstructure and therefore, improved material properties.

Thus far, selective laser melting was successfully used for MS1 maraging steel [26,27,137,139,
143,172,174,197,199,200,204,205,212,219,220] and some researchers even investigated the possibil-
ities of reinforcing this type of steel, as the applications are somewhat limited, due to the relatively
wear resistance and mechanical strength. In preliminary studies it was found that VC can be used
to successfully increase some material properties, if the powders are mechanically alloyed. As TiC
has even higher hardness values and influences the melt different than VC does, a new batch of
powder was prepared in a high energy ball mill using MS1 and 10 wt.% of TiC. Titanium carbide
features a comparably low density of 4.93 g/cm?, a good corrosion resistance and a high hardness
of approximately 3200 HV. A thorough literature review showed that there were very few inves-
tigations of maraging steel and titanium carbide. Titanium carbide was investigated with steel
matrices in some scientific investigations [238-241]. Akhtar et. al. investigated maraging stainless
steel 465 which was reinforced with TiC [242]. In their study they focused on conventional powder
metallurgy through pressing and sintering. AlMangour et al. used a high energy ball mill and
SLM to reinforce H13 and 316L with TiC [12,133-135, 180, 187, 226].

In this study, the powder batches were first mechanically mixed, mechanically alloyed, and then
SLM processed and analyzed to understand the microstructure and the mechanical properties.
Especially, the XRD analysis brought some interesting results of the SLM processed samples.

10.2 Material and Methods

10.2.1 Powder Preparation

To get a homogeneous mixture of the bulk maraging steel powder and the titanium carbide powder,
the two components were poured into a Turbula shaker mixer (Willy A. Bachofen AG, Switzer-
land) and mechanically mixed. The MS1 maraging steel powder was obtained directly from the
manufacturer (EOS GmbH, Germany) and had a spherical shape with a particle size distribution
of 15 pum - 40 pm. The TiC was also obtained from the manufacturer (Treibacher Industrie AG,
Austria), was irregular shaped and had a particle size distribution of < 2.0 um. The values were
provided from the manufacturers. The chemical composition of the EOS MS1 powder can be found
in Table 4.1 whereas the chemical composition of the Treibacher TiC is given in Table 10.1. TiC
generally has a large degree of freedom in carbon stoichiometry in the v — 7,C(~ 1 < <~ 2)
phase, which is why there was a high interest in the exploration of the equilibrium geometry, the
distribution of the charge density, the structure of the energy band and the stacking fault energy
in terms of the vacancy concentration [243]. There are deviations of the cubic NaCl phase of TiC
reported with a homogeneity range of TiCq 50 to TiCg g7 [32]. The Treibacher titanium carbide
had a structure of sub-stoichiometric TiCg.79. The typical bulk powder morphology of the TiC can
be found in Figure 4.9a, but Figure 4.9b shows a relatively large agglomerate of TiC particles.

Table 10.1: Chemical composition of TiC powder

Element Al C-free C-tot Ca Fe N O S Si W Ti
wt% 0.01 0.50 19.0-19.9 0.01 0.03 0.20 0.60 0.01 0.01 1.00 rest

For the mechanical alloying, a planetary ball mill was used (Fritsch Pulverisette 4, Germany).
The mixed MS1/TiC powder was milled with the goal, to embed the fine TiC particles into the
bigger MS1 particles. Furthermore, it was desired to crack-up the agglomerations of the TiC
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Table 10.2: Milling times and cool-off breaks for the TiC powder.

total milling time 2 h 4 h 8 h
total process time 2 h 15 min 4 h 45 min 9 h 45 min

powder, to get a homogeneous distribution in the MS1/TiC mixture. These agglomerates would
not be melted during SLM processing, due to the significantly higher melting temperature, and
would lead to inhomogeneities in the metal matrix composite. The ball-to-powder weight ratio was
5:1 and the milling balls and the vial were made out of tungsten carbide. The milling process was
done under argon atmosphere to prevent unwanted oxidation. The parameters for the mechanical
alloying process in the high energy ball mill can be found in Table 8.2 and were exactly the same
as in previous studies for comparison reasons. However, the milling times were adjusted to the
smaller average particle size of the TiC powder. The milling times with the cool down breaks can
be found in Table 10.2.

10.2.2 SLM Process

For the selective laser melting process, a single ytterbium fibre laser machine was used (MCP-
realizer SLM 250, Germany). The machine normally has a build size of 250 x 250 x 220 mm, but
was retrofitted with a build-volume reduction system, to work with low amounts of powders. This
cylindrical build-volume reduction was specifically designed for research applications and to study
different mechanically alloyed powders. The maximum laser power was 100 W and the laser spot
diameter was 0.12 mm wide. The laser system was computer controlled with a dedicated software
for process control. The mounted and levelled base plate was made out of steel. Cylindrical
samples were manufactured with a diameter of 8 mm and a height of approximately 7 mm. During
the SLM process, the chamber was flooded with an inert gas (i.e. argon) and the oxygen level
was kept under 0.4 %. The layer thickness was set to 40 microns and the variables scan speed,
hatch distance and laser power were variated. The parameters were calculated using the Federov
operator in R-Studio (R Foundation for Statistical Computing, Austria) open source software and
were also used in previous studies. The parameters can be found in Chapter 8 in Table 8.4. The
X - Y laser scanning strategy was alternated after each layer.

10.2.3 Microstructural Characterization

After SLM processing, the cylindrical samples were cut-off the base plate with a Struers Secotom
(Struers Inc., USA). They were then embedded with a Struers CitoPress-15 and polished in Struers
Tegramin automatic polishing machine. After polishing, the samples were etched in a solution of
30 ml 48 % HF, 15 ml 65 % HNOj3 and 30 ml 32 % HCI. To analyze the porosity of the specimens,
they were first analyzed under an optical microscope (Leitz Aristomet, Leica Microsystems, Ger-
many). The microscope was connected to a computer system equipped with a density measuring
software.

High resolution images were taken with a scanning electron microscope (Tescan Vega 3, Czech
Republic). In the SEM, the powders and the etched SLM processed samples were analyzed for their
microstructure. The SEM was furthermore equipped with an energy dispersive X-ray spectroscopy
silicon drift detector (Ultim Max 40, Oxford Instruments, United Kingdom) to characterize the
elements.

The phase identification of the milled powders and the SLM processed samples was done with
an X-ray diffractometer (PANalytical PW 3040/6 X’Pert Pro, United Kingdom) with Cu Ko ra-
diation (A = 0.15406 nm) operating at 40 kV and 35 mA. Two-0 was recorded in the range of 30
and 90 degree with a step size of 0.05 and a counting time of 200 seconds per step.
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Microhardness was measured with a dedicated hardness testing device (Karl Frank GmbH,
Germany) using a diamond pyramid indenter for Vickers hardness. The samples were loaded with
9.8 N and the indentation time was 10 s.

The particle size distribution was measured with a Microtrac SDC and a Microtrac S3500
(Retsch GmbH, Germany). For the tribological analysis a micro scratch tester setup was used
(Anton Paar MST and CPX, Anton Paar Group AG, Austria). The indenter was applied with 5
N of force and moved on the samples’ surface for 1000 cycles on a track length of 5 mm. The track
was then analyzed with a Dektak 150 profilometer (Veeco, USA).

10.3 Results and Discussion

10.3.1 Particle Size Distribution of the M A Powders

In Figure 10.1 the particle size distribution of the mechanically alloyed MS1gyTiCyq is given. In
Figure 10.1a, ¢ and e the volumetric particle size measurement method was used for the 2 h, 4 h
and 8 h milled powder respectively. Obviously, the powder had a tendency to form bigger particles
after longer milling hours. The particle size distribution after 2 h (i.e. D1g = 2.07 pm, D5o = 32.19
pm and Dgg = 54.59 pm) of milling did not change significantly compared to the powder milled for
4 h (i.e. D1p = 2.40 pm, Do = 33.56 pm and Dgg = 56.45 pm), but the amount of small particles
(< 3 pm) did indeed change. The small TiC particles were embedded into the MS1 particles and
after 8 h of milling the process of cold welding was dominant. The particle size distribution after
8 h of milling was measured as D1y = 14.10 pum, D5y = 37.77 pm and Dgg = 70.43 pm. As known
from preliminary studies, after even longer milling hours the particles would have been fractured
into smaller sizes again. The numeric method to count each powder particle was applied in 10.1b,
d and f. One can see that the amount of small particles was significantly increased after 4 h of
milling. This is very likely, due to the cracking of the large amount of agglomerations in the TiC
powder. After cracking the agglomerates into fine particles again, the particles were embedded
into the matrix material and the amount of small particles decreased again.

10.3.2 Phase Analysis of the Powders

After each milling cycle, some powder was taken to analyze the phase formation after 2, 4 and 8
hours of mechanical alloying. The black circles in Figure 10.2 represent the alpha-Fe martensitic
phase, which is defined as MS1 steel. As one can see, the high energy ball milling in the planetary
ball mill did not affect this phase. However, the sub-stoichiometric TiCg 79 phase showed weaker
diffraction peaks after longer milling hours. This is due to the grain refinement and the cracking
of the agglomerates.

10.3.3 Powder Morphology using SEM

To understand the effects of the high energy ball on the morphology of the powders, a scanning
electron microscope was used. It was important to keep the spherical shape of the MS1 matrix
material as near-spherical as possible. In the same manner, it was desired to embed the TiC
particles into the MS1 powder and to form coalescences. In Figure 10.4 the MS1/TiC powder after
a) 2 h, b) 4 h and ¢) 8 h is given. It is clearly visible how not just the morphology, but also the
particle size distribution was affected. After 2 h or milling, the powder still had a very spherical
shape and only a few particles underwent severe plastic deformations. However, even after 2 h there
were some MS1 particles embedded with reinforcing TiC composites. Figure 10.3 shows a detailed
SEM image of the 2 h mechanically alloyed powder. The particle is very spherical and there are
several TiC particles embedded into the surface. Because of this, the laser, during selective laser
melting, would very likely completely melt the TiC and after solidification the formed primary TiC
would be homogeneously distributed in the maraging steel matrix.
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Figure 10.1: Volumetric particle size distribution of a) 2, ¢) 4, e) 8 h milled powder
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Figure 10.2: XRD graphs of the powder samples after a) 2, b) 4 and ¢) 8 hours of milling.
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Figure 10.3: Detailed SEM graph of the MS1/TiC powder after 2 hours of milling.

Figure 10.4: SEM graphs of the MS1/TiC powder after a) 2, b) 4 and c) 8 hours of milling.
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Table 10.3: Elements of the MA MS1TiC powders.

Element wt% 2 h wt% 4 h wt% 8 h

Al 0.23 0.21 0.21
Si 0.11 0 0.09
Ti 31.61 41.23 31.82
vV 0.44 0.39 0.23
Cr 0 0 0.18
Fe 47.11 40.35 46.47
Co 6.51 5.49 6.34
Ni 11.18 9.84 11.74
Mo 2.80 2.49 2.91

10.3.4 Powder analysis by EDX

EDX analysis of the mechanically alloyed powders showed the evolution of the powders after 2, 4
and 8 hours. To understand the elements after the high energy ball milling, several EDX maps
were made. In Figure 10.5 a graph of such a spectrum is given. As expected, there are high peaks
of Ti, C, Ni and Fe, but also some other elements are visible. Some are from the alloy, but others
might be artefacts of the etching solution, which appear differently in the EDX analysis and cause
irregularities. In Table 10.3 all elements after each milling cycle are given. The relatively large
difference in Ti and Fe contents can be explained, because of the size of the field of view. If there
are more fine TiC particles in the image, there will be a higher Ti peak, than if there are more MS1
particles in the image visible. As the particle size varied quite extreme between the MS1 and the
TiC powder and the mixture was based on weight rather than on volume, there are significantly
more TiC particles in the bulk powder mixture. It has to be mentioned that the samples prepara-
tion also plays a big role in the SEM and EDX analysis. The powders were applied to a sticking
pad. To avoid damages in the SEM detector, there must not be any loose particles left on the pad.
As one can imagine, the surface will more likely be covered with small particles rather than with
larger particles. Therefore, it appears as if the mixture would contain more than 10 wt.% of TiC.

In Figure 10.6 the evolution of the powders is shown. Even though the longer the milling was
performed, the more TiC particles were embedded into the MS1 matrix material, some particles
were perfectly embedded after just 2 h of milling. After 4 h of milling there were obviously more
TiC particles embedded, but also plastic deformation occurred more extremely. In Figure 10.6¢
a particle is given, which was perfectly cracked up into a hemispherical-shaped particle. In this
image, the cold-welding and plastic deformation mechanisms are demonstrated perfectly. The
whole particle must have been cold-welded and fractured repeatedly. Therefore, the TiC and the
MS1 powders formed a coalescence.

10.3.5 Analysis of Density

After obtaining all relative density results, R Studio was used to create diagrams which show the
optimal parameters for SLM processing. In Figure 10.7 these diagrams are provided. The diagrams
indicate that a higher energy density would be advisable to achieve the best results in terms of part
density. An optimum of about 75 microns hatch distance and 180 mm/s scan speed is predicted
to be the optimum for a laser power of 99 W. These parameters are suggested for 2 h, 4 h and 8
h of milling.
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Figure 10.5: Graph of the elements observed by EDX in the 2h milled sample.

Figure 10.6: EDX images of the milled powder after a) 2 h, b) 4 h and ¢) 8 h.
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10.3.6 Phase analysis of the SLM specimens

In the samples of the SLM processed specimens, the phase analysis revealed some interesting be-
haviours of both, the matrix and the composite material. The XRD graph is given in Figure
10.8. In the samples fabricated with the 2 h and the 4 h milled powders, there were no significant
changes observed. In the 4 h sample the diffraction peaks for TiC slightly decreased, which is
due to the complete dissolvement of some of the TiC particles in the melt. The reduced peak
intensity and the increased peak width (full width at half maximum - FWHM) furthermore in-
dicates a refined microstructure. In Figure 10.9 it can be observed that after 4 h of milling, the
peaks of the TiC shifted slightly to higher 6 degrees. This usually indicates lattice distortions
caused by residual stresses or by foreign atoms embedded in the crystal structure. However, the
used titanium carbide had a tendency for a higher stoichiometry (i.e. TiCy g7), which might have
lead to a different crystal structure. Furthermore, the graph reveals that the strongest detected
diffraction a-Fe peaks in the 2 h and the 4 h sample were measured at a higher 26 degree in the
4 h milled sample (i.e. FWHM, or difference of 26). The intensity (counts) was lower in the 4
h milled sample. According to Scherrer’s formula (equation 5.9) this indicates a decrease in the
crystalline structure after 4 h of mechanical alloying compared to the 2 h milled sample [244]. It
can therefore be said, that the crystal structure was refined as Bragg’s law (equation 5.8) states
that higher 26 values indicate a shorter interplanar crystal distance of the correlated planes [12,244].

However, after 8 h of milling and SLM processing, the phases changed dramatically. The
martensitic a-Fe phase diffraction peaks became weaker and instead, some high peaks of ~-Fe
were visible, additionally to the, now weaker, a-Fe peaks. Obviously, there was a high amount of
retained austenite in the solidified material which did not transform into martensite. If austenite
reaches the martensite starting temperature, the gamma phase becomes mechanically unstable
and due to the quenching mechanisms, the austenite transforms almost completely into martensite
until the lower transformation temperature is reached.
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It is known that carbon significantly influences the formation of martensite or austenite. A
higher amount of carbon reduces the martensitic starting temperature. It can be even lower than
standard room temperature, which is why there can be a lot of retained austenite in steels. In
the study of Axen et al. it was reported that ceramic reinforcing particles can introduce tensile
stress into the composite matrix [245]. Ceramics usually have a much lower thermal expansion
coefficient than iron based alloys [12]. The martensitic transformation is therefore increased, as
the particles act as a starting point for nucleation and crystal growth, which can cause a grain
refinement. However, in this study it was observed that, due to the high amount of free carbon,
caused by the addition and dissolvement of TiC, the alpha-Fe phase formation was hindered and
the fine TiC particles did not influence the martensitic formation. The TiC particles might have
acted as a starting point for crystal growth, but the thermal expansion mechanisms were too weak
to transform the austenite into martensite, as the martensite starting temperature was too low.
After longer milling hours, the powder was refined and agglomerations of TiC were cracked into
fine particles. Therefore, there were more TiC particles dissolved completely in the melt and some
carbon was bonded to the steel matrix instead of the titanium. This significantly influenced the
martensitic starting temperature and therefore, caused a high amount of retained austenite.

Furthermore, the TiCg 79 phase, which was predominant in the other samples, transformed into
another form of Ti. It was not possible to identify this phase completely, but it is known that
at the position of the XRD peak only TiC, TiO and WC exists. Specifically TiOg.71 to TiOg.g,
TiCy.1099 or WC,_1. In the EDX analysis there were no W or O elements found. However,
the used EDX detector did not have a sufficiently high resolution to detect only a few atoms and
the XRD analysis was more accurate for sure. If the XRD chart peaks are representing tungsten
carbide, a possible explanation would be wear caused by the ball milling equipment. However, if
the peaks would represent WC,,_1, there would not be any peaks for TiC, which is very unlikely.
The smaller the TiC particles became, the higher the chances to completely melt them. As there
was some C of the TiC particles bonded to the Fe matrix, there was some free Ti in the melt.
Titanium is very reactive with oxygen. Even though the SLM processing chamber was flooded with
argon and the oxygen level was kept below 0.4 %, it is impossible to keep the chamber completely
free of oxygen. Furthermore, while handling the powder, it is in contact with oxygen. It is very
likely that some of the Ti atoms did bond to oxygen and formed a Ti-O or a Ti-C-O composite.
Therefore, it is more likely that the XRD peaks did not represent WC,,_1, but rather represented
TiCy.10¢.9. In any case, the observed phenomenon was very strange and it can not be explained
with certainty.

10.3.7 Microstructural Observation and Density

The SLM processed samples were embedded and polished to analyze the microstructure, the poros-
ity and to measure the relative density. In Table 10.4 the results of the relative density of all samples
is given. Specimen no. 3 achieved the best results over all milling times, which had a laser power
of 99 W, a scanning speed of 177.78 mm/s and a hatching distance of 77 ym. As a result, the
energy density was 179.58 J/mm?, as the layer thickness was set to 40 microns. However, after 8
h of milling, the particles were too deformed and therefore, the SLM process was not as stable as
with lower milling times. Due to the non-spherical shape of the powder, the coating was uneven
and as a result, the melt pool was unstable. This caused pores in the sample. If one compares the
result of the MS19oTiC1g to the MS19oVCig, each with a similar particle size, it can be understood
that there were more defects in the MS19oTiC19 samples. The overall density in the samples was
comparably low. The SLM parameters were not changed for comparison reasons. Therefore, the
titanium carbide influenced the melt pool even more than the vanadium carbide particles.

In Figure 10.10 specimen no. 3 is given after 10.10a 2 h, 10.10b 4 h and 10.10c 8 h of mechanical
ball milling. It can be observed that the porosity increased, but also the amount of undissolved
TiC particles decreases, which is an indicator for TiC particle refinement and primary formed TiC
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Figure 10.8: XRD graphs of the SLM processed samples after a) 2, b) 4 and ¢) 8 hours of milling.
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Table 10.4: Achieved relative densities of all SLM processed specimens.

Spec. Nr. Energy density Rel. D. 2 h Rel. D. 4 h Rel. D. 8 h
[J/mm3] [%] [%] [%]
2 117.9 94 .54 78.85 88.53
3 179.57 98.52 98.59 94.54
5 67.22 72.36 78.3 T77.42
6 109.33 93.5 94 .2 87.29
8 84.83 72.78 86.41 78.28
10 147.09 96.12 96.32 88.03
11 60.7 64.79 72.61 62.03
18 96.69 88.72 85.95 85.43

Figure 10.10: Optical images of MS1TiC SLM processed sample no. 3 after a) 2h, b) 4 h and ¢) 8
h of milling.

particles. The significant influence of TiC in the MS1 matrix can be seen in Figures 10.11, 10.12
and 10.13, which are presented for comparison reasons. The MMC system of maraging steel and
titanium carbide is definitely a challenging composite system.

10.3.8 Microstructure analysis with SEM and EDX

In Figure 10.14 the microstructures of the 2 h (Figure 10.14a), 4 h (10.14b) and 8 h (10.14c)
milled samples under a scanning electron microscope are given. There are lots of TiC particles
visible in the images and obviously, there were some huge agglomerations of titanium carbide in
the SLMed specimens. If one considers the initial particle size of < 2.0 pum, the agglomerations
were relatively large. The mechanical milling process significantly decreased these agglomerates
after longer milling times. However, in the sample processed with 179.58 J/mm? and with 8 h
mechanically alloyed powder, it appeared as if there were some micro-blowholes in the sample,
represented as black spots in Figure 10.14.

EDX analysis however revealed, that these darker spots were also formed by titanium. In
Figures 10.15, 10.16 and 10.17 the EDX analyses of the SLMed samples with 2 h (10.15), 4 h
(10.16) and 8 h (10.17) are shown. The yellow colour represents ferrite and blue represents the
element titanium. It can be seen that the Ti was homogeneously distributed in the Fe matrix and
that there were less and smaller agglomerates in the 8 h milled sample. Nevertheless, the TiC
bulk powder material had a particle diameter smaller than two microns, but the EDX analysis
reveals that there are still many agglomerates in the samples, even after 8 h of milling. An even
longer milling could achieve even less agglomerations and more coalescences of MS1 and TiC. But
as the porosity already increased, due to the non-spherical shape of the 8 h milled powder, an
even longer mechanical alloying would probably cause even more defects. Al Mangour claims that
a sufficiently long milling time in a planetary ball mill is needed, to attain a microstructure with
nanoscale grains [12]. Furthermore, cold welded particle coalescences and broken down fragments
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Figure 10.11: OM images of all SLMed MS1TiC specimens after 2 h of milling.
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Figure 10.12: OM images of all SLMed MS1TiC specimens after 4 h of milling.
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Figure 10.13: OM images of all SLMed MS1TiC specimens after 8 h of milling.

occur simultaneously during ball milling. As the used TiC powder in this study already contained
a high amount of sub-micron and nano particles, the milling time is a critical factor to produce
MS1/TiC coalescences with a homogeneous particle distribution and particle size distribution. The
milling time for such small particles was probably not sufficiently long enough for the materials
used in this study. An alternative ball milling strategy with less rounds per minute or a lower ball-
to-powder weight ratio could potentially increase the density after SLM processing, but requires a
more intense parameters study.

10.3.9 Microhardness

In Figure 10.18 the values of the microhardness measurements are shown and a detailed overview of
the statistical data of the measurements is given in Table 10.5. The specimens are sorted ascending
with increased energy density. The highest mean value for the 2 h milled powder was achieved with
60.70 J/mm? and was 529 HV. The highest microhardness for the 4 h milled powder was measured

Figure 10.14: SEM images of the SLMed specimens with a) 2 h, b) 4 h and ¢) 8 h milled powder.
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Figure 10.15: EDX image of the 2 h milled powder in which yellow represents Fe and blue Ti.
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Figure 10.16: EDX image of the 4 h milled powder in which yellow represents Fe and blue Ti.
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Figure 10.17: EDX image of the 8 h milled powder in which yellow represents Fe and blue Ti.

at mean 543 HV and was achieved with the sample manufactured with 179.57 J/mm?. From all
three different mechanically alloyed powders, the powder milled for 8 h was able to produce the
highest Vickers hardness with an astonishing mean value of 551 HV. The value was measured at
the sample which was also SLMed with 179.57 J/mm3. The standard deviation of specimen no.
11 and 3 was very low and it is surprising that in the case of specimen no. 11, the relative part
density was not related to the achieved microhardness values, as the density was comparably low
at just 64.79 %. It was observed in previous studies, that the lack of fusion and the existence of
blowholes significantly decreases the microhardness, as there are many imperfections underneath
the surface, which can not be observed, but act as weak spots for the hardness indenter. The mean
relative densities for the specimens with the highest hardness were measured at 98.59 % and 94.54
% respectively with specimen no. 3.

The outstanding values of the microhardness measurements are the proof of how significant
the material properties of mechanically alloyed metal matrix composites can be, compared to
non-reinforced materials. The microhardness of standard non-reinforced maraging steel MS1 is
typically between 330 and 360 HV. The mechanically alloyed MS1lg/TiCyo was able to increase
these values of approximately 66.97 %.

Table 10.5: Statistical information for micro-hardness measurements of the MS1TiC samples after
2, 4 and 8 hours of milling.

Spec. Mean R \% SD Mean R \% SD Mean R \% SD
Nr. 2h 2h ¢22h 02h 4h 4h 024h o4h 8h 8h ¢28h o8h
2 499 15 44,33 6,66 497 16 43,67 6,61 501 26 127 11,27
3 512 21 86 9,27 543 12 27,67 5,26 551 8 11 3,32
5 501 20 81 9 470 55 511 22,61 494 47 368,33 19,19
6 506 20 68,67 8,29 510 38 297,67 17,25 502 10 18,67 4,32
8 511 27 121,67 11,03 505 62 648,67 2547 483 157  4792,67 69,23
10 499 12 25 5 470 72 953 30,87 502 12 27,67 5,26
11 529 58 722,67 26,88 504 41 292,67 17,11 499 59 648,33 25,46

18 502 5 4,33 2,08 431 150 4839 69,56 471 46 356,33 18,88
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Figure 10.18: Diagram of the microhardness measurements of the SLMed MS1/TiC samples.

Table 10.6: Coefficient of friction, track wear rate and ball wear rate of MS1TiC.

Material COF Track Wear Rate Ball Wear Rate
() [mmS/Nm] x 1072 [mmS/Nm] x 10~°
MS1 0.74 1.51 1.44
MS1TiC-2h 0.84 1.69 4.88
MS1TiC-4h 0.84 1.45 21.40
MS1TiC-8h 0.77 1.91 13.80

10.3.10 Tribological Performance

The micro scratch tester was used to analyze the wear rate and coefficient of friction of the SLM
processed specimens. In Figure 10.19 the COF diagram is shown. Interestingly, the pure MS1
sample had the lowest COF value after 1000 cycles, which was pu = 0.382. Figure 10.20 shows
the relative penetration depth of the wear analysis and again, pure MS1 had comparably better
results. The penetration depth of MS1 after 1000 cycles was 0.37 pm, whereas the penetration
depth of MS1TiC - 2 h was 16.03 pym, MSITiC - 4 h had a depth of 49.29 pym and MS1TiC -
8 h had 8.39 um. Nevertheless, it has to be mentioned that the standard deviation of the MS1
penetration depth was very high and therefore, the actual results can differ. In Table 10.6 the COF
values, the track wear rate and the ball wear rate of MS1TiC are given. The 4 h milled sample was
slightly better in terms of track wear rate, but all the values were very close to each other, making
an analysis difficult. If one compares the ball wear rates however, it becomes very obvious that
the MMC material must have been harder and had a better wear resistance as the abrasion of the
indenter was significantly higher. In Figure 10.21 the comparison is given in a graphical diagram
and the differences become more obvious.

In Figure 10.22 an SEM image of the wear track and the respective EDX images are shown.
It was found that the track, created by the indenter, had residues of worn material adhered in
many places of the track. These residues can act as a gliding plane and cause a lower coefficient of
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Figure 10.19: Graph of the coeflicient of friction of the MS1TiC samples.
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Figure 10.22: a) SEM image of the track, b) the EDX sum map and c), d) and e) the EDX maps
of each element of the MS1TiC tribology test.

friction. EDX analysis also revealed a homogeneous distribution of TiC particles on the surface.
The titanium carbides resist against the stainless steel indenter, but at some point they will get
loose and then will act as an abrasive material while gliding between the specimen and the indenter.
In Figure 10.22b the combined EDX map is given, showing the elements Fe (yellow), Ti (blue) and
O (red). The image further indicates that the worn material oxidated. Due to this fact, the
surface must have become very hot. As the tribological track was relatively short (i.e. 5 mm), the
temperature constantly rose and did not have enough time to cool down. In Figures 10.22c, d and
e the maps of each element are provided.

10.4 Conclusions

To satisfy the demand for new applications and, like in this study, new advanced materials it is
inevitable to understand each relationship and process parameter. The metal matrix composite
of MS1 and TiC is definitely a challenging one to understand and to control. In this chapter
the powder morphology, the microstructure, the mechanical properties and the phase formation
of MS1go/TiC1o was investigated. The influences of the high energy ball milling and the SLM
parameters had to be understood and the effects of each parameter had to be analyzed. The pow-
der preparation with a planetary ball mill significantly influences the powder morphology. In this
MMC system, the mechanical alloying process did not drastically change the phase formation of
the system. However, the TiC particle size distribution decreased and agglomerations were broken.
After 8 h of milling, the formation of coalescences was observed as the cold-welding mechanisms
were dominant. The particle size distribution was measured as Dy = 14.10 pm, Dsg = 37.77 um
and Dgyp = 70.43 pum. After processing the powder in a planetary ball mill, the various samples
were used to print specimens in a selective laser melting device. It was observed that 8 h of milling
had a negative influence on the powder morphology, which was not spherical anymore. Therefore,
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porosities and defects occurred in the samples. Nevertheless, the microhardness was significantly
improved compared to non-reinforced standard maraging steel. It was possible to increase the
microhardness from 330 HV of commercially available MS1 to astonishing 551 HV. The reinforcing
TiC particles were homogeneously distributed in the SLM processed metal matrix and were acting
against dislocation movements. It was expected to also achieve remarkable tribological performance
results, due to the high hardness. The wear resistance was hard to analyze as the results of the pure
MS1 were very similar to the results of the TiC reinforced MS1. Just the ball wear rate indicated a
higher wear resistance as the indenter balls were worn more than the indenter of the MS1 specimen.

The phase formation after SLM processing the 8 h milled powder was somewhat mysterious
though. It was impossible to identify the peak at 26 position of 37 © in the XRD chart of Figure
10.8. The typical a-phase of MS1 was decreased and instead, high peaks of retained austenite were
visible. It can be said that the reason for this was the dissolvement of the fine non-stoichiometric
TiCy.79 particles during SLM processing. Carbon became free and connected to ferrite. Because of
this, the martensite starting temperature was lowered and the austenite was not able to transform
to martensite. As a result of the decomposition of the TiC monocarbides, there was some free
titanium with an extreme reactivity to oxygen left in the melt. It can not be said for certain,
but it is very likely that, instead of the TiC, there was some TiCgy 10¢.9 formed and precipitated.
The peaks would fit according to the XRD database and there is always some oxygen left in the
processing chamber.

In the tribological analysis it was found that the metal matrix composite did not outperform
the pure MS1. The penetration depth of MS1 was not as deep as the depths of the MS1TiC
samples or at least, they were very similar. However, the standard deviation of the MS1 sample
was very high. Further, the track wear rates indicated that it was not possible to increase the
tribological performance with the addition of TiC particles, even though the hardness was signif-
icantly improved. However, the ball wear rate was much higher in the MS1TiC specimens. The
TiC particles were very fine distributed in the solid material and acted as a resistance against the
indenter until they broke out. Then, they acted as abrasive material and this very likely caused a
higher ball wear rate. For improved results, a higher part density must be achieved.
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Conclusions

In the present work the influence of particle reinforcements on the microstructure, phase formation,
hardness, mechanical characteristics and wear resistance of selective laser melted maraging steel
MS1 was examined. Titanium carbide and vanadium carbide non-oxide carbides were used as rein-
forcing additives. For the first time, the behaviour of these carbides in combination with maraging
steel was analyzed. The introduction of different amounts of carbides was achieved with mixing
and mechanical alloying of the powder materials in a tumbler mixer and a high energy planetary
ball mill, respectively. The optimal process parameters for the mechanical alloying process had to
be found in order to achieve near-spherical powders. Furthermore, an embedding of carbide par-
ticles into the maraging steel matrix material was desired. Thereby, the powder morphology had
to be controlled. Through a decrease of particle size of the initial carbide bulk powder material, it
was possible to apply lower milling times.

For the selective laser melting process, two different machines were used. One was equipped
with a 200 W fibre laser and the other one with a 100 W fibre laser. Both machines were working
under argon inert gas atmosphere. For each powder batch, not just the optimal milling process
parameters had to be found, but also the optimal SLM processing parameters. For this, a pre-
liminary Design of Experiments, using the Federov operator, was performed. After measuring
the density of the SLM processed specimens, the results were analyzed and the most promising
parameters were used for further specimen production. One specific problem, was the sieving of
the powders. Due to very fine and irregular shaped particles, the sieve can be blocked making
sieving impossible. Because of this, a higher amount of carbide particles might be sieved out of the
powder material, causing a different composition. This specifically applies to mixed powders, but
is also applicable to mechanically alloyed powders, if there are still free carbides in the bulk powder.

Selective laser melting is - compared to other technologies like milling and casting - a relatively
new production technique. It allows more degrees of freedom while designing parts and prototypes,
but also has a higher capability of designing advanced materials by controlling the microstructure,
and therefore, the mechanical properties. High cooling rates and a different heat distribution dur-
ing SLM processing result in different grain growth and microstructures. In combination with
mechanical alloying, powerful, but in the same manner very complex tools for tailored material
developments are available. Phase formations and crystal structures can differ from other powder
processing techniques. Sometimes these effects can be very complex to explain and understand
as todays analysation tools are lacking in precision. Therefore, in some cases just experience can
determine what happened exactly.

In the first phase of this thesis, maraging steel MS1 and vanadium carbide was mechanically
mixed in a tumbler mixer and then SLM processed. The composition was created with 90 wt%
MS1 and 10 wt% VC. The particle size of the reinforcing VC was between 1 and 33 microns and
the MS1 had a particle size of 15 - 40 um. It was found that in the VC bulk powder even smaller
particles than 1 pm were found, which were immediately sticking to the bigger MS1 particles af-
ter mixing the powders together. Through the mechanical mixing, a homogeneous mixture was
achieved. For comparison reasons, pure MS1 was SLM processed first and then the metal matrix
composite was processed. The highest achieved relative density of pure MS1 was 98.18 % and for
the MS1-VC with 1-33 pm VC particles, the maximum relative density was 97.32 %. There were
some spherical and irregular shaped porosities found in the samples, indicating lack-of-fusion and
gas entrapments. Furthermore, the specimens showed, after embedding the samples and polishing
them, lots of unmelted VC particles. The hardness of the MS1-VC with 1-33 um VC particles was
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increased by 132 HV or 37.29 % of the peak values compared to pure MS1, which had a maximum
hardness of 354 HV. Even though unmolten VC can still improve the mechanical properties, it is
desired to achieve molten and then precipitated primary VC particles as they are finer and more
homogeneous distributed in the solidified material. Usually, these carbides are also embedded bet-
ter into the matrix material and cause less stress in the matrix. Some researchers reported stress
caused by strain starting at the VC particle, which is a potential source for failure. To further
improve the density by stabilising the melt pool, finer VC was used for another powder batch.
Instead of adding the 1-33 pm vanadium carbide, fine VC with < 2.5 pgm was mixed with MS1. It
was expected, to get higher part densities, because the melt pool would not be interfered by large
VC particles anymore. After SLM processing and measuring the density of the samples, this ex-
pectation was confirmed. The maximum relative density was 98.02 %. However, the coating of the
powder layers in the SLM process was more unstable as the fine VC powder particles agglomerated
more easily, causing an uneven powder layer. This was partially compensated through a higher
powder feeding rate. Through the initial particle size refinement the maximum hardness was also
improved. The highest value of the MS1/VC-2.5 metal matrix composite was 597 HV. Last but
not least, a double exposure scanning strategy was applied to improve the density results of the
specimens. The same SLM parameters were applied, but each specimen was laser scanned twice,
before the next powder layer was coated. The density results did not improve significantly, but
there were more VC particles melted. This proved that melting VC in combination with MS1 in a
selective laser melting machine is possible. Against expectations, the hardness was not increased
with the double exposure scanning strategy though. Effects like a coarsening of the microstructure
due to the scanning strategy might have had an impact, as the second exposure might have acted
as a heat treatment. For this, further studies would have been advisable, but instead, a different
approach was chosen.

In Chapter 7 different volume contents of VC were mixed to the MS1 powder. Again, the
powders were mechanically mixed in a tumbler mixer. According to the results of Chapter 6 the
large particle size of the VC bulk powder negatively influenced the part density as the melt pool
was not as stable as it should be. Vanadium carbide has a significantly higher melting point and
therefore, the laser induced melt pool constantly was interfered. To solve this problem, finer VC
was added to the MS1 powder and four different powder batches were mixed:

e 97.5 wt% maraging steel MS1 and 2.5 wt% vanadium carbide VC-2.5 (MSlg7.5/VCa3s),
e 95 wt% maraging steel MS1 and 5 wt% vanadium carbide VC-2.5 (MS1g5/VCs),
e 92.5 wt% maraging steel MS1 and 7.5 wt% vanadium carbide VC-2.5 (MSlg25/VCy5),

e 90 wt% maraging steel MS1 and 10 wt% vanadium carbide VC-2.5 (MS1g9/VCig).

The added VC powder had a particle size of < 2.5 um. After SLM processing the cubic 10 x
10 x 10 mm samples, the part densities were evaluated. It was found that the porosity increased
with the amount of VC. While the specimens with just 2.5 % of VC had astonishing part densities
of > 99 %, the samples with 10 % of VC had a maximum of 98.02 %. The microstructure analysis
showed that most VC particles were not molten at all and were just embedded into the matrix
material. It was desired to fully melt the VC particles as they would then increase the mechanical
properties better. Further, they would not be potential starting points for cracks.

The microhardness tests were very promising though, but depended on the part density as
porosity notably decreased the hardness. Overall it can be said that the more reinforcing vana-
dium carbide was added to the MS1 material, the higher the hardness was. After finding the
optimal parameters for SLM processing, further samples were manufactured for mechanical tests.
It was planned to perform ultimate tensile strength, hot ultimate tensile strength and charpy im-
pact tests. For this, several specimens were built and some were heat treated with 490 © C for 6
hours to compare the results. However, the larger the parts were, the more difficult it was to print
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the parts. The composite powder caused severe spatter formation, which are a potential source for
errors due to their large particle size. On one hand, a lot of energy was necessary to create parts
with a high part density. On the other hand a high laser power can increase spatter formation and
vaporization. These spatters were embedded into the solid part and influenced the results of the
ultimate tensile and charpy tests. Both test results were comparably bad and the specimens failed
way too early. Further, some lack-of-fusion areas were found after analyzing the fracture planes af-
ter ultimate tensile strength tests. An explanation for these lack-of-fusion areas was found in some
interrelated factors. As some areas were built faster in Z-direction due to irregular growth, humps
were created in the specimen. These humps had a negative influence on the powder layer height
and in some cases it might have happened that the powder layer was too high to be completely
molten and welded to the layer underneath. In these areas the humps prevented sufficient powder
coating in the beginning and then after some further layers were coated, the area behind the hump
was coated with too much powder at once. Another phenomenon discovered were large humps or
particles, which were bonded together, that broke off of the coater and then were pushed to a sur-
face, in which a part was created. These humps or particles then prevented the laser to sufficiently
melt the powder in this area. It was also found in SEM analysis that the small VC particles had
a high tendency to form agglomerations. As VC has such a high melting point, the laser was not
able to fully melt these agglomerates and as a result, unmolten VC was found in the microstructure.

Another outcome of this chapter was the realization of how challenging the post-sieving of
MDMCs after SLM processing can be. Fine powders, like the ones of VC, started to block the sieve
while using a vibrating shaker tower. To solve this sieve blocking one can use a bigger mesh, which
would also result in larger particle size distribution and more spatter particles in the powder, as
they were usually larger than the used MS1/VC. But a blocked sieve also results in an unknown
element distribution and it can not be said, how much VC would be left after sieving. To solve
these issues, mechanical alloying was applied in the next study.

In chapter 8 the focus was set on creating metal matrix composites of MS1 and VC with a
planetary high energy ball mill to embed the VC particles into the MS1 powder. Mechanical al-
loying is a cost effective way to crack large and hard VC particles and to in-situ form coalescences
with MS1 particles. In this chapter the goal was to understand the mechanical alloying process
parameters and the possibilities of creating a MMC with MS1 and coarse VC. The milling param-
eters were set to similar parameters found in the literature. After each hour of milling, a 15 min
cool-off break was set to avoid overheating. Several powder batches were produced and samples
were taken after each iteration for further analysis. Powders were milled for 2, 4, 8, 12, 16, and 24
hours. Particle size analysis showed that the average PSD increased with the milling time. After
16 h of milling however, fracturing must have become predominant as the particle size distribution
decreased again. Through mechanical alloying larger VC particle were cracked into smaller ones
and the particles were embedded into the MS1 particles. While SLM processing the mechanically
alloyed powders, it was found that the recommended energy density of 67 J/mm? for MS1 was not
sufficient. A higher energy of 179 J/mm? was necessary to improve the part density and to fully
melt the smaller VC particles. In the 16 h milled and SLM processed samples, there were almost
no unmelted VC particles found, which indicates an optimal refinement of the VC powders and
a complete melting of the composite. XRD analysis revealed that there was a phase formation
change. First of all, the alpha-Fe forming MS1 was not able to completely form to alpha-Fe after
SLM processing. Obviously, the high cooling rate of the surrounding VC and a possible chemical
composition change hindered the martensitic phase formation process. However, it was observed
that ~-Fe transformed to a-Fe after 24 hours of milling and SLM processing. The low temperature
alpha-phase was the predominant phase again. This was on one hand caused by VC particle that
were too small to affect the martensitic starting temperature. Furthermore, in the 24 h milled
sample it was discovered that the initially used non-stoichiometric VgC; has formed to precipi-
tated primary stoichiometric VC. This indicates that some of the free C was attached to VgC; and
further increased the martensitic starting temperature, causing the predominant alpha-Fe phase
on the other hand. Using SEM analysis, the microstructure was investigated. Some small black
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particles were found and it was believed that these particles were the primary precipitated VC
particles. EDX analysis was used to understand the sightings, but the resolution of the detector
was insufficient and therefore, it cannot be claimed for sure. However, as there were no unmelted
VC particles found in the microstructure, the VC was either transformed in ultra fine or primary
precipitated carbides.

Microhardness results revealed that the addition of VC had a huge impact on the hardness of
the SLM processed samples. Pure MS1 usually has between 330 and 360 HV, but the mechani-
cally alloyed MMC of MS1/VC was able to outperform these values significantly. The maximum
hardness was measured at 439 HV. Some specimens had a high standard deviation, as there were
pores underneath the surface and not visible with optical microscopy. One of the main aims of
creating metal matrix composites is to improve their tribological performance. The sample that
was mechanically milled for 16 hours had a comparably low coefficient of friction. It was dis-
covered that worn material was adhered to the track in most samples and then polished by the
indenter. Therefore, a gliding plane with a very low COF was created. This effect was discovered
in all samples, but was more present in some than in others. In most cases, a VC particle was
the starting point for the adhered worn material. As the 16 h sample had a very different result
than the other samples, the test was repeated, but the results remained very much the same. The
penetration depth did not change significantly in the MMC samples, but as the COF was very low
in the 16 h sample it also had a very low penetration depth. More importantly, the track wear
rate and the ball wear rate were analyzed. Especially the 16 h and the 24 h milled samples had
remarkable wear rates, as they were much lower than the wear rates of pure MS1. In the 24 h
milled specimen, the indenter was worn even more, but the wear rate was comparably low, which
indicates a very abrasive surface. EDX analysis of the worn track revealed that the surface must
have been very hot during tribological testing. The worn material consisted of mostly FeO and
as expected, underneath a VC particle was found. The VC particle will act against the indenter
and improve the wear performance until they break out of the sample and then act as abrasive
material between the sample and the indenter. In this case, they will wear the sample even more
until they are pushed away. Overall, it can be said that the wear performance was not improved
with the 2 to 12 h samples, but was improved notably with the 16 and 24 h milled samples. In spe-
cific, they were able to decrease the wear rate by 93.30 % (16 h sample) and 53.80 % (24 h sample).

As it was found in Chapter 8 that VC particles have a higher tendency to fully melt, if their
particle size is smaller, and that a milling time more than 4 h in most cases leads to non-spherical
powders, a different approach was chosen in Chapter 9. It was decided to use vanadium carbide
powder with a maximum particle size of 2.5 microns in combination with MS1. Further, two
different milling equipments were chosen to compare the effects while using tungsten carbide or
440C stainless steel balls and vials. It was calculated that the temperature rise per impact was
more than twice as high with WC balls and vial:

o ATyc,0e = 32.19K

o ATyc, . = 7052 K

The MS1/VC mixture, containing 10 wt% of VC, was mechanically alloyed in a WC jar for 1
hour, 2 hours and 4 hours. Another powder patch of the same mixture was milled for 4 hours in
a 440C jar. Afterwards, the powders were analyzed regarding their morphology and particle size
distribution. In the WC milled powders, the amount of small particles was decreased the longer
mechanical alloying was applied. Compared to the 4 hour milled powder with the 440C equipment,
the particle size of the WC ball milled MS1/VC was still much smaller and had a smaller particle
size distribution. Furthermore, the powder morphology of the WC ball milled powders was more
near-spherical. After 4 hours of milling, a lot of VC particles were embedded into the MS1 matrix
in both powder batches. However, the 440C ball milled powders were far-from-spherical, but were
perfectly mechanically alloyed. All VC particles were embedded and almost no free VC were found
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in the powder. Against expectations from the beginning of the study, the 440C ball milling equip-
ment had a much higher impact on the powder morphology than the WC ball milling equipment.
As all parameters, like the radius of the main disk, the rotational speed, the diameter of the jar,
and the ball-to-powder weight ratio, were kept exactly the same. The only parameters changed
were the balls used for milling, due to the different material density, and the atmosphere. Mechan-
ical alloying with the WC equipment allowed a process under argon inert gas atmosphere whereas
the 440C jar was not equipped with such a valve. Even though there was slightly more oxygen
found (i.e. 72.36 %) in the 440C milled powder batch, it is very unlikely that oxygen caused such
a difference in the powder morphology. Instead, it is believed that the amount of balls had a more
significant influence. As there were more balls in the 440C equipment (because the ball-to-powder
weight ratio was kept similar), there were more impacts of balls in the same amount of time. This
very likely caused the differences.

After SLM processing the different powders, the part density, microhardness and tribological
performance was investigated. It turned out that the far-from-spherical shape of the 440C powder
batch was too much deformed and the results were very bad. There were too many porosities in
the samples. However, the powders processed with the WC ball milling equipment turned out to
be much more promising. Compared to the more coarse VC-33 samples, the VC-2.5 specimens had
a higher part density of approximately:

e 1 h milling 98.41 % relative density
e 2 h milling 99.28 % relative density

e 4 h milling 98.44 % relative density

In the SEM there were some large grains found in all processed samples. In the samples in
which a lot of energy density was used, less unmelted VC particles were found. It was further
discovered that some grains started to grow next to unmelted VC particles, as they can assist
the nucleation process. While comparing the 4 h milled powder batches from the 440C and the
WC ball milling equipment, it was found that the 440C milled powder had a much coarser mi-
crostructure and the columnar dendrites were growing very long. XRD analysis revealed that the
mechanically alloyed and SLM processed samples changed their phase formation from a-Fe to y-Fe.

The microhardness of the 1 h, 2 h and 4 h WC equipment milled and SLM processed samples
was significantly improved compared to pure MS1 but also notably improved to the more coarse
VC-33 samples. In fact, the hardness reached an astonishing level of 471 HV. During tribological
tests it was found that the penetration depth of the 2 h and the 4 h milled samples was lower than
the one of the MS1 sample.

Another approach to reinforce maraging steel was performed with titanium carbide in Chapter
10. MS1 was mechanically mixed in a tumbler shaker mixer with 10 wt% TiC for homogenisation
reasons. Afterwards, the powder composition was mechanically alloyed for 2, 4 and 8 hours. After
longer milling hours, the powder had a tendency to form bigger particles as the particle size dis-
tribution increased. However, after 4 hours of milling, the amount of fine particles increased again
which indicates that fracturing of the large particles occurred. After 8 hours, the amount of small
particles decreased again, which was due to the formation of coalescences. Selective laser melting
was applied after the milling and several solid samples were produced. XRD analysis showed that
after 8 h of milling and SLM processing, the martensitic phase peaks became weaker and instead,
gamma-Fe was the predominant phase. This was also discovered in other studies. In some cases,
this is related to the cooling capabilities of the added carbides. In other cases this effect is related
to an elemental transition. In this scenario it is very likely that the TiCg 79 transformed into
TiCp.100.9 and some free carbon influenced the martensite start temperature. Therefore, the start
temperature was decreased and the unidentified XRD peak is related to TiCp.1Og.9.
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Table C.7: Uncertainties in micro-hardness measurements (based on [44]).

Uncertainty influences Source of its determination

Uncertainty of the hardness reference plate Calibration of the hardness reference plate
Standard uncertainty of the hardness testing device Measurement results of the hardness reference plate
while measuring the hardness reference plate

Standard uncertainty of the hardness testing device Measurement results of the specimen

while measuring the specimen

Standard uncertainty of the test specimen due to the Specifications of the hardness testing device
resolution of the length measuring system

The part density of the MS1/TiC MMC was measured at:

e 2 h milling 98.52 % relative density
e 4 h milling 98.59 % relative density

e 8 h milling 94.54 % relative density

The most astonishing result was the micro-hardness, which was increased to 551 HV in the 8
h milled and SLM processed sample. Compared to pure MS1 this value is 66.97 % higher, which
is remarkable. Unfortunately, the tribological performance was not as promising as the micro-
hardness was. The wear resistance was very similar to pure MS1. It was just noted that the ball
wear rate was much higher, indicating a higher resistance against the indenter. But the track wear
rate was not improved, which shows that the tribological test was just more abrasive.

Of course, it has to be mentioned that there are some statistical uncertainties in the results
that can not be avoided. In the micro-hardness measurements for example, are several influences
for uncertainties known and they are named in Table C.7. While measuring, uncertainties are
inevitable. However, modern equipment can reduce measuring errors and achieve more accurate
results.

In this study the metal matrix system of maraging steel was successfully reinforced with vana-
dium carbide and titanium carbide for the very first time using selective laser melting technologies.
Even though there were some challenges to face and the overall density of the fabricated MMCs
has to be improved in future works, it was proven that some material properties (i.e. hardness,
wear) were significantly improved, whereas others (i.e. ultimate tensile strength) were decreased.
However, the MS1VC system with 10 %wt. of fine VC (2.5 um) was able to achieve promising
results even in the ultimate tensile strength tests. The biggest issue for the specimens were SLM
process related defects, rather than defects in the microstructure caused by the reinforcing par-
ticles. Further, the SLM processed and mechanically alloyed MS1TiC metal matrix composite
system revealed its great capabilities and have been investigated for the first time.

Future Investigations

It is suggested that future scientific work should be performed with MS1 and TiC, but also the
MS1VC system should be further improved. Specimens should be fabricated in the X-Y plane
to reduce the risk of SLM related defects and binding errors caused by instabilities in the SLM
machine. This way, more information about the mechanical properties could be gained. Further-
more, a preliminary refinement of the TiC and the VC particles should be considered to decrease
necessary milling times and to achieve powders with an increased near-spherical shape.

On a final note it can be said that MMCs for SLM applications can outperform traditional
materials, but are very complex to control. Mechanical alloying is a powerful and cost-effective
technique to acquire metal matrix composites and SLM is an optimal tool for processing the
powders to solid parts. However, the formation of agglomerations and coalescences, the retaining
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of a near-spherical shape, the melt pool stability, the phase formation and the powder sieving can
be challenging while working with MMCs. Further investigations in parameter optimisation should
be performed, to achieve higher part densities. This directly correlates to higher micro-hardness
values and a better tribological performance.
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Appendix

In this appendix, the symbols used in this thesis work will be explained.
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