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Abstract

The Super High Temperature Additively manufactured Resistojet (STAR) is an
ongoing project to develop a novel resistojet thruster which will act as the primary
propulsion device on small satellites. To enable the complicated geometry of the resistojet,
Selective Laser Melting (SLM) was chosen as the production method. Post processing on
internal features was limited for this same reason. Multiphysics modelling was used to
predict the temperatures reached in the hottest parts of the thruster. However initial
simulations revealed large discrepancies between the actual and predicted temperatures.
These differences were attributed to the materials properties used for emissivity and
resistivity. Emissivity is largely dependent on surface texture while resistivity can be
influenced by the density and microstructure. Both properties are also highly dependent on
temperature. SLM as-built parts can have wvastly different surface textures and
microstructure compared to cast or machined parts, but there is little data on resistivity
and emissivity available. Furthermore, material structure and properties from SLM can vary
significantly depending on process parameters. This motivated the project aim to obtain
accurate emissivity and resistivity data of SLM metals and to study the relationship between
SLM process parameters and the total hemispherical emissivity and resistivity of
representative test coupons for as built 316L stainless steel. This was achieved by varying
process parameters and measuring how these affected the output factors (responses) of
surface texture, microstructure and part density which were then related to emissivity and
resistivity. The relationship between the inputs and surface texture parameters (Sa, Sq, Ssk,
Sku and Sdq) was a particular focus as there are currently no standards on how to measure
or quantify surface roughness of SLM parts, leading to a lack of consistency in the literature.
The input parameters chosen were those that make up the volumetric energy density (laser
power, scanning speed, hatch spacing and layer thickness) and build orientation. A definitive
screening Design of Experiments method was used to gain as much understanding of the
influence of these input parameters on responses with as few experimental runs as possible.
Seventeen experimental runs were completed, each varying the input parameters over one
of three levels (low, mid, and high). Emissivity and resistivity were measured over a range
of elevated temperatures using the calorimetric and four probe methods respectively. Finally,
multiple linear regression models were created to identify which factors more strongly

affected the responses. Results showed that emissivity ranges of most of the as-built SLM
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parts were similar to cast parts, but the 0° samples were consistently higher. SLM resistivity
was also consistently higher than cast parts over the entire measured temperature range.
When emissivity was determined using surface area from nominal sample dimensions
measured using callipers, some of the values obtained were higher than the maximum
emissivity of a black body. Using X-ray microcomputed tomography (microCT) imaging to
determine sample dimensions gave higher surface areas and yielded lower emissivity values
that were within physically admissible limits. Emissivity was found to correlate strongly to
surface area regardless of temperature or emissive power, decreasing as surface area
increased. When considering roughness on the size scale similar to the wavelength of the
radiation, emissivity is governed by internal reflections within surface features. The SLM
surfaces produced may not have had the types of features that led to more internal
reflections but only increased the overall surface area. Thus the emissive power per unit area
decreased, as did the emissivity. No trend was found between emissivity and any of the
surface texture parameters. Resistivity was found to strongly correlate with the density of
the samples, increasing as the density decreased, likely due to the interruption of conductive
pathways. Multiple linear regression models found that build angle and layer thickness were
the most significant factors that affected surface area and emissivity. More accurate
temperature predictions were successfully obtained with multiphysics simulations using the
newly measured values for emissivity and resistivity, particularly at higher temperatures.
FEmissivity values based on nominal sample dimensions, despite being impossibly high, were
found to produce accurate simulation results by incorporating the effect of the higher surface
area revealed by microCT but not directly included in the simulated geometry. The
emissivity and resistivity measurements done using the techniques described in this thesis
enabled accurate temperature simulations of the resistojet thruster which allowed for better
estimation of the performance of the thruster. Whilst only 316L stainless steel is described
in this thesis, the same setup and techniques were used to also measure the emissivity and
resistivity of other, higher temperature materials used to build the resistojet. These
measurements and the better understanding of emissivity and resistivity of SLM materials
are also useful in wider application areas, such as predicting temperatures in nuclear reactors

or making in-situ temperature measurements during the SLM process.
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Chapter 1: Introduction & Objectives

1. Introduction & Objectives

Background and motivation

Resistojets are electrothermal thrusters that have a long history of being used
in numerous different roles for spacecraft propulsion including station-keeping, orbit
adjustment and de-orbiting manoeuvres [1|. They operate by passing a propellant
gas over a resistive heating element at high pressure before expanding and
accelerating the gas through a nozzle to produce thrust. For a given nozzle shape
and propellant the efficiency of a resistojet, described as the specific impulse (Igp)
and measured in seconds, is directly tied to the maximum temperature to which it
can heat the gas propellant: the hotter the gas the higher the efficiency. This is
described through equation [1], where u. is the exhaust velocity gy is acceleration
due to gravity (9.08 m/s?), n, is the nozzle efficiency, c, is the constant pressure

specific heat of the propellant gas and T, is the chamber temperature.
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Thus, the efficiency is directly linked to the material and design of the
resistojet, which has been limited in the past due to the melting temperature of
materials and costly or laborious manufacturing methods [2]. A benchmark for
current resistojets is the T-50 thruster produced by Surrey Satellite Technology Ltd.
(SSTL) which, when using xenon propellant, can achieve a specific impulse of up to
57 s at a temperature of 923 K [2].

Due to their potential high efficiency, low complexity compared to other
electric propulsion systems and ability to work with non-toxic propellants, resistojets
have been identified as potential candidates to be used as a secondary propulsion
system for attitude control on fully all-electric propulsion spacecraft. Creating an
improved resistojet design to meet these needs by reaching a temperature of 1200 K

and an I, of at least 80 s with xenon was the focus of the work of F. Romei et al. [3].
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They used additive manufacturing, specifically Selective Laser Melting (SLM), to
develop a novel thin-walled concentric tubular heat exchanger in 316L stainless steel.
This resistojet was referred to as the Super-high Temperature Additive-
manufactured Resistojet (STAR), a rendering of which is shown in Figure 1. F.
Romei et al wused multiphysics modelling to evaluate the electrothermal
characteristic of the thruster and found that there was a notable difference in
temperature between the experimental results and the model results. This difference
was attributed to the material properties assumed for emissivity and resistivity,
which were taken from literature for cast metals and so may not accurately reflect

the properties of additively manufactured metals.

Figure 1: Rendered CAD cutaway of STAR thruster prototype. Labelled
features: 1- AM heat exchanger/nozzle, 2- pressure case, 3-ceramic nozzle
spacer, 4-ceramic collar. Yellow arrows indicate propellant gas flow. This image
was originally by M. Robinson et al. [1]. Reproduced with permission Creative

Commons CC-BY
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Chapter 1: Introduction & Objectives

Emissivity, a measure of the thermal energy radiated from a surface, is highly
dependent on several variables including surface temperature, roughness, and
composition. Resistivity, a measure of a material’s inherent resistance to electrical
current, is a bulk phenomenon and can be affected by microstructural features such
as grain boundaries and porosity. The high cooling rates and layer-by-layer build
process of SLM can result in vastly different microstructures and surface
topographies for as-built parts compared to cast or wrought metals, which can in
turn affect materials properties such as emissivity and resistivity. From reviewing
the literature, there was little data on the emissivity and resistivity of SLM metals,
and no relevant data for SLM 316L over the desired operating temperature range of
the STAR, representing a notable gap in knowledge.

The work in this thesis was a continuation of the work of F. Romei et al. and
aimed to investigate how the SLM process and the input parameters affected the
emissivity and resistivity of 316L stainless steel, and to measure the relevant data
to improve the multiphysics model of the resistojet. Although originally inspired by
the needs of the STAR, given the recent increase in use of additive manufacturing
in numerous industries [4], this work has further application in areas where high
temperature materials properties are needed, such as in-situ process monitoring and

nuclear applications.

1.1. Aims and objectives
The primary aims of this work is to investigate the cause behind the
temperature difference between the simulation and experiments and to investigate
the relationship between SLM process parameters and their effects on the emissivity
and resistivity of 316L stainless steel. These aims will be divided into specific

objectives including:

- Selection of an experimental window of process parameters to create samples
representative of the resistojet and to cover as wide a design space as possible.
- Measuring the emissivity and resistivity of representative test coupons over

the operational temperature range of the thruster.
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- Performing an in-depth study of how altering the SLM process parameters
affects the microstructure and surface topography of test samples and how
these in turn affect the emissivity and resistivity.

- Creating a multiphysics model of the experimental setup using measured
values of emissivity and resistivity and comparing the results against

simulations using literature values for cast 316L stainless steel.

1.2. Outline of thesis

To address the aims and objectives identified here in the first chapter, the
following outline was adopted for the remainder of this thesis .

The second chapter provides the fundamental theory and knowledge behind
the SLM process including the different process parameters and the effects they can
have on the parts produced, surface roughness and how it is defined, electrical
resistivity and emissivity.

The third chapter is a literature review covering the state of the art on methods
for measuring surface roughness, electrical resistivity, and emissivity. It also reviews
the process parameters used to produce thin-walled and high-density parts in 316L
stainless steel, which informed the process parameters used in this work.

The fourth chapter details the methodologies adopted to measure surface
topography, microstructure, emissivity, and resistivity. This includes a detailed
overview of the Design of Experiments method and the process parameter ranges
chosen.

The fifth chapter presents and discusses surface roughness results. First an
overview of the data collected is given, discussing trends in the results that may
have occurred due to variables not considered when designing the experiment. This
is followed by an in-depth look at how the results vary with the changing process
parameters before using a multiple linear regression model to investigate what the
most significant input factors are and why.

Following the roughness results, the sixth chapter presents the emissivity
results. First an overview of the data is presented before determining if and how

these results correlate with the different surface texture parameters, surface area,

-5-
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and volumetric energy density. Finally, a regression model is used to determine the
most significant input factors before discussing the reason for observed effects and
comparing with the roughness model.

The seventh chapter presents the electrical resistivity results, beginning with
an overview of the data before discussing how the relative density and
microstructural features of the parts are impacted by changing process parameters
and how these in turn affect the resistivity. Throughout the chapter, models are
presented linking the process parameters to the outputs in terms of significance.
Comparisons are also made between the different methods used to measure the
microstructural features and how these might have affected the results.

The eighth chapter is a summary of the different multiphysics models that were
created to simulate the experimental setup. A brief overview of the software
COMSOL Multiphysics is presented before detailing the different models that were
created. The resulting temperature predictions are presented and compared with
experimental results.

Lastly the ninth chapter provides a summary of the main conclusions and

recommendations for future work on this topic.
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2. Background & Theory

Before describing the experiments carried out to tackle the objectives listed in
the previous chapter, it is first necessary to understand the key fundamental concepts
that make up the bedrock of this thesis. This chapter will go over these concepts
which include selective laser melting, surface roughness, thermal radiation heat

transfer and electrical resistivity.

2.1. Theory of Selective Laser Melting

2.1.1. Overview and principles
The American Society for Testing and Materials (ASTM) international
committee F42 on Additive Manufacturing (AM) technologies defines AM as [4]
“The process of joining materials to make objects from 3D model data, usually
layer upon layer, as opposed to subtractive manufacturing technologies.”
Additive manufacturing allows for the direct deposition of material where it is
required, allowing for increased complexity of design compared to traditional
subtractive manufacturing. AM can also reduce cost, as less material is required to
build components. In recent years there has been a reduction in barriers for industrial
adoption of AM and a boom in research interest in AM [5][6] due to its ability to
manufacture replacements or components with unique or complex geometries [7].
Powder Bed Fusion (PBF) is a blanket term used to refer to all additive
manufacturing processes that use a high-power density energy source to melt and
fuse together thin layers of powder [8]. There are numerous different types of PBF
processes with slight variations, such as whether the energy source is a laser or
electron beam. The focus of this thesis was Selective Laser Melting (SLM). This
technique can produce near net-shape parts with up to 99.9% relative density from

various metals and metal alloys including aluminium, iron, titanium and nickel [9].
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SLM creates components based on Computer Aided Design (CAD) data files.
These files are first converted into Stereolithography (STL) files using specialised
software and “sliced” into numerous layers to later be sequentially laser scanned and
combined to produce the shape. At this stage support structures may also be added
for overhanging features of the CAD design. The SLM process begins with a thin
layer of metal powder spread evenly on a substrate plate using a roller mechanism
in a building chamber. A high energy density laser then melts selected areas of the
metal powder according to the sliced layer data of the STL file. Once the laser has
finished scanning, the substrate plate is lowered, a new layer of powder spread, and
scanned by the laser. This process is repeated until the complete component has
been built. Loose powder is then removed from the build chamber, and the part
removed from the substrate build plate [9]. To prevent oxidation of the metal parts
during the build process, the chamber is filled with an inert gas such as nitrogen or
argon.

The SLM process has numerous process parameters as well as physical
phenomena that control the quality of the resultant components [7]. Numerous
sources have found that the thermal history experienced by the components during
the build process influenced the resultant surface quality and microstructure which
in turn affected mechanical properties [10]-[12]. The next section discusses in more
detail the physical processes that occur during the build process and how these

influence the parts produced.

2.1.2. Physical processes
During the SLM build process, a pool of molten metal known as the melt pool
(or melted zone) is formed as the laser melts the powder particles. The size of this
melt pool grows into an amalgamated area as the laser moves forward to melt the
next area of powder. According to Pal et al [13], and as shown in Figure 2, during

the melting process there are 8 action zones:

e Inert gaseous zone e Mushy zone

e Powdered zone e Solidified zone

e Melted zone e Heat affected zone
e Re-melted zone e Vapor zone



Other than the vapor zone, defects occur when there are instabilities in these
zones, causing improper transitions between them.

Scanning direction
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\
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Figure 2: Diagram showing the 8 different actions zones that occur during the
SLM build process. This image is originally by Pal et al. [13]

Melt pool dynamics

The melt pool is made up of loose powder particles melted by the laser and
partial melting of the previous layer and track dubbed the “re-melted zone”. The
depth of the melt pool and thus the amount of re-melting of the previous layer is
partially determined by the amount of energy applied per volume of material (known
as the energy density and explained further in the next section). The spacing between
each of the scan tracks determines the amount of overlapping and thus re-melting.
Re-melting of previous layers and tracks is key to building up an overall solid
structure by connecting previous layers to the melt pool. The shape of the melt pool
is influenced by a mass transfer phenomenon known as the Marangoni effect in which
low surface tension fluid is moved to areas with higher surface tension [14]. Surface
tension, caused by cohesive forces between molecules within a liquid at its surface,
causes a liquid surface to shrink by reducing its surface area [15]. The difference in
surface tension seen in melt pools is known as a surface tension gradient and is
affected by both temperature and composition. Generally, areas with a higher

temperature have a lower surface tension [16]. The direction of fluid flow is
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determined by the sign of the gradient. A negative gradient indicates that surface
tension reduces with an increasing temperature and prompts a radial outward flow
of the molten metal and produces a wider and shallower melt pool. A positive
gradient causes radial inward flow and produces a deeper and narrower melt pool.

The “mushy zone” shown in Figure 2 is comprised of a mixture of partially
melted powder next to the surface of the melt pool. This material absorbs heat from
the melt pool, becoming soft and pulpy [13] [17]. As this mushy zone is surrounded
by colder material on the outside surface, it solidifies quickly. Due to its rapid cooling
rate and high viscosity, particles adhere to the mushy zone with ease.

After the laser has moved on, the melt pool cools into the solidified zone.
Cooling and solidification rates determine the microstructure and other features of
this zone, such as distortion and pore formation. These in turn can be controlled by
variation of the process parameters discussed in the next section.

The heat affected zone is created due to the conduction of heat away from the
melt pool by the surrounding particles and can extend up to hundreds of
micrometres. On the front side of the melt pool (in the direction the laser is
travelling) this heat helps to reduce thermal shock and release inert gas trapped
between particles. This thus reduces the chances of material being ejected from the

melt pool, known as spattering.

Microstructure

The solidified microstructure is dependent on the thermal history of the part
including the local solidification rates within the melt pool, the cooling rate, and the
temperature gradient [18]. Differences in thermal history can result in different
microstructural morphologies:

¢ Columnar: Elongated grain morphologies
e Columnar plus equiaxed
e Equiaxed: Isotropic grain morphologies

Higher solidification rates and lower temperature gradients promote the

transition from columnar to equiaxed morphologies and increased cooling rates leads

to finer microstructures [18]. Such morphologies are also dependent on their location

-10 -
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within the part. At the bottom of a part heat is quickly conducted away by the build
plate which acts as a thermal sink. At the top, increased surface area and fewer re-
heating cycles result in greater heat loss through convection and radiation. Thus, at
both the bottom and top of parts, the microstructure is typically finer due to these
increased cooling rates. A coarser microstructure is typically seen in the middle

region of parts due to lower cooling rates and more cyclic reheating [12] [19].

2.1.3. Process parameters
There are several different SLM process variables that can influence the quality
of the output component. Yadroitsev et al. [20] separated the input parameters into
three categories:
a) Powder: composition, size distribution, shape, optical and heat transfer
properties, thickness of deposited layer for each cycle of fabrication
b) Laser: power, spot size, beam spatial distribution, scanning velocity and
application of protective gas atmosphere
c) Strategy of manufacturing: decomposition of each plane to be sintered on
several elementary elements (vectors), definition of orientation and distance
between them, definition of relative positions of elements into consecutive
planes
While all of these play a part in determining the overall part quality, from
reviewing the literature it was found that for the SLM process there are five process
parameters that are commonly varied to influence the quality of the output
component. These variables are laser power, scanning speed, hatch spacing, layer

thickness and build orientation [9][7][21].

FEnergy density

There are over 50 process parameters, as well as interactions between them,
which can affect the output quality of parts fabricated through SLM [22]. The
volumetric energy density combines four key process parameters to provide a single
variable that can be used as a simple predictor of overall part quality [7], [22]. The

energy density is a measure of the average amount of energy applied per volume of

-11 -
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material during the SLM process [23| and relates to the volume of powder melted
and the resulting melt pool size [24]. Volumetric energy density (o) is defined in

equation [2] as:

vsl [2]

Where P is the laser power, vis the scanning speed, s is the hatch spacing and
[ is the powder layer thickness (as shown in Figure 3). The amount of energy input
to the powder is dependent on the power of the laser and dwell time of the laser, as
determined by the scanning speed. The distance between adjacent melt tracks, as
determined by the hatch spacing, and the powder layer thickness both affect the
volume of material over which energy input is required in order to form overlapping

melt pools [13].

Figure 3: Diagram of the different SLM process parameters that make up energy
density — laser power, scanning speed, hatch spacing and layer thickness. This
image is originally by C. Yap et al. Reproduced with permission. [9]

A lower energy density may result in improper or incomplete melting of the
powder particles, whilst a higher energy density may cause turbulence, instability

and vaporisation of the melt pool [13|. Fayazfar et al. stated [7] that energy density

-12 -
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is commonly seen as a very good predictor for the relative density of parts and
numerous sources were found investigating energy density as a critical factor in the
fundamental properties of as-built parts such as porosity, microstructure and phase

proportion [21][25]|23](26].

Build orientation

SLM parts can be built in different directions relative to the build plate. This
build orientation will affect the cooling and solidification rates of the parts as it
affects how much of the part is connected to the build plate below which acts as a
heat sink. This can lead to anisotropic microstructure and properties due to
directional and spatially varying thermal conditions [27][25].

Columnar grains tend to orient inclined from the build plate and towards the
laser beam or melt pool direction of travel in each layer. Grains develop in parallel
with local heat transfer through conduction and solidify perpendicular to isotherms.
Thus, these local heat transfer conditions determine features sure as grain orientation
and texture. As the build height of parts increase, the bulk temperature of these
parts during processing increases and thus heat transfer through the build plate may
decrease due to an increase in convection and radiation of the part. This causes more
epitaxial growth of grains [12|. These changes in grain orientation led to anisotropic
responses in mechanical properties. Generally, the literature reports similar or
superior quasi-static mechanical properties, such as fracture toughness and tensile
strength, of AM parts compared to their cast or wrought counterparts [28][25][5].
However post processing techniques generally are required to obtain comparable
dynamic mechanical properties such as fatigue lifetime [5].

SLM parts are sometimes built with overhanging features that are not
supported during building either by solidified material or the substrate build plate.
These overhanging features are prone to defect formation that affects the surface
quality and microstructure. The uppermost, visible layers of a part are referred to
as the upskin while the area of a part that faces down towards the build plate, such
as the underside of an overhanging part, is referred to as the downskin. The process

of discretising CAD models into discrete layers for AM results in stepwise

-13 -
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approximations of inclined features with surface normals that are not parallel to
either the build plate or the build direction. This is known as the staircase or stair-
step effect, which increases the roughness of printed part and becomes more
pronounced as the inclination angle relative to the build plate increases and as layer
thickness increases [29] [30].

Unlike features directly connected to the build plate, overhanging features only
have unmelted powder to support them. The heat conduction rate for these
overhanging features is much lower compared to solid supported features. Thus, the
concentration of energy absorbed by the laser in these regions will be much higher,
causing the melt pool to grow large and sink into the powder due to gravity and
capillary forces [29], reducing the dimensional accuracy, and increasing the surface
roughness of the part. Overhanging features can also become warped due to thermal

stresses caused by rapid solidification and a lack of support structures [29].

Scanning strategy

Numerous authors have stated that the scanning strategy, which defines the
speed and direction that the laser moves, influences the residual stress,
microstructure and texture of the resultant parts [31][32][33] [34]. This is because
the path that the laser follows has a large effect on the heat distribution and can
directly influence localised temperature peaks [35].

Scanning is separated into two stages: contour and fill modes. In contour mode,
the outline of the parts slice section is scanned [35]. This is usually done to improve
the quality of the surface finish around the perimeter of the part and can be scanned
either before or after the rest of the cross section. Four common strategies for the
fill mode are: meander, stripes, island (or chess), and contour as shown below in
Figure 4.

The island scan strategy, which was used in this work, involves dividing each
slice of the build layer into squares (known as islands) resulting in a checkerboard
pattern. Within the squares themselves the laser is scanned in alternating vectors,
the spacing of which is defined by the hatch spacing and the speed defined by the

scan speed.

- 14 -
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Figure 4: Diagram of four different scanning strategies. This image is originally
by D. Pitassi et al. Reproduced under Creative Commons Attribution 3.0
License [35]

These squares are melted in a random order in order to reduce residual stresses
to avoid cracks and deformation [32]. After each layer is scanned, the scan strategy
is rotated to help balance the temperature distribution in the part and reduce the

chance of the powder recoater blade becoming caught on straight boundaries.

2.1.4. Unwanted physical phenomena
Energy density and its individual process parameters were previously discussed
as being key factors in predicting the overall density of a part produced through
SLM. Unsuitable combinations of parameters could otherwise cause unwanted
physical phenomena that lower the overall build quality by increasing the roughness

or reducing the accuracy of the actual part compared to the nominal CAD geometry.

Balling

Balling is the term given to the formation of spherical or elliptical particles
on the surface of a part due to surface tension and the melted powder layer not
wetting the substrate layer [9][36]. This is caused by insufficient energy being delivered
through a combination of too low laser power, high scanning speed and large layer
thicknesses [9]. These beads can obstruct the formation of continuous melt lines and
cause increases in surface roughness or in worse cases interrupt the powder coating
mechanisms. Li et al reported that balling could be reduced by reducing the oxygen
content to 0.1% and by remelting of the SLM surface as this would allow the beads to
be melted and wet the surface properly [36]. Further details from the literature will be

expanded upon in the roughness literature review section of this thesis.
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Porosity

Porosity is a blanket term used to refer to voids within SLM structures that
lower the overall density of a part. These pores can be irregular in shape causing
corners, trenches, or ripples within the volume. Corner edges can be the initiation
site for microcracks, while trenches and ripples can act as stress concentrators [13].
Sizes of these pores can vary from the nanoscale to hundreds of micrometres and
may contain unwanted remnants of the build process such as raw or partially melted
powder or trapped inert gas. Pores may also occur on the surface of parts, leading
to an increase in surface roughness and decrease of surface quality. There are
numerous mechanisms that can lead to the formations of pores through different
combinations of process parameters such as lack of fusion, sputtering, the keyhole

effect, or the entrapment of gaseous bubbles.

Lack of fusion

Insufficient overlap of successive melt pools, caused by low energy densities,
can create gaps of partially and unmelted particles between adjacent melt pools
[37][13]. As the melt pool solidifies and shrinks, this can create microcracks between
the partially melted powder and the melt pool. Increased track overlapping can
ensure the complete melting of all particles within the action zone; however, this

increase in energy density may result in spattering of material from the melt pool.

Spattering

A high energy density can cause spattering which is the ejection of molten
metal particles due to instabilities within the melt pool. The high laser power beam
causes vaporisation of the liquid metal and the subsequent gas expansion of the
powder creates recoil pressure and causes molten metal ejection from the melt pool.
This pressure can also cause ejection of non-melted powder particles and liquid metal
which forms droplets that adhere to the surface resulting in increased surface

roughness [38].

-16 -
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Keyhole effect

The keyhole effect is caused by too slow a scanning speed and too high a laser
power, resulting in excessive materials evaporation [39]. Some of the laser is reflected
from the top of the powder, whilst some penetrates deeper into the powder bed
where it is scattered. This scattering results in a higher temperature compared to
the top powder layer resulting in evaporation and formation of a melt pool under
the powder surface [13]|. Higher scanning speeds help to reduce keyhole formation as

they increase solidification rates and lower local energy densities.

Entrapment of gaseous bubbles

Gaseous bubbles from interparticle gaps can become mixed in with the melt
pool, potentially breaking into several smaller bubbles and forming spherical pores
within the part that lower the overall density. Increasing the energy density reduces
the viscosity of the melt pool, increasing the likelihood of ejection of the gaseous
bubbles however this can lead to explosions of the melt pool due to expansion of the

gas [13].

Poor surface quality

Energy density and build orientation are the key parameters that influence
surface quality. Mumtaz et al. found that high laser power can reduce balling
formation and increase recoil pressure within the melt pool to flatten it out, reducing
top and side part roughness [40]. Increasing the repeat scanning rate whilst reducing
scan speed was also found to reduce top side roughness. As previously stated, build
orientation has a large effect on surface roughness, with the surface topography of
parts manufactured at 0° relative to the build plate mostly determined by the ripple
effect [30] [41]. Ripples can be left on the surface due to the quick solidification of
the melt pool not giving enough time for ripples caused by temperature gradient
induced shear forces to flatten out [30]. As the inclination of the parts increases,
roughness is mostly determined by the staircase effect. Strano et al found that
partially melted particles tend to stick to these edges due to insufficient heating [30].

This phenomenon increases with the sloping angle and becomes the primary

source of roughness for surfaces within inclination angles greater than 45° relative to
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the build plate [41]. Downskin surfaces of inclined parts typically have lower surface
quality compared to upskin parts as the melt pools sag due to gravity. Balling and
porosity can also both affect the overall surface quality of SLM parts, leading to
increases in surface roughness and reductions in both density and mechanical
behaviour.

Post processing such as machining and etching are usually required to improve
surface quality, however these can be costly or laborious and depending on the
complexity of the parts geometry cannot always be employed on areas such as on
internal surfaces.

Whilst there are many definitions and standards for surface roughness of
traditionally made parts, no such standards exist for AM parts. This makes it
difficult to define exactly what constitutes as roughness and how to measure it.
Numerous different sources in the literature gave different definitions and methods.

This will be further expanded upon in the literature review section of this thesis.

2.2. Theory of surface roughness

2.2.1. Overview and principles
R. Leach et al. [42] described three methods of defining surface features:
e Surface topography — the overall surface structure of a part, including features
over all spatial wavelengths
e Surface form — the underlying shape of a part
e Surface texture — The surface features that remain after the form has been

removed, usually of shorter wavelength than the surface form

Surface texture can be further divided into roughness and waviness, as defined
by EN ISO 4287:1998 [43]. Both roughness and waviness are derived from the surface
by supressing longwave and shortwave components of the surface. However, they
differ by the size of the wavelengths filtered. The filter which defines the intersection
between the roughness and waviness components of a surface is known as the Ac

profile filter [43|. Generally, it can be stated that the cut-off wavelengths for
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roughness are smaller than those for waviness. This is demonstrated in Figure 5
which shows a generalised difference between length scales for roughness and
waviness. The work carried out in this thesis will focus on the roughness rather than

waviness as roughness was identified as a key factor influencing emissivity.

Roughness
Amplitude
“20pm

Roughness
Wavelength

Waviness Amplitude
~ 100 pm Waviness
Wavelength

“0.8mm |

Figure 5: Diagram showing the difference between roughness and waviness with

representative values given as examples. This is based on an image from [44]

2.2.2. Parameters and Measurement techniques

Roughness is most commonly measured by surface profile measurement:
drawing a line across a surface and translating that measured line into a height
function. This uses Cartesian coordinates where the x-axis lies in the direction of the
line, the y axis lies normal on the surface and the z axis in the direction of the height
displacement [42]. Although there are numerous parameters available to describe
surface texture, the most commonly used parameters are the profile parameters Ra,
the arithmetic mean deviation of the assessed profile and Rq, the root mean square
value of the ordinate values within a sampling length [43]. As defined in ISO
4287:1998, the direction of measurement is perpendicular to the direction of the
predominant surface form, known as the lay [42], [43]|. Several other important
characteristics for roughness measurements such as the length of the evaluation line

and size of the cut off filters are also clearly defined in standards.
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However, it is worth noting that at the time of writing, the majority of current
standards for defining and measuring surface roughness are intended for machined
surfaces rather than as-built additively manufactured surfaces, and have historically
been used for certifying that surface texture complies with drawing and specification
requirements [45] [41]. Roughness of such surfaces are typically periodic in nature,
referring to grooves, crack and dilapidations due to process kinematics and the shape
of the cutting edges used to machine the surfaces [46]. As previously mentioned, due
to the layered nature of the SLM process and heat dissipation during solidification
as-built SLM surfaces can contain numerous unique surface features, such as balling,
unmelted particles, rippling and the staircase effect. Combinations of these factors
can result in aperiodic surfaces and a multi-directional particulate texture with a lay
that varies around the component as the slope of the surface and orientation during
AM varies locally [47].

Profile measurements and the related parameters are limited in their ability to
accurately capture the complex features of SLM surfaces, giving incomplete
descriptions, and may be difficult to determine the exact nature of the topographical
features that influence these parameters, such as pits or re-entrant features [42].
Figure 6 shows an example of a surface captured using both profile and areal
techniques. From the profile technique alone the feature “A” could be misidentified
as a pit, while the areal measurement shows that this same feature (labelled as “B”)
is actually a much larger scratch.

Despite this, profile measurements and the related parameters are commonly
used when describing surface texture of additively manufactured surfaces. A.
Townsend, et al. found that they were used in 40% of the literature they surveyed
and A. Triantaphyllou et al. found that prominent AM machine manufacturers such
as EOS, Renishaw and Concept Laser characterise their AM component surfaces

using tactile profile measurements and Ra [47][45].
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-100

Figure 6: Diagram showing the same surface measured using profile and areal
techniques. From the profile “A” could be misidentified as a pit while the areal
trace shows that the same feature “B” is clearly a scratch. This image is
originally by A. Townsend et al [45], [48] Reproduced under Creative
Commons CC-BY

However, in recent literature there has been a trend towards areal topography
characterisation techniques for AM surfaces such as focus variation microscopy,
confocal microscopy, and X-ray CT scanning. Areal topography has the advantage
of producing a 3D image of a surface allowing for more information on the surface
to be captured. Despite the existence of standards for areal texture measurement
[49][50][51], this shift towards more suitable characterisation techniques for AM
surfaces is hindered by the lack of specificity for AM surfaces. This has resulted a
lack of consensus and numerous different techniques and parameters being used in
the literature. This will be discussed in more detail in the Literature Review section

of this thesis.
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Chapter 2: Background & Theory
2.3. Theory of thermal radiation heat transfer

2.3.1. Thermal radiation and emissivity

The three main types of heat transfer are conduction, convection, and
radiation. Unlike conduction and convection that transfer energy through a material
medium, radiation enables heat to be transferred through a perfect vacuum. When
specifically discussing electromagnetic radiation emitted by a body because of a
temperature difference between the body and the surrounding medium, this is
defined as thermal radiation [52]|. Figure 7 shows the spectrum of electromagnetic
radiation. Radiation stimulated by temperature encompasses wavelengths between
0.1 pm to 1000 pm and includes the visible, infrared and a small part of the

Ultraviolet (UV) regions.
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Figure 7: Classification of electromagnetic waves based on production and
wavelength range. This image is originally by Kirillov [53]. Reproduced with

permission.

Thermal effects are associated with thermal radiation. For radiative heat
transfer the effects are greatest for visible and infrared rays although for most
engineering applications the heat emitted in the range between 400-1000 pm is very
small [54], [55]. Thermal radiation is a phenomenon observed in all solids, liquids
and gases and is generated due to agitation of molecules and atoms because of their

internal energy which is dictated by their temperature.
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The electromagnetic waves emitted from a surface as radiation consist of
various wavelengths of varying intensity. This radiation is described in terms of
emissive power, which is related to the intensity of the radiation emitted and may
be defined as “ .. the energy emitted by the body per unit area and per unit time.” |52| [55].
As the temperature of the surface changes, so does the intensity of the wavelengths
emitted. The total radiation heat flux vector covers the entire range of wavelengths
and all possible angles of emission, which make up a hemisphere covering the surface
[55]. Total refers to average values over all wavelengths and hemispherical referring
to average values with respect to all directions [56]. When discussing the energy
emitted by a surface in all directions but at a specific wavelength, this is known as
the spectral or monochromatic emissive power of the body [54]. An ideal emitter,
known as a blackbody, is one that emits the maximum possible amount of radiation
over all wavelengths and in all direction at any given temperature.

The total hemispherical emissive power of a blackbody can be related to the
temperature of the body through the Stefan- Boltzmann law shown in equation [3]:

E, = oT? 3]

Where Ej, is the emissive power of a blackbody, T is the absolute temperature

of the surface in Kelvin and o is the Stefan-Boltzmann constant, which has the value
0 =5.699 x 108 W/m?* K*

For a given temperature and wavelength, no surface can emit more energy than
a blackbody. Blackbodies are thus used a reference when describing the emissive
power of real surfaces. Emissivity, €, is defined as the ratio of the radiation emitted
by a real surface to the radiation emitted by a blackbody at the same temperature.
The spectral, directional emissivity of a surface can be described through
equation [4].

E(T,4,6,®)

E,(T,2) 1]

&(T,4,0,®) =

Where E is the emissive power of a real surface and ¢ and 9 are angles used
to define the direction of the emitted radiation with respect to the surface
normal [55]. Emissivity is a dimensionless value that varies between 0 and 1. By

combining equations [3] and [4], the spectral, directional emissive power of a real
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surface can be expressed in terms of the emissive power of a blackbody shown in
equation [5].
E(T,A,0,®) = &(T,A,0,®)oT* [5]

However, for most engineering applications including the resistojet thruster
that is the subject of this thesis it is more useful to consider the total heat flux, the
same as the total emissive power, emitted by a surface over all wavelengths and
directions. This is determined by integrating the spectral directional emissivity over

all the wavelengths and directions as shown in equation [6].

£ = % fo E,dA 6]

This is also known as the total hemispherical emissivity of a substance and was
the emissivity term used in this thesis. Emissivity henceforth shall refer to total
hemispherical emissivity unless specified otherwise.

2.3.2. Kirchhoff’s law and surface effects

When a surface is irradiated, the energy is partly absorbed, partly reflected,
and partly transmitted through the specimen. Each of these fractions of energy are
defined by the absorptivity o, reflectivity p and transmissivity t of the material
respectively. However most solid bodies are opaque to incident radiation and thus
the transmissivity is taken as zero. Absorptivity and reflectivity can be related
through equation [7]

pta=1 7]

If the angle of incidence of the radiating beam is equal to the angle of reflection,
the reflection is said to be specular. If however the incident beam distributed
uniformly in all directions after being reflected, the reflection is defined as being
diffuse [52]. Although no real surfaces are perfectly specular or diffuse, generally it
can be said that rough surfaces exhibit diffuse behaviour more so than polished
surfaces. Similarly, polished surfaces exhibit more specular behaviour than rough
surfaces. Absorptivity and reflectivity are surface properties that are highly
influenced by the surface quality of the material. The absorptivity and emissivity of
a material can be related to each other through Kirchhoff’s Law which states that

the total hemispherical emissivity for a material is equal to its total hemispherical
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absorptivity [52], [57]. Thus, by substituting back into equation [7], emissivity can
be related to the reflectivity of a material through equation [§].
e=1-p 18]

As reflectivity is highly dependent on the overall surface quality of the material,
emissivity can thus also be seen to be highly dependent on overall surface quality
determined by factors such as surface roughness [52]. The relationships between
emissivity, reflectivity and absorptivity are the basis for several methods of
measuring the emissivity which will be discussed in greater detail in the literature

review section of this thesis.

Surface effects and Emissivity

When discussing gases and semi-transparent solids such as glass, emission is
considered a volumetric phenomenon; the radiation is the integrated effect of
emission throughout the entire volume of the body. However, in most solids and
liquids, radiation emitted by molecules within the bulk is strongly absorbed by
adjoining molecules. Thus, for most solids the radiation emitted originates from
roughly 1pm from the exposed surface. Thus for solid bodies, such as the SLM metals
in this thesis, emission is viewed as a surface phenomenon and thus surface quality
can have a large effect on the emissivity of the body [57], [58].

Numerous surface characteristics including temperature, roughness, physical
structure, and chemical composition can affect emissivity. Touloukian et al stated
that metallic surfaces could be described by three different characteristics, each of
which had an influence on emissivity [58]. These characteristics are shown in Table
1. It is difficult to consider these entirely separately from one another as altering one
has an influence on another.

Of these characteristics, the influences on radiative properties from surface
roughness (topographical) and films such as oxide growth (chemical) were reported
to have the largest effect [58]. This is particularly true when the variation of the
surface profile or the thickness of the film is on the same order of magnitude as the

wavelength of interest.
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Table 1: Table showing the different characteristics of metallic surfaces that
influence emissivity[58]

Characteristic Description [5§]

Topographical Describes the profile/geometry of the surface and is the
boundary between the material and the surrounding
medium. Surface textures such as roughness are described
by this category

Chemical Describes the composition of the surface layer and includes
inhomogeneities and contaminants

Physical Describes the structure of the surface on the atomic level,
such as the crystal lattice or particle size

Surface roughness and Emissivity

Surfaces can be divided into two broad categories depending on their roughness:
optically smooth (ideal) or rough (real) [58]-[63]. Rough surfaces can then be further
divided into three different regions depending on optical roughness, which is
described as the ratio of the root mean square (rms) surface roughness, Rq, to

wavelength of the incident radiation, A. These three regions are:

- The Specular region: 0 < % <0.2
- The Intermediate region: 0.2 < R)L—q <1

R
- The Geometric region: Tq >1

In the geometric region, surface roughness is on a comparable length scale to
the wavelength of the radiation. In this case, geometric optics which describes
radiation in terms of rays of light can be used to describe the interaction between
radiation and surfaces. As the roughness increases, so does the contact between
incident light and the surface as there are more internal reflections of light. This
results in fewer immediate reflections away from the surface and greater absorption
which, following Kirchhoff’s law leads to greater emissivity [61], [62]. This difference
between high and low roughness surfaces is shown in Figure 8. Surface roughness on

this geometric length scale is commonly found for as-built SLM surfaces.
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() (b)

Figure 8: Diagram showing how higher surface roughness can cause more
internal reflections of light and thus higher emissivity for (a) high roughness
surfaces and (b) low roughness surfaces

Despite this being a common method used to describe the relationship between
roughness and emissivity, some studies have questioned its applicability. Recent
studies have shown that the relationship between surface roughness and emissivity
cannot solely be described by the rms roughness, and that the slope of the peaks
that make up the surface and other surface texture parameters may have a larger
effect on the emissivity [60], [61]. This was due to the aperiodic nature of real surfaces
and thus may be particularly true for SLM surfaces. Other studies have stated that
the geometric optics is only applicable for simple, periodic models of surfaces and
that it breaks down for more irregular surfaces [61]. Both will be discussed in greater

detail in the literature review section of this thesis.

2.4. Theory of Resistivity

2.4.1. Overview and principles

Electronic conduction within a solid describes the motion of electrons under
the influence of an externally applied electric field [64]. Electrons must be free to
move for this to occur. The energy of the electrons must be above a certain level,
known as the Fermi energy, to participate in the conduction process. For metals,
relatively little energy is generally required to excite large numbers of electrons into
becoming free. Metals are thus regarded as being good conductors of electricity. Free
electrons accelerate in the direction opposite to an electric field. As described by the
free electron model, there is no interaction between accelerating free electrons and

the atoms in a perfect, periodic crystal lattice [64].
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Theoretically, under an applied electric field, electrons should be able to
continuously accelerate causing the electric current to increase with time. However
in reality currents reach constant values due to frictional forces acting against the
acceleration of the electrons [65]. These frictional forces scatter the electrons and
come from the fact that in practice, no crystal structure is perfectly periodic.
Departures from the periodicity can come from numerous different sources. These
include thermal vibrations of the atoms, imperfections in the lattice such as
dislocations, vacancies or grain boundaries and substituted or interstitial atoms [64],
[65]. As described by the Drude model, each scattering event causes an electron to
change its direction of motion and lose kinetic energy, transferring it to the solid
[64], [65]. However, there is still a net electron motion in the direction opposite the
electric field, which is the electric current. Resistivity can be defined as a material’s
inherent resistance to this flow of electrons, caused by collisions or scattering of the

electrons.

2.4.2. Pure metals and alloys

For well annealed pure metals temperature is the dominant contributor to
resistivity. As temperature increases so do the amplitude of vibrations of atoms
about their mean positions. This thus changes the interatomic spacing and
periodicity of the crystal lattice resulting in changes to the electrical resistivity.
Dislocations can cause temperature independent resistivity, but the contribution of
dislocations to the overall resistivity is negligible at high temperatures and only
significant at cryogenic temperatures [64].

However, when considering metallic alloys such as the metal that is the subject
of this thesis, the impact of foreign atoms on the resistivity must be considered and
can have greater contributions to resistivity than temperature. Alloys can be divided
into two different categories depending on the concentration of alloys added to the
host crystal lattice.

Dilute alloys are those for which the alloy addition is typically less than 5%

[64]. For such alloys, when foreign atoms are randomly substituted for host alloys,
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if the foreign atoms do not interact with one another and the host lattice structure
is preserved then the resistivity increases proportionally to the number of atoms
added. Because these foreign atoms vibrate similarly to the host atoms, their
contribution to the overall resistivity is temperature independent [64]. This

relationship can be explained through Matthiessen’s rule, shown in equation [9].

po(T) = p,(T) + p(c) 9]

Where p,(T) is the overall resistivity of the dilute alloy, p,(T) is the resistivity
due to temperature variations of the host and p(c) is the resistivity contribution due
to foreign atoms.

Concentrated alloys, which have alloy additions greater than 5%, are notably
more complex. Such alloys include 316L stainless steel, the metal under investigation
for this thesis. Concentrated alloys can contain regions where foreign atoms order
themselves at distinct lattice points, resulting in a degree of periodicity that may
actually have a lower resistivity compared to surrounding random states [64]. Such
ordered states generally only occur below certain critical temperatures, however they
generally add to the degree of complexity when describing the resistivity of alloy
systems.

The term pp(T) in equation [9] becomes less significant as there is less
distinction between host and foreign atoms. At the same time that the concentration
of foreign atoms increases, their contribution to the resistivity increases and becomes
the dominant factor over temperature [64]. Such alloy systems can have multiple
phases coexisting at the same temperature, each of which can have their own
characteristic resistivity which may vary differently with temperature. As a result
of this, it becomes difficult to estimate the resistivity of alloys without empirical

data [64].
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2.4.3. SLM metal microstructure

As previously described, due to the rapid heating and cooling that occurs
during the SLM build process, the microstructure of SLM metals can be notably
different compared to their cast counterparts.

For 316L stainless steel, a notable difference is the presence of columnar grains
with cellular structures, defined by sub-grain boundaries enriched with heavy
elements [66], [67]. The presence of many sub-grain boundaries may result in a larger
deviation from periodicity compared with cast 316L, and thus greater resistivity. In
addition to this, SLM parts may suffer from defects during the build process such as
porosity. Such defects may also reduce the periodicity of the metal, increasing the
resistivity. From reviewing the literature, few studies were found that investigated
how the microstructure of SLM metals affected the resistivity, presenting a notable
gap in the knowledge that this work intend to fill. The work that was found is

presented in the literature review section of this thesis.

-30 -



C. Ogunlesi — February 2022

3. Literature review and state-of-
the-art

This chapter is an overview of the current state of the art of several key
concepts that helped to define the methods and experimental windows used in this
thesis. The concepts explored in this chapter include 316L stainless steel, surface

roughness, total hemispherical emissivity, and electrical resistivity.

3.1. 316L Stainless steel
3.1.1. Introduction

As previously stated, this work was a continuation of the work by F. Romei
et al. Due to low cost and ease of availability, the prototype resistojet was built
using 316L stainless steel. Although at the time of writing M. Robinson et al. are
continuing the development of the resistojet with new materials capable of reaching
higher temperatures [1], 3161 was also chosen as the material to be investigated in
this work. This was not only also due to the low cost and ease of availability but
because characterisation of the resistojet had already been carried out in 316L
meaning there was data to compare the results of this work against.

This section aims to provide an overview of the state of the art of SLM of 316L
stainless steel. An emphasis is placed on the microstructure and crystal growth
mechanisms as they influence the resistivity, and on values of process parameters as

they informed the ranges of values used in this thesis.

3.1.2. Cast 316L stainless steel
Stainless steels (SS) are alloys of iron that contain a minimum of 10.5%
chromium and varying amounts of carbon, silicon, and manganese. The addition of
chromium helps to form a ‘passive layer’ on the surface, preventing the further
corrosion of the surface. Other elements may be added to stainless steel to improve
properties such as formability and corrosion resistance such as nickel and

molybdenum [68].
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Stainless steel is commonly divided into five different types depending on the
microstructure and alloying elements: ferritic, austenitic, martensitic, duplex and
precipitation hardening [69]. Type 316 steel is an austenitic chromium-nickel
stainless steel containing between 2-3% molybdenum. The addition of a minimum of
8% nickel results in the austenitic grain structure defined by the face-centred cubic
(FCC) crystal structure whilst the addition of molybdenum improves corrosion
resistance and increases strength at high temperatures [70]. There are numerous
different types of 316 stainless steel, including the L, F, N and H variants, each letter
corresponding to variations in the chemical composition. The L variant refers to the
low carbon content (0.03% max) compared to regular 316 stainless steel (0.08% max)
[70]. This lower carbon content minimises deleterious carbide precipitation, when
carbon is drawn out of the metal and reacts with chromium at elevated temperature,
thus lowering corrosion resistance [70]. The suitability at high temperatures and
good corrosion resistance are reasons why 316L stainless steel is commonly used for

SLM applications. Table 2 shows the composition ranges for 316L stainless steels.

Table 2: Composition ranges for 316L stainless steel

Element C Mn Si P S Cr Mo Ni N
Min (wt. %) - - - - - 16.0 2.00 10.0
Max (wt. %) 0.03 2.00 0.75 0.045 0.03 18.0 3.00 14.0 0.10

The microstructure of 316L stainless steel is typically made up of equiaxed
grains with straight boundaries, the size of which highly dependent on the method
used to form the results parts. An example of this is shown in Figure 9. Song et al.
investigated the microstructure and mechanical properties of solution treated and
hot rolled specimens of 316L stainless steel. The average grain size of the hot rolled
specimen was 21 pm and 33 pm for the solution treated specimens [71] whilst other
sources have reported grain sizes for 316L ranging from 10 pm — 40 pm [72]. The
solution treated 316L possessed a single-phase austenite microstructure and a

decreased ferrite content of 6% compared to the 10% of the hot rolled steel.
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Figure 9: Optical microscope image showing a typical microstructure of cast
316L stainless steel. This image was originally by Tascioglu et al. Reproduced
with permission [73]

3.1.3. SLM 316L stainless steel

Microstructure overview

From reviewing the literature, the reported morphology of SLM 316L is notably
different compared to cast or wrought 316L. Zhong et al [67] discussed the
morphology at macro and microstructure scales. Rather than the equiaxed grains
seen in Figure 9 for cast 316L, at the macro level SLM samples show a layered
structure characterised by melt pools of width 200 pm and height 80 pm, however
these dimensions were dependent on the spot size and input energy density. Liverani
et al. reported that the orientation of the melt pools are dependent on the build
angle [25]. Within these melt pools were columnar grains which grew through melt
pool boundaries in the direction of the thermal gradient, as seen in Figure 10. The
sizes of these columnar grains were generally found to vary between 10 pm - 100 pm
[67] [66]. These differences in size and crystal anisotropy found in the grains were
reportedly due to the large temperature gradients and different solidification rates

in melt pools when forming due to the rapid movement of the laser beam [66].
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At the micro level, within these columnar grains a cellular structure was
reported with sizes of cells varying from 0.5 pm - 2 pm and defined by sub grain
boundaries [66] [25][67]. Saeidi et al reported that these sub grin boundaries were
resistant to etching as they were enriched with heavier elements, specifically
molybdenum. This was due to the fast cooling rates during the laser melting process
and insufficient time for diffusion and alloying of large atoms heavier than
molybdenum during the rapid crystal growth [66]. This cellular structure resulted in
high concentrations of dislocations and residual stresses at these cellular boundaries.
Decreasing the scanning speed however resulted in greater accumulation of thermal
energy around the cells, providing more internal energy for their growth and thus

larger sizes.

Figure 10: Etched surfaces of SLM 316Lshowing (a) an optical microscope image
of the columnar grain structure and (b) an SEM image of elongated melt pools.
This image was originally by Zhong et al[67]. Reproduced with permission

The shape of the cells, as shown in Figure 11, was described as equiaxed
polygonal or elongated depending on their growth direction which was strongly
influenced by the thermal gradient direction [25]. Wang et al. found that the size of
these cells varied with SLM process parameters. As the energy density was increased,
the primary cell spacing also increased resulting in a coarsening of the grains [74].
Similar results were found by Yadroitsev et al as they investigated the effects of
energy input on primary dendrite spacing [75]. This was explained in terms of the
scanning speed of the laser. Increasing the scanning speed increased the amount of

kinetic undercooling in the melt pool which increased the nucleation rate. This thus
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refined the microstructure and decreased the primary cell spacing [74]. Decreasing
the scanning speed however increased the energy density and heat transfer between
the melt pool and heat affected zone, providing internal energy for the growth of

larger cellular dendrites [74] [76].

-

Figure 11: SEM images showing the typical cellular structures seen in SLM
316L. image (a) shows equiaxed polygonal cells while (b) shows elongated cells

Certain  sources reported circular nano-inclusions throughout the
microstructure which appeared as black circles under SEM imaging, the composition
of which was dominated by silicon, chromium and oxygen [66][67]. These inclusions
were described as amorphous glass phases of chromium containing silicate nano-
inclusions. These formed due to silicon and chromium reacting with the trace
amounts of oxygen within the steel powder or laser chamber during the forming

process [66].

Kinetics

Whilst a columnar structure is typically seen in conventionally cast steel due
to undercooling, it is different from the columnar sub-grain structure seen in laser
melted steel. Saeidi et al stated that the columnar sub-grain structure probably
formed due to the slow kinetics of homogeneous alloying of large atoms of heavier
elements resulting in compositional fluctuations [66]. Zhong et al gave similar
reasoning stating that the cellular structure was likely formed due to the high cooling
speed and non-equilibrium conditions during the melting process [67]. Both Saeidi
et al. and Zhong et al. described the formation of the cellular structure in terms of

the G/R ratio, where G is the temperature gradient in the liquid and R is the
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solidification rate. The G/R ratio determines the solidification microstructure while
G*R, the cooling rate, determines the fineness of the microstructure. From high to
low G/R ratios, planar, cellular, cellular dendritic (columnar) and finally dendritic
structures are expected [66][74].

Despite many sources only identifying cellular microstructure within SLM
316L, Wang et al observed planar, cellular, and cellular dendritic regions within
SLM 316L and used finite element analysis (FEA) to explain the origin of the
different microstructures. They found that the thermal gradient 45° from the melt
pool in the build direction was smaller compared to the gradient directly down from
the melt pool in the build direction. This smaller gradient resulted in the formation
of a constitutional undercooling zone thus inducing dendritic growth. The higher
temperature gradient directly beneath the melt pool however had such a high cooling
rate that there was insufficient time to form secondary dendrite arms and thus only
cellular morphologies were observed.

Generally, it can be said that the SLM process results in a high G/R value and
thus cellular dendrite growth is preferred compared to planar front growth resulting
in the intragranular cellular structure. The G values reportedly can reach as high as
105-107K /s resulting in an extremely fine microstructure on the order of 0.5-2 pm as

previously described [66][74][67].

Phases/Texture

Several sources were found discussing the phases present in 3161, manufactured
through SLM. Generally both precursor metal powders and SLM samples showed
only the FCC austenite phase [25] [66], corresponding to XRD peaks at (111), (200)
and (220) [74]. However, XRD analysis commonly showed that SLM samples had a
broadening of peaks due to residual stresses and lattice distortion [25] [67]. E.
Liverani et al. investigated how build angle affects these phases and found that
samples built at 45° showed a preference for (111) planes, whilst samples at 90°
showed a preference for (220) planes. This was reportedly due to the presence of
preferential crystallite growth orientations induced by the SLM process. Saeidi et al

found that SLM samples showed a preference for the (100) plane however it was not
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stated at what angle these samples were built [66]. Saeidi et al. however stated that
due to the resolution of XRD, they could not rule out the formation of other minor
phases. They used EBSD to clarify this and determined that there was also a very
small fraction of ferrite with BCC structure [66]. However, no other sources were

found with similar results.

Process parameters

To reiterate, an overall goal of this thesis was to understand how process
parameter variation affected the material properties emissivity and resistivity, and
to use this to create an improved thermal model of the resistojet. When building the
samples for this thesis, it was important that the process parameters produced fully
dense parts to be as representative of the resistojet as possible and that they covered
a range of values to better map out the design space and understand how the inputs
and their interactions affected the measured outputs. (More information on the
experimental design is given in the methodology section of this thesis).

To achieve this, process parameters from literature were reviewed and used as
a basis for the parameters chosen in this study. Focus was given to process
parameters used to produce high relative density (>99%) thin-walled parts on the
order of hundreds of microns as these were similar to the thin walls of the STAR
resistojet. A review on how process parameters affected surface roughness is

presented in section 3.2.4 of this chapter.

Thin-walled specimens

While little information in the literature was found discussing process
parameters specifically focused on thin-walled 316L parts, two reports by Y. Liu et
al. and X. Su et al. investigated similar ranges of values [22], [77]. Y. Liu et al. used
Design of Experiments (DoE) to investigate how varying the laser power, scanning
speed and layer thickness affected the track width, surface roughness (Ra) and
hardness of thin-walled parts. The ranges of their process parameters were produced
through trial and error and are shown in Table 3. While they did not give the

nominal part width, they produced thicknesses varying from 134 pm — 320 pm. They
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found that, within their design window, laser power had the most significant effect
on track width and the least on roughness. Higher laser powers led to higher energy
densities and larger melt pools which resulted in larger track widths. They produced
a set of optimised process parameters with the goal of maximising the track width,
which are shown in Table 3. X. Su et al fabricated a 3 mm long gridded radiator
with thin walls that varied gradually along the length of the part from 80 pm —
120 pm using fixed process parameters chosen from previous experimental work [77].
They reported that the minimal fabricated geometric feature was mostly dependent
on the laser spot size, with spot sizes larger than the CAD part geometry resulting
in larger than intended parts being produced. They successfully produced parts with
absolute errors of around 20 pm, with the largest factor affecting the dimensional
precision being half-melted particles stuck to the sample. While neither of these
reports gave information on the relative densities of the parts produced, the

parameters they reported still give a good baseline to build from for this thesis.

High density specimens

When discussing AM parts, density is commonly described in terms of relative
density. This is the percentage density of a part compared against a theoretical
completely dense part of the same material. Several reports from the literature were
found that gave details on the process parameters used to produce high relative
density (<99%) parts. A summary of such values is shown in Table 4.

Fayazfar et al reported that energy density was commonly referred to as one
of the best predictors for the relative density of a part produced through PBF
techniques [7]. While many sources did relate relative density to energy density, a
wide range of energy densities have been reported to produce high density parts.
Thus, energy density alone should not be used as a predictor and it is important to
understand the influence of the individual process parameters that make up energy
density on the densification behaviour of parts.

S. Greco et al. considered this by varying the laser power and layer thickness
on cubic samples, but holding energy density constant at two different levels by

adjusting the scanning speed (33.3 J/mm3 and 119 J/mm?) [78]. They reported a
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large variation in density varying from 70% - 99%. They found that the relative
density generally did increase with energy density and laser power but decreased
with increasing layer thickness. Higher laser powers led to higher amounts of thermal
energy and thus more of the part being heated above its melting point and increasing
the density. Higher layer thicknesses however led to insufficient amounts of energy
being delivered to raw or already melted layers, lowering cohesion of new layers with
already existing material, and thus reducing the relative density.

Y. Deng et al. used DoE to vary the laser power, scanning speed and hatch
spacing with the specific goal of producing a set of optimised parameters to maximise
relative density and minimise surface roughness [79]. Despite optimisation attempts,
their highest density was less than S. Greco et al. at 98.72%. Y. Deng et al. found
that laser power and scanning speed were significant to the density and both had
produced curved responses. They explained the relationship of density and laser
power similarly to S. Greco et al, that higher laser powers increased the amount of
melted material and thus density. However, they also stated that too low laser
powers did not melt the powder completely resulting in balling and too high laser
powers caused melt pool instabilities and keyhole effects, both reducing the density.
They related scanning speed to the solidification rate of the melt pool. Higher
scanning speeds caused the melt pool to solidify before the powder was completely
melted, decreasing the density.

D. Wang et al. also investigated how process parameter variation affected
densification behaviour for tensile specimens [74]. They varied the scanning speed
while keeping the laser power, layer thickness and hatch spacing constant and
produced parts varying from 94% - 98% density. Like S. Greco et al. they found that
generally as the volumetric energy density increased so did the relative density of
the part, though they described the rational slightly differently. They claimed low
energy densities led to low temperatures within the melt pool and insufficient liquid
formation. This decreased the viscosity of the melt pool and limited the densification
behaviour. Viscosity of the melt pool reportedly increased enough to improve the

densification at energy densities greater than 125 J/mm3.
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Table 3: Table showing process parameters for thin-walled 316L structures from literature

maximise track width

. *These values are optimised to

Paper Average Machine Laser Hatch Laser Scanning Hatch Layer Build Fluence Sample
particle spot size  pattern = Power speed spacing thickness direction (J/mm3) shape
size (pm) (nm) (W) (mm/s) (mm) (mm) ()

Y. Liu 17.11 DiMetal- 70 single 70-170 65-235 N/A 0.0215- 90 - grid

et al |22] 100 track 0.0385 structure

radiator

Y. Liu 17.11 DiMetal- 70 single 150 105 N/A 0.0344 90 - grid

et al * 100 track structure

[22] radiator

X. Suet 17 Dimetal2 70 inter- 150 600 0.12 0.035 90 59.52 grid

al. |77 80 layer structure

stagger radiator
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Table 4: Table showing process parameters for 316L structures from literature that investigated relative density. *These values
are optimised to maximise relative density and minimise surface roughness

Paper Powder Machine Hatch Laser Scan speed Layer Hatch Build Fluence Relative
size (nm) pattern power (mm/s) thickness spacing direction  (J/mm3)  density (%)
(W) (mm) (mm) )
E. Liverani 15 - 45 SISMA Island 100, 150 700 - 0.05-0.07 45-90 102 - 98 - 99.9
et al. [25] MYSINT10 214.3
0
Saeidi et al. 22 - 53 EOSINT M bi- 195 800 0.02 0.1 - - 98.6
[66] 270 directional
Zhong et al. 10-45 AM250 Stripe - 1000 0.05 0.1 - - 99.8
[67] Renishaw
D. Wang et  21.6 Dimetal- Inter-layer 300 700 - 1200 0.03 0.08 - 125 — 94-98
al. |74] 100 stagger 178.57
S. Greco et - Mlab Island 30 - 90 - 0.025 - 0.056 - 33.3,119  70-99
al. 78] Cusing 0.045
Y. Deng et - FS271M - 150 - 300 700 - 1300 - 0.06 - 0.12 - 98.25 -
al. [79] 98.71
Y. Deng et - FS271M - 259.1 900 - 0.0867 - 98.72
al. [T9]*
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Reports of note were by E. Liverani et al. who produced tensile specimens and
Zhong et al. who produced rectangular and cylindrical specimens [25|, [67]. They
reported the highest densities at 99.9% and 99.8% respectively. However, neither report
detailed the physical reasons why their chosen parameters resulted in such high-density
parts. E. Liverani et al did find that, contrary to S. Greco et al., parts with relative
densities greater than 98% were only produced with energy densities of 100 J/mm? or
higher and that build orientation had no effect on the relative density. Zhong et al
stated that because their parameters were adjusted for the bulk specifically that border
and overhanging regions would experience different thermal histories and had different

microstructures compared to the bulk.

3.1.1. Summary

The microstructure of SLM 316L is notably different compared to cast 316L due
to the rapid cooling and high thermal gradients that occur during the SLM build process.
Cast 316L consists of equiaxed grains with straight boundaries on the order of 10 pm —
40 pm, while SLM 316L microstructure is characterised by layered melt pools through
which grow columnar grains between 10 pm — 100 pm. Within these grains is a cellular
structure formed due to compositional changes that occur during the rapid solidification.
The cells vary between 0.5 pm — 2 pm and the boundaries of these cells are rich in heavy
elements like molybdenum and can have high concentrations of dislocation and residual
stresses.

Process parameters play a large role in determining the overall quality of parts
produced through SLM. For thin-walled specimens, different factors were given as being
the most critical to determine the accuracy of the parts compared to the nominal CAD
geometry. Y. Liu et al. were able to successfully produce thin-walled parts varying
between 134 pm — 320 pm, with laser power having the largest effect on track width as
it resulted in higher energy densities and melt pools. X. Su et al also produced thin-
walled parts, from 80 pm — 120 pm, with the biggest factor that affected the dimensional
precision being half melted particles adhered to the sides and part width mostly affected

by the diameter of the laser spot size.
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For high density (>99%) parts, although generally energy density was commonly
described as being key for determining the relative density, S. Greco et al found the
same energy densities (33.3 J/mm? and 119 J/mm3) could give different results and that
it was important to understand how the individual parameters that make up energy
density interact with the parts. Both S. Greco et al. and Y. Deng et al. were able to
produce high density (>98%) parts, both claiming that higher laser powers led to

increased melting and thus higher density.

3.2. Surface Roughness

At the time of writing there are several ISO/ASTM standards from the ASTM
committee F42 on additive manufacturing. However, these standards focus on materials,
test methods and design of AM parts [80]. There are currently no standards on how to
define and measure roughness on additively manufactured surfaces. This has resulted in
a lack of consensus in the literature as to the best methods to quantify and qualify
roughness on AM surfaces. Although common techniques were found between different
sources in the literature, the specific applications of these techniques and the parameters
used to qualify roughness were found to vary significantly. Presented here is a summary
of the different techniques and parameters found for qualifying AM surfaces. Finally, a

short summary on the effects of SLM parameter variation on roughness is presented.

3.2.1. Review papers and state of the art

Both A. Townsend et al. and R.K. Leach et al reviewed the current state of the
art of surface texture measurements for AM surfaces [45], [81]. In general it was found
that, with few exceptions, AM surface texture research is still at an early stage with few
real industrial applications or specific requirements [45]. Most of the research was focused
on metal PBF, and specifically challenges around SLM and Electron Beam Melting
(EBM) parts. Within that, stainless steel comprised 39% of the examined literature,
with 70% of that focused on 316L stainless steel making stainless steel the most
investigated metal. The research included in this thesis will focus on PBF techniques
that used materials relevant to high temperature resistojet applications, including 316L

stainless steel.
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3.2.2. Measurement techniques

Generally, surface texture metrology can be performed by either profile or areal
measurement techniques. Profile measurements involve drawing a line across a surface
and generating a two-dimensional height profile of the surface from that data, whilst
areal measurements create three-dimensional height maps of surfaces. As reported by
A. Townsend et al, there are a variety of different methods through which these
techniques can be applied including contact, optical, non-contact/non-optical and
pseudo-contact [45]. The choice of which technique is most appropriate to the surface is
dependent on several factors including the complexity of the information trying to be
acquired, the nature of the material and the length scale of the features of interest. Each
of these methods possess strengths and weaknesses depending on the type of surface and
information they are trying to capture. Different techniques are critically reviewed here

before deciding which is most appropriate to use in this thesis.

Profile measurements

To reiterate, although profile measurements are more commonly used, they are
limited in their ability to fully describe surfaces and may give incorrect information.
Despite this, numerous papers were found using profile measurement techniques on AM
surfaces, possibly due to the long heritage of profile measurements for surface texture
characterisation and perceived easier use of profile techniques. Using profile roughness
measurement and the associated parameters would also allow for direct comparison with
machined or turned surfaces as well as other AM surfaces in literature.

The basic process of extracting a line profile from a surface involves drawing a line
across a surface and translating that measured line into a height function using Cartesian
coordinates to describe the direction of the height and measurement. After drawing the
line profile, filters are applied to separate the form, roughness, and waviness components
and then parameters are measured on the resulting profile. This process is outlined below

in Figure 12 and these filters are [43]:
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o A profile filter — defines the intersection between the roughness and shorter
wave components

o ¢ profile filter — defines the intersection between the roughness and
waviness components

o A profile filter — defines the intersection between waviness and longer wave

components

Profilometer

Real _ _ _ Extracted Fortm_rem?:wal A Filter _
Surf [ Bandwidth [ Profil [ Fitting with [ Low-pass Filter with
urtace Stylustip rotfie nominal shape s cut-off
Mechanical surface Samplmgﬁ:heme Sampledin X
Electromechanical surface Digitized inZ
. A Filter Prima
y
W Parameters: Wg, Wsk, ... ‘ Wawr'!ess | | Low-passFilter with Profil
! Profile ! rofile
.. cut-off
E—— A Filter
R Parameters: Rg, Rsk, ... ‘ O:gf_r;ess | | High-pass Filter with )
el #. cut-off P Parameters: Pq, Psk, ...

Figure 12: Diagram outlining surface operations for profile measurements. This
image is originally by F. Blateyron [82]

Cut-off is the term used to describe the wavelength at which the filter attenuates
the amplitude of the surface by 50% to differentiate between the different surface
components [82]. The lengths of the cut-off filters for machined and turned surfaces are
well defined in standards. ISO 4288 gives several cut-off filter lengths depending on the
parameter that is being measured (such as Ra) and the range of the parameter value
that is expected [83]. For example, if the surface is expected to have Ra values between
0.02 pm - 0.1pm, a cut-off wavelength for the A, profile filter of 0.25 mm is recommended.
It is not stated exactly how these lengths were determined. The average value of the
surface measurement over the line profile and below the cut-off filter is taken as the
parameter value. The length of this line profile, known as the evaluation line, should be
equal to five times the cut-off wavelength. Thus, a cut-off wavelength of 0.25 mm would
have an evaluation line of 1.25 mm.

However, the ISO 4288 standard makes several references to drawings and
technical specifications and was intended for machined or turned surfaces. Although it

does give cut-off wavelengths and evaluation lines for the large roughness values
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commonly seen in AM surfaces, as previously stated AM surface features can be very
different compared to machined surfaces. The exact boundary between roughness and
waviness is more uncertain and it is unclear whether the relevant surface features will
still be accurately captured when using the cut-off filters recommended in the standards.
F. Cabanettes et al supported this statement by claiming that classical filters and cut-
offs are difficult to transpose to AM surfaces [84].

A prevalent profile measurement method found in the literature was contact
profilometry in which a stylus is dragged across a surface and the displacements of the
stylus correspond to the materials surface profile. Several examples of AM surfaces
measured using contact profilometry were found in the literature [22], [40], [47], [84]-
[93]. However, because of the uncertainty of how to apply the existing standards to AM
surfaces there was little to no consensus on the cut-off filters used to determine the
roughness of the surfaces. As a result, it is difficult to compare roughness values between
sources as they each define the boundary between roughness and waviness differently.
Many of papers that mentioned using contact profilometry did not state the cut-off
wavelengths making it difficult to properly evaluate or repeat these measurements [89]-
[91]. In several instances it was found that cut-off filters were used that did not
correspond to the surfaces recommended by the standard. For example, K. Mumtaz et
al. and Y. Tian et al. both used evaluation lengths of 12.5 mm and cut-off lengths of 2.5
mm. However both of these papers reported Ra values of up to 40 pm which is
significantly higher than the 2 pm — 10 pm range recommended in the standard [40][86].
Only one source by A. Triantaphyllou et al was found to apply the standard
recommended cut-off wavelength of 8 mm for their reported Ra values between 5 pm —
45 nm [47]. F. Cabanettes et al. compared contact profile measurements with optical
techniques and found that contact methods did not measure the topography as
accurately, not capturing the fact that the surface degraded with increasing build angle
relative to the build plate. This may have been due to physical factors affecting the
stylus such as deterioration, adhesion of melted particles to the stylus or mechanical

filtering [84].
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Although less widely used there are also non-contact methods of acquiring surface
profile data. Only two instances of applying these to AM surfaces were found in the
literature, both using digital optical microscopes [94], [95]. Neither of these sources
however gave information on the cut-off wavelengths applied. Rather than using a stylus,
non-contact measurement techniques typically use light to scan a surface although the
exact principle behind each technique varies depending on the method used [96]. These
methods differ in how they acquire the profile line data, but after the data has been
acquired the steps to process the data as outlined in the ISO standards remains the
same. These techniques offer certain advantages over contact measurements such as not
potentially altering or damaging the measured surface, increased measurement speed
and being able to measure smaller asperities [96]. However, these techniques were not
commonly used in the literature for AM surfaces. This may suggest these techniques are
more difficult to use compared to contact measurements, that a lack of heritage gives
less confidence or that AM surfaces may be unsuitable for these techniques. Although
the sources found in the literature used these techniques to capture profile roughness
data, they can also be used for areal measurements. As such, these instruments often
suffer the same limitations as other areal measurement devices and will be expanded

upon in the next section.

Areal measurements

From reviewing the literature, areal measurements are slowly becoming more
accepted as the norm for AM surface measurements. However, the lack of standards
results in a similar problem as seen in with profile measurements: A lack of consistency
between different sources on how these measurements should be applied leading to
difficulty comparing results. The general principles of areal surface measurements are
similar to profile measurements. A three-dimensional map of the surface is extracted
and then filtration techniques are applied to this map to separate the form, waviness,
and roughness components. The parameters are then measured on the surface that
remains after filtration. This process is outlined below in Figure 13 , and these filters

are [49]:
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o S-filter: surface filter which removes small features below the length scale of
interest, the result of which is called the primary surface

e F-operation: operation which removes form from the primary surface, the result
of which is the S-F surface

o L-filter: surface filter which removes large feature above the length scale of

interest from the primary surface or S-F surface
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Figure 13: Diagram of surface operations for area measurements. This image is
originally by F. Blateyron [82]

As previously stated, there are a variety of different contact and non-contact
methods through which areal measurements can be performed. Non-contact methods
were found to be the most common for areal measurements, particularly optical
techniques including focus variation microscopy (FVM), confocal microscopy (CM) [97]
and coherence scanning interferometry (CSI) [98]. [81]. As well as optical methods, the
volumetric technique X-ray Computed Tomography (XCT) has occasionally been used
to capture topographical or form information at scales similar to those used by optical
methods [99] [100]. However, XCT was significantly less common for texture
measurements compared with optical techniques.

Although the exact methods of these techniques differ, they suffer from similar
limitations when scanning metal PBF surfaces. N. Senin et al conducted a thorough
investigation comparing optical and non-optical techniques on PBF surfaces including
FVM, CSI, CM and XCT, focusing on the quality of the topographic reconstructions of

surface features for each of these techniques [100]. They found that generally the
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differences between the techniques were not significant when it came to investigating
surface characterisation of large regions of interest through texture parameters on the
micron scale. However, when investigating localised, small-scale features on the sub-
microns scale the differences then became more significant with some local height
differences between the techniques on the same order of magnitude as the features being
measured. Interactions between the surface and instruments were the reasons for these
differences, particularly due to features unique to PBF surfaces such as attached
particles or weld tracks. High local slopes and variations in the amounts of light returned
to the detector for the optical techniques were the dominant factors that caused
discrepancies. XCT generally suffered from low resolution, although it was the only
technique able to resolve some re-entrant features. It was concluded that although
generally for large scale topography information all the techniques returned consistent
results and that while none of the methods were superior or inferior, none of them should
be considered reliable. Understanding how and why each instrument reacts as it does to
specific topography formations is critical for proper understanding of texture parameters.
It is worth noting that for this investigation, surface features and textures on the micron
scale were of most interest and so the discrepancies caused by each of these techniques

on the sub-micron scale had a smaller bearing on the choice of measurement technique.

3.2.3. Focus variation microscopy

Ultimately Focus Variation Microscopy (FVM) was chosen to measure the surface
roughness of samples for this thesis. Areal techniques could give more information
compared to profile techniques and of the optical techniques, given that little difference
was reported in performance at the micron scale FVM was chosen because it was the
most commonly used method for AM surfaces giving more published results for direct
comparison [41], [48], [84]. The common use may have been due to its perceived ease of
use, low measurement times and robustness against certain limitations of other optical
systems such as being able to capture high slope angles and surfaces with varying levels
of light reflectivity [99] [101]. For these reasons as well as ease of access, FVM was

chosen as the areal roughness measurement technique for this research and thus will be
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explored in greater detail. FVM combines optics with a small depth of focus with vertical
scanning [48] [102]|. Light from a white light source is inserted into the optical path of
the system and focused onto the specimen via the objective lens. Light reflected from
the specimen that hits the objective lens is gathered by a sensor. Due to the small depth
of field of the optics, only small regions of the object are sharply imaged. To obtain
complete detection of the surface with full depth of field, the optics are moved vertically
along the optical (z) axis while continuously capturing data. A sequence of images is
captured, creating a vertical stack of images. For each pixel within an image, local
contrast is acquired by gathering information about surrounding brightness of pixels.
This is repeated for the same pixel in every image in the vertical stack, resulting in a
series of contrast values (known as a contrast curve) for every x, y location. Algorithms
then use this contrast information and corresponding locations along the z axis to create
a three-dimensional topographical map. RGB colour information associated with the
contrast information is used to generate a colour map of the surface [48], [102]. A
schematic diagram detailing the components and basic principles of FVM is presented

in Figure 14.
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Figure 14: Schematic diagram of FVM technology [48]. Reproduced under Creative
Commons CC-BY

However, there are limitations to FVM. Because it relies on analysing variation of
focus, it is much less effective on surfaces where the focus does not vary sufficiently

during the vertical scanning process. This can include transparent surfaces and surfaces
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with only small local roughness [102]. Because these images are taken from directly
above the surface, this makes it difficult to capture shadowed or overhanging regions.

This may be a particular concern for re-entrant features commonly seen on PBF surfaces.

Measurement Settings

Magnification, Vertical and Lateral Resolutions

Many settings that can affect results on FVM can be changed. Magnification, vertical
and lateral resolutions, illumination type, filters and cut-off wavelengths were identified
as the key control parameters. Vertical resolution is the distances between images in the
7 direction of the focal stack, while lateral resolution is the size of the region within
which the contrast for each point is determined within each image of the stack [48].
Numerous papers were found that contained control parameters for FVM of AM
surfaces, however few offered reasoning for their selected parameters. Although there is
no standard for FVM measurements of AM surfaces, the literature was surveyed to see
if there were common or recommended control parameters. A summary of the various

control parameters found in literature are presented in

Table 5.

L. Newton et al did a thorough study using Design of Experiments on how
changing control parameters affected roughness measurements on metal PBF surfaces
of different metals and build orientations [48]. Measurement quality was determined by
the local repeatability error and percentage of non-measured points. Although they gave
recommendations on how the illumination, lateral and vertical resolutions could be
varied to improve the quality, they ultimately found that regardless of changes in the
control parameters, variations of the surface texture parameter values were limited only
to sub-micron scales and consistently within 5% of the average value for the same surface
and objective.

N. Senin et al. particularly highlighted the importance of lateral resolution in
resolving topographic details at small scale on the surface plane [100]. Both F.

Cabanettes et al. and A. Triantaphyllou et al. described the S-filter, the filter which
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removes small scale components from the surface, as being limited by the lateral
resolution of the microscope [47], [84]. A. Triantaphyllou et al. used the same instrument
that would be used in this work: An Alicona InfiniteFocus. They used a lateral resolution
of 8 pm and a vertical resolution of 800 nm and reported that they achieved suitable
measurements of areal texture parameters (although they did not specify the exact
values). Given this reported suitability on the same instrument used in this thesis and
the fact that their suggested value for the measurement area was adopted (described in
the next section) it was decided to also adopt these values for the lateral and vertical

resolutions. It should be noted that, as seen in

Table 5 this value for the lateral resolution was larger than others reported in
literature and that L. Newton et al found that larger lateral resolutions caused
smoothing effects [48]. However as previously stated they also found that changing the

measurement settings had little effect on the surface texture parameter values.

Filtration, Cut — off wavelengths and Sampling Area

As previously stated, filtration is the technique by which the roughness, waviness
and form error are extracted from the measured surface for characterisation. According
to R. Leach et al., there are two steps necessary to applying a filter operation. The first
is to choose a suitable filter method and the second to choose the appropriate filter
parameter [42]. Choosing either of these incorrectly could lead to erroneous results.
There are various different filtration methods including Gaussian, Spline and
morphological filters however Gaussian is the most common and considered the standard
for surface texture analysis [41].

S. Lou et al. conducted a review of numerous different papers that measured AM
surface textures and found that, although they all applied a Gaussian filter the cut-off
wavelengths used varied greatly [47], [97], [103], [104]. These differences in the cut-off
filter were due to the previously discussed uncertainty between roughness and waviness
for AM surfaces and applicability of ISO standards. S. Lou et al. proposed a new method

of FVM measurements specifically for AM surfaces which separated not only roughness,
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waviness and form but also features unique to AM surfaces such as globules and surface
pores [41]. This first involved using a robust Gaussian filter rather than the standard
Gaussian filter when extracting waviness from the surface, as the standard filter is
particularly susceptible to outliers such as sharp peaks or valleys which can be common
on AM surfaces resulting in inaccurately filtered surfaces [41], [105]. Robust Gaussian
filters are instead insensitive to such outliers making them ideal for AM surfaces and
also do not require surface form removal further simplifying the process [42|. The second
novel technique was using watershed segmentation techniques to then extract out
globules and surface pores, distinguished by their geometry, from the filtered surface.
Whilst the idea of using watershed segmentation on surface topography is not novel,
this was the first instance of it found specifically in the context of AM surfaces [42]. It
was on the surface that then remained that roughness parameters were calculated. The
measurement settings used are detailed in Table 5. The cut-off wavelength was estimated
using the ball radius technique as described by R. Leach et al. [106] which estimates the
smallest wavelength of sinusoidal profile that a spherical probe of known radius could
faithfully reproduce.

Whilst this method of surface extraction is specifically designed and offers certain
advantages for AM surfaces, there are a few issues that must be considered. First, as
this is a novel technique at the time of writing no other instances of this method have
been seen in the literature. Secondly the watershed segmentation technique used was
specifically developed by the authors and not easily reproducible from the information
given in the text. Recreating such a technique was outside the scope of this thesis. This
watershed technique also relies on arbitrarily defining the boundaries between surface
textures and outliers and although the authors gave values, this did not remove all
outliers and was mentioned as an issue requiring further investigation. This paper was
also the only instance found where features such as surface pores and globules on AM
surfaces were explicitly defined as outliers and not part of the surface texture. Whilst
such features on machined surfaces are less common and thus easily defined as outliers,

they can be common on as built SLM surfaces depending on the process parameters used
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to build them. Overall, the key feature taken from this paper was the use of the robust

Gaussian filter.

Table 5: Table showing a summary of the different control parameters for focus
variation microscopy found in the literature

Author Magnifi  Illumi- L- Vertical Lateral Measurement
-cation  nation filter resolution  resolution  area (mm)
(mm)  (nm) (nm)

L. Newton et 10, 20, coaxial, - 50 - 900 1-4 1.62*1.62,

al.[48] 50 polarised 0.81*%0.81,
coaxial, 0.32*0.32
ring light

N. Senin et al. 20 ring light - - 0.44 0.81*0.81

[100]

F. Cabanettes  5,10,20, - - 50 2 3.22*%1.9

et al. [84] 50

A. 5 - 2.5 800 8 2.5%2.5

Triantaphyllou

et al. |A7]

S. Lou et al. 20 ring light 1.5 0.67 2.93 1.91*1.95

[41]

As seen in Table 5, different values for cut-off filters and evaluation areas were
given in the literature. However, few of these provided reasoning behind their choices.
A. Triantaphyllou et al. performed optical areal measurements on SLM surfaces and,
using an area scale analysis method, concluded that a 2.5 mm by 2.5 mm evaluation
area was sufficient to capture the significant characteristics of their measured AM
surfaces [47]. This method can be used to determine the length scales at which no further
topographical information can be determined [42]. Using this area scale analysis method,
they were able to determine that this limit corresponded to a spatial wavelength of 2.5
mm and thus that there was no need for an L-filter larger than 2.5 mm. It is worth
noting that this was performed on as-built coupons of different materials and not using
the exact process parameters that were used in this investigation. However, the range
of roughness values seen in this paper was similar to those expected in this investigation.

This was the most comprehensive reasoning behind evaluation area size and cut-off
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wavelength found in the literature. As a result, these values were adopted in this

investigation.

Surface Texture Parameters

There are numerous different parameters that can be used to qualify the texture

of a surface. However, it is beyond the scope of this thesis to provide a comprehensive

summary on all the different parameters. Instead, a summary will be provided of the

different textures parameters that were used in this investigation. The parameters used

are summarised below in Table 6.

Table 6: Summary of the different areal surface texture parameters used in this

thesis
Texture Definition Physical meaning Equation [49]
Parameter
(pm)
Sa Arithmetic mean  Average height 1 f f
Sa=— ,y)|dxd
of the absolute of deviation from a mean “=a Alz(x y)ldxdy
the ordinate plane
values
Sq Root mean 1
square value of Sq = i f f z2(x, y)dxdy
the ordinate 4
values
i 11
Ssk Quotient of the Measure of symm‘etry Ssk = — f f 22 (x, y)dxdy
mean cube value  of roughness profile Sq°>AJ),
of the ordinate about mean plane
values
k i f th H losel h 11
Sku Quotient o .t e OWj closely roughness Sku = _4_[_]‘ 2 (x, y)dxdy
mean quartic profile matches Sq*A)),
value of the Gaussian distribution
ordinate values
Sdq Root mean Average slope of the

square of the
surface gradient

surface

Both Sa and Sq were used to describe the average height of the surface texture.

These were by far the most commonly used parameters to describe areal surface texture.

Although Sa is the areal equivalent to the profile texture parameter Ra, it does not allow
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for direct comparison. However general trends in Sa values do follow the same general
trends as Ra values [48]. As Sq is the root mean square of the ordinate values, it is
equivalent to the standard deviation of the surface heights [42]. R. Leach et al. described
Sq for this reason as having more statistical significance than Sa as well as being directly
related to physical qualities such as surface energy and the surface light scattering [42].

Though Sa and Sq were the most commonly used parameters, they alone provide
little insight to the complex nature of AM surfaces. Molyan et al. recommended other
parameters that may help to better explain AM surfaces [45]. The skewness, Ssk,
represents the degree of bias of a roughness distribution relative to the mean plane. In
general this can be used to distinguish whether the surface is dominated more by peaks,
which would show as positive skew, or valleys which would show as negative skew [42].
A. Triantaphyllou et al showed that the Ssk parameter could also be used to
differentiate between upskin and downskin surfaces of SLM coupons, with downskin
surfaces being negatively skewed and upskin being positively skewed [47], [84]. The
kurtosis, Sku, measures the spread of the surface height distribution and gives an
indication of how well it matches a Gaussian distribution and the presence of outliers.
A perfect Gaussian distribution would give a kurtosis value of three. A surface with
inordinately high peaks or deep valleys would have a kurtosis greater than three, whilst
gradually varying surfaces free of extremes tend to have kurtosis values less than three.
Kurtosis can also give a measure of the spikiness of an area, a spiky area having a high
kurtosis value whilst a bumpy area would have a low value [42].

The previous parameters were chosen as they were found to give a good general
indication of the quality of an as-built SLM surface. The final parameter, the root mean
square gradient (Sdq), was chosen specifically because of its relation to emissivity. S.
Taylor et al conducted a study investigating the relationship between surface
topography and emissivity of AM parts [60]. They discovered strong correlations
between the root mean square gradient and emissivity. However, it is worth noting that
they studied profile texture parameters rather than areal texture parameters. This paper

by S. Taylor et al., as well as other studies discussing the relationship between roughness
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and emissivity, will be discussed in greater detail in the emissivity literature review

section 3.3 of this thesis.

3.2.4. Process parameter variation on roughness

Numerous studies have been conducted on how process parameters affect various
output factors in the SLM process including surface roughness. This section will focus
on how parameter variation influenced the surface roughness of 316L stainless steel in
particular. The parameters varied and the ranges of values found in the literature
influenced those used in this thesis. A summary of these parameters is presented in
Table 7. It should be noted that build angle is described as the angle relative to the
build plate. An angle of 0° is equivalent to a sample built parallel to the plate while 90°
corresponds to a sample built perpendicular.

Three papers were found that studied the effects of varying energy density on
surface roughness of 316L stainless steel [22], [79], [107]. Two of these papers used Design
of Experiments (DoE), specifically Central Composite Designs, to establish the influence
of each of the process parameters on the surface roughness. Y. Liu et al built single
track thin walled parts varying the laser power, scanning speed and layer thickness
whilst Y. Deng et al. varied laser power, scanning speed and hatch spacing [22], [79].
Possibly because Y. Liu et al. was looking at thin-walled parts whilst Y. Deng et al. was
looking at cubic samples, the ranges of the values for the process parameters varied quite
considerably between them. For example, a laser power of 150 W was the second highest
value used by Y. Liu et al for thin-walled parts, whilst it was the lowest value used by
Y. Deng et al. for cubes. It is worth mentioning that this may have been influenced by
the maximum laser powers on the different printers. Y. Liu et al. had a maximum power
of 200 W while Y. Deng et al had a maximum power of 500 W. Y. Liu et al. focused on
the surface roughness of the side faces of thin-walled parts, built at 90° to the build plate
whilst Y. Deng et al focused on the top faces (oriented at 0°) of their cubic samples.
Given these differences, it is not surprising that the results of these investigations
differed. Y. Liu et al reported that layer thickness and its interactions with laser power

and scanning speed had the greatest effect on roughness of the side faces of thin-walled
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parts, whilst laser power had the least. Y. Deng et al reported the opposite, claiming
that laser power and scanning speed had the greatest influence on roughness of the top
faces of cubic samples.

Both investigations showed that laser power and scanning speed had parabolic
relationships with surface roughness and recommended optimised settings to produce
samples with low surface roughness. Y. Liu et al recommended a laser power of 150W,
scanning speed of 105 mm/s, a layer thickness of 34.4 ym and a track width of 0.273
mm for the side surface of thin-walls. Y. Deng et al. recommended a laser power of 259.1
W, a scanning speed of 900 mm /s and a hatch spacing of 86.7 nm for the top surface of
cubes. That these two investigations show almost contrary results demonstrates the need
for a comprehensive study looking at all the factors of energy density.

D. Wang et al. also studied how energy density affected surface roughness, varying
the laser power, hatch spacing and scanning speed whilst keeping the layer thickness
constant [107]. They first studied the characteristics of single tracks and then, based on
that analysis, built cubic parts and attempted to create a model to predict the surface
roughness of top facing (0°) surfaces. This model estimated the shape of shape of single
melt tracks as semi-circles in a 2D coordinate system. The surface profile was then
expressed through a periodic equation before the Ra was calculated as the minimum of
the least squares mid-line. This model made assumptions that the shape of every melt
track was semi-circular and was the same. They found that the predicted roughness
values were much lower than the measured values and that multi-layer fabrication was
much more complicated than single or multi-track fabrication. Given this result and
that starting with single track may eliminate key variables or interactions which affect
the process in multi-layer experiments, it was decided not to start the work of this thesis

with single track experiments.
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Table 7: Table showing summary of process parameters and equivalent roughness values found from the literature.

*This paper reported energy density, but in units of J/cm? and so have been omitted

Source Machine Average Powder Laser Scanning Layer  Hatch Build Energy input Ra
size (pm) Power Speed Thickn Spacing Direction (°)  (J/mm?) (pm)
(W) (mm/s) ess
(mm)
Y. Liu et al DiMetal- 17.11 70-170 65 - 235 0.0215 - 90 * 8.6 -
22] 100 - 18.2
0.0385
D. Wang et DiMetal- 17 100 - 150 250 - 1300 30 80 - 100 0 (cubic) 48.08 - 166.67 4.79 -
al[107] 100 13.89
150 350 - 800 30 60 - 100 0 (cubic) 78.13 - 208.33 6.03 -
24.16
G. Strano et  EOS 20 195 900 20 100 0-90 108.34 9-16
al [91] M270
Y. Deng [79] FS271M - 150 - 300 700 - 1300 - 60 - 120 0 (cubic) - 8.04-
12.18
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Through their investigation, D. Wang et al. concluded that energy density could
be separated into four distinct categories depending on the level of Ra. These are shown
in Figure 15.

Finally, G. Strano et al. investigated how surface roughness was affected by build
orientation, keeping all other process parameters constant [91]. They found that as the
sloping angle increased, so did the density of particles adhered to the step edges.
However, this only really affected surface roughness when the layer thickness was
comparable to the particle diameter as then particles along the step edges filled the gaps
between layers. They found that roughness was lowest at 0° relative to the build plate,

constant in the range of 5-45° and slowly decreased in the range of 50-90°.

» <75 J/mm?— not completely melting

/é\ » 120 - 170 J/mm? — successfully fabricating
»  >180 J/mm® — excessive melting
=
>
75 120 170
Volume energy density
(J/mm?)

Figure 15: Diagram showing the four different energy density zones as described by
D. Wang et al. and their effects on Ra measurements

3.2.5. Build plate positional effects on roughness

As mentioned in section 2.1, cooling and solidification rates greatly affect the
microstructure and surface quality of AM parts. These rates can be affected by local
heat transfer conditions which themselves can vary depending on the position of the
part on the build plate. J. Kozhuthala et al studied the effect of gas flow on the
dimensional accuracy of SLM cylindrical 316L samples [1]. They built thirty-six identical
cylindrical samples on a single build plate using a laser power of 90 W, scanning speed
of 1500 mm /s and layer thickness of 30 pm (hatch spacing was not reported). Based on

a nominal diameter of 10 mm, they found that the samples closer to the gas nozzle
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showed a greater dimension deviation of roughly 0.095 mm on average than samples
positioned farther away which averaged roughly 0.09 mm deviation. However they also
found that the deviation perpendicular to the gas flow, roughly 0.11 pm on average, was
larger than the deviation parallel which was on average 0.08 mm. This was due to the
gas differently affecting the cooling rate depending on the position of the samples and
the pressure of the gas on the samples affecting the rheology of the melt pool.

S. Kleszczynski et al. also investigated how the position of SLM samples on a build
plate affected their roughness [2]. Using identical build parameters they built twenty-
four funnel shaped samples with overhang angles of 45° and 70° relative to the build
plate, as shown in Figure 16. The samples were built in Inconel 718 nickel alloy. It
should be noted that they only chose one surface texture parameter Rz, a measure of
the maximum profile height, to represent the surface roughness so the results of this
study are somewhat limited. Generally they found that roughness did vary with position,
with surfaces facing the walls of the build chamber having slightly higher roughness
values (from 20 pm — 53 pm for the 45° samples) compared to other orientations. Samples
positioned in the middle of the chamber had the lowest surface roughness (13.92 pm for

the 45° samples), within the range of standard deviation.

Figure 16: Picture showing the funnel specimen geometry for the (a) 70° and (b)
45° samples manufactured and investigated by S. Kleszczynski et al. This image is
originally by S. Kleszczynski et al.[108]. Reproduced with permission

Additionally they also built specimens with nominal wall thicknesses of 0.5 mm to

examine the potential effect of thin-wall features on the surface roughness. However
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while they did see differences in the absolute values of surface roughness compared to
the thicker samples, the trends due to position on the build plate remained the same.
Given the identical build parameters, S. Kleszczynski et al. concluded that only the laser
incidence angle was varied between samples and thus must have been the cause of the
differences in roughness. The laser window was in the middle of the process chamber, so
the laser beam was only circular in the middle of the chamber and potentially elliptical
elsewhere. Different reflection conditions at different incidence angles were another
possible cause, which could have caused differences in energy input and hence differences

in surface roughness upon solidification.

3.2.6. Summary

Profile roughness measurement techniques, specifically contact profilometry, have
a lot of heritage and numerous uses of it on AM surfaces were found in the literature.
However as there are no standards for AM surfaces, little consensus was found on the
cut-off filters that should be used to distinguish roughness from waviness. Areal
techniques allow more information to be captured than profile measurement techniques
which may make them more suitable for AM surfaces. Although they are becoming more
commonly used in the literature, they still suffer from similar filtration problems as
profile techniques due to a lack of standardisation. Focus Variation Microscopy was
chosen as the measurement technique used in this thesis due to ease of access and the
relatively larger amount of literature on its use for AM surfaces to compare against.

The measurement settings chosen were: lateral resolution 8pm, vertical resolution
800nm, robust Gaussian filter, evaluation area 2.5 x 2.5 mm, L-filter 2.5 mm. Sa, Sq,
Ssk, Sku and Sdq were chosen as the surface texture parameters to be investigated.
These were chosen to describe the surface in as much detail as possible while Sdq was
chosen specifically for its relation to emissivity. Numerous papers were found that
studied the link between process parameters and roughness for 316L stainless steel. None
of these however varied all the parameters in energy density representing a notable gap

in knowledge that the work in this thesis aims to fill.
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3.3. Total hemispherical emissivity

Generally from surveying the literature it was found that, as surface roughness
increased so did the emissivity [62], [109]-[113]. Reviewing all the different sources that
discuss this is beyond the scope of this thesis, particularly given all the different factors
that may influence these trends including material, emissivity and temperature ranges
and surface conditions. Instead this section will focus on the summarising the state of
the art for the different factors investigated as part of this thesis. These include the
effects of surface roughness on emissivity (in the geometric region), emissivity of 316L
stainless steel and emissivity of metal AM surfaces. A summary on the different

measurement techniques is also presented.

3.3.1. Surface Effects on Emissivity

Geometric region and Modelling

Numerous sources stated that for surfaces with roughness on length scales greater
than the wavelengths of thermal radiation, interactions between the surface and
radiation can be described in terms of geometric optics. Both Touloukian et al. and W.
Sabuga et al found that, although there were many studies focused on this geometric
region, accurate links between experimental results and theoretical models were limited
to cases when the surface contained simple, regular shaped asperities [58], [61]. For more
irregular surfaces such as sandblasted surfaces or where the ratio of rms roughness to
wavelength was much greater than 1, there was poor agreement between theoretical
models and experiments. W. Sabuga et al. theorised that this may be because irregular
surfaces contained substructures with different roughness scales, and that the structure
with the steepest slope would be decisive for the radiative properties of the surface.
Experimentally validating models of such surfaces was challenging because of the
difficulty of creating surfaces with different roughness parameters but with all other
properties remaining the same [61]. Even after reviewing more recent literature, few
studies were found that attempted to explain the link between roughness and emissivity

beyond simplified models in the Geometric region [110][59]
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Such real surfaces may be very comparable to as-built AM surfaces which are often
described as irregular or aperiodic due to their numerous unique surface features such
as balling and surface pores. As a result few models from studies found in the literature
explaining the link between roughness and emissivity may be applicable to as-built AM
surfaces. A study worth noting however was by S. Taylor et al which was the only
study in the literature that specifically focused on the relationship between surface
topography and emissivity of metal AM surfaces [60]. They simulated the surface as
periodic isosceles triangles to determine effects of certain geometric characteristics on
emissivity rather than establish a concrete relationship between topography and
emissivity. Similar to other works [58], [61] they found that slope of the surfaces,
particularly the angle of the valleys, had a stronger influence on emissivity that the
overall size of the features. This was explained by the “Mendenhall wedge effect”. As a
valley angle decreases it causes the incident radiation to undergo more reflections [114].
This results in more absorptions and thus a greater emissivity. They used these results
to determine what surface texture parameters would be best to relate to emissivity. They
chose the root mean square slope (Rdq) because of its relation to slopes and Ra because
it was commonly used to describe the roughness of AM surfaces. As previously
mentioned in this literature review, choosing which surface texture parameters to
describe the surface was very important for this work as each parameter gives different
information about the surface. In addition to other parameters, the areal texture
parameter Sdq was used in this thesis because of the relationship between slope and

emissivity.

FEmissivity of metal AM surfaces

Several of the papers that have reported emissivity in relation to laser PBF additive
manufacturing were focused on in-situ monitoring during the build process [115]-[118].
Whilst this did give information on potential ranges of emissivity values over wide
temperature ranges, the emissive surfaces were the melt pool or powder layers rather
than fully formed and solidified parts, and so emissivity might differ considerably.
Nevertheless, the emissivity and temperature ranges reported in these papers by C. G.

Ren et al. [115] and G. Mohr et al. [118| are presented in Table 8. Only one paper by
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S. Taylor et al. was found that investigated the emissivity of solidified SLM metal
surfaces, specifically for 316 stainless steel [60]. The results of S. Taylor et al are also
presented in Table 8, as are results for traditionally manufactured 316L stainless steel.
As previously mentioned, only the paper by S. Taylor et al was found to discuss the
relationship between surface topography and emissivity of AM parts. The study focused
emissivity from the top surfaces (0°) of cubic samples made from 316 stainless steel using
SLM. Parts were manufactured with different processing parameters to produce surfaces
with different roughness. These experiments showed, as many other reports had found,
the slope of the surface measured by the texture parameter Rdq had a stronger
correlation with emissivity than the average height parameter Ra. Different surfaces
could have the same Ra but different shapes leading to different amounts of internal
reflections and thus emissivity. However, it was the combination of these parameters
(Rdg*Ra) that had the strongest reported correlation. Overall these results agreed with
simulations that steeper and taller valleys on surfaces provided more opportunities for
internal reflections and thus emissivity.

This work by S. Taylor et al. represents an excellent foundation for investigating
emissivity of AM surfaces, however there were some limitations that this thesis hopes to
address. The study only varied two control parameters, the laser power (50 W — 180 W)
and scanning speed (600 mm/s — 2000 mm/s), to produce a variety of different surface
roughness values (approximately 10 pm — 28 pm Ra). However, there are numerous
other parameters which can affect the surface texture of AM parts such as layer thickness
and build orientation. By varying only two parameters, S. Taylor et al may have
narrowed the types of surfaces capable of being produced by AM and thus limited the
results of the study. They also used profile roughness parameters for surface texture
which numerous reports have stated is less appropriate for AM parts than areal
parameters. Characterisation of the surface was also limited to roughness measurements.
Although thorough, these may have provided more information about the surface if
provided in context with microscopy images. A more detailed comparison against results

of this thesis will be given in the results chapter.
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Table 8: Table showing a summary of 316L stainless steel emissivity values and methods found in the literature

Author Build Spectral Range Measurement Temperature Surface(s) Emissivity
method (pm) Method (K) (a.u.)
LM 1.65 - 1.8. - 1 1 .64
C.G. Ren et al. [115] S 65 8 pyrometer melt poo 0.6
SLM 1.4 -1.65 pyrometer - melt pool 0.7
SLM 2-5.7 0 infrared . 423.15 - 853.15  powder (bulk) 0.2 - 0.25
G. Mohr et al. [118] e‘rnflograép Y
SLM 2-5.7 Hrare 423.15 - 853.15  powder (surface)  0.37 - 0.45
thermography
S. Taylor et al. [60] SLM 2.5 - 24 infrared 293.15 10 m Ra =275 15 o
spectrometer Ra
F. Valiorgue et al. [119] cast 34-5 infrared 323.15 - 823.15 - 0.4 - 0.9
thermography
total . .
cast . . calorimetric 400 - 1100 0.13 pm Ra 0.26 - 0.36
hemispherical
total . .
cast hemisoherical calorimetric 400 - 1100 2.36 nm Ra 0.29 - 0.42
T. S. Hunnewell et al. [120] ¢ tSI?c Gf ca
cast roral calorimetric 400 - 1100 1.22 pm Ra 0.32 - 0.44
hemispherical
total . .
cast . ) calorimetric 400 - 1100 0.59 pm Ra 0.37 - 0.47
hemispherical
total . .
S. Frachet et al. [121] cast . _ calorimetric 400 - 900 - 0.39 - 0.45
hemispherical
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Oxidation

Parts built using PBF are typically processed under an inert environment to ensure
that parts are not oxidised. Nevertheless, parts might be contaminated during handling
or testing and so it is important to understand the effects of oxide layers on emissivity
to explain any potential trends or errors seen. H. Jo et al investigated the effects of
oxide layers on the spectral emissivity of roughened surfaces (0.011 pm — 1.86 pm Ra)
[62] of SA508 steel. They found that the effects of oxide layer on emissivity were greater
than surface roughness, and that emissivity strongly depended on the thickness of the
oxide layer. They attributed these effects to the different optical constants of the oxide

layer compared with the base steel.

3.3.2. Emissivity of traditionally manufactured 316L
stainless Steel

As the focus of this thesis is 316L stainless steel, presented in this section are
emissivity values for 316L stainless steel found in the literature as they vary with
roughness and temperature. A summary of these are presented in Table 8.

T. S. Hunnewell et al. conducted a thorough experimental campaign on the effects
of surface roughness on the total hemispherical emissivity of 316L SS [120]. They
investigated as received, sandblasted, oxidised and graphite coated samples using the
calorimetric method over a temperature range of roughly 400 K — 1200 K. Generally the
results were as expected, with emissivity increasing with temperature for all the samples
tested. As the grit size used to roughen the samples increased, so did the emissivity due
to the higher grit surfaces causing more internal reflections of radiation, leading to a
higher absorptivity and thus higher emissivity. Interestingly T.S. Hunnewell et al also
found that as the grit size increased, the surface area and surface texture parameter
(Ra) values decreased. Thus the emissivity was inversely proportional to the surface Ra
and surface area. This goes against other reports in literature that found emissivity
generally increased with increasing Ra [60], [122], though no explanation was given for

these trends and no other source was found comparing sure area with emissivity. A more
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in-depth discussion of these results and comparison against the results obtained in this

thesis will be given in the results chapter.

3.3.3. Measurement Techniques
Emissivity measurement methods can be divided into two different categories: direct
and indirect [58], [111], [123], [124]. With direct methods, emissivity is calculated from
the ratio of the emissive power of the sample and a blackbody at the same temperature.
With indirect methods emissivity is assessed from the spectral reflectance of an opaque
material, based on application of Kirchhoff’s law. Brief summaries of different techniques
to measure emissivity using these methods are presented in Table 9.

Table 9: Table showing the different methods and techniques for measuring

emissivity

Method Technique Description [125]

Direct Calorimetric Directly measure energy necessary to maintain the
temperature of a sample surface when there are only
radiative exchanges by heating sample and measuring
dissipated power

Indirect Radiometric Measure the radiation of the heated surface of a sample

Reflectometric Measure the total or spectral reflection coefficient and

Spectral Reflectometric  use Kirchhoff’s law to calculate emissivity

After reviewing the literature it was decided that direct measurement techniques,
specifically the calorimetric technique, would be best for this thesis. The calorimetric
technique was reportedly better for high temperature, high emissivity measurements
than the indirect techniques [123], [125]. Generally indirect techniques required
additional analysis to transform spectral and directional measurements into total
hemispherical measurements. They also require specialised optics that are not suitable
for measuring emissivity at elevated temperatures [123]. Much of the equipment needed
for calorimetric measurements such as a vacuum chamber, power supply and
temperature probes were readily available which greatly simplified the process. This was
also a much more commonly found technique to measure total hemispherical emissivity,
especially over the desired temperature range [113], [120], [126], [127]. Details of this
technique including the exact setup will be given in the Methodology section of this

thesis.
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3.3.4. Summary

Generally as surface roughness of metals increased so did the emissivity, due to
this causing higher amounts of internal reflections of radiation. Correlating theoretical
models of irregular surfaces with experimental values was difficult due to complicated
surface features at different length scales.

Despite being commonly used to measure surface roughness, S. Taylor et al
reported Ra was not a good indicator of emissivity of metal SLM surfaces because similar
values could have different shapes and thus different amounts of internal reflections.
Instead, they reported surface slope was a much better indicator of emissivity. This is
likely because as the slope increases radiation undergoes more reflections. S. Taylor et
al. found that the surface texture parameter Rdq, the root mean square slope, correlated
well with emissivity, though the product of Ra*Rdq had the strongest correlation.

T. S. Hunnewell et al. measured the emissivity of cast 316L and found for surfaces
of increasing roughness (0.13 pm — 2.36 pm Ra) it varied between 0.26 — 0.47 between
400 K - 1100 K. They also showed that for sandblasted surfaces, as the surface area of
cast 316L decreased, the emissivity increased.

The calorimetric technique was chosen to measure the emissivity due to the ease

of setup and its suitability for high temperatures and high emissivity values

3.4. Electrical resistivity

Although papers were found that looked at the electrical resistivity of AM metals,
not many studies were found that investigated the relationship between electrical
resistivity and process parameters for PBF processes. This indicates that this is still a
novel field with much to be investigated. It is worth noting that none of the resistivity
studies investigated SLM 316L stainless steel, and while many of them did investigate
process parameter variation, all the studies found were performed at room temperature.
Regardless, the studies that were found provided insight into what was to be trends
could be expected for electrical resistivity of AM parts, as well as gaps that could be

investigated further. A summary of these studies is presented here.
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3.4.1. Resistivity of AM metals

Copper, due to its high electrical conductivity, was common subject of AM
electrical property investigations. A particularly thorough study by C. Silbernagel et al.
looked into the effects of build orientation and heat treatment on pure copper [128|. The
authors noted some issues with other reports of electrical properties of AM copper. Some
back calculated resistivity from measurements of surface conductivity [129], [130] which
C. Silbernagel et al. found to be inaccurate for AM parts as it incorrectly assumes
isotropic properties [131]. Other reports referred to electrical properties without actually
stating the conductivity or resistivity or the AM copper [132], [133]. C. Silbernagel et
al. used Design of Experiments to obtain process parameters that achieved a maximum
relative density of 85.8%, and built samples at 0°, 45° and 90° relative to the build plate.
They measured the resistivity using the four-wire Kelvin method. They found a strong
correlation between build orientation and resistivity, with 0° horizontal specimens
having the lowest resistivity and vertical 90° specimens having the highest. These
differences correlated with porosity variations between the samples rather than grain
structure, as the horizontal samples had more continuous melt tracks and fewer
discontinuities between layers than the vertical samples.

Several papers have investigated the resistivity of AM alloys [131], [134]-[137], the
electrical properties of which can be affected by different mechanisms compared to pure
metals. C. Silbernagel et al. studied AlSi10Mg aluminium alloy and found that, similar
to pure copper, build orientation had a large effect on the resistivity [131]. However, the
results were opposite, with vertically built samples having the lowest resistivity and the
horizontal having the highest. These differences were attributed to variations in the
microstructure rather than porosity. Rapid cooling during manufacturing resulted in
dendritic structure along the build direction with silicon rich areas segregating the
structures. Horizontal orientations produced specimens with conductive pathways that
saw more silicon rich regions, and thus electrical resistivity was higher. SLM 316L
stainless steel also exhibits cellular structures with sub grain boundaries composed of
heavier elements [25], [66], [67], but the potential effect of this on electrical properties

are unknown.
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Y. Shi et al found that different factors dominated the impact on resistivity
depending on the energy density [137] used to process a different Al-Mg-Sc—Zr
aluminium alloy. At lower densities (<99.5%) which corresponded to lower volumetric
energy densities, porosity was the dominant factor that affected resistivity. However
above 99.5% density, the amount of solute in solid solution had the largest effect on
resistivity. As the solute became supersaturated the resistivity increased. A study by
KA. Ibrahim et al is worth noting, as they studied the effects of process parameter
variation on electrical conductivity of 316L stainless steel manufactured by selective
laser sintering (SLS) [138]. This sintering, rather than full melting in SLM, resulted in
high porosity from 5% to 40% and corresponding increase in resistivity by roughly 86%.

While these studies offer insights into what trends to expect, there remain several
gaps in knowledge. Each of the studies only measured resistivity at room temperatures.
Temperature is known to greatly affect resistivity and may alter the trends mentioned
in these reports. While process parameters were varied, like the reports found on
roughness, no study was found that varied all the factors that make up volumetric
energy density. As a result, a key interaction between process parameters and its
influence on resistivity may have been missed. The work in this thesis will attempt to
cover these gaps by varying more process parameters and measuring resistivity over a

large temperature range.

3.4.2. Resistivity of 316L Stainless Steel

Numerous material datasheets gave values for resistivity of cast and wrought 316L
stainless steel, but only at room temperature. These values are presented in Table 10.
P. Pichler et al reported the resistivity of 316L stainless steel from 500 K — 2800 K
using ohmic pulse heating [139]. They presented two sets of resistivity values, one using
the initial geometry of the specimen, and another corrected for volume expansion. Both
values are presented in Figure 17. Although the resistivity increases with temperature
for both geometries, when corrected for volumetric expansion the sample slightly

decreases in resistivity around 1900 K.
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Table 10: Resistivity values of 316L stainless steel found from various datasheets.
All values were taken at 20°C

Source Value (pQm)
United performance metals datasheet [140] 0.74
AZO Materials datasheet [141] 0.74
Thyssenkrupp datasheet [142] 0.75
Aalco datasheet [143] 0.74
Aerospace Specification Metals Inc datasheet [144] 0.74
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Figure 17: 316L SS resistivity values by P. Pichler et al.[139].

3.4.3. Summary

Both the resistivities of additively manufactured pure copper and alloys were
shown to vary with build angle, though the reasons for the variation differed. For pure
copper, it was because of porosity variations between build angles while for AISi10Mg it
was because of variations in size of silicon rich dendritic boundaries. Similar dendritic
features are reported in SLM 316L stainless steel, but potential effects on resistivity are
unknown. No studies reported resistivity of SLM metals at elevated temperatures. The
resistivity of cast 316L SS is reported to vary between approximately 0.9 pnQm — 1.3

pQm between expected resistojet service temperatures of 500 K — 1400 K.
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4. Methodology

In this chapter, the methodology and instrumentation used to carry out the various
experiments needed for this investigation are detailed. First, an overview and rationale
of the experiments is presented followed by a description of the Design of Experiments
technique used. An overview of the SLM process and the emissivity and resistivity
measurements are then given followed by descriptions of the area determination and
roughness measurement techniques used. Finally, the chapter outlines the various

material characterisation techniques used.

4.1. Overview

The overall goal of this investigation was to understand how the SLM process
affected the emissivity and resistivity of as built 316L stainless steel. To do this, process
parameters were varied to see how these changes affected surface and microstructural
features on built parts and how these in turn affected the emissivity and resistivity. The
literature review in the previous chapter detailed which input factors were chosen and
why.

Given the large number of input factors a Design of Experiments (DOE) method,
particularly a definitive screening design, was used to explore the influence of each of
these factors on the chosen output factors (responses) in as few tests as possible. The

input factors and responses are detailed in Figure 18.

Factors (inputs) Responses

* Laser power * Emissivity

* Scanning speed * Surface roughness
* Hatch spacing * Resistivity

» Layer thickness * Relative density

* Primary cell
spacing

* Build angle

Figure 18: Input factors and responses chosen for this investigation
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To thoroughly investigate each of the responses, numerous experimental tests were
needed. The tests chosen are detailed in Table 11.

Table 11: Table detailing the different measurement and characterisation
techniques used in this investigation

Measurement method/

Response NDE Technique Standard Note
ASTM Measured
resistivity Destructive Four probe B193- alongside
16[145] emissivity
ASTM Sample size
emissivity Destructive Calorimetric method C835-06 set by
[146] standard
primary cell Scanning electron ASTM
spacing Destructive microscope/Area method  E112-10 -
and Image analysis [147]
surface texture Non- Focus variation i Sa, Sq, Ssk,
destructive microscope Sku and Sdq
Archimedes method and ~ ASTM
relative density Destructive CT scanning/image B962-08 -
analysis [148]
surface Non- Scanning electron
topography destructive microscope i )

As seen in Table 11, some tests were destructive and so three samples were built
for the processing condition specified in each DoE run. A summary of the samples used
for each test is given in Figure 19, with further details on specimen dimensions and

processing to follow.

Sample 1 (long) Sample 2 (short) Sample 3 (short)

] L L
Roughness SEM (top view) Density
L 4 L 4
CT scan (area & porosity) Etch
] L 4
Resistivity (four probe) SEM (cross-section)

L

Emissivity curve

Figure 19: Chart detailing how each the tests were divided amongst the three
samples produced for each build run
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4.2. Selective Laser Melting

4.2.1. Overview
Selective Laser Melting (SLM) was chosen to additively manufacture the samples
for this investigation. Parameters affecting volumetric energy density (laser power,
scanning speed, hatch spacing, layer thickness) and build orientation were chosen as the
DoE input variables due to the large reported influence on final part density,
microstructural and surface features. This section details the build process including the

range of the inputs and the rationale behind these choices.

4.2.2. Powder
The powder used was CL 20 ES, a 316L (1.4404) stainless steel powder supplied by
Concept Laser. The particle size fractions specified by the supplier were djp = 20.29 pm,
dso = 30.98 pm and dgg = 45.55 pm. The specified particle size distribution ranged from
approximately 9 pm to 73 pm. The specified volume cumulative distribution (Q3) and
distribution density (q?) are shown in Figure 20 [149]. The specified chemical

composition of the powder is given in Table 18 [149].
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e - — / A 2.25
‘é [ . 2.00
B W P91 1.75
g sol- IR 1.50
?D = | =] i
E 40 / / \ 1.25
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= = - \ 0.75
I " ¥ ; A 0.50
) / K \
1 b— ,./ ./' \ 0.25
0 Ligi Ly 1l snmine d sosaboainnbadapbiet—0 | o 1 110 0.00
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PartikelgroBe / pm

Figure 20: Particle size distribution of the CL 20ES powder used to build the parts
for this investigation [149]. Provided by supplier.
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Table 12: Elemental composition of the CL 20ES 316L stainless steel powder [149]

Element Fe C Mo Ni Si Mn Cr P S
Wt. % Balance < 0.03 2-3 10-14 <1 <2 16.5-185 <0.045 <0.03

4.2.3. Metal printer
The machine used to build the parts was a Concept Laser M2 Cusing machine and
was operated by the technicians at the Engineering and Design Manufacturing Centre
(EDMC) at the University of Southampton. The main properties of this machine are
shown in Table 13.

Table 13: Main properties of the Concept Laser M2 Cusing machine

Property Value ranges
Build volume (x*y*z) (mm) 250*250*280
Layer thickness (pm) 20 - 80
Laser power (rated) (W) 200

Focus diameter (pm) 50

Gas supply No

The parts were directly built onto a stainless-steel build plate using the island
scanning strategy. Islands were 5 mm * 5 mm, and the scan direction was rotated by
45° between each build layer. After the builds were completed, parts were removed from

the build plate by wire-cut electrical discharge machining (EDM).

4.2.4. Process Parameters

Design of Experiment

Following the literature review, the input parameters chosen to vary were:

e Laser power
e Scanning speed
e Hatch spacing
e Layer thickness
e Build orientation
By varying the values of these input parameters, their effect on the responses could

be determined. However as there were many input parameters, traditional experimental
methods such as trial and error or one factor at a time (OFAT) were not considered.
OFAT would have resulted in many builds to study each parameter combination and
would also have missed out on interactions between samples (how the level of one

parameter affected the impact of another).
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Design of Experiments (DoE) was chosen over OFAT to study the effects of each
input factor on the responses with a fewer number of build runs, reducing build time
and costs. It also allowed for modelling the behaviour of the responses as a function of
the input factors and to use this to optimise the responses in future studies [150]. A
Definitive Screening DoE was selected as it is suitable for early-stage experiments when
there are many input factors to identify which factors have the greatest effect on the
response [151]. Definitive screening designs are ideal when there are four or more factors,
when most of these factors are continuous and when there are expected interactions

between the factors [151].

Process Parameter selection

Definitive screening designs require each of the continuous input factors to be
varied across three levels: low, middle, and high. Following a literature review of process
parameters used to build 316L stainless steel parts seen in section 3.1.3, the following
ranges of parameters were chosen as shown in Table 14.

Table 14: Table showing the range of process parameters chosen

Laser Scanning Speed Hatch Spacing Layer Build
Power (mm/s) (mm) Thickness (pm) orientation (°)
(W)

Low 150 500 0.05 20 0

Middle 170 750 0.075 30 45

High 190 1000 0.1 40 90

The main criteria for this literature review were parameters for thin-walled 316L
specimens and those that resulted in high density (>99%) parts. Energy densities from
literature that resulted in high density parts varied from 33.3 J/mm3 — 214.3 J/mm?.
For thin-walled parts an energy density of 59.52 J/mm3 reportedly produced accurate
parts (maximum 20 pm deviation from nominal). These were used as the basis for the
middle values and then extremes were chosen on either side from values that resulted in
up to 15% lower density values. Build orientation values were chosen to cover the widest
possible range.

The software Minitab was used to build the different parameter combinations. The

result was seventeen runs of different parameter combinations, as shown in Table 15.
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As previously mentioned, the build angle describes the angle that the part was built
relative to the build plate. An angle of 0° was parallel to the build plate, 45° was diagonal
and 90° was perpendicular, as shown in Figure 21.

Table 15: Build parameter combinations for the definitive screening design

Laser Scanning  Layer Hatch Build Energy
Build Run Power Speed Thickness Spacing o Density
Angle (°) 5
(W) (mm/s)  (mm) (mm) (J/mm?)
1 170 1000 0.04 0.1 90 42.5
2 190 500 0.04 0.1 0 95
3 190 750 0.04 0.05 90 126.67
4 150 500 0.04 0.1 90 75
5 190 1000 0.04 0.075 0 63.33
6 150 500 0.04 0.05 0 150
7 150 1000 0.04 0.05 45 75
8 190 500 0.03 0.05 90 253.33
9 170 750 0.03 0.075 45 100.74
10 150 1000 0.03 0.1 0 50
11 190 500 0.02 0.1 45 190
12 150 500 0.02 0.075 90 200
13 170 500 0.02 0.05 0 340
14 190 1000 0.02 0.05 0 190
15 190 1000 0.02 0.1 90 95
16 150 1000 0.02 0.05 90 150
17 150 750 0.02 0.1 0 100
Z
4
1
1
: Build direction
]
1
1
y
X 0

()

Figure 21: a) Diagram showing the build direction of the samples relative to the
axes of the build chamber and (b) a batch of samples after they were removed from
the build chamber
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4.2.1. Sample Geometry

The samples for emissivity and resistivity measurements were built following the
emissivity standard ASTM C835-06. This standard recommended samples being 250 mm
in length, 13 mm in width and 250 pm in thickness. However, the build geometry of the
Concept Laser M2 Cusing was limited to a recommended length of 200 mm, and so this
shorter dimension was adopted. The samples to be used for other tests to characterise
microstructure and surface morphology, noted in Figure 19 as samples 2 and 3, were
only built to 50 mm length to save on build time and space on the build plate. The
thickness and width dimensions however were kept the same. Figure 21 shows some of
these samples after they were removed from the build chamber. As the island scanning
strategy was used, the shorter samples would not affect the length of the scans. Also,
the shorter length should not have affected the local heat transfer into the base plate or

cooling rate, which were important factors for the resulting microstructures.

4.3. Emissivity and Resistivity Measurements

4.3.1. Emissivity Measurement — Calorimetric Method

Overview

The calorimetric method was chosen to measure the total hemispherical emissivity
of the SLM parts. This was done following the standard ASTM C835-06 [146]. Generally,
this required resistive heating of a printed test specimen suspended within an evacuated
chamber until steady state conditions were reached. The temperature on the walls of
the chamber as well as the temperature and power dissipated over a small central region
on the test strip were continuously measured and the whole process was automated using
a LabVIEW script. This was repeated over several steps until a maximum current input
and corresponding maximum temperature was reached. Equating the power dissipated
to the radiative heat transfer to the surrounding environment and knowing the
temperatures, the emissivity of the sample was calculated using the Stefan-Boltzmann

equation, shown as equation [10].
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Q [10]
€T oA T —TD)

Where Q (W) is the power generated in the specimen over the central test section
length and A; (m?) is the total radiating surface area of the central test section length.
The Stefan-Boltzmann constant, o, is equal to 5.669 x 10® W/m?-K* and T; (K) and T
(K) are the temperatures of the test strip and the vacuum chamber wall respectively.
The power generated in the specimen was calculated through equation [11].

Q=1v [11]

Where I (A) is the current supplied to the test strip and V (V) is the voltage
measured over the central test section length. For a rectangular specimen, the radiating
surface area was calculated through equation [12].

Ay =2L(w+1t) [12]

Where L (m) is the length of the central test section, w (m) is the width of the
test strip and t (m) is the thickness. The standard recommends a sample that is as long
as possible to reduce conduction losses from the sample holders and recommends 250 mm
for stainless steel, however only 200 mm lengths could be manufactured given equipment
constraints noted about.

Other deviations from the standard necessitated by equipment limitations included
the thickness of the thermocouple wires, the vacuum pressure and cooling of the chamber
walls. Some of these differences as well as other sources of error were considered when

calculating the emissivity and are detailed later in this section.

Vacuum Chamber

To avoid heat loss from the test strip by convection or conduction, emissivity
experiments were conducted in the hatch chamber of a larger vacuum chamber facility
in the David Fearn Electric Propulsion Laboratory at the University of Southampton.
The dimensions of this hatch chamber were 0.75 m diameter x 0.7 length and had a view
port on the door side to allow for visual inspection during testing. This chamber was
equipped with an Edwards XDS 35i roughing pump and a Leybold TURBOVAC MAG
W 700 iP and pressure in the chamber was constantly monitored by Pfeiffer Vacuum

PKR 251 gauge. This vacuum chamber is shown in Figure 22.
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Figure 22: Photographs of (a) The main vacuum chamber and (b) The hatch
vacuum chamber

The test required that the enclosure presented a blackbody environment to the test
specimen. To achieve this the ASTM standard requires that the vacuum chamber

enclosure and test strip meet the condition in equation [13].

1 A4, /1
Bl | (— _ 1) [13]
& A; \&

Where Ay and €2 are the total internal surface area and the emissivity of the
vacuum enclosure, respectively. The total internal surface area of the vacuum chamber
hatch was approximately 2.53 m?2, whilst the surface area of the central test section,
calculated using equation [12] (L = 0.075 m w = 0.013 mm, t = 0.00025 m), was
approximately 1.99x 103 m2. Thus, the ratio of the central test section of the test strip
to the surface area of the vacuum chamber was approximately 7.86 x 104 This, when
combined with the fact that the inner walls of the vacuum chamber hatch were lined
with a black coloured thermal shroud, giving it a high emissivity greater than 0.8 (as

required by the standard) ensured that the chamber satisfied equation [13].

FExperimental setup

Metal tabs made from 316L stainless steel were clamped to the top and bottom of
the sample test strip to supply electrical power for heating the sample. The top was
fixed to a specimen holder and the bottom tab was free to allow for thermal expansion
without flexing of the sample. Electrical connection to the tabs was made using copper
rods connected to a feedthrough port on the vacuum chamber. To electrically isolate the

test strip from the rest of the sample holder, the metal tabs at the top of the test strip
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were sandwiched between ceramic tabs made from Machor machinable ceramic. During
experiments, the test strip was suspended within the vacuum chamber hatch from a
sample holder manufactured from aluminium extrusion, the bottom of which was
fastened to the baseplate of the vacuum chamber hatch. This setup is shown in Figure

23.

Figure 23: (a) CAD model of the SLM test strip in the test assembly showing 1-the
Machor ceramic tabs, 2 - the metal tabs and 3 - the SLM sample and (b) a photo
of the test assembly in the hatch vacuum chamber

Temperatures along the test strip were measured using three K-type thermocouples
(model TC Direct 406-645) and were attached to the sample surface by spot-welding.
These were mineral insulated thermocouples to prevent ground loops. These
thermocouples were spot-welded on to the test strip approximately 37.5 mm apart
resulting in a central test section 75 mm in length as recommended by the standard. A
further three thermocouples were attached to the vacuum chamber enclosure using
Kapton tape: two on opposite walls of the chamber and a third on the baseplate.
Datalogging of the temperature measurements was achieved using a National
Instruments NI-9213 module in an NI ¢cDAQ-1988XT CompactDAQ chassis.

Electrical power to the test strip was supplied by a Kikusui PWX1500L power
supply unit (PSU) operated in a current controlled mode. Voltage was measured across
the two outermost thermocouples by using a Keysight 34401A digital multimeter.
Voltage leads were attached to the thermocouple feedthroughs on the vacuum chamber

door. A diagram of the entire experimental setup is detailed in Figure 24.
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Figure 24: Schematic of emissivity /resistivity test setup. Purple: data connection;
green: voltage probes; red: power supply; blue: thermocouple measurement

FExperimental Procedure

Due to the unique surface features on additively manufactured parts, it was
difficult to accurately measure the dimensions of the test strips using callipers, as
recommended in the standard. As an alternative, each of the test strips were CT scanned
over a length of approximately 15 mm in the centre of the test strips. Details of these
scans and the image analysis used to calculate the area are given in section 4.4.

The samples were always handled whilst wearing gloves. Prior to testing, the
sample test strip was rinsed with IPA to remove any contaminants. After spot-welding
the thermocouples to the specimen, it was clamped into the sample holder and inserted
into the vacuum chamber hatch. The electrical leads were then attached, the chamber
door closed, and the chamber evacuated. Once the chamber reached a pressure of at
least 10 mbar, heating of the test specimen began. Heating of the test specimen was
controlled and monitored by the software LabVIEW. This software increased the current
supplied to the specimen in intervals of 8 A over 10 steps, resulting in a maximum
current of 80 A. This maximum current was chosen as it reached near the recommended
current limit of the wires used to supply power to the samples. For each interval the
current was held for 200 seconds to allow for the temperature and voltage readings to
reach steady state conditions. Details of how this step length was chosen are discussed

in section 6.2.
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FEmissivity losses

According to T. Fu et al, equation [10] does not take into account different sources
of error [152]. These sources are heat loss through residual gas in the vacuum chamber,
conductive losses from the thermocouple wires, conductive losses from the investigated
region to the rest of the test strip and error from the grey body assumption. Each of

these losses are shown below in Figure 25.
Qcond anh.
Qwire

T test
Ty (-

area

Figure 25: Diagram showing all the sources of heat loss from the emissivity test
specimen. The thermocouples are labelled as T11, T22 and T33. Heat loss is
indicated through the red arrows

Thermocouple wires

The thermocouples used in this investigation were approximately 0.5 mm in
diameter, notably thicker than the 0.13 mm diameter recommended in the standard to
minimise conduction heat losses. These were chosen for ease of attachment, as thinner
thermocouples could not be successfully spot-welded to the specimens. To account for

the conduction losses from the thermocouple wires, the expression in equation [14] was

used [152].

0.5
Quire = 0.1 A, - £, - d3 - [(T5 — T}) — 5T3(T, — T()]} [14]
Where T, (K) was the end of the thermocouple wire near the vacuum chamber
enclosure. For this investigation, this was estimated to be T9, the temperature of the

chamber wall. ), is the thermal conductivity of the thermocouple (W m-! K1), g, is the
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emissivity of the thermocouple wire and d,, is the wire diameter (m). Only conduction
losses on the central investigated portion of the test strip matter. It can be assumed that
half of the conduction losses on the outer two thermocouples go to the rest of the test
strip. Thus, for three thermocouples the total conductive heat loss can be calculated

through equation [15].

Z Quire =2 (Qwire,l + Qwire,Z) [15]

Residual Gas

Equation [10] assumes that the only heat lost from the sample was by radiation.
The standard test method states that to ensure this, the tests must be carried out under
a minimum vacuum of 1.3 x 10-mbar (1.3mPa). However due to issues with the chamber
it was only possible to achieve a vacuum of 8 — 9 x 10" mbar. Thus, residual gas in the
chamber after evacuation may have caused heat losses from the test specimen. In order
to estimate heat loss through residual gas, the expression in equation [16] was used [152].

Qgas = A1mAopy - (273. 2/T2)%5 - (T —T5) [16]

Where m, is the accommodation factor, Ag is the thermal conductivity of the gas
molecules at 0°C equal to 0.164 (W m2°C-'mmHg!) [152] and pyy, is the pressure in the
vacuum chamber (mmHg). The accommodation factor characterises the amount of
thermal energy a gas molecule loses after a collision with a solid, and ranges from 0 to
1. A value of 1 means the gas molecules average temperature is the same as it the solid
after the collision and a value of 0 means it is unchanged [153|. For this work it was

estimated as 0.85 [153].

Conductive losses to the rest of the strip

Emissivity is only measured over a small central region of the test strip where the
temperature is assumed to be constant. Conduction losses from this central region to
the rest of the test strip need to be taken into account [152]. These losses are calculated

through equation [17].

Qcona = A A(T1q — T33) [17]
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Where A is the thermal conductivity of the test strip and Ti; and Ts3 are the
temperature readings of the outermost thermocouples. The placement of these

thermocouples is shown in Figure 25.

Relative error

By considering the different losses given in equations[18][19]20][21], the relative

error of emissivity for each of the error sources can be defined through the following

equations.
B¢/ non-grey = ~ZL0 (1~ [T7T) 18]
1-(72)
(82/2)gas = Qgas/ Quy 19
(8e/2wire = ) Quire/ 20
(8¢/)cona = Qeona/ Quy 21

Chamber Wall Cooling

Depending on the lowest temperature intended to be measured and the maximum
natural heat dissipation of the vacuum chamber, the test standard states that cooling
of the walls may be necessary. To achieve the accuracy as stated in the standard, it
recommends maintaining at least a 100°C temperature difference between the specimen
and the chamber walls. Although the vacuum chamber used in this investigation did
possess a thermal shroud, cooling of the shroud was not installed at the time these

experiments were carried out.

Sources of error

Care was taken to ensure that the test procedure was as similar as possible between
each sample. However, there were potential sources of human error when conducting
these experiments. The standard recommended that the distance between the
thermocouple leads be 75 mm. Handling difficulties when spot-welding the samples
however meant that the distance of the thermocouples varied for some of the samples.
The distance between thermocouples was measured using callipers and is presented in

the results section of this thesis.

- 86 -



C. Ogunlesi — February 2022

4.3.2. Resistivity Measurement — Four probe method

Overview

The four probe method was adapted from the ASTM standard B193-16, as well as
numerous reports from the literature, to measure the resistivity of the SLM samples
[145]. Generally, it involved placing four probes onto the surface of the test specimen.
Across the outer two of these a current was passed, whilst across the inner two the
voltage across the sample was measured. By measuring these values, and knowing the

geometry of the sample, the resistivity was calculated using equation [22].

RA
=2 22
p= 22]

Where R (Q) is the resistance of the sample, A (m?) is the cross-sectional area and L
(m) the distance between the voltage leads. By knowing the input current and measuring

the voltage across the sample, the resistance was calculated using equation [23].

R= - 23]

Current was passed through the samples using the metal 3161 end tabs and the
voltage across the samples was measured through the outer two thermocouples spot-
welded to the surface. Cross sectional areas of the specimens were measured using X-ray

CT scanning, as will be detailed in section 4.4.

Deviations from the standard/sources of error

As this method was adapted to suit both the emissivity and resistivity

measurements, some aspects of the experiment deviated from the standard.

Sample size

The standard recommended that samples have a test length of at least 1 ft or 300
mm. Although no specific reason was given for this sample length, it may have been to
ensure that the resistivity measurement is not largely affected by unintended
irregularities in the crystal lattice (such as cracks or impurities). However due to
manufacturing constraints 200 mm length specimens were used instead and as detailed

in section 4.3.1 the resistance measurement was taken over a 75 mm section in the
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middle of the samples as required by the emissivity standard [146]. A 75 mm length
was considered an appropriate length to measure the voltage over for the emissivity as
stated by the standard and so was assumed to also be appropriate for the resistance
measurement. Although it was outside the scope of this work, it could be worth in future
printing samples of different lengths to see if there is a notable difference in resistivity

measurements.

Contact Resistance

The metal tabs that supply power to the sample and the test specimen are not in
perfect contact with one another. This is due to the roughness of the test specimen and
the metal tabs restricting contact. This can also be exacerbated by the presence of a
film such as an oxide layer on the surface of the test specimen reducing the actual
contact area between the sample and electrical contacts. These restrictions can cause
increase the resistance measured and as a result alter the resistivity measurement and
are known collectively as the contact resistance. Lead resistance refers to the resistance
of the electrical leads used to measure the sample properties [154]-[156]. Steps were
taken to reduce these additional resistances, including conducting the test under vacuum
to prevent oxidation, using the four probe method [156] and constructing the metal tabs
out of the same material as the test specimen [154]

The standard also recommended reversing the flow of current through the sample
either through the instrumentation or by physically flipping the sample [145]. This
however was not performed due to the additional time it would have taken to remove

and replace the sample in the test equipment.

4.3.3. Instrument uncertainty analysis
For both the emissivity and resistivity, the uncertainty was first calculated for the
different instruments used in the experiments. These were then used to calculate the
uncertainty for the emissivity and resistivity. The largest values of uncertainty were

used to define error bars.
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Instrument uncertainty
Voltage

Voltage was measured with the 34401A Digital multimeter. The uncertainty
calculation was taken from the data sheet supplied with the multimeter which was given
as % of reading + % for ranges of measured values in the hundreds of millivolts taken
over 1 year, given as 0.005 + 0.0035 [157]. Thus, the absolute uncertainty was calculated

through equation [24].

0.005

100 [24]

0. 0035)

>+readmg*< 100

Upoltage = Teading * (

Power Supply
Current was measured using the Kikusui PWX1500L power supply [158]. The

uncertainty was taken from the data sheet supplied with the power supply. For the
output current, this was given as +(0.5% of set + 0.1% of rating). The output current

was rated as 150 A. Thus, the absolute uncertainty calculated through equation [25].

Ucyrrent = current = 0.005 + 150 = 0.001 [25]

Thermocouples

Temperature was measured using model TC Direct 406-645 Type K thermocouples.
The uncertainty of these thermocouples was taken from a datasheet supplied by TC
Direct and varied depending on the temperature range [159]. For temperatures between
-40 °C to 333 °C, the absolute uncertainty was + 2.5 °C. However, between 333 °C to
1200 °C, the absolute uncertainty was given through equation [29], Where T is the
measured temperature.

ur =+ 0.0075- T [26]

X-Ray CT

Surface determination is the process of defining the surface of a scanned object by
estimating the location of the boundary between the air and material [160]. Defining the

objects surface can influence the dimension measurements such as cross-sectional area
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and thus accurate determination was important for calculating the emissivity and
resistivity. In this work the uncertainty of the surface determination was taken as the
uncertainty of the X-Ray CT measurements.

Surface determination was accomplished using the ISO50 method. For a mono-
material object (such as the samples studied in this work), a histogram of the grey values
of the CT dataset shows two peaks representing the air and material respectively. Using
the ISO50 method the surface grey value (known as the ISO50 threshold value) is taken
as the value halfway between the modal values of the air and materials peaks [160].
According to J.J Lifton et al, when the air and material peaks follow Gaussian
distributions, the grey values one standard deviation from the ISO50 threshold value
can be taken as upper and lower bounds of the surface [160]. Thus measurements (such
as cross-sectional area) calculated using these upper and lower values for the ISO50
threshold can be used to calculate the standard uncertainty due to the surface
determination (ugp) following equation [27|. Where x, is the measurement calculated
using the upper threshold and x; is the measurement calculated using the lower

threshold.

|xu _xll
Usp = 5

[27]

However for air and material peaks that follow non-Gaussian distributions such as
was seen in this work, rather than using the standard deviation the 68% dispersion for
the air and materials peaks were recommended. These were measured by calculating the
cumulative distribution functions for each peak and then determining the grey values at
16% and 84% distribution probabilities. These were then used to calculate the upper
and lower bound threshold values which were then used in measurements (such as the
cross-sectional areas). These measurements were then used to calculate the upper and
lower bounds of the uncertainty, as seen in equation [30]. Where ugp is the upper
uncertainty bound, ugp, is the lower uncertainty bound, xs4 is a measurement calculated
using the grey value at the 84% distribution probability, x16 the grey value at the 16%
distribution probability and xig050 the ISO50 threshold value.

-90 -



C. Ogunlesi — February 2022

A more in-depth description of the exact process followed can be found in the paper
by J. J. Lifton et al [160]
Usp, = |Xg4 — X15050

Usp, = |X16 — Xis050] 28]

Callipers
Uncertainty was taken from Mitutoyo E12021 callipers product guide [161]. The

absolute uncertainty was given as 4+ 0.02 mm.

Methods uncertainty
Emissivity measurements

Emissivity uncertainty estimates were based on results from a paper by T. Fu et
al. [152]|. Following equation [29], the total hemispherical emissivity was a function of
five independent variables. These variables were the surface area of the test specimen,
the surface temperatures of the sample and vacuum chamber enclosure, the input current
and the voltage drop over the specimen. These are shown below in equation [29]

e= F1(4,, T, T, LV) [29]

From J. P. Holman et al [162] the uncertainty of the total hemispherical

emissivity, Ae;j/e, can be calculated through equation [30]. This required knowing the

uncertainty of the individual variables, taken as the instrumental uncertainties.

Agy  [/81nF\? ,  (SInF\? ,  (SInF\? )
£ [( 84, ) (A41)7+ ( 6T, ) (AT1)" + <6T2 ) (4T2)
i [30]
s ((S'InF)Z an? + (alnF)Z (o)
81 Y%

Resistivity measurements

Resistivity was calculated through equation [22] as the product of three
independent variables. These variables are the resistance, the cross-sectional area and
the length of the specimen. There are shown below in equation [31].

p=F;(RAL) 31]
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The resistance is the calculated by dividing the voltage by the current. The

uncertainty of the resistance can thus be calculated through equation [32].

1/2
AR v\ 81?1 2
@]
R %4 I
Thus, by knowing the uncertainty of the resistance, the uncertainty of the

resistivity can be calculated through equation [33].

Ap |(6InF 2 ) 5 In F\? ) 5 In F\* 2 Ve [33]
7= |G @mr e () @+ () o]

4.4. Area Determination

4.4.1. Overview

Both the emissivity and resistivity measurements required accurate values of the
sample geometries. Both standards recommended using callipers to measure the sample
dimensions and whilst the resolution of the callipers (£ 0.02mm) was on the micron
scale, they could not capture the effect of surface features that increased the area of the
samples. Instead, X-Ray Computed Tomography (CT) scanning was used to capture
cross-sectional images of the specimens, which were then analysed using image processing
software. The perimeters of the cross-sectioned images were multiplied by the length
between the outermost thermocouples (Z in equation [12]) to calculate the emissive area
(A1 in equation [12]). The mean cross-sectional areas were used as the parameter A in
equation [22] to calculate the resistivity. The overall process is shown in Figure 26. This
section presents an overview of these two techniques. X-ray CT scanning was chosen
over other methods because it was a non-destructive method of imaging the actual
emissivity and resistivity samples. Other methods such as optical microscopy would have
required destroying the sample to properly image the cross-sectional area.

3D Volume
Image analysis / 2D Image
Reconstruction Surface Analysis
determination

X-Ray CT scan

Figure 26: Flow chart detailing the X-Ray CT scanning process. Processes
highlighted in blue were performed by the muvis team at the University of
Southampton
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4.4.2. X-Ray Computed Tomography

FExperimental Procedure

All CT scans were performed at the p-VIS X-Ray imaging centre at the University
of Southampton on all seventeen sample 1 (long) specimens as shown in Table 16. Due
to equipment availability, six of the scans were performed on a Zeiss 160 kVp Versa 510
whilst the remaining eleven were scanned on a custom 450/225 kVp Hutch CT. The
different machines had different characteristics and resulted in different scanned section
lengths and different spatial resolutions achieved, as presented in Table 16.

A small length over the middle of the sample, rather than the full length, was
imaged. This was 15 mm for the samples scanned on the Versa and a smaller length of
10 mm - 11 mm for samples scanned on the Hutch CT system. The spatial resolution
was determined by the voxel size. As seen in Table 16, the voxel size varied between 5
pm — 7.5 pm, smaller than the metal powder particle size range used for SLM processing.
Due to deviations from the nominal width and thickness, some of the samples scanned
using the Hutch CT system were imaged with a larger voxel size to fit the entire
specimen width within the field of view. Samples scanned on the Versa could only be
scanned over a 5 mm portion of the full width. As a result, the edges of the specimen
were cut off in the resulting reconstructed images as shown for the 90° sample 8 in Figure
27. Thus, estimates for the full specimen perimeter required extrapolation as detailed in

the next section.

4.4.1. Image Analysis
As detailed in Figure 26, after the parts were C'T scanned, the resulting projections
were reconstructed into 2D images. CT scanning and reconstructions were performed by
colleagues at the p-VIS X-Ray imaging centre. For Hutch and HMX scans, the
CTPro3D and CTAgent software (Nikon Metrology, UK) was used. These used filtered
back-projection algorithms to reconstruct the projection data into 32-bit float volumes.
These were down-sampled to 8 bit to reduce processing time For Versa scans, the Zeiss

XM Reconstructor software (Carl Zeiss Microscopy GmbH, Germany) was used to
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reconstruct the images into 16-bit TXM files, and these were subsequently converted to

16-bit raw volumes.

Surface determination

After image reconstruction the resulting images consisted of pixels of varying grey-
scale values. The values of these pixels and their variation in the image represented how
the attenuation coefficient of the X-Ray beam changed as it passed through the samples
and thus the density of the samples [163]. Surface extraction or determination was

accomplished differently for samples scanned on the Hutch or the Versa machines.

Figure 27: CT image reconstruction of the 90° sample 8, captured on the Versa
showing the limited 5 mm field of view

Hutch images

Surface determination was performed automatically using the software VG
StudioMax to implement the ISO50 method. The greyscale histogram of the CT volumes
consisted of two peaks, one representing the background (air) and another representing
the foreground (material). The ISO50 threshold value for the surface is halfway between
these two peaks [160]. The associated uncertainty was calculated using the process shown

in section 4.3.3.
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Table 16: Table showing a summary of the different parameters used to scan the SLM samples

L h
) engt Voxel size Volume x,y,z 3 Angular Voltage  Current Number of
Sample Machine scanned Volume(mm?) . L
(mm) (pm) (voxel) step (°) (kV) (A) projections
1 450/225 k
5 61’4 3 ?{Ou/ltc}? C¥p 10 - 11 TXTRT 2000*500*2000 14*3.5*%14 0.115 200 65 - 69 3142
L1200 450 /295 v
15, 16, Hutch CTp 10-11  7.5%7.5%7.5 2000*500*2000 14*3.5*%14 0.115 200 65 - 69 3142
17 utc
450/225 k
7,11 i?lftc}? C\T/p 10-11  7.5%7.5%7.5 2000*700*2000 14*3.75*14 0.115 200 65 - 69 3142
1923 Zeiss
87 9’ 1’ 160 kVp 15 5*5*5 950*1007*4198 4.75%5.04*21 - - - -
T Versa 510
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After surface determination, analysis techniques to calculate the perimeter, cross-
sectional area, and relative density of the parts were implemented using the software
ImageJ. Image stacks from XCT scans were imported and converted into 8-bit images.
A threshold was then applied to binarize the images [164]. To calculate both the cross-
sectional area and the perimeter, the ‘analyse particles’ tool in the software was used.
This worked by scanning the image until finding the edge of an object, then outlining
the object using the wand tool and finally measuring the resulting area or perimeter of
the object [165]. Protruding features on the surface of parts, if they varied in the z-axis

of the scan could appear differently in each scan slice. This is shown in Figure 28.

> —— —
00" = == =
)= == == =

—
X
—

Figure 28: Image detailing how protruding features on the AM parts may have

altered the perimeter and cross-sectional area determinations over different scan
slices

Steps were taken to account for this. For the cross-sectional area, the area of every
object in each scan slice was measured. The sum of these areas was then taken as cross-
sectional area for each scan slice. The mean area of every scan slice was then taken as
the cross-sectional area of the sample. This same principle was used to calculate the
perimeter. When calculating the perimeter, to ensure that a continuous surface was

measured the “fill holes” tool in ImageJ was used. This is shown in Figure 29.
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Figure 29: A thresholded image before and after flood-filling the holes up to the
isosurface

Versa images

The images taken on the Versa could not be imported into VG StudioMax, and so
the isosurfaces were determined manually following the ISO50 method. A histogram of
the grey values was determined using ImagelJ, two peaks corresponding to the air and
material were identified, the mid-point value between the peaks was calculated and then
used as a threshold value to binarise the image.

As previously mentioned, samples scanned on the Versa system could only be
scanned over a 5 mm portion of the full width. As a result, the edges of the specimen
were cut off in the resulting reconstructed images. Thus, estimates for the full specimen
perimeter required extrapolation using equation [36], which scales the perimeter
measured over the limited 5 mm field of view to the full width of the specimen measured
using callipers. This extrapolation assumes that the surface texture of the sample and
the thickness was the same throughout the width of the sample. The method to calculate
the uncertainty is given in the next section.

Versa perimeter x calliper width
5

perimeter = [34]

4.4.2. Uncertainty Analysis
Uncertainty of the area obtained through surface determination was calculated by

the process detailed in section 4.3.3. To obtain the uncertainty on the perimeter of the

2
samples measured using the Versa, equation [35] is used. Where (%X) is the percentage
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uncertainty from the X-ray CT surface determination (detailed in section 4.3.3) and

2
(6?6) is the percentage callipers uncertainty.
1/2

Gos = [G) + (2] [35]

4.5. Roughness Characterisation

Surface roughness was expected to have a large effect on emissivity and so several
surface texture parameters of the AM surfaces were measured using Focus Variation
Microscopy (FVM). Here, the basic principles of this technique are outlined as well as

the exact steps taken when measuring the roughness of the samples.

4.5.1. Focus Variation Microscopy

Experimental Procedure

Roughness was measured at five different locations on each sample. It was
measured on both the upskin and downskin sides for the samples printed at 90° and 45°
relative to the build plate. Samples printed at 0° were only measured on the upskin side,
as the downskin side was EDM cut from the build plate and were thus not representative
of as-built AM surfaces.

To ensure that the same 5 locations were measured on every sample, a plastic
sample holder denoting measurement locations was 3D printed. The CAD model of this
with the corresponding distances along the holder is shown in Figure 30. The distance
between each of the locations demarked on the sample holder was 33.3 mm. The

measurement procedure involved several steps, which are outlined in Figure 31.

Figure 30: CAD model of the sample holder used to ensure roughness measurements
taken at similar locations
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Define measurement area N Automatic sample
Mount sample - >
limits measurement
L 4
Collect measurement data Apply robust Gaussian filter Define reference plane

Figure 31: Flow diagram detailing the roughness measurement process

After mounting the sample onto the microscope, measurement area limits in the x
and y axes were first determined. This area was approximately 2.5 mm by 2.5 mm as
deemed appropriate by A. Triantaphyllou et al [47]. The limits in the z-axis were set
by moving the microscope up and down until the sample was out of focus. While the x
and y limits were constant, the z-axis limit varied depending on the height of the peaks
and depth of the valleys. The measurement itself was done automatically by the
microscope. After the image was captured a reference plane was applied using a best fit
method, a 2.5 mm L-filter was applied using a robust Gaussian filter, and the different
surface texture parameters were collected. A summary of the different settings used are

shown in Table 17.

Table 17: Summary of the different parameters used for the Focus Variation

Microscope
Vertical Lateral Magnific XYZ (mm) Sampling L-filter
resolution (nm) resolution (pm) ation distance (pm) (mm)
800 8 10 x 2.693*3.824* 883.51*883.51 2.5

(0.86-1.01)

4.5.2. Uncertainty Analysis
No information was available from the supplier of the microscope for uncertainty
values for the high roughness values that were expected to be seen on the as-built AM
samples. Instead, the repeatability of the measurement was taken as the uncertainty of
the instrument. This was done once at the beginning on a single sample and generalised

to all measurements. To measure the repeatability, at a single location on a sample
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identical measurements of the different surface texture parameters were captured ten
times. It was assumed that the variation of this sample would be representative of the
full sample set. This was considered adequate for a screening experiment. The standard
deviation of the mean of these values was then taken as the uncertainty of the roughness

measurements.

4.6. Materials Characterisation

To assess the microstructure and overall surface geometry of the as-built AM parts,
various materials characterisation techniques were used. This section will present an
overview of these characterisation techniques as well as the various methods in which

samples were prepared for the techniques and how microstructural analysis was done.

4.6.1. Sample Preparation

Cutting

Samples were cut to reveal the cross-sections for microstructural analysis. The
planes that were cut varied depending on the build orientation of the parts. The samples
were cut using an abrasive cutter. The samples built at 0° were cut along the x-z and y-
z planes. The samples build at 90° were cut along the x-y and x-z planes. The samples
built at 45° were cut at angles 45° to the x-y plane and 45° to the x-z plane. These are
visualised in Figure 32.

The samples were cut along these different axes because these were easiest to
mount in the cutting machine. Microstructural differences between the samples because

of these different cutting planes will be discussed in the results section.

Mounting

After cutting, the samples were mounted in conductive Bakelite for grinding and
imaging in the Scanning Electron Microscope. Samples were held upright using ring
sample holders and mounted using a hydraulic press OPAL 410 machine which heated

the samples for 6 minutes at 180°C.
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Figure 32: Diagrams showing the orientation of samples on the build plate and the
different cross-section planes that dendrite spacing was measured on for each
sample.

Grinding and Polishing

To remove abrasive marks from the cutting process and to make the samples level
for imaging they were first ground and then polished. They were ground using 800 and
4000 grit abrasive papers before being polished using a polishing cloth and 6 pm and 1

pm diamond paste to achieve mirror-like surface finishes.

FEtching

To reveal the microstructures samples were etched using Kalling’s No.2 reagent,
made up of 60 mL of hydrochloric acid, 40 mL of ethanol and 40 g copper chloride to
make up 100 mL of etchant. Samples were immersed in the etchant for 7-8 seconds

before being rinsed using tap water to stop the etch and methanol to dry the surface.

4.6.2. Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) was used to view the microstructure of the
cross-sectioned samples as well as the surface topography of the as-built samples. Image
analysis was carried out on the resulting images to measure the primary cell spacing.
Energy dispersive X-Ray spectroscopy (EDS) was attempted to gain information about

the elemental composition of the samples.
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Experimental Procedure

SEM analysis was performed in the Biomedical Imaging Unit at the University
Hospital Southampton. One of two machines was used depending on availability. For
EDS and secondary electron (SE) imaging a FEI Quanta 200 Scanning Electron
Microscope was used. EDS analysis was performed using the Oxford Instruments Aztec
software. A second machine, an FEI Quanta 250 Scanning Electron Microscope with
Gatan 3view2XP serial block face imaging was used for SE imaging alone. The properties
of the SEM used to image the samples are shown in Table 18.

Table 18: Table showing a summary of the SEM properties.

Sample Region of Interest ~ Working Accelerating Magnification range
Distance (mm) Voltage (kV)
2 Surface 8-10 10 - 15 50x, 100x ,200x,500x
topography
3 Microstructure 8-10 - 200x - 12000x
4.6.3. Microstructural Characterisation

Primary Dendrite spacing

Two methods were used and compared to measure the primary dendrite spacing
of the SEM images. The first was using the image analysis software ImageJ. Firstly,
images were blurred using the Gaussian blur filter, and the contrast enhanced
automatically using the “Enhance contrast” tool to better separate between the cell
interiors and boundaries. The image was then converted into a binary black image and
segmented using the ‘find maxima’ tool in ImageJ. Finally, the average area of the

particles was calculated using the particle size analysis tool. These steps are illustrated

in Figure 33.

Qriginal Blurred and Segmented 7 Counted
contrasted

Figure 33: Diagram showing the steps taken to calculate the primary cell spacing
in ImageJ
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The second method was the area method as reported by M. Ma et al [74], [166].

The equation for this method is shown below in equation [36]

1

5= (é)i [36]

N

Where 5 is the primary dendrite spacing in microns, N is the number of (manually
counted) cells in the targeted area and A is the area of the region of interest in square
microns. This was repeated on different images of the same samples to obtain an average
value. The dendrite area using this technique, A /N, was compared with the average area

calculated from the image analysis technique.

4.7. Density Measurements

4.7.1. Archimedes method
The Archimedes method for density measurements was performed based on ASTM
standard B962-17 [148]. Generally, this required measuring the mass of the sample in
air and the mass of the sample when it was immersed in fluid. By knowing these masses
and the density of the air and the density of the fluid, the density of the sample could
be calculated. Whilst an equation to calculate this was given in the ASTM standard, a
slightly modified version presented by A. P. Spierings et al. which took into account the

buoyancy of the part in air was used [167]. This is shown below in equation [37].

mg,

Pp = (pfl — Pair) '—ma m— " Prl [37]

Where p,, is the density of the sample, pn is the density of the fluid, pair the density
of the air, m, the mass of the sample in air and myg the density of the sample in the
fluid. The fluid used was acetone which has a density of 0.791 g/ml. The density of air
was taken as 0.01225 g/cm3. For mass measurements a balance was used which could
measure up to 5-digits (0.1 mg) as required by the standard for samples less than 10 g.
The sample was suspended from a metal bracket which was submerged into the fluid.
Each mass measurement was taken at least five times. To account for the evaporation

rate of the acetone which would alter mass measurements, the mass change of the fluid
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was measured over 10 seconds. This was measured five times and the average value of

this was added to the mass of the sample in fluid in equation [37].

4.7.2. Image Analysis

Relative density measurements were also taken from the 2D Image slices obtained
after image reconstruction and surface determination of the CT scans, as described in
section 4.4. This was done using the software ImageJ and adapted from a procedure
described by A. B. Spierings et al [167|. First images were converted into binary
following the procedure outlined in section 4.4.1 (although the images were not flood
filled to preserve the internal porosity). The images were then cropped to remove the
surface and focus solely on the internal porosity. Using the particle size analysis tool,
the fraction of the image that was black (corresponding to air) was measured, which

was taken as the relative density of the part. This process is illustrated in Figure 34.

Figure 34: Images showing a sample after having a threshold applied and after the

-
-
L J
-

surface has been cropped to focus solely on the internal porosity.
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5. Results and Discussion —
Surface texture and morphology

5.1. Overview

As previously described, surface texture is deviation of a surface from its ideal
shape after the underlying form of a part has been removed [42]. Surface texture can be
further split into long wavelength deviations, known as waviness, and short wavelength
deviations, known as roughness. Roughness is known as a key factor that influences the
emissivity of a surface, however the rapid cooling and layer-by layer nature of SLM can
cause unique features which increase the roughness of as-built surfaces. As the goal of
this work was to understand how the SLM process influenced the emissivity, it was
important to first understand how it affected the roughness of the parts produced.

In this section results of the surface texture measurements are presented. This
includes a general look at the data before discussing how the different input parameters
may have affected the results. Multiple linear regression models were created to
determine not only which input factors affected the different texture parameters but
also order them in terms of significance. Attempts were then made to correlate these to
physical characteristics observed on the different samples, as well as to explain the
physical reasons why changing the input parameters had the effects they did on the
different texture parameters.

Using focus variation microscopy, the surface roughness of the parts was measured
on seventeen samples and characterised through surface texture parameters. Each
sample corresponded to a different combination of input parameters (laser power,
scanning speed, hatch spacing, layer thickness and build angle) varied to obtain a range

of different surface textures. The samples were measured at five equally spaced locations
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along each sample on both the upskin and downskin sides. The surface texture
parameters measured, and their definitions are shown in Table 19. Going forward in the
text, when referring to roughness it is referring to these texture parameters (unless
otherwise stated).

Table 19: Summary of the different areal surface texture parameters measured for
this thesis

Texture Parameter Definition Physical meaning

(nm)

Sa Arithmetic mean of the absolute of Average height deviation
the ordinate values from a mean plane

Sq Root mean square value of the

ordinate values

Ssk Quotient of the mean cube value of Measure of symmetry of
the ordinate values roughness profile about
mean plane

Sku Quotient of the mean quartic value of How closely roughness
the ordinate values profile matches Gaussian
distribution
Sdq Root mean square of the surface Average slope of the surface
gradient
5.1.1. Overview of data

Roughness measurements were taken at the same 5 locations on each sample, 33.3
mm apart. Figure 35 shows box plot diagrams of the ranges for all the samples. The
samples are split by build angle, which were defined relative to the build plate as shown
in Figure 36. They are also split by the side measured, upskin and downskin. Upskin
refers to the uppermost, visible surface of a part while downskin refers to surfaces facing
down towards the build plate. However, it is important to note that because the 90°
samples were built perpendicular to the build plate that both sides have the same
orientation and that neither side is upskin or downskin. The sides have been labelled as
such in Figure 35 only to separate them and for consistency with the other samples.
Because the downskin of the 0° samples were removed from the build plate using
electrical discharge machining (EDM) wire cutting, they were not representative of

surfaces affected by the SLM process parameters and have been omitted.
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Figure 35: Box plot diagrams showing the ranges of the different texture parameters
measured for the different build angles, split by side (upskin and downskin)
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Figure 36: Diagram showing the build angle of the different samples built relative
to the axes of the build chamber. 0° samples are parallel to the build plate, 90°
samples are perpendicular, and 45° samples are in-between the two.

For each of the build orientations, Sa and Sq have similar trends, as expected since
these are both measures of the average height of the sample surface deviation. It is
interesting that Sdq, a measure of the average surface slope also has a similar trend to
Sa and Sq. Of all the build angles, the 0° samples have the widest ranges for every
texture parameter while the 90° samples are consistently the most similar on each side
for each of the texture parameters. For each of the texture parameters, the upskin and
downskin sides of the 45° samples are consistently very different from each other. This
difference has been reported in the literature elsewhere and was expected due to the
different thermal conduction pathways between the upskin and downskin surfaces. While
the upskin surface had the previously solidified layers directly connected to the build
plate as a thermal conduction path, the downskin was supported only by unbound
powder which was poor at conducting away heat. Higher amounts of thermal energy led
to the melt pools growing and sinking into the powder due to gravity causing the large

differences in surface texture parameters seen in Figure 35. These differences will be
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explored in greater detail later in this chapter. Finally, The Sku value for both sides of
the 90° samples and the downskin of the 45° samples was consistently near three for
both sides, showing that they had mostly normal distributions.

This overview of the data shows that the input parameters did influence the surface
texture values, validating the need for an investigation to explore the relationship
between them. From looking at the ranges of the samples some general trends can
already be identified between the texture parameters, build angles and sides.

Before going into further detail about the relationships between the surface texture
parameters, process parameters and physical surface features, it is important to first
check the consistencies and ranges of the results for the individual samples. Given that
the process parameters for each sample were the same across their length, it was assumed
that the surface texture values would also be consistent. However, for certain samples
there were notable changes to the surface texture values. When designing the
experiment, it was assumed that only the five controlled process parameters would
largely affect the surface texture and could thus be related to the emissivity. From
reviewing the literature other factors not accounted for, such as the position of the
samples on the build plate, may have affected the local heat transfer and thus the surface
roughness. The next section will explore the extent of the variation seen in the samples,
attempt to determine the reason why it occurred and how it can be accounted for when

relating to the process parameters.

5.2. Consistency of measurements

As previously discussed in section 3.2.5, the orientation of parts with respect to
the direction of the gas flow or the laser incidence angle has been shown to affect the
roughness of parts. The gas can affect the cooling rate and rheology of melt pools while
the laser incidence angle can affect the amount of energy absorbed from the laser [108],
[168]. However, these factors were not considered when designing the experiments. These
effects were investigated for each sample by looking at the range of values of the different

texture parameters and trends in the values along the lengths of the samples.
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5.3. Ranges of values

As the process parameters used to build the samples were consistent along their
lengths, it was expected for the texture parameters to also be consistent (and have low
ranges). Figure 37 shows bar charts of the ranges of the different texture parameters
measured on each of the seventeen samples. These samples are split by side, with the

shaded columns representing downskin surfaces.
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Figure 37: Bar chart showing the ranges of values for the different surface texture
parameters for all 17 samples. Each plot is coloured by build angle and separated
by side. The shaded plots are the downskin surfaces

The most notable observations are not only that the ranges of the samples differ,
but that some ranges are much larger than others. If the results showed ranges that
were homogeneous across all the samples, variation could be explained as a consistent
error. The fact that the samples all have different ranges suggests that there may have
been a factor (or factors) that affected the results beyond the random measurement
error. Each of the texture parameters seem to follow the same general trends. The 0°
samples have the largest ranges while the ranges of the 45° and 90° sample are lower.

This indicates that the 0° samples were less homogeneous than the other build angles.
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5.3.1. Trends in sample measurement

As previously mentioned, roughness was measured at five equally spaced (33.3 mm)
points across each sample. This was ensured by using a sample holder, a rendering of
which along with the corresponding distances along the sample is shown in Figure 30.
To reiterate, given that the process parameters were supposedly consistent along the
length of each sample, if the surface texture parameter values changed with length it
could indicate an unaccounted-for factor that influenced the results such as the position
of the parts on the build plate. To check this surface texture parameter values were
plotted against the sample length. An example of this is shown in Figure 38 for the Sa

values of the 90° samples 3 and 4.
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Figure 38: Sa values vs measurement number for samples 3 and 4 for both upskin
and downskin sides (both printed at 90°)

A linear fit and R? values have been added to each data set. The data for each
sample is not always linear but adding these fits can be used to clearly show trends
especially for large volumes of data. The R2 value here is used as an indicator for how
strong a trend there is between Sa value and length along the sample. The higher the

R? value, the stronger the trend. The R2? value however does not show the direction of
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the trend. The Sa values for Samples 3 and 4 are shown because they each demonstrate
a clear trend or lack thereof. For sample 3, the Sa values clearly increase with length
along the sample for both sides, demonstrated by the high R? values of 0.7 and 0.8.
Sample 4 however shows no clear trend with increasing measurement number, given by
the low R? values of 0.01 and 0.16. Figure 37 shows that sample 3 had one of largest
ranges of all the samples, while sample 4 had one of the lowest.

Together the results of Figure 37 and Figure 38 suggest that there was an
unaccounted factor(s) that influenced the results along the length of sample 3 but not
sample 4. Thus the results of Figure 37 and Figure 38 when plotted against each other
can be used as an indicator for samples that may have been influenced by an
unaccounted for factor along their length, as shown in Figure 39. Although only Sa is
shown here, plots were done for all the texture parameters and similar trends were found.

Samples that had a large range and strong trend (indicated by a high R? value)
may have been influenced by external factors that affected the results along the length
of the sample. This is equivalent to the top right corner of plot and was only seen for
sample 3. As this influence was only seen for sample 3, it is difficult to draw strong
conclusions from a single data point as the positional effects on roughness were not
initially considered when designing the experiment. New samples, with the specific
purpose of investigating positional effects on roughness would need to be built.

It is also interesting that only the 0° samples have high ranges of values but weak
trends along the lengths of the samples. This again suggests that the surface textures
are inhomogeneous along the lengths of the 0° samples and will be discussed in greater
detail later in this chapter.

The reason why roughness was studied in such detail is that surface roughness
directly affects the emissivity of parts. In this thesis an average emissivity was measured
over an area of each sample. However, roughness was measured at discrete locations,
with the assumption that roughness would be consistent across the sample as the build
parameters for each sample were constant. If the roughness range was small (consistent

across the sample), it would be easy to correlate roughness to emissivity. Because the
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roughness varied, it is harder to directly link individual roughness values or the physical
features corresponding to those values to emissivity. Understanding what the cause of

the inconsistences was may be useful in future experiments to try and improve the

consistency.
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Figure 39: Plot of the range of Sa values against the R-square value for Sa vs. length
along the sample for all 17 samples. Samples are coloured by build angle and split
by side (upskin and downskin)

This inconsistency in roughness may affect the model as the same input parameters
may now be expected to give very different values of the texture parameters. If this was
a known issue before designing the experiment, more input parameters could have been
measured to account for this. Given the available data, the most appropriate method of
correcting for this may be to use average values of texture parameters as the responses

to avoid biasing the model towards outliers.
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5.4. Texture parameter and SEM image analysis

Table 19 details the physical definitions of each of the texture parameters. However
just knowing the definitions does not give insight into what physical characteristics the
parameters mean for the SLM surfaces. This section will look at the measured values of
the texture parameters and link these to physical features seen on the sample surfaces
seen in SEM images. The next section, which contains the model describing the
relationship between the input parameters and the surface texture parameters, will
attempt to explain how the inputs caused these physical features.

It is worth noting that the nominal geometries of samples used for roughness
measurements (sample 1 in Figure 19) were different from the samples used for SEM
imaging (sample 2 in Figure 19). Both sets of samples had identical thicknesses (250
pm) and widths (13 mm), but the lengths of the samples used for roughness
measurements were 200 mm while the samples used for SEM imaging were 50 mm. The
build parameters used to build both sets of samples were identical, and the shorter
length of the SEM samples should not have affected the heat transfer to the baseplate

or the cooling rate, which would have affected the roughness.

5.4.1. Physical meaning of Sa and Sq

Figure 40 shows the mean values of Sa and Sq for all seventeen samples. The error
bars for each point corresponds to the standard deviation of the means. Each sample
number corresponds to different build parameters used to build the sample, detailed in
Table 15. The samples are coloured by build angle and split by side (upskin and
downskin).

The overall trends of samples with Sa and Sq are nearly identical, which is
unsurprising given that they are both measures of the average height deviation from a
mean plane. The values of the 90° and 45° samples are consistent between samples, with
the Sa for most of the 90° samples varying between 27 pm — 34 pm (both sides). For the
45° samples, the upskin Sa varies between only 13 pm — 15 pm and the downskin

between 35 pm — 38 pm.

114 -



60

50

40

30

Sa (um)

20

10

80
70
60
50

= 40

5q

30

20

10

C. Ogunlesi — February 2022

80
{ 845
990

® Downskin
i Y Upskin

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Sample
80
I 05
890

® Downskin
Y Upskin

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Sample

Figure 40: Plots showing the surface texture parameters vs. sample number for (a)
Sa (b) Sq

These consistent values are reflected in similar physical characteristics seen in the

SEM images as shown in Figure 41. Samples 1 in Figure 41(a) and 4 in Figure 41(b) are

representative examples of the 90° surfaces and have mean values of 28.3 pm and

29.7 pm respectively. The surfaces are covered with agglomerated particles, the average

height of which likely corresponds to the Sa as they are slightly larger than the average

diameter of the raw powder used to build that samples, which was measured to be 18.1
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pm +8.1 pm (calculated over 5 SEM images, each measuring roughly 2000 particles).
Samples 9 in Figure 41(c) and 11 in Figure 41(d) are representative examples of the
upskin 45° surfaces that have mean Sa values of 14.8 pym and 15.1 pm respectively. Both
SEM images show scan tracks left by the laser and on top of these are discontinuities in
the scan tracks caused by balling and half-melted or agglomerated particles. These
particles appear to be mostly arranged in vertical lines, corresponding to the edges of

each build step.

QS ]
37.6mm

P

Figure 41: SEM images showing 50x magnification of the 90° (a) Sample 1 and (b)
Sample 4 and 100x magnification of the 45° (c) upskin of Sample 9 and (d) upskin
of Sample 11

However, not all samples with similar surface texture values had similar physical
features. This was particularly true when comparing samples built at different angles.
Both Sa and Sq show the average height deviation of a surface from a mean plane.

However, this is a very limited description of a surface, and lacks detail such as whether
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the deviation is above or below the mean plane or the shape of the deviation. Good
examples of this are the 0° samples 6 and 10. Both of which have similar mean values
of Sa and Sq for their upskin surfaces (30.5 pm and 34.4 nm Sa respectively). However
as seen in Figure 42 the actual surfaces of samples 6 in Figure 42(a) and 10 in Figure
42(b) are very different. Although the scan tracks can clearly be seen in both images,
there are clear discontinuities in the surface of sample 10 leading to numerous pores of
varying size. The surface of sample 6 in contrast does not appear to have any porosity
but does have several agglomerated particles of varying size adhered to its surface.

The SEM images suggest that samples 6 (Figure 42(a)) has mostly peaks on the
surface, while sample 10 (Figure 42(b)) has mostly sub-surface pores. Rather than Sa or
Sq, these are more clearly measured using Ssk (a measure of the symmetry of the
roughness profile about the mean plane). Sample 6 skews positive (above 0) with a value
of 2.57 while sample 10 skews negative (below 0) with a value of -0.89. (Ssk is discussed
in more detail in section 5.4.2).

Sa, Sq and Ssk still only give limited information about the surface, not capturing
the shapes or distributions of the surface features. For example, the 0° sample 10 in
Figure 42(b) and the downskin of the 45° sample 11 in Figure 42(c) both have similar
values for Sa ( 34.4 pym and 38.4 pm respectively) and are both negatively skewed.
However, Figure 42(c) shows that the downskin surface of the 45° sample 11 is very
different from sample 10. The surface of sample 11 is almost entirely covered in
agglomerated particles and looks closer to the surfaces of the 90° samples 1 and 4 seen
in Figure 41(a) and Figure 41(b). However despite appearing similar in the SEM images,
the mean Sa of the downskin of the 45° sample 11 is notably higher (38.4 pm) than both
90° samples (28.3 pm and 29.7 pm).

The parameter Sdq, the average slope of the surface, helps to further distinguish
the 0° sample 10 (Figure 42(b)) and downskin of the 45° sample 11 Figure 42(c). The
Sdq of the downskin of sample 11 is notably higher (5.28 pm) than sample 10 (3.57 pm)
due to the numerous adhered particles increasing the overall slope of the sample. Sdq is

discussed in more detail in section 5.4.3
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15.0kV X100

Figure 42: 100x magnification SEM images of (a) 0° sample 6 (b) 0° sample 10 and
(c) the downskin of the 45° sample 11

Overall, it is apparent that while some of the samples have similar values for
surface texture parameters, such as the Sa values of the 0° samples 6 and 10, the
corresponding physical surfaces are actually very different. Similarly, the reverse was
also found to be true, such as for the downskin surface of the 45° sample 11 which in
SEM images appeared like the surfaces of the 90° samples 1 and 4 but had much higher
values for Sa. Relying on only texture parameters or SEM images gives an incomplete
description of the sample surfaces. It is possible that samples may have similar values
for surface texture parameters but may each cause different amounts of internal
reflections of radiation depending on how cavernous the surface features are leading to
different values for emissivity. It is important to understand the physical features to
which these parameters correspond in order to better understand how the emissivity
may differ. This will be considered and explored in greater detail when discussing the

emissivity results.
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5.4.2. Physical meaning of Ssk and Sku

Figure 43 shows plots of the Ssk (a) and Sku (b) for all seventeen samples. The
zero line has been denoted on the Ssk plot in Figure 43(a) to show the separation between
positive and negative skew. On the Sku plot the red line denotes a value of 3, equivalent
to a Gaussian distribution.

As previously mentioned, A. Triantaphyllou et al [47], found that Ssk could be
used to distinguish between upskin and downskin surfaces. Positive Ssk corresponded to
a greater number of peaks on the surface and negative corresponded to a greater number
of valleys, pores, and sub-surface porosity. R. Leach et al described Kurtosis as a
measure of the spread of the surface height distribution and as a method of identifying
outliers [42]. A value of 3, which corresponds to a surface having a normal distribution
was said to have an equal spread of soft and sharp peaks and valleys. Sku < 3 was said
to correspond to mainly squashed peaks and valleys with large edge radii and Sku > 3
corresponds to sharp peaks and valleys with small edge radii.

As seen in image Figure 43(a) the 45° samples are clear examples of surfaces with
different values for Ssk. The upskin surfaces are all positively skewed (>0) with a mean
of 1.402 while the downskin surfaces are all negatively skewed (<0) with a mean of -
0.44. As previously discussed, downskin surfaces of overhanging parts tend to have
higher surface roughness. This is because during the build process these downskin
surfaces only have unmelted powder to support them, causing heat to dissipate more
slowly due to the lack of a conductive pathway to the baseplate. This causes the melt
pools to grow large and sink into the powder due to gravity leading to the formation of
valleys. Figure 44 shows the upskin (images (a), (¢) and (e)) and downskin (images of
(b), (d) and (f)) surfaces of the 45° samples 7, 9 and 11. The upskin surfaces appear free
from porosity and are mostly dominated by balling, agglomerations and half-melted
particles which likely correspond to the peaks. From the SEM images alone it appears
that the downskin surfaces are also mostly dominated by half-melted particles, but

underneath these can be seen numerous valleys, pits, and pores.
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Figure 43: Plots showing the surface texture parameters vs. sample number for (a)
Ssk (b) Sku. The red line on image (a) is at a value of 0, showing separating positive
and negative skew. The red line on image (b) is at a value of 3, showing values with
a Gaussian distribution

Zhu et al. studied the suitability of focus variation microscopy (FVM) on
measuring various areal texture parameters including Ssk and Sku on 90° and 0° samples
[169]. They used a similar method to this work, measuring areas 2 mm? at five different
locations on both upskin and downskin surfaces, although they did not give values for
the lateral resolution or L-filter. It should be noted that their results are not directly
comparable to the work in this thesis as they investigated polyamide-12 manufactured

using high speed sintering, but as they also used FVM general comparisons can be made.
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Figure 44: 100x Magnification SEM images of the upskin and downskin respectively
of the 45° (a) and (b) sample 7 (c) and (d) sample 9 (e) and (f) sample 11

For the 0° samples they also found that Ssk was useful for distinguishing between
upskin and downskin surfaces, although they found downskin surfaces were more
dominated by peaks and upskin by valleys. This may be due to the different fabrication
method used to build their samples. Interestingly they did not measure Ssk and Sku on
90° surfaces as they found that re-entrant features on such surfaces were not detectable
using FVM due to line-of-sight restrictions limiting the amount of light reflected to the
microscope, which increased measurement discrepancies for Ssk and Sku (although they

did not give exact values). Re-entrant features may cause large amounts of internal
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reflections of radiation, leading to higher values of emissivity. Thus these are important
to be able to measure for understanding and correlating with emissivity. As seen in
Figure 43(a) all the 90° samples are skewed positive, however given the surfaces are
dominated by adhered half-melted and agglomerated particles, it was expected for the
surfaces to be mostly peaks and thus skew positive. Looking at the SEM images and the
Ssk results, Ssk was capable of distinguishing between peaks and valleys, although from
this data it is not clear how suitable it was at capturing re-entrants for any build angle.
Zhu et al. mentioned X-ray CT as a technique to better capture re-entrants and although
it was not used in this work to measure areal texture parameters, X-ray CT was used
to accurately measure the perimeter and cross-sectional areas of the samples.
Comparisons between the X-ray CT measurements and the surface texture parameters
are discussed in detail when discussing the impact of surface roughness on emissivity in
section 6 of this thesis.

As seen in Figure 43 the 90° sample 12 and 0° sample 13 are good examples of
opposite extreme values of Sku. The mean Sku values for both sides of sample 12 are
2.72 and 2.96 (very close to a Gaussian distribution of 3), while for sample 13 upskin it
is much higher at 12.2. What these values mean physically can be seen in Figure 45.
Figure 45(a) shows the surface of the 90° sample 12 which is dominated by half melted
and agglomerated particles of varying size. From the value of Sku, it is known that the
range of these sizes correspond to a roughly normal distribution. In contrast the surface
of sample 13 shown in Figure 45(b) appears to be mostly flat

However in Figure 45(b) there can clearly be seen a very large, agglomerated
particle with a diameter of approximately 326 pm, significantly larger than the average
particle diameter of the raw powder used to build the samples which was measured to
be roughly 18.1 pm £8.1 pm. Although Figure 45(b) is only a single image of the surface
of sample 13, if it is representative it may explain the very high values for Sku seen for
sample 13 and others. Such large values of Sku may correspond to surfaces dominated

by outliers.
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Figure 45: 100x magnification SEM images of (a) 90° sample 12 and (b) 0° sample
13

5.4.3. Physical meaning of Sdq
Sdq represents the root mean square slope of the surface. This is easy to understand
for relatively flat surfaces or surfaces with well-defined peaks such as the examples shown
in Figure 46. In Figure 46(a) there is no change in the slope of the surface, resulting in
an Sdq of 0 while Figure 46 (b), the peaks are at 45° angles causing the change in height
to be equal to change in position along the surface, giving the surface an average slope

of 1.

Figure 46: Images showing idealised surfaces with (a) an Sdq of 0 and (b) and Sdq
of 1. This image is originally from Keyence [170]

However, such definitions are less suited for AM surfaces due to their aperiodic
nature or features such as spherical particles. Figure 47 shows a plot of the mean values
of Sdq against sample number for all seventeen samples. The SLM surfaces generated a

wide range of average slopes which correspond to very different physical features. The
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upskin of the 0° sample 13 shown in Figure 45(b) is a good example of a flat surface
with a low value for Sdq (there is a large particle in this image, but as previously

discussed this is likely an outlier).
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Figure 47: Plot showing the surface texture parameter Sdq vs. sample number

All the 90° samples in Figure 47 have relatively high values of Sdq (with means of
4.58 pm and 4.72 pm for the downskins and upskins respectively) and as previously
discussed all share similar physical features, primarily many half-melted or agglomerated
particles on the surface. These spherical or semi-spherical particles likely are the reason
for the high slope values seen. Sdq, like Sa and Sq, only gives information on the
magnitude of the slope and not the direction (whether there are more peaks or valleys).
The 0° sample 5 is an example of a surface with high Sdq (4.93 pm), but negative skew,
the surface of which is shown in Figure 48(a). The high Sdq of sample 5 likely
corresponds to the steep sides of the numerous pores seen in the Figure 48(a). This is
corroborated by the Sku value of 3.91 which because it is greater than 3 indicates
features with steep sides.

It is worth comparing sample 5 against sample 10, the surface of which is shown

in Figure 48(b). Sample 10 was also built at 0° and has a highly porous surface but has
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a lower mean value of Sdq at 3.57 pm. It is difficult to state definitively which surface
contains greater amounts of porosity just comparing SEM images, although sample 5
does seem to contain more unmelted particles which may have contributed to the higher
slope. However, comparing Sa and Sq values shows that the magnitude to sample 5’s
surface deviations were much greater than sample 10. Sample 5 had a mean Sa of 55.5
pm while sample 10 had a value of 34.4 pm. Given that they have similar values for

skewness (Ssk), it is likely that the average size of the pores on sample 5 were greater

compared to sample 10 which may have caused the large difference in Sdq.

Figure 48: SEM images of the upskin surfaces of the 0° (a) sample 5 and (b) sample
10

The downskin surfaces of the 45° samples generally have the highest values for
Sdq, with a mean value of 5.43 pm. SEM images of these surfaces are seen in Figure
44(b), (d) and (f). This may be because the physical features of these surfaces are
combinations of large numbers of half-melted and agglomerated particles and large

amounts of sub-surface pores with steep slopes.

5.5. Models linking process and surface texture
parameters

The previous sections looked at the raw data, and how this data could be
interpreted physically. This next section will look at modelling input parameters with

roughness and how these relate to physical features.
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5.5.1. Overview

The overall purpose was to model the relationship between inputs, the process
parameters varied, and the surface texture parameters as outputs. A regression model
was used, which describes the relationship between input factors (also known as
predictors) and outputs (also known as responses). Regression describes a general
collection of techniques used in modelling outputs as functions of input factors. When
more than one input factor is used this is known as multiple linear regression, as used
in this analysis.

Regression models can be written as linear equations, where they describe how the
observed values of y (the outputs) change with given values of x (the inputs). The

general form of this is shown in equation [38] where, for i = n observations:

Yi=PBo+PB1Xi1 + -+ BpXxip + € 38]

Each input factor in the model has a slope coefficient, 3,. These coefficients
represent the average increase in the output for a unit increase in each input factor if
the other inputs are held constant. The term € in the equation represents the random
variation in the model. A new model was created for each of the texture parameters as
the output (y), with each of the process parameters included as input factors (laser
power, scanning speed, hatch spacing, layer thickness and build angle).

The regression models were calculated by the software JMP using the following
methodology. To estimate the values of the model coefficients, the method of the sum
of least squares was used. At first a model was generated including every input
parameter up to the second order polynomial (each input parameter squared) and up to
second order interactions (each parameter crossed with every other parameter). Higher
order terms were not included because this was a screening experiment, and so the
purpose was to determine the significance of inputs on the outputs, rather than
generating a higher order model that more accurately describes outputs without

necessarily providing more insight.
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One of the input parameters that was used in this model was the side of the sample
measured, corresponding to either the upskin or downskin surface. However, the
roughness of the downskin 0° samples was not measured because they were removed
from the built plate using EDM wire cutting. To account for this regression models were
produced assuming that the texture parameter for upskin and downskin sides were the
same for the 0° samples. As a result, the model assumes that side has no effect on the
0° samples, so no conclusions about downskin surfaces for 0° samples can be drawn.
Future work might consider producing 0° samples with the downskin not directly
connected to the baseplate, to study how process parameters influence the roughness.

Once the model had been generated the software also automatically calculated p-
values for each of the terms in the model. The p-value is a measure of the probability
that the null hypothesis is correct and that there is no relationship between the input
parameters and the output. Using a typical threshold value of 0.05, any p-value lower
than this threshold was deemed as significant and the corresponding term was deemed
to have an impact on the model. The lower the p-value, the larger the impact the
corresponding term had on the model.

To make sure that the model was not overfitted, terms were systematically
removed from the model. This began with the term that had the highest p-value (and
thus the lowest impact on the model) and continued until only terms with p-values lower
than the threshold were left. Table 20 shows key values used to determine the
significance of each of the models generated for each surface texture parameter.

The Root Mean Square Error (RMSE) is a measure of the unexplained variation
in the model. The lower the value, the more precise the predicted values of the model.
All the models in Table 20 have low values for the RMSE.

The Root Mean Square Error (RMSE) is a measure of the unexplained variation
in the model. The lower the value, the more precise the predicted values of the model.
All the models in Table 20 have low values for the RMSE. When describing the fit of
linear models, a commonly used term is the R? value which in this instance is a measure

of the strength of the correlation between the predicted and experimental results. The
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models of each of the surface texture parameters seen in Table 20 have high R? values
of 0.89 or above, indicating that each of the models can explain 89% or more of the
variability in the data.

Table 20: Table showing key parameters for the models generated for each of the
texture parameters

Mean Sa Mean Sdq Mean Sku Mean Sq Mean Ssk

(nm) (nm) (au.) (nm) (a.u.)
Mean of Response  30.53 3.67 5.39 40.15 0.65
Root Mean Square  3.42 0.228 0.624 3.865 0.3
Error
R? 0.894 0.978 0.963 0.916 0.907
F ratio 85.53 363.6 216.43 110.52 98.27
p-value <.0001 <.0001 <.0001 <.0001 <.0001

As well as the p-value, a method of determining the significance of the model is
the F-ratio. The F-ratio is the ratio of the variation explained by the model to the
unexplained variation. The larger the F-ratio, the more of the variation that can be
explained by the model. Each of the models have large values for the F-ratio and very
low values for the p-values, showing that these models can explain much of the variation
and are statistically significant. Although the values in Table 20 show that the models
overall are reliable, they do not give information on which of the input factors are
significant to the models which is the key purpose of the models. The plots shown in
Figure 49 detail the significance of each of the input parameters and their interactions,
for each of the different texture parameters. The more significant an input parameter,
the greater the effect it had on the texture parameter. The plots are the LogWorth
versus the source (input terms). The LogWorth is the negative log of the p-values, which
more easily visualise the significance of each term. The blue line in the diagrams
corresponds to a LogWorth value of 2 which is equivalent to a p-value of 0.01. This is
to clearly show that any value greater than this is significant to the model. Most input
parameters in Figure 49 have LogWorth values greater than 2, indicating they are
significant to each of their models. Input parameters that are not significant have

interactions with other terms that are significant and cannot be removed from the model.
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Figure 49: Plots showing the LogWorth vs. the source for the different texture

parameters

5.5.2.

LogWorth vs. source and main effects plots

Figure 50 shows plots of the model predicted responses on all the different texture

parameters for each of the input parameters. As shown in Figure 49 the models for both

Sa and Sq found the same input parameters significant. The square of hatch spacing had

the largest impact on both models. Both low (0.05 mm) and high (0.1 mm) values

produced low values of Sa and Sq (roughly 21 pm and 29 pm respectively), while middle

(0.075 mm) values produced high values (roughly 38 ym and 49 pm respectively). non-

linear effect occurs regardless of the level of any of the other input parameters.
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Figure 50: Main effects plots showing the model predicted responses on the different texture parameters for laser power, hatch
spacing, layer thickness, scanning speed and build angle. Each plot is split by side (upskin and downskin. The green lines on
Ssk plots are at a value of 0, showing separating positive and negative skews. The green lines on the Sku plots are at a value
of 3, showing values representing a Gaussian distribution
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This indicates that level of hatch spacing has a curved effect on both Sa and Sq
as seen in Figure 50. It is important to note as only three levels of hatch spacing were
studied that this does not mean that the relationship is necessarily parabolic, only that
it is not linear. Hatch spacing also does not have any interactions with any other term,
so this non-linear effect occurs regardless of the level of any other input parameters.

Because all the process parameters were changed simultaneously in this work, it
is difficult to know the physical effects that changing a single parameter had on the
surfaces. Instead, previous studies from the literature may help to explain the shape of
the responses seen in Figure 50 and how they relate to physical features. Dong et al
also studied the effect of hatch spacing on the surface roughness of SLM 316L with
process parameter ranges similar to those in this thesis [171]|. They varied hatch spacing
between 75 pm — 200 pm while keeping the laser power (200 W), layer thickness
(50 pm), scanning speed (400 mm/s) constant. However, it should be noted that they
gave no information on the build angle of their samples and only gave values of surface
roughness in microns without detailing what texture parameter they were measuring.
They found the significance of hatch spacing on roughness was because it determined
the overlap rate and heat accumulation between adjacent tracks. At lower hatch
spacings, there was sufficient heat accumulation to allow for neighbouring sections to
combine into dense, flat regions. Though the lowest value of hatch spacing (0.075 mm)
resulted in a slightly higher roughness than the next value (0.1 mm). At higher hatch
spacings (0.15 — 0.25 mm) there was significantly less overlap between adjacent scan
tracks, resulting in regions of insufficient melting and pores which caused increases in
the surface roughness. Dong et al. concluded that a hatch spacing of 100 pm produced
parts with the lowest values of surface roughness which matches the model predictions
for lowest Sa and Sq in Figure 50. However, over the hatch spacing values they studied,
the middle values produced the lowest values of roughness, which is the opposite of
the trend seen in Figure 50. This may be because the range of hatch spacings differed
as 100 pm was the maximum value used in this thesis while Dong et al. went up to

values of 250 pm. Tian et al also studied the effect of hatch spacing on surface
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roughness (Ra) with different layer thicknesses [172]. They kept scanning speed (1900
mm/s) and laser power (370 W) constant while varying the hatch spacing
(0.05 mm — 0.13 mm) and layer thickness (20 pm and 40 pm). However, they studied
Hastelloy X alloy, so only overall trends can be compared with this thesis rather than
specific values. They found that generally increasing hatch spacing decreased the Ra
values for both levels of layer thickness. Large overlap caused by low hatch spacings
increased the energy absorbed, causing a bigger heat affected zone which in turn caused
more particles to be stuck to the surface and increasing the roughness [172].
Determining the exact reason behind why hatch spacing has a curved response on the
Sa and Sq was beyond the scope of this experiment. However now that this has been
identified as a critical influence on these texture parameters, future experiments could
be designed to investigate this further.

For both models of Sa and Sq shown in Figure 49, the layer thickness and the
interaction between build angle and side were the next most significant terms. In
Figure 50 as the layer thickness increased so did the Sa and Sq. The significance of the
interaction between build angle and side is likely because of the large difference in
values of Sa and Sq between the upskin and downskin surfaces of the 45° samples. As
shown in the plots of Sa and Sq in Figure 40 the side measured (upskin or downskin)
had little effect on the values for the 90° samples, and no effect on the 0° samples
because only upskin was measured. However, there was a large difference in values
between the upskin and downskin sides of the 45° samples due to the previously
discussed poor thermal conduction pathways of the downskin surfaces. Y. Liu et al
used a Response Surface Method to investigate what parameters had the largest effect
on the surface roughness (Ra) of 90° samples of thin walled 316L. SLM. They varied
laser power (70 W — 170 W), scanning speed (65 mm /s — 235 mm/s) and layer thickness
(0.0215 mm — 0.0385 mm) and found that layer thickness was the most significant
term, although they gave no physical explanation. They also found that interactions
between layer thickness, laser power and scanning speed had significant effects on the

roughness while layer thickness had no interactions in the models of this thesis.
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However, it should be noted that they studied single track samples, and so hatch
spacing was not included in their model. Strano et al investigated how build angle
affected surface roughness of SLM 316L parts, varying build angle between 0 ° - 90°
while keeping all other process parameters constant. At low build angles the stair step
effect was the main impact on surface roughness, when the particle diameter was of
comparable size to the layer thickness [91]. However, in this thesis models of both Sa
and Sq did not have enough information to include the interaction between build angle
and layer thickness and so understanding this interaction would require further
investigation in future work.

The shapes of the model predicted responses for Sdq in Figure 50 are very similar
to those for Sa and Sq, particularly for laser power, scanning speed and hatch spacing.
This may be because as features on the surfaces get larger, such as agglomerated
particles or sub-surface pores, the slopes of these features generally also increase. Thus,
parameters that increase or decrease the Sa and Sq would have the same effect on the
Sdq. A notable difference between the model predicted responses for Sa, Sq and Sdq is
that for upskin surfaces Sdq increases notably between 45° and 90°. Build angle was
the most significant term on the model for Sdq seen in Figure 49 and the shape of the
response is reflected in the values of Sdq seen in Figure 47, where the 90° samples had
the highest values of Sdq (mean of 4.65 pm) due to the numerous agglomerated
particles on their surfaces while the upskin 45° and 0° samples were much lower (means
of 1.642 pm and 2.53 pum respectively).

Ssk and Sku give information about the distribution of the surface features, rather
than physical information. The shapes of the model predicted responses for Ssk and
Sku in Figure 50 are generally opposite to the shapes for Sa, Sq and Sdq. For example,
the middle value of laser power (170 W) produces the lowest responses for Sa, Sq and
Sdq but the highest response for Ssk and Sku. Similarly, the highest scanning speed
produces the highest Sa, Sq and Sdq but lowest Ssk and Sku. For both Ssk and Sku,
scanning speed was a significant term to the models as seen in Figure 49 and both

texture parameters generally decreased as the scanning speed increased. However as
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discussed in section 5.4.2 because multiple parameters were changed simultaneously it
is difficult to know the exact physical features these trends correspond to. This is
illustrated in Figure 51 which shows the Sku and Ssk values for each sample number,

coloured by scanning speed.
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Figure 51: Plots showing the surface texture parameters vs. sample number for
(a) Ssk (b) Sku. Both images are coloured by scanning speed. The red line on
image (a) is at a value of 0, showing separating positive and negative skew. The
red line on image (b) is at a value of 3, showing values with a Gaussian distribution

The same values for scanning speed give very different values for the texture
parameters. For example, in Figure 51(a) both the 0° sample 5 and the 90° sample 14
were produced with scanning speeds of 1000 mm/s, but the Ssk of sample 5 is -0.952
while sample 14 is 1.615. Similarly, in Figure 51(b) both the 90° samples 4 and 0°
sample 6 were produced with the lowest scanning speed of 500 mm/s, but sample 4
has a mean Sku of 3.37 while sample 6 has a much higher mean value of 12.56.
Hypotheses can be made to explain the shapes of the model predicted responses seen
in Figure 50. For example, low scanning speeds may have led to more thermal energy
absorbed by the powder, leading to defects such as spattering which could cause an

overall positive Ssk due to ejected particles on the surface or a high Sku if such particles
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were outliers on an otherwise flat surface. High scanning speeds may have led to too
little thermal energy being absorbed, causing lack of fusion and sub-surface porosity
which would correlate to negative (or lower) values of Ssk. However further work would

be required to better understand what exactly causes these response shapes.

5.6. Energy Density

Overall, the models provide valuable information on which of the input
parameters have significant effects on the texture parameters. The complex nature of
the relationships meant that with this one screening experiment they could not be
deconvoluted to fully explain how they altered the physical surfaces. Energy density is

an alternate way of relating the input parameters to physical changes on the samples.

5.6.1. Sa, Sq and Sdq
Figure 52 shows the relationship between energy density and Sa for the 90° and

0° samples. Similar relationships were found for the parameters Sq and Sdq and so

those plots have been omitted.
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Figure 52: Graphs showing the mean Sa vs. Energy density for 90° samples and 0°
samples. The samples are split by side (upskin and downskin) and coloured by
hatch spacing. Outliers are highlighted in red circles.
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As there were only three data points for the 45° samples this was not enough
data to draw strong conclusions between energy density and surface texture and so
these samples have been omitted. The graphs in Figure 52 clearly show trends for both
build angles. For the 90° samples as energy density increases so does Sa. For the 0°
sample the opposite is true, Sa decreases as the energy density increases.

There are notable outliers of these trends for both the 90° and 0° samples, both
of which are highlighted in red circles on the graphs. For 90° it is sample 12, which has
a considerably lower values for Sa and Sq while for 0° it is sample 5 which has
considerably higher values of Sa and Sq. It is interesting to note that both outliers
used the mid value of hatch spacing, 0.075 mm. These outliers agree with the trend
between hatch spacing and Sa and Sq seen previously in the models and highlights the
need for further investigation to understand exactly why this is occurring. Particularly
because this goes against the trend between hatch spacing and roughness reported by
other authors. Other papers have looked at the relationship between energy density

and surface roughness and seen similar trends to those seen here.

0° samples
D. Wang et al. studied the Ra of the top surfaces of SLM 316L cuboid samples,
which are equivalent to the upskin surfaces of the 0° samples produced for this thesis

[107]. They varied the laser power (100 W — 150 W), scanning speed (250 mm/s — 1300

mm/s) and hatch spacing (60 pm — 100 pm). They divided energy densities into three

distinct zones based on the magnitude of the energy density and the resultant physical

features: Low, middle, and high.

e At low energy values (< 75 J/mm?3), the energy density is insufficient to completely
melt the powder resulting in unformed track patterns and raw or partially melted
powder on the surface.

e At medium values (75 J/mm3 - 120 J/mm?3), there was significant balling as the
wettability of the melting track was not enough.

e At high values (120 J/mm3 — 180 J/mm?3), the laser can melt the powder and form

a continuous smooth track.
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Observations in this thesis did correspond to each of these zones, although the
ranges of energy density for the zones were slightly higher than those reported by D.

Wang et al. Figure 53 shows SEM images of 0° samples representative of each of these

f 500im ¢ &Y

EMC SEI 15.0kV X100 100pm WD 8.7mm

Figure 53: SEM images of the 0° samples (a) sample 10 — 50 J/mm?3 (b) sample 2
— 95 J/mm3 and (c) sample 13 — 340 J/mm3

Figure 53(a) shows sample 10 which had a low value of energy density of 50
J/mm3. High amounts of porosity, raw and half-melted powder can clearly be seen on
this surface which corresponded to an Sa of 34.42 pm. Figure 53(b) shows sample 2
which had an energy density of 95 J/mm?3. Agglomerates and discontinuities in the
weld tracks caused by balling can clearly be seen but it had a lower Sa than sample 10
at 27.03 pm. Figure 53(c) is the surface of sample 13 which was produced with a high
energy density of 340 J/mm3. Although some agglomerations are on the surface, overall
it appears much flatter and more continuous than the other two surfaces and has the

lowest Sa of 12.37 pm.
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D. Wang et al. also described a fourth zone, above 180 J/mm3 where, because
the processing temperature is so high, spattering or powder material loss occurs
resulting in an increase in Ra. However, despite going to higher energy densities this
was not seen in the experimental results herein. P. Wiist et al also studied the effects
of energy density on the Sa of top facing (0°) surfaces of cuboid samples. They varied
laser power (200 W — 350 W), scanning speed (300 mm/s — 1400 mm/s) and hatch
spacing (0.12 mm — 0.2 mm) while keeping layer thickness constant (50 pm). However,
their results are not directly comparable with this thesis or the work of D. Wang et al.
because they studied Maraging steel. However, the general trends of their results may
help to explain some of the trends seen in this thesis. Generally, P. Wiist et al. found
that, like D. Wang et al., at low values of energy density there was balling and lack of
melting which caused high values of Sa. However, they found that Sa only decreased
as energy density increased. This was because the underlying solidified material
dissipated heat well enough and never reached the temperatures to cause evaporation.

Generally, it has been reported that the surface texture of top surfaces is caused
by rippling effects due to surface tension exerting shear forces on the melt pool liquid
surface as it cools. These are caused by the temperature gradient between the laser
and the solidifying zone of the surface. Mumtaz et al investigated how scanning speed
and hatch spacing affected the melt pool dynamics and surface roughness of thin walled
Inconel 625 specimens [40]. High energy densities caused by low scanning speeds and
low hatch spacing gives the melt pool time for gravity and surface curvature to
counteract the thermally induced shear forces allowing them to flatten before
solidification, reducing the Ra.

This is equivalent to the high energy density zone (120 J/mm3 — 180 J/mm?)
described by D. Wang et al. and sample 13 of this investigation seen in Figure 52 which
had the lowest value of Sa. Sample 13 had a middle value for laser power and low
values for scanning speed, layer thickness and hatch spacing which resulted in a high
energy density. However low scanning speeds and low hatch spacing also widen and

increase the volume of liquid within the melt pool. As a result, the thermal properties
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of the melt pool vary, leading to a variation in surface tension which causes balling as
the melt pool breaks off into smaller entities to reduce the surface tension differences.
These breakoffs solidify at the edge of the melt pool and increase the Ra. This may
also explain the balling seen in the middle energy density zone as described by D.

Wang et al.

90° samples
As seen in Figure 52, the Sa of the 90° samples followed the opposite trend of the

0° samples, increasing in value as energy density increased. P. Wiist et al investigated
the relationship between energy density and the Sa of 90° surfaces [173|. These were
also for Maraging steel rather than 316L and the 90° surfaces built by P. Wiist et al.
were built with single scanning tracks, and so hatch spacing was not considered and
energy density was measured in J/mm? rather than J/mm3. Thus, the values of energy
density that they used are not directly comparable with those seen in this thesis, only
general trends.

Similar to what D. Wang et al found for top surfaces, P. Wiist etz al found that
for 90° surfaces Sa had a parabolic relationship with energy density. Low energy
densities caused unstable tracks with lack of melting and balling, and too much energy
caused evaporation which led to high Sa values. This parabolic trend was not seen in
the results of this thesis. Instead, the Sa of the 90° samples only increased in value as
energy density increased. D. Wang et al stated that the reason for low surface
roughness at lower energy densities for 90° surfaces was because it encouraged quicker
melt pool solidification and minimised the volume of liquid within the melt pool [107].
This in turn causes less thermal variation within the melt pool making them less likely
to suffer from balling as there are less thermally induced surface tension forces. At
higher energy densities the 90° surfaces are surrounded by raw powder which conducts

heat poorly compared with solid material.

Ssk and Sku

Figure 54 shows the relationship between the mean values of Ssk and Sku against

energy density for the 0° and 90° samples (45° samples have again been omitted due to
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a lack of data). Both texture parameters show identical trends for both build angles.
The texture parameters increase with energy density for the 0° samples and show no

trend with the 90° samples.
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Figure 54: Graphs showing the mean Ssk and Sku vs. Energy density for 90°
samples and 0° samples. The samples are split by side (upskin and downskin)

For the 0° samples low energy densities corresponded to lack of fusion and higher
numbers of sub-surface pores, which would have a negative skew. Sample 10 which had
an Ssk of -0.9 and an energy density of 50 J/mm?3 is an example of this, seen in Figure
53(a.) As energy density increased, samples flattened out, reducing sub-surface pores,
and gaining more peaks, increasing the skew. Sample 13 is an example of this seen in
Figure 53(c) , with an Ssk of 2.22 and energy density of 340 J/mm3, For the 90°
samples, regardless of energy density samples were dominated by half-melted and
agglomerated particles, so their skewness remained constant.

The Sku of the 0° samples was close to Gaussian distribution at low energy
densities. As energy density increased, samples became generally flatter with more
notable outliers, which increased the Sku. For the 90° samples regardless of the energy

density, the particles adhered to the surface resulted in a Gaussian distribution.
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5.7. Conclusions

Roughness values were found to change along the length of some samples, possibly
due to factors not considered when initially designing the experiment such as position
of the parts relative to the gas flow direction within the build chamber. Average surface
texture parameters for each sample were used in subsequent analysis to correct for
this.

A wide range of surface texture parameters were measured across all seventeen
samples. The 90° samples had consistent values on both sides of the samples, covered
with half-melted and agglomerated particles that corresponded to positive skew, high
values for Sa and Sq and high average surface slope. The 45° samples were very split
by side, the upskin surfaces being generally flat with correspondingly low values for all
the surface texture parameters while the downskin sides were covered with valleys and
half melted particles that corresponded to very negative skew, high average slopes and
high Sa and Sq. The 0° samples were only measured on the upskin surfaces because
they were removed from the build plate using EDM wire cutting on the downskin side.
They were the least homogeneous, having the sample with the lowest value for Sa (90°
sample 13) with a very flat surface, and the highest Sa (0° sample 5) which was covered
with surface pores.

Statistically significant multiple linear regression models were created for each of
the surface texture parameters linking them to the input parameters. Notably although
the square of hatch spacing was identified as the most significant input factor for both
Sa and Sq, the shape of the response was the opposite to what was commonly reported
in the literature. The middle value corresponded to a high value for the texture
parameters and because this was only a screening experiment it is not clear exactly
why this response shape was seen. For Sa and Sq the 90° samples had a positive
correlation with energy density, and the 0° samples a negative correlation. Low energy
density reduced balling effects for the 90° samples but corresponded to lack of fusion
for the 0° samples. High energy density caused spattering for the 90° samples but

flattened the melt pools for the 0° samples.
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6. Results and Discussion —
Emissivity

6.1. Overview

The previous section looked at surface texture of the different samples, and how
these were affected by the input process parameters. This section will build on those
results, but also looking at the emissivity of the samples and understanding how the
surface texture of the samples affected it. First the results of the experiments done to
determine the step length for each steady state emissivity measurement are presented,
followed by a discussion on the different techniques used to measure the surface area
of the samples. Next a general overview of the data is presented, before discussing the
relationships found between emissivity and surface texture and surface area. Attempts
are made to explain how physical changes seen on the sample surfaces relate to the
emissivity values measured. Finally, multiple linear regression models between the
input parameters and emissivity and the input parameters and surface area are
presented and discussed.

Emissivity was measured using the calorimetric method taken from the ASTM
standard C 835-06 [174]. This involved resistively heating test coupons under vacuum
whilst measuring the surface temperature of the sample and enclosure walls. By
knowing the power dissipated over a central region of the sample and equating it to
the radiative heat transfer to the surroundings, emissivity was calculated using the

Stefan-Boltzmann equation, shown in equation [39]

Q

E= —M— 39
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6.2. Determination of hold time for input current steps

Before testing could begin in earnest, a series of preliminary tests were performed
to determine the minimum time to reach steady state during each step of the test. As
stated in the standard, the temperature of the samples needed to be in the steady state
condition for the emissivity calculation to be valid. However as experimental time was
limited, a balance needed to be found between allowing enough time for samples to
reach steady state, but short enough that all samples could be tested in the available
time.

As it would take samples the longest time to reach steady state at low
temperatures a single sample was heated with low input currents 8 A and 16 A. The
temperature and time (t) were recorded and the temperature difference between
subsequent time points t(t) and t(t+1) recorded. When this temperature difference
(AT) first reached 0, the sample was considered to have reached steady state. A graph
of the average temperatures of the three thermocouples against time is shown in Figure

35.
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Figure 55: Graph of average temperature difference against time for input currents
of 8A and 16A
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From Figure 55 for both 8 A and 16 A, the sample appeared to reach steady state
at a temperature difference of AT = 0.01°C after approximately 600 seconds. However,
600 seconds was deemed to be too long, as this would have resulted in a test time of
nearly 2 hours. A second test was run, going from 8 A up to the full 80 A, to determine
how long it would take to reach steady state at higher temperatures. The results of

this are shown in Figure 56.
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Figure 56: Graph of average temperature difference against time for input currents
ranging from 8A to 80A

From Figure 56 as the input current (and thus temperature of the sample)
increases, the time taken for the sample to reach steady state conditions decreases.
Given the motivation of this work by STAR resistojet applications, high temperature
values were of greater interest than low temperatures. Priority was given to a test time
that would ensure steady state conditions at higher temperatures whilst allowing for a
reasonable test duration. From 40 A and above it took approximately 200 seconds for
the temperature to reach steady state conditions (AT = 0.01°C or less) for each input

current.
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Table 21: Table showing the average temperatures and emissivity values at 200s
and 600s for 8A and 16A current inputs

Current (A) Time (s) Average temperature (K) Emissivity (a.u)
8 200 336.1 0.41

600 347.7 0.30
16 200 387.1 0.53

600 417.3 0.35

Table 21 shows a comparison of the average temperatures and emissivity reached
at 200 seconds and 600 seconds for both 8 A and 16 A input currents. At an input
current of 8 A, the temperature difference is approximately 3% and at 16 A is
approximately 7%. These appear to be small differences, but as shown in Table 21
emissivity values are significantly higher when the temperature has not reached steady
state. If the emissivity values calculated at 600 s are taken as steady state conditions
(based on the results of Figure 55), there was a roughly 31% difference between the
200 s and 600 s emissivity values at 8 A and a 41% difference for the values at 16 A.
These are significant errors in emissivity. The change in temperature AT was
calculated for each of the seventeen tested samples and the values of emissivity
calculated before the sample reached steady state (determined when AT = 0.01 °C or
less) have been omitted when discussing the emissivity of the samples. Emissivity at
high temperatures is relevant for STAR resistojet applications. If of interest, future
work could consider low temperature emissivity measurements by allowing more time

to reach steady state.

6.3. Overview of data — surface area

Accurate measurement of the emissive surface area, equivalent to A; in equations
[10] and [12], is important to calculating the emissivity. The standard on which these
tests were based recommended measuring the surface area using nominal dimensions
from callipers, with a resolution of 0.025 mm. However, this standard was not intended
for AM surfaces which, as discussed in section 5 can have re-entrant features or pores
which increase the surface area but would not be captured by the nominal dimensions

from callipers. For example, the average diameter of the powder used to build the parts
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was measured as approximately 18 pm. To overcome this limitation the surface area
of the samples was also determined using by X-ray CT scanning and image analysis,
as detailed in section 4.4. Depending on the machine used, the X-ray CT scans were
able to capture a resolution between 5 pm — 7.5 pm A summary of the results of the

surface area determination are detailed in this section.
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Figure 57: Plot showing the mean values of the surface area of the samples
separated by build angle as determined by CT measurement and callipers. The
bars on each point correspond to the range of values measured for each build angle

Figure 57 shows a plot of the mean values of the surface areas of each of the
samples calculated by either CT measurement or callipers, separated by build angle.
The bars on each point represent the range of values measured for each build angle.
The calliper determined areas are much lower than the CT surface areas. The largest
calliper surface area was a 90° sample with a value of 0.0024 m2, which was less than
the smallest CT surface area of a 0° sample with a value of 0.003 m2, as expected due
to re-entrant features or pores that wouldn’t be able to be captured by the flat surface

of the callipers.
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The overall trends of data between the CT measured surface area and calliper
surface area are however similar. For both measurement techniques, the 0° samples
generally have the lowest surface areas (calliper area has a mean of 0.0021 m? and CT
area has a mean on 0.0038 m?), while the 90° and 45° samples have similar means and
cover similar ranges of values. In both, however there are outlier values of the 90°
samples.

Because the 0° samples were removed from the build plate using EDM wire
cutting, the downskin wire cut sides had significantly lower roughness and an overall
smoother surface compared to the upskin side lowering the overall surface area. Despite
the similar overall ranges of surface area between the two measurement techniques,
the trends of individual samples vary between the two. The 90° sample 1 has the
highest surface area when measured using CT scanning (0.0061 m?2), but it is amongst
the lower surface areas for the 90° samples when measured using callipers (0.0022 m?).
Most of the surface area is from re-entrant features which could not be captured by
callipers. For callipers, surface area would have been mostly influenced by the overall

width and average thickness.

X downskin

Y downskin

Figure 58: Image processed CT scans showing cross sections of (a) 0° sample 5 (b)
45° sample 7 and (c) 90° sample 4

Figure 58 shows CT scans of 0°, 45° and 90° samples after image processing has
been done to remove internal porosity, as described in section 0. From these scan

images the physical features on each sample that caused the differences in surface area
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can be seen. The downskin surfaces of Figure 58(a) and (b) are labelled on the image.
For the 0° sample in Figure 58(a) the downskin (EDM cut) surface is significantly
smoother and less tortuous than the upskin surface. The opposite is true for the 45°
sample in Figure 58(b) as the upskin surface is significantly smoother than the
downskin surface. Reasons for this difference in surface texture have previously been
described in section 5.4

Given how the 45° samples have one smooth side and one rough side, it was
expected for them to generally have smaller surface areas compared to the 90° samples
that are rough on both sides. Instead, they cover a similar range of surface areas as
the 90° samples. There are a few possible explanations for this. While the upskin surface
of the 45° samples may appear relatively smooth from Figure 58(b), SEM image
analysis and roughness measurements detail otherwise. The upskin surfaces contain
ridges due to the stair-step effect, along which are balling and half melted particles
which may have contributed to increasing the surface area. The high surface area of
the 90° samples was due to the large numbers of partially melted particles stuck to the
surfaces of the samples. The downskin 45° samples were also covered in part melted
particles, but also had many valleys, as indicated by the negatively skewed Ssk results
of the roughness measurements seen in section 5.4.2. This may have led to larger
surface areas than just the half-melted particles alone. When combined with the
features on the upskin side, this may have led to similar surface areas to the 90°
samples. Overall, despite showing similar trends CT scans and image analysis more

accurately captured surface areas than the calliper measurements.

6.4. Overview of data — emissivity

Figure 59 shows the emissivity of all seventeen samples, calculated using surface
area determined either by CT measurement or by callipers, each plotted against
temperature. Samples are split by build angle and labelled by sample number. Sample
number corresponds to the set of process parameters used to build the sample and are

detailed in Table 15.
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The error bars were determined using the methods detailed in section 4.3. and
correspond to the instrument uncertainty which was the largest uncertainty.
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Figure 59: Plots showing the emissivity vs. temperature of all the samples, with
surface area determined by both CT and callipers, with non-steady state points
at lower temperatures removed. Samples are coloured and labelled by sample
number. The red band details the emissivity values. Error bars correspond to
instrument uncertainty.

In Figure 59 for all samples as the temperature increases so does the emissivity
which was expected given the discussion of emissive power in section 2.3. While trends
and temperature ranges of individual samples appear to be similar for both CT and
calliper emissivity values, the emissivity ranges are very different between the two
methods. The calliper emissivity values, considering all temperatures and samples,
covered a range from 0.48 to 1.13. The CT emissivity values covered a much lower

range from 0.19 to 0.68. The calliper emissivity values for samples 7, 10 and 16 have
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values over 1 which are impossible as that would mean they have a greater emissivity
than a blackbody. These unrealistically high values for emissivity are likely attributable
to the low surface area measured by callipers and inaccurate representation of the
emissive surface area. The fact that these values were impossibly high likely indicates
that none of the emissivity values determined using callipers are accurate for the AM
surfaces. Going forward, this chapter will focus on emissivity results obtained using
CT measurements, unless otherwise stated.

For the CT determined emissivity values, considering all temperatures and
samples, both the 0° and 90° samples covered an emissivity range of approximately 0.4.
The emissivity values covered by the 0° samples were slightly higher, ranging from 0.26
to 0.68 while the 90° samples ranged from 0.21 to 0.61. The majority of 0° samples
reached higher values of emissivity compared to the 90° samples. The 45° samples
covered a slightly smaller range of approximately 0.3, varying from 0.19 to 0.48,
however they also had fewer data points as there were only three 45° samples. Most
emissivity values fall within the range 0.20 to 0.45 which covers the majority of
datapoints for the 90° and 45° samples.

Even though the 0° samples reached the highest emissivity values, they also
covered the smallest temperature range, with no sample reaching above 950 K. The
45° and 90° samples covered similar temperature ranges, although the 90° sample,
sample 4, reached the highest temperature of any of the samples at 1126 K and an
emissivity of 0.39. The CT determined emissivity values are compared against values
for cast 316L of different roughness and temperature by Hunnewell et al in Figure 60
[120].

Generally, the cast samples covered a range of emissivity from 0.25 to 0.47 which
was similar to the range covered by most of the 90° and 45° SLM sample measured in
this thesis. However, the SLM samples reached greater extremes with 45° and 90°
samples generally having lower values of emissivity at lower temperatures and the 0°
samples reaching higher maximum emissivity values. It should be noted that the cast

samples all had much lower emissive surface areas than the SLM samples, with a
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maximum area of 1.68x106m2. Apart from the as-received cast sample, the emissivity
of the cast samples decreased with increasing surface area. The relationship between

surface area and emissivity will be discussed in section 6.6 of this chapter.
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Figure 60: Plot comparing the CT determined emissivity values (coloured by build
angle and labelled by sample number) against emissivity values for cast 316L
roughened by different grits by Hunnewell et al. [120] Error bars correspond to
instrument uncertainty.

The cast sample with the highest Ra and surface area has the second lowest
emissivity only above the as-received sample. Instead the sample roughened by the
highest grit has the highest emissivity which was explained as having a surface that
produced the highest number of internal reflections [120]. This is surprising as other
literature sources found strong correlations between Ra and emissivity. The differences
in emissivity between the SLM samples built at different build angles can be explained
by the differences in physical characteristics of the sample surfaces. These will be

discussed in the next section.
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6.5. Surface texture and emissivity

6.5.1. Overview

Emissivity is a surface phenomenon and is greatly affected by the topography of
a surface. When considering roughness on a similar length scale to the wavelengths of
thermal radiation, the relationship between physical features on a surface and
emissivity is determined by the number of reflections a ray of light undergoes before
leaving a surface. The greater the number of reflections, the greater the absorptivity
and thus emissivity according to Kirchhoff’s law. Surface texture is often used to
quantify the topography of a surface and the relationship between physical features on
a surface and emissivity. A commonly used texture parameter related to emissivity is
Ra, a measure of the average absolute deviation of a surface from a mean line over an
evaluation length.

Generally, as discussed in section 2.3, as Ra increases so does emissivity at any
temperature. However for metal SLM surfaces, specifically 316 stainless steel, S. Taylor
et al. found that Ra alone is a poor link between surface texture and emissivity [60].
This was reportedly because the irregularity of AM surfaces could lead to similar values
for Ra but correspond to different physical features and thus different emissivity. A
similar lack of consistency for Sa was found between the samples produced as part of
this thesis, as reported in section 5.4.1. Instead, S. Taylor et al said valley angle was
the most important factor between surface features and emissivity, rather than just
the height of the features, as angle is what determined internal reflections [60]. The
product of root mean square slope and average absolute height (RaxRdq) reportedly
had the strongest correlation to emissivity. This was considered when designing the
experiments of this thesis and resulted in choosing the five different surface texture
parameters: Sa, Sq, Ssk, Sku, and Sdq. These were chosen as it was believed they could
capture more information about SLM surfaces than just Sa alone. The physical
meaning behind each of these parameters has been previously described in section 2.2.
It should be noted that, while profile and surface texture parameters are not directly

comparable, they should still reveal similar trends [48].
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6.5.2. Individual surface texture parameter correlations

The previous chapter 5 detailed how the surface texture parameters varied for
each sample, and how the upskin or downskin side significantly influenced the
roughness. The calorimetric method measures emissivity based on the temperature of
an emitting surface area. However the thickness of the samples was not large enough
for there to be a notable temperature gradient, and so the temperature measured on
the samples was uniform across the sample (as required by the standard [146]). Thus,
the emissivity measured was the average emissivity over the entire emissive surface
area which included both sides of the samples. Thus, combined average values of both
the upskin and downskin surface texture parameters were used when discussing the
relationship between surface texture and emissivity.

Figure 61 shows a plot of emissivity determined using CT scanning surface areas
against the average Sa for all seventeen samples, coloured by build angle. S. Taylor et
al. demonstrated that quadratic fits match well when describing the relationship
between emissivity and surface texture parameters [60]. As a result, quadratic fits were
also used in this work. However even when using linear fits, the R? values were very
similar. Each vertical column of points in Figure 60 represents a single sample, the
different points corresponding to increasing temperatures

The low coefficient of determination for the quadratic fit in Figure 61 (R? = 0.08)
indicates a lack of strong correlation between emissivity and Sa. Even when separated
by build angle, the 0°, 45° and 90° samples only had R? values of 0.14, 0.31 and 0.27
respectively. The results in Figure 61 are convoluted with temperature. To compare at
specific temperatures, the emissivity values as functions of temperature were fitted
using quadratic equations for each specimen, in order to enable isothermal comparison
of emissivity across samples (since heat input was controlled in emissivity tests for
each sample, not temperature directly). An example of this is shown in Figure 62 for

sample 8, where the linear fit is in blue and the quadratic fit is in red.
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Figure 61: Plot showing emissivity determined using CT measurements against
average Sa for all 17 samples, coloured by build angle
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Figure 62: Plot showing emissivity against temperature for the 90° sample 8, with
a linear fit in blue and a quadratic fit in red
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The quadratic fit has an R2 value of 0.99 compared to 0.981 of the linear fit.
Emissivity values at specific temperatures were interpolated using quadratic fits for all

the samples, as shown in Figure 63 for temperatures of 500, 700, 900, and 1000 K.
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Figure 63: Plot showing interpolated emissivity values for all seventeen samples
at 500K, 700K, 900K and 1000K against average Sa. The trends are shown using
quadratic fits. Error bars correspond to instrument uncertainty.

Even when separated along isotherms, the trend of emissivity with average Sa
appears weak at each temperature in Figure 63. The plot of emissivity at 500 K has
the highest R2? value at only 0.22. As previously discussed in section 5.4.1 and as
mentioned by S. Taylor et al. [60], because Sa is only a measure of the average absolute
height deviation, different samples can have similar values but vastly different physical
features. Sa alone appears to be a poor indicator of the type of surface that will produce
multiple internal reflections.

While only plots for Sa have been shown here, similar analysis was done for all

the different texture parameters. Table 22 shows the R2 values for the quadratic fits
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of emissivity against each of the texture parameters at all measured temperatures. It

must be noted that R2 is not an absolute measure of the quality of the data and does

not consider things such as lack of data points which may skew results. However, it is

a useful tool to generally compare correlations.

Table 22: Table showing the R? values for all the different texture parameters

against emissivity for all the samples at different temperatures

Texture Parameter R* value

Overall 500 K 700 K 900 K 1000 K
Sa 0.08 0.225 0.176 0.09 0.012
Sq 0.055 0.128 0.106 0.068 0.144
Ssk 0.041 0.137 0.075 0.276 0.175
Sku 0.069 0.253 0.153 0.011 0.628
Sdq 0.14 0.414 0.309 0.045 0.069

Table 22 shows that generally, none of the texture parameters correlated strongly with

emissivity at any temperature. The only notable exception to this is Sku at 1000 K,

the only parameter to have an R? value above 0.5. This plot is shown in Figure 64.

This trend is skewed by the Sku of the 45° sample 7 that has a value of 7.8. There is

not enough data at this temperature to make strong conclusions about the trend seen.
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Figure 64: Plot showing the interpolated emissivity at 1000 K against the average
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Variation of trends with temperature may be due to other factors that affect
emissivity that have not been considered here. These may include changes to the
surface composition, such as whether the samples have oxidised at higher temperatures
or changes to the microstructure which might have affected the amount of energy

absorbed by the samples.

6.5.3. Limitations of Focus Variation Microscopy

No single surface texture parameter considered in this study (Sa, Sq, Ssk, Sku
and Sdq) correlated strongly with the CT determined emissivity regardless of
temperature or build angle. Generally, this is contrary to what has been reported in
literature which saw emissivity increasing with surface texture parameters, specifically
Ra and Rdgq.

This may be due to the limitations of focus variation microscopy (FVM) which
was used to capture the surface texture parameters. As previously discussed FVM is
an optical measurement technique that relies on contrast between neighbouring pixels
to generate topographical information. As such FVM can struggle with regions that
are overly dark or bright [169], [175]. Such regions can include recesses and re-entrant
features due to either a lack of or multiple reflections of light. However, these reasons
that make such features difficult to capture by FVM are also likely to increase the
emissivity of the samples. The SEM images of the sample surfaces shown in section 5.4
and the CT micrographs in Figure 58 demonstrated that many of the samples have
recesses and re-entrant features. Thus, if FVM was unable to capture such features
accurately in the texture parameters they may not represent the resultant emissivity
values of the samples. Zhu et al stated that X-ray CT (XCT) may be better at
capturing re-entrant features than FVM for AM surfaces [169]. W. Liu et al did a
study comparing measurements of the surface texture parameters Sa, Sq, Ssk and Sku
using FVM and X-ray CT (XCT) on the top surfaces (equivalent to 0° in this work)
of cuboids of Ti-6A1-4V [175]. For the FVM they used the same microscope and similar
measurement settings to this work, although they did not give the L-filter they used

and measured generally lower values for the texture parameters compared to the 0°
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samples in this thesis (a maximum Sa of 7.15 pm). While they did note specifically
that FVM had difficulty in measuring re-entrant features that XCT did not, the
measured differences between the texture parameters for the two techniques were
small—maximum difference of approximately 1 pm was reported between the two
techniques for Sa, Sq, Ssk and Sku. Further work would be required to see if this trend
still holds for the higher areal texture parameter values seen in this thesis.

There are other factors with the FVM measurement setup that need to be
considered. FVM measures sample topography from directly above and so may not
have been able to accurately capture shadowed regions. As previously discussed in
section 2.2, measurement settings are known to influence the accuracy of FVM texture
parameter measurements. Literature sources highlighted illumination, and lateral
resolution in particular, as responsible for the contrast on surfaces and the resolution
of the minimum feature size respectively [100], [175]. Co-axial illumination was used in
this thesis because it was reported to produce a lower number of missed points for 90°
surfaces. However at 10x magnification it may have caused higher than actual Sa
values [48]. A lateral resolution of 8 ym was used. Although initially it was believed to
be suitable because it was lower than the expected minimum feature size, it may have
had a smoothing effect and led to erroneous values for the texture parameters [175].
However, thorough studies by L. Newton et al. and W. Liu et al. showed that variation
in illumination, vertical and lateral resolution had minimal effects on Sa, Sq, Ssk and
Sku values [48], [175]. L. Newton et al studied the effect of varying magnification,
illumination type, lateral and vertical resolutions on the top and side surfaces
(equivalent to 0° and 90° in this thesis respectively) of Al-Si-10Mg, Inconel 718 and Ti-
6Al-4V cuboids manufactured using SLM. They used the same microscope (an Alicona
Infinite Focus) and similar ranges of measurement settings as used in the work
presented herein. The ranges of Sa values they measured (e.g., 0° Ti-6A1-4V from 33.9
pm — 34.1 pum, 90° Ti-6A1-4V from 25.7 pm — 26.6 pm) were similar to this work (mean
Sa of 0° was 30.4 pm and for 90° was 32.8 pm). Overall, they found that variations

produced at most a 5% difference in Sa values. W. Liu et al. found at most an increase
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of 10% in Ssk values when using coaxial rather than ring illumination. The variation
of all other texture parameters was less than 5%. However, as previously stated, the
ranges of the texture parameters W. Liu et al measured were less than seen in this
thesis. While non-ideal measurement settings may have been used in this work, they

likely had a small effect on the values of the texture parameters.

6.5.4. Product surface texture parameter correlations

Another factor that could have affected the results is that AM surfaces are too
complex to be accurately captured by single surface texture parameters. Surface
texture parameters were originally intended for cast or machined surfaces and are
meant to represent periodic displacements of the surface, such as cuts or grooves. As
shown in section 4.7.2 metal AM surfaces are very irregular. Single texture parameters
can be applied to a variety of different structures. For example, surface slopes can be
represented by features such as pores, surfaces of half-melted and agglomerated
particles or ridges due to the stair-step effect. Each of these may result in similar values
for Sdq but cause different amounts of internal reflections. It may be that the types of
surface variation that surface texture parameters were intended to describe are too
broad to describe the kinds of features seen in SLM surfaces. S. Taylor et al. came to
a similar conclusion about Ra, as surfaces could have the same Ra value but different
shapes [60].

The roughness results chapter showed that no single texture parameter gave
enough information to describe the variety of features seen on the surfaces in the SEM
images. Surfaces were best described when using multiple texture parameters. The
results in section 6.5.2 seem to show the same result, that no single texture parameter
correlates well with emissivity. Instead, combinations of parameters may work better.
As previously stated, S. Taylor et al. found that the product of Ra and Rdq showed
the strongest correlation between emissivity and build angle for SLM 316L stainless
steel [60]. This was reportedly because it was indicative of surface shapes that produce
the Mendenhall wedge effect where a steeper and taller structures result in a greater

number of internal reflections [114]. Figure 65 shows a plot of the emissivity values
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against the product of the average Sa and average Sdq values at all measured

temperatures, while Figure 66 shows the interpolated emissivity values along specific

isotherms.
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Figure 65: Plot of CT determined emissivity against the product of Average Sa
and Average Sdq. Points are coloured by build angle

Although S. Taylor et al. reported that this showed a stronger correlation with
emissivity, the plots in Figure 65 and Figure 66 have lower R? values than Sdq against
emissivity both overall and at every isotherm as can be seen in Table 22. It is worth
noting that S. Taylor et al only studied emissivity at room temperature while the
results presented in Figure 66 only begin at 500 K due to previously discussed issues
with steady state measurements at lower temperatures. While these trends would be
expected to hold true at lower temperatures because there should be no change to the
physical surface, the R? values in Table 23 do change with temperature indicating that
there may be another factor other than surface texture that is influencing the roughness
at different temperatures such as changes to the surface composition. Further work
would be required to investigate this fully and compare with the room temperature
work of S. Taylor et al. Similar analysis was done for all the different surface texture
parameter combinations. Table 23 shows the R? values for the quadratic fits of the
emissivity interpolated at specific temperature against the products of the different

texture parameters.
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Table 23: Table showing the R? values for all the different texture parameter
products against emissivity for all the samples at different temperatures

Surface texture product R? value

500 K 700 K 900 K 1000 K
Sa*Sq 0.147 0.116 0.05 0.082
Sa*Ssk 0.269 0.187
Sa*Sku 0.08 0.063
Sa*Sdq 0.362 0.258 0.062 0.045
Sq*Ssk 0.271 0.178
Sq*Sku 0.122 0.095
Sq*Sdq 0.343 0.251 0.065 0.119
Ssk*Sku 0.163 0.07 0.275 0016
Ssk*Sdq 0.039 0.049 0.221 0.187

Sku*Sdq
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Of the different product combinations shown in Table 23 only three have R?
values greater than 0.5, all of which occur at a temperature of 1000 K and all of which
involve the surface texture parameter Sku. Plots of these surface texture products

against emissivity at 1000 K are shown in Figure 67.
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Figure 67: Plot showing the interpolated emissivity at 1000 K against the products
of the average Sa and average Sku, average Sq and average Sku, and average Sdq
and average Sku. Points are coloured by build angle

Like Figure 64, each of the plots shown in Figure 67 are skewed by the 45° sample 7
which causes the high R? values. There is not enough data at this temperature to make
strong conclusions about the trends seen. Overall, the results in this section show that
the areal texture parameters, even when taken as a product, do not correlate strongly
with emissivity over the measured temperature ranges. This may be due to limitations
of FVM, or because the surface texture parameters are not capable of accurately
describing the complexity of AM surfaces.

At the time of writing, no reported work has been found linking areal surface
texture parameters to emissivity. Only the work of S. Taylor et al. was found that
investigated the emissivity of SLM surfaces using profile measurements and although
they found strong correlations between emissivity and profile texture parameters such
strong links could not be replicated in this work. These results may show that areal

parameters are not well suited for linking surface texture and emissivity, despite their
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advantages in describing AM surfaces compared to profile measurements. A direct
comparison between areal and profile measurements on how well they trend with
emissivity could be investigated as future work.

When looking at specific isotherms, especially at higher temperatures, there are
instances where there is not enough data to draw strong conclusions. For example, the
plot of emissivity at 1000 K against Sku in Figure 64, the R? value is skewed by the
45° sample 7. The shape of this trend could be better defined if there were more samples
with different values of Sku that reached this temperature. This plot is also missing
any 0° samples, more of which could help reveal if there are any notable trends with
build angle. The next section will continue to discuss the relationship between the
physical features of the samples and emissivity, looking at the trends of the CT

determined surface area.

6.6. Surface area and emissivity
6.6.1. Surface area and Temperature

Another way of linking emissivity physically to the samples was with the emissive
surface area. Figure 68 shows a plot of emissivity against surface area determined using
CT measurements. The most immediate trend that can be seen from this plot is that
as the surface area of the samples increases, the emissivity decreases. Although the
extremes of surface area are tied to specific build angles, this trend appears to be true
regardless of build angle. Samples with similar surface areas built at different build
angles appear to have similar values for emissivity. Examples of this are the 0° sample
6 and the 90° sample 15, both highlighted on Figure 68. Overall, this has a strong
trend when not separated by build angle, with an R2 value of 0.576 using a quadratic
fit (a linear fit gives a very similar value of 0.559). Figure 69 shows the interpolated
emissivity against surface area along specific isotherms. Fits in these plots were
quadratic because they more closely match the datapoints than linear fits. When
separated along isotherms, the trend of emissivity decreasing with increasing surface
area becomes much stronger, which holds true for all temperatures. This is evidenced

by the high R? values for each of the trendlines.
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6.6.2. Surface area and power

Following the calorimetric emissivity equation in equation [39], it can generally
be said that to reach the same temperature, samples with different surface areas require
different emissive powers. As previously stated in section 2.3, emissive power is
equivalent to the energy emitted by a surface per unit area and per unit time. To reach
the same temperature, samples with larger surface areas will have to emit less energy
per unit area and per unit time compared with smaller surface areas. Thus, their
emissive power relative to a blackbody at the same temperature will decrease and so
the emissivity will decrease. This same logic can be applied when considering constant
emissive power, as shown in Figure 70 for emissive power of 50 W. For this specific
emissive power, as the emissivity increases the temperature decreases. Similarly, as the

surface area increases, the temperature increases.
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Figure 70: Plots of temperature against CT determined emissivity and CT
determined surface area at an emissive power of 50 W

Samples with larger surface areas will have to emit less energy per unit area
compared to smaller surface areas to have the same overall emissive power. By
decreasing the amount of energy emitted per unit area and time, they have decreased

relative to a blackbody as well and so the emissivity must also decrease. According to
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the emissivity equation, the emissive power is equivalent to the power supplied to the
sample. There are losses that can be considered such as conduction and convection,
but as stated in the standard and as demonstrated previously these losses are small
enough that they can be neglected. This is an important example as it can be directly
related to actual scenarios such as the resistojet thruster on which this work is based.
The thruster will operate under a constant input power. As shown in Figure 68, surface
area varies strongly depending on the build angle. Thus, despite having the same input
power, because different sections of the thruster may have different surface areas due
to different build angle, they will also have different emissivity values and thus reach
different temperatures.

Overall, the results in section 6.6.1 and 6.6.2 show that, for metal AM samples,
emissivity is negatively correlated to surface area, regardless of temperature or emissive
power. These are like the trend observed by Hunnewell e a/ shown in Figure 60 [120].

Possible explanations for this are discussed in section 6.7.

6.7. Surface area, physical features, and surface texture

Because emissivity increases with surfaces that result in more internal reflections,
which S. Taylor et al. characterised by the product Ra*Rdq [60], the trend of emissivity
decreasing with increasing surface area initially appears counterintuitive. This
relationship between emissivity and internal reflections was originally proposed by C.
Mendenhall [114]. They stated that for a given reflectivity, as a valley on a surface
gets narrower, radiated photons will undergo more internal reflections within the valley
and thus the emissivity will be greater [114]. This was quantified through equation
[40].

180
exa=1—pbo

[40]
Where ¥ is the internal wedge angle in degrees, a is the absorptivity and e is the
reflectivity. From equation [40] it can be seen that, as the internal angle of the wedge

decreases, the emissivity increases. It was assumed that the narrower the valley angle,

the more valleys could be fit onto the surface which would cause an increase in surface
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area. This implies that increasing surface area would lead to an increase in emissivity.
This is supported by Lam et al., who stated that surface area is determined by the size
and density of features in a geometric area [176]. To maximise the surface area would
need a factor that maximises both size and density. This might explain why S. Taylor
et al. found that the product of Ra and Rdq had the strongest trend with emissivity.
Ra corresponded to the size of features while Rdq corresponded to the slope. The higher
the Rdq, the steeper the slopes and thus the narrower the valley angle. Thus, an
increase in Ra*Rdq might correlate well with increasing surface area and emissivity.

However, an increase in surface area does not necessarily have to correspond to
an increase in the types of features that would result in more internal reflections.
Valleys as described by C. Mendenhall [114] are an idealised feature that rely on at
least two features in close proximity to form a wedge between them. However as shown
in the SEM images of the SLM samples, real SLM surfaces do not often match this
description. For example, the distance between features can be large enough that there
is an appreciable increase in the overall surface area compared to flatter surfaces, but
too large a distance to cause the wedge like effect necessary to increase internal
reflections. Similarly, the shape of features, even when near each other, may not lend
themselves to increasing internal reflections. This is seen in features such as surface
pores or half-melted or agglomerated particles. They can increase the surface area
without creating a wedge like shape.

This may explain the trend seen in Figure 68 and Figure 69. As the sample
surfaces increase in complexity, they increase in surface area. However, the more
complex surfaces do not generate more internal reflections than the less complex
surfaces due to factors such as shape of the features or distance between them causing
similar or less energy to be radiated over increasingly larger surface areas, resulting in
decreasing emissivity. Another possible explanation is that, if the complexity of the
surface has no impact on the number of internal reflections generated, that changes in
emissivity from internal reflections saturates above a certain level. Thus, increasing

the surface area above this level only reduces the emissivity.
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From reviewing the literature, few sources were found discussing the variation of
emissivity with surface area. Figure 68 shows the trend of emissivity decreasing with
increasing surface area; which was also previously reported by T. S. Hunnewell et al
[120]. They measured the emissivity of cast 316L in the as-received condition and
increasingly roughened with sandblasting from 60 grit up to 220 grit over a similar
temperature range used in this thesis. They reported roughness in Ra so the results
cannot be directly compared to the results presented herein, but the general trends can
be. They also found no strong correlation between Ra and emissivity although they
did not offer an explanation why. The surface areas of their samples were significantly
lower than those in this thesis, from 1.22x10% m?2 - 1.67x10% m2. However, it is worth
noting that T. S. Hunnewell et al. measured four samples, and the trend of decreasing
emissivity with increasing surface area was only for three of those samples (not the as
received which had the lowest surface area). They also did not state how they measured
surface area or the resolution of those measurements If the resolution of the
measurement instrument was larger than the smallest feature on the surface, it could
have caused smoothing effect and measured the area as being smaller than it was,
resulting in emissivity values higher than they should have been. In this thesis, the X-
ray CT achieved a resolution between 5 pm — 7.5 pm which is small relative to the
average diameter of the powder particles used to build the parts (718 pum).

B. P. Keller et al. did an identical investigation to T. S. Hunnewell et al. but for
cast Inconel 718 [126]. Like T. S. Hunnewell et al. their surface areas were much lower
than those measured in this thesis, ranging from 1.52x10 m? - 1.74x10°> m2. Although
they also found no correlation between Ra and emissivity for surface area (and did not
explain why), they found the opposite trend to this thesis for surface area. As surface
area increased so did emissivity. However, it is again worth noting that they also did
not report how they measured surface area and only measured four samples, and so it
is hard to draw strong conclusions from this data. These sources show that the trend
of emissivity with surface area is not yet well documented, and the available

information is conflicting.
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Table 24 shows a table of the R? values of quadratic fits for plots of the CT
determined surface area against the five areal surface texture parameters. This shows
that areal surface texture also does not correlate strongly with surface area.

Table 24: Table showing the R? values of quadratic fits for plots of CT determined
surface area against average areal surface texture parameters

Areal surface texture parameter R?

Sa 0.181
Sq 0.084
Ssk 0.141
Sku 0.299
Sdq 0.412

The work presented here has shown that, for the metal SLM surfaces investigated,
accurate surface area measurements are a better predictor of emissivity than surface
texture measurements. However, the surface area measurements performed as part of
this investigation were expensive in terms of both cost and labour and involved
specialised equipment for X-ray CT scanning that may not be widely available. The
standard on which this work was based recommended measuring the surface area of
the samples using callipers and most studies found in the literature also used callipers.
While these were for machined and cast samples, callipers in general are easier to
obtain and significantly less labour intensive compared to the CT scanning and image
analysis techniques used in this thesis. While determining surface area with CT
scanning may obtain more accurate results for emissivity of AM samples, this may not
always be possible to do. It may be useful in future to investigate alternate, less labour
intensive but equally accurate methods for determining surface area of samples rather
than CT measurements or if other methods of determining areal surface texture
parameters, such as X-Ray CT scanning, correlate better with surface area and
emissivity.

Overall, these results show surface area correlates strongly with emissivity

regardless of temperature or emissive power. This is likely because, as emissivity is a
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measure of the emissive power per unit area and time, as the area increases while other
factors are fixed, the emissive power will decrease and thus so will the emissivity. While
emissivity increases with surfaces that produce more internal reflections, this is not
necessarily counter to decreasing with increasing surface area. SLM surfaces can include
features which increase the overall surface area, whilst not increasing the number of
internal reflections. The next section will focus on modelling the relationship between

emissivity and the input process parameters used to build the AM parts.

6.8. Models linking process parameters, emissivity, and
surface area

One of the objectives of this thesis was to understand how the SLM process
affected the emissivity of the parts produced. Key to this was understanding how the
input process parameters varied in this study (laser power, scanning speed, hatch
spacing, layer thickness and build angle) influenced the emissivity of the resultant
parts. To achieve this, like the model for roughness presented in section 5.5, multiple
linear regression models were created using the software JMP.

The purpose of the models was to determine which process parameters affected
emissivity the most, and to rank the process parameters in order of significance on
emissivity. The relationship between temperature and emissivity is well-known and
widely reported in the literature as discussed in section 2.3. Rather than create models
that were convoluted with this non-linear relationship, linear regression models were
developed for emissivity at specific isotherms. Models could not be generated for
temperatures over 700 K, as there were not enough data points from this study. Future
studies could ensure that more samples reach higher temperatures to build more high
temperature models. Given the strong correlation seen between surface area and
emissivity in the previous section 6.6, a model was also made to understand what input
process parameters affected the surface area. The method used to create the models
was identical to that presented in section 5.5. Table 25 shows the key values used to

determine the significance of the models generated.
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Table 25: Table showing key parameters for the models generated for emissivity
and surface area

Emissivity at 500 Emissivity at 700 Surface area

K K (mm~2)
Mean of Response 0.28 0.34 0.0045
Root Mean Square 0.0089 0.009 0.00013
Error
R? 0.99 0.99 0.98
F ratio 651.86 1115.2 377.78
p-value <.0001 <.0001 <.0001

The data in Table 25 shows that each of the models generated are reliable, as
they have low values for RMSE, high R? values and F ratios and very low values for
the p-values. The plots shown in Figure 71 detail the significance of each of the input
parameters and their interactions for each of the different models.

The most notable trend of the plots shown in Figure 71 is that for all the models,
layer thickness and build angle are the most significant terms. These models link
emissivity to inputs that result in the physical changes to the samples surfaces.

Given the strong relationship between emissivity and surface area, it is not
surprising that the input parameters that are significant to surface area are also
significant to the emissivity at different temperatures. For all the models both laser
power and the product of hatch spacing with itself were also significant terms.

The square of hatch spacing is of note because, as demonstrated in section 5.5, it
was the term that had the most significance on both Sa and Sq. Although, as seen in
Table 25 surface area does not correlate well with surface texture, the fact that surface
area and texture share significant input factors indicates that surface texture may have
a significant role in determining the overall surface area. Similarly, as shown in Figure
49 build angle was the most significant term in the models for Sdq and Sku. More work
will need to be done to better understand the relationship between surface texture and

surface area of metal AM parts.
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Emissivity at 500 K

Source LogWorth PValue
Layer Thickness (mm) siess Y —10.00000
Build Angle (*) 76035 Y 10.00000
Hatch Spacing(mm)*Hatch Spacing(mm) 40171 | 0.00000
Laser Power (W) 33.563 | | 0.00000
Hatch Spacing(mm) 25.266 | | 0.00000 A
Scanning Speed (mm/s) 23.502 | | 0.00000
Laser Power (W)*Scanning Speed (mm/s) 224000 0.00000
Layer Thickness (mm)*Layer Thickness (mm) 20.906 [ 0.00000
Scanning Speed (mm/s)*Scanning Speed (mm/s)  16.965 |7 ] 0.00000
Layer Thickness (mm)*Hatch Spacing(mm) 9.075 FI 0.00000
Laser Power (W)*Laser Power (W) 8.629 [\ 0.00000
Emissivity at 700 K
Source LogWorth PValue
Layer Thickness (mm) o777 ] 0.00000
Build Angle () 85.731 I I ] 0.00000
Laser Power (W) s2.419 I 0.00000
Scanning Speed (mm/s) 50.574 || i - 0.00000
Hatch Spacing(mm)*Hatch Spacing(mm) 483% | | 1 0.00000
Scanning Speed (mm/s)*Scanning Speed (mm/s)  36.671 0.00000
Laser Power (W)*Laser Power (W) 27.556 | ] 0.00000
Scanning Speed (mm/s)*Layer Thickness (mm) 25.737| | 0.00000
Laser Power (W)*Scanning Speed (mm/s) 21.574 fj 0.00000
Layer Thickness (mm)*Hatch Spacing(mm) 20626 (I 0.00000
Layer Thickness (mm)*Layer Thickness (mm) 19.691 [0 ] 0.00000
Hatch Spacing(mm) 14.108 Pl 0.00000 ~
CT Surface Area
Source LogWorth PValue
Build Angle (*) 72 1] 0.00000
Layer Thickness (mm) 67.331 JIi0 I 1 0.00000
Hatch Spacing(mm)*Hatch Spacing(mm) 33.262 | 1 0.00000
Laser Power (W) 28.242 | ] 0.00000
Laser Power (W)*Laser Power (W) 26.658 | 0.00000
Laser Power (W)*Scanning Speed (mm/s) 25.511 | 0.00000
Layer Thickness (mm)*Hatch Spacing(mm) 6.357 il 0.00000
Scanning Speed (mm/s)*Scanning Speed (mm/s) 4.065 I 0.00009
Scanning Speed (mm/s)*Layer Thickness (mm) 28570 0.00139
Layer Thickness (mm)*Layer Thickness (mm) 2624 [ 0.00237
Scanning Speed (mm/s) 1.703 )} 0.01980 A
Hatch Spacing(mm) 139211 0.04056 A

Figure 71: Plots showing the LogWorth vs. the source for the different models of
emissivity and surface area

It is worth noting that some terms were more significant for some of the models

than others. For example, hatch spacing on its own was significant for emissivity at
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500 K, but was the least significant term for both surface area and emissivity at 700
K. This may indicate that there are other factors not accounted for in these models
that are influencing the relationships. As previously mentioned, factors such as surface
composition are known to affect emissivity, and changes to the composition may have
occurred at different temperatures resulting in different relationships between
emissivity and the input parameters.

As seen in Figure 58, the surface area of the samples is clearly different on
different sides of the same sample (upskin and downskin). The 0° samples tend to have
the lower surface areas compared to the 45° and 90° samples. This is because the 0°
samples were removed from the build plate using EDM wire cutting. Thus, the
downskin sides of the 0° samples were much flatter compared to the other samples,
significantly reducing their overall surface area. Overall, this may explain why build
angle is so significant to each of the models.

The fact that the 0° samples were removed from the plate using EDM wire cutting
does not invalidate the results of the model. The measured surface area and emissivity
values of the 0° samples are representative of samples with a surface removed from a
build plate using wire cutting, and thus so are the models. These results are not
however representative of 0° samples produced parallel to the build plate, but with the
downskin not directly connected to the plate. Such samples were not originally
considered when designing the experiment and could be investigated in future studies.

Figure 72 shows plots of the model predicted responses on the emissivity and
surface area for the different input parameters. The error bars on each plot represents

the standard error.
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the different input parameters. Error bars correspond to standard error.
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The shape of the effects of layer thickness, build angle and laser power are nearly
identical on emissivity at both 500 K and 700 K. None of the terms appear linear which
was expected given that, except for build angle, each of the terms in the models have
both square terms and interactions with other terms. However not enough information
has been gathered to definitively state the shape of the response the inputs have. As
previously stated, this was a screening experiment designed to identify what inputs had
the greatest effect on the outputs. Now that these have been identified as critical factors,
future experiments should focus on these factors and on developing an understanding of
the response they produce.

The trends of these inputs with surface area appear to be nearly inverse compared
with emissivity. This was expected, as the overall trend of surface area with emissivity
is negatively correlated. Therefore, it is expected that changes to the input parameters
that increase the surface area will also reduce the emissivity. The fact that the shapes
of the responses are not the exact opposite of the emissivity response curves however
does indicate that there are other factors that affect the responses that are not considered

in these models.

6.9. Conclusions

Using the calorimetric method, the total hemispherical emissivity of all seventeen
samples produced using different process parameters was measured up to input currents
of 80 A. Steady state conditions were not reached for all samples at low input currents
(generally up to 40 A) and temperatures, requiring these results to be omitted from
further analysis.

When using surface areas measured with callipers, the emissivity values for some
samples were greater than the theoretical maximum of 1 (equivalent to a blackbody)
meaning that the results were likely incorrect, due to the callipers underestimating the
surface areas. Emissivity determined using CT scan surface area varied from roughly 0.2
to 0.7 over 500 K to 1100 K, slightly higher than literature values for cast stainless steel.
The 0° samples generally had the highest emissivity values, but the lowest maximum

temperatures.
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None of the surface texture parameters measured (Sa, Sq, Ssk, Sku and Sdq) or
their products correlated strongly with emissivity. This may have been because focus
variation microscopy was unable to capture recessed and re-entrant features, which
would likely correspond to higher emissivity values.

Surface area, when measured using a combination of CT scanning and image
analysis, trended very strongly with emissivity, regardless of temperature or power. This
may have been because as surface area increased, this did not correspond to an increase
in the types of surface features that generate internal reflections, but only increased the
area over which energy was radiated, decreasing the emissive power and thus emissivity.

Multiple linear regression models were created linking the process parameters to
the emissivity at 500 K, 700 K and CT determined surface area. These models shared
significant input parameters, indicating that changes to the surface area likely affected

the emissivity also.
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7. Results and discussion -
Resistivity

7.1. Introduction

As previously discussed in section 2.4, when considering metals, deviations from
the periodicity of the crystal lattice increase the likelihood of scattering events for
electrons which in turn increase the resistivity. These reductions in periodicity can be
caused by substituted or interstitial atoms and imperfections in the crystal lattice. Such
imperfections can include grain boundaries, dislocations, or vacancies. As a result, the
microstructure of a metal plays a large part in determining the resistivity of a metal.
This is particularly interesting for SLM metals, as the build process can result in
microstructures that are very different compared to metals made through better
understood processes such as casting.

Resistivity was measured using the four-probe method adapted from the ASTM
standard B193-16. This involved placing four probes onto the surface of the samples,
applying a current through the outer two probes and measuring the voltage across the
inner two. By knowing the exact cross-sectional area (A) of the sample and length
between the voltage probes (L) the resistivity could be calculated using equation [41]

from the measured resistance (R) of the sample.

_RA
P="7

[41]

This section will provide a look at how the microstructure of the SLM samples
manufactured for this thesis varied before discussing how these changes affected the
resistivity of the samples. First an overview of the resistivity data will be provided before

discussing how the density and primary cell spacing affected the resistivity.
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7.2. Resistivity

7.2.1. Overview of data

As previously described in section 4.3, the resistivity of all seventeen samples was
measured using the four-probe method in the same setup used to measure emissivity.
The standard did not recommend a specific method for obtaining the cross-sectional
area, only that it was accurate within +0.1%. This was achieved using a combination of
CT scanning and image analysis, detailed in the methodology section of this thesis.
Resistivity was measured up to approximately 1000 K. Figure 73 shows the resistivity
of all seventeen samples, separated by build angle. The error bars were calculated
through the method described in section 4.3. The error bars correspond to the instrument

uncertainty which was the largest.
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Figure 73: Plots showing the resistivity vs. temperature of all the samples, separated
by build angle. Error bars correspond to instrument uncertainty

The most immediate trend that can be seen from Figure 73 is that, as the
temperature increases so does the resistivity for all the samples. As previously discussed
in 2.4, for metals resistivity is temperature dependent. As temperature increases, so does
the vibration of atoms about their positions in the crystal lattice. This reduces the

periodicity of the lattice and thus increases the resistivity.
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All the curves in Figure 73 increase in discrete steps. Each of these steps correspond
to an increase in the current supplied to the sample. When comparing the resistivity at
similar temperatures, this plot shows that generally the 0° samples exhibited lower
resistivity compared to the 45° and 90° samples. The 0° samples covered the lowest range
of values, from approximately 0.91 nQ.m to 1.65 pQ.m giving them a total range of
roughly 0.74 pQ.m. The 45° and 90° samples covered higher ranges from approximately
1.03 pQl.m to 1.93 nQl.m giving them a total range of roughly 0.9 nQ.m.

In Figure 74 this data is compared to the high-temperature resistivity of
traditionally manufactured 316L as reported by P. Pichler et al [139]. P. Pichler et al
demonstrated that thermal expansion at increasing temperatures change the overall
specimen geometry and distance between the voltage probes can vary compared to room
temperature values. If this change was not taken into account, it gave lower values for
resistivity [177]. The corrected values in Figure 74 take this thermal expansion into

account, resulting in higher resistivity compared to values based on the initial geometry.
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Figure 74: Graph comparing the resistivity values for all 17 samples of SLM 316L
and coloured by build angle against literature values for cast 316L by P. Pichler et

al., separated by initial geometry and thermal expansion corrected geometry. Error
bars correspond to instrument uncertainty [139]
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P. Pichler et al. measured thermal expansion by capturing images of their samples
as they expanded every 2.5 ps, [139] however replicating this was beyond the capabilities
of the work for this thesis. Although there appears to be only a small difference in
resistivity values between initial and corrected geometries up to the highest temperatures
seen in this work, the work of P. Pichler et al was conducted on traditionally
manufactured 316L stainless steel, and it is unknown if the same trends would be seen
in SLM 316L.

M. Yakout et al studied the influence of process parameter variation on the
coefficient of thermal expansion (CTE) of SLM 316L from 294 K — 1273 K [178]. They
produced cubic samples with energy densities varying from 41.7 J/mm? — 156.3 J/mm3)
and found that the CTE of SLM 316L was analogous to wrought 316L with no significant
changes. This suggests that the changes in resistivity seen by P. Pichler et al for
traditionally manufactured 316L would also be seen for SLM 316L. However further
work would be required to determine the extent of the change in resistivity.

The main purpose of measuring the resistivity was to improve the models for the
resistojet by accurately measuring resistivity at high temperatures. Taking thermal
expansion into account may improve the accuracy of these resistivity measurements and
the model of the resistojet. Thus, future work could strive to take this into account.

When comparing the data at similar temperatures, the SLM resistivity values are
notably higher, regardless of the build angle, when compared to both initial and
corrected values from P. Pichler et al for traditionally manufactured material. If SLM
resistivity values were corrected for thermal expansion they would be expected to
increase slightly more. Given the same designated composition of these 3161 stainless
steels, these differences between the SLM and cast are likely due to differences in the
microstructure, and the differences between the SLM samples are likely because of the
differences in the process parameters used to build them. These differences will be

explored in greater detail throughout this chapter.
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7.2.2. Model linking resistivity and SLM process
parameters

As was done for both the roughness and emissivity, multiple linear regression
models were created using the software JMP to assess the effect of process parameters
on resistivity. Process parameters related to volumetric energy density (laser power,
scanning speed, hatch spacing and layer thickness) and the build angle were explored.
Resistivity values at specific temperatures (300 K, 500 K, 700 K and 800 K) were
interpolated using quadratic fits for all the samples. Linear regression models were
created using these interpolated resistivities to avoid convoluting the results with
temperature. The method used to create the models was identical to that presented in
section 5.5. Table 26 shows the key values used to determine the significance of the
models generated. These results show that each of the models generated were reliable
given the low values for RMSE, the high R? values and F ratios and very low p-values.
Each of the models found the same parameters significant in the same order of
significance. A plot of these values is shown in Figure 75.

Table 26: Table showing key parameters for the models generated for resistivity at
different temperatures

Resistivity at Resistivity at Resistivity at Resistivity at

300 K 500 K 700 K 800 K
Mean of Response 1.10 1.30 1.47 1.53
Root Mean Square  0.02 0.02 0.02 0.02
Error
R? 0.98 0.98 0.98 0.98
F ratio 266158.06 315252.62 334339.98 334267.84
p-value <.0001 <.0001 <.0001 <.0001

It was assumed that the input parameters affected the microstructure which in
turn affected the resistivity. Figure 75 shows that as the temperature increased the input
factors that affected the models and their significance stayed the same. This suggests
that there were no changes to the microstructure caused by increasing the temperature
that affected the resistivity within the bounds of this experiment. As shown in section
6.8, the significance of certain input parameters changed for the emissivity models at

different temperatures.
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Source LogWorth PValue
Build angle () 5405246[ | o0.00000
Laser Power*Laser Power 3690198l | 0.00000
Laser Power 34444.09 | 0.00000 ~
Hatch spacing (mm)*Laser Power 30628.29| | 0.00000
Scanning speed (mm/s)*Laser Power 1449539(C ] o0.00000
Scanning speed (mm/s) 14264307 ] 0.00000 *
Layer thickness (mm)*Scanning speed (mm/s) 13359. 22 N | 0.00000
Layer thickness (mm) 5874.045 | 1 | 0.00000 ~
Hatch spacing (mm)*Hatch spacing (mm) 5647.680|| ] 0.00000
Layer thickness (mm)*Layer thickness (mm) 3865.893 || I ]0.00000
Scanning speed (mm/s)*Scanning speed (mm/s)  3359.681 | e | 0.00000
Hatch spacing (mm) 51406/ " | 0.00000 ~

Figure 75: Plot showing the LogWorth vs. the source for the resistivity models

Build angle was found to be the most consistently influential factor on resistivity,
which is evident in Figure 73 and Figure 74. While the results in Figure 75 do give
information on how the process parameters affected the resistivity, they do not explain
why they have the significance or effect that they do. To understand this, it was
necessary to investigate how the microstructure of the SLM samples changed with
process parameters and in turn relate this back to resistivity which is goal of the rest of
this chapter. Focus was given to the relative density and the primary cell spacing of the
parts because previous reports by C. Silbernagel et al. and Y. Shi et al indicated that
these had effects on the resistivity of SLM parts, as detailed in the section 3.4.1 [128],
[131], [137].

7.3. Relative density

7.3.1. Introduction
Density in this thesis is described in terms of relative density, which compares the
density of the samples to a theoretically ideal sample which is completely free of pores.

This density was calculated using equation [42]

Pm

-100 [42]
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Where g, is the relative density of the parts, pn, the measured density and ps3161, the
pore free density of 316L stainless steel, which was taken as 8.05g/cm3 [143]. Previous
work by K. Ibrahim et al showed that for AM 316L stainless steel, as the porosity
increased from 5% to 40%, the resistivity increased by roughly 86% [138]. Porosity
interrupts the crystal lattice, resulting in a more tortuous conduction path for the
electrons. However, these results were reported for selective laser sintering rather than
melting, which typically produces parts with higher porosity compared with SLM. The
density of the seventeen samples in this thesis were measured to better determine the
relationship with resistivity. The density of each of the samples was measured using
both the Archimedes method and using a combination of CT scanning and image
analysis, both of which have been establish for measuring the density of SLM samples
[167].

Archimedes density measurements were not performed on the actual samples used
to measure resistivity, but instead on smaller representative samples. There is confidence
that these samples are representative as they were printed using identical build
parameters and with the same width (13 mm) thickness (250 nm) but shorter length (50
mm instead of 200 mm). The shorter length should not have affected the heat transfer
between the sample and the base plate, which is an important factor on the resultant
microstructure. The 200 mm long samples used to measure resistivity were CT scanned

to calculate surface area. These same scans were also used to calculate the density.

7.3.2. Comparison of measurement methods
The Archimedes method was carried out following the modified procedure of the
ASTM standard as described by A. B. Spierings et al. [167]. It calculated density by
measuring the volume of liquid displaced by the immersed samples, while the image
analysis calculated the area fraction of binarized CT micrographs that was empty space.
Detailed descriptions of these methods can be found in section 4.7. For reference the

equation used to calculate the density in the Archimedes method is shown in equation

[43].
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mg,

Py = (Ps1— Pair) '—ma —— i [43]

Where g}, is the density of the sample, pq is the density of the fluid, pair the density
of the air, m, the mass of the sample in air and myg the density of the sample in the
fluid. There were however issues when using the Archimedes method that may have
affected the accuracy of the results.

The samples used by A. B. Spierings et al. and specified in the standard were cubic
samples. The samples used in these experiments however were flat strips to be as
representative of the larger samples used in resistivity and emissivity measurements as
possible. While theoretically the dimensions of the sample should not have played a part
in the density measurements, in practice the shape of these samples made them difficult
to handle. The samples may have been too large for the container and may not have
been properly suspended in the fluid. As a result, the mass measurements in the fluid
(mp) may have been erroneously low causing the overall density values to be
underestimated as seen in equation [43]. This is reflected in the values for the relative
density calculated using the Archimedes method shown in Table 27 and Figure 76 where,
except for sample 2, there is a large difference in density between the two methods for
each sample. Generally, density measurements using the Archimedes method were
significantly lower than those measured using CT scanning.

The lowest density measured using the Archimedes method was 46.5% while
comparatively the lowest using CT scanning was much higher at 83.5%. For the CT
determined density values, all the 90° and 45° samples achieved density greater than
98%. Only the 0° samples had lower density values (as in Figure 4). The Archimedes
density values in Figure 76 also clearly decrease with increasing sample number. While
this may be simply a coincidence as sample number does not correspond to any
increasing build parameter, it does match the order in which the samples were measured.
It may indicate that an error, possibly due to handling, worsened with increasing

measurements.
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Table 27: Table showing the relative density measurements for all 17 samples as

determined by CT scanning/image analysis and the Archimedes method

Sample CT density (%) Archimedes density (%)
1 98.7 76.9
2 94.9 91.6
3 98.2 75.6
4 98.1 66.6
) 90.3 65.9
6 91.8 70.8
7 99.2 57.8
8 98.2 62.5
9 99.0 63.7
10 83.5 53.0
11 98.9 57.1
12 98.3 54.3
13 99.3 73.0
14 98.3 68.6
15 99.5 46.5
16 99.4 48.9
17 98.2 66.3
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Figure 76: Plot showing the relative densities calculated using CT scanning/image
analysis and the Archimedes method for each of the 17 samples, coloured by build

angle
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The density values calculated using CT scanning were much closer to what was
expected given that the process parameters used to build the samples were chosen based
on literature values that produced high density (>99%) parts. This method was adapted
from a procedure described by A. B. Spierings et al. for micrographs of a cross section
[167]. There were however also issues with this technique. For the image analysis used
in this thesis to work, the CT image reconstructions were cropped to remove the surface
and focus solely on a region of interest (ROI) of the internal porosity. Given how much
the surface of some of the samples varied over all the micrographs, this was difficult to
consistently achieve without occasionally also including some of the surface. As a result
of this, the porosity may have occasionally been erroneously high. A sensitivity analysis
was performed to understand how much the density varied by decreasing the area of the
ROI. This was performed for the 0° sample 5, 45° sample 11 and the 90° sample 4. The

results of this analysis are shown in Figure 77.
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Figure 77: Graph showing relative density against area of the ROI measured as part
of a sensitivity analysis
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5.53 mm? - 89.1%

Figure 78: Examples of different ROIs and the resultant values of relative density
for the 0° sample 5

The results of Figure 77 clearly show that for each of the samples, below a certain
threshold of the ROI there is a minimal change in the relative density of the sample.
For example, reducing the area of the 0° sample from 11.2 mm? to 8.27 mm? increased
the relative density from 62.4% to 87.4%. However further reducing the area down to
3.63% only increased the density to 90.1%. It is also noteworthy that the smallest area
of the ROI for the 0° sample still resulted in a notably lower density compared to the
90° and 45° samples. This suggests that for optimal results an area within the low
sensitivity regime (smaller ROI) should be selected. Figure 78 shows that the beginning
of the stable region for each sample was found to be easily identifiable when manually
selecting the areas giving confidence that the relative densities measured were suitable.
To gain confidence in the technique, measurements were repeated three times and an
average value of the density was taken.

Without having a reference density sample to compare against, it is difficult to
quantify the extent of the error in both density techniques. Visual inspection of the
samples indicated that they were unlikely to correspond to the very low densities from
the Archimedes method. When combined with the fact that the CT density values were
much closer to what was expected, this indicated that the error in the Archimedes
density values was likely greater than the CT density values. Going forward, these

results will focus on density calculated using the CT scanning and image analysis
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technique. However, in future studies samples with more suitable geometries for both
techniques should be manufactured, and a comparison made against a reference to

determine which method is the most suitable.

7.3.3. Relative density and energy density
Energy density has been referred to as one of the best predictors for parts relative
density [7], [22]. Figure 79 shows the relationship between the density of the samples
and energy density. The error bars were calculated using the method detailed in section
4.3 and corresponds to X-Ray CT scan uncertainty which was the largest. No fit has

been assigned to this graph, as no justification for using a fit could be found in the

literature.
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Figure 79: Graph showing the relationship between CT determined density and
energy density. 98% relative density and 100 J/mm3 energy density are marked on
the graph. Samples 1 and 10 are circled in red.* samples are the 0° samples with
<98% relative density

Generally, there does not appear to be a clear relationship between the relative

density of the parts and energy density. Samples with similar values of energy density
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have very different values for relative density such as the 90° sample 1 and 0° sample
10, both marked on the graph (dashed red circles). Sample 10 had an energy density of
50 J/mm? and a relative density of 83.5% while sample 1 had a similar energy density
of 42.5 J/mm? and a much higher relative density of 98.7%. This lack of a relationship
between relative density and energy density remains true for the 90° and 45° samples.
However, for the 0° samples, it could be argued that as the energy density increases, so
does the density. In this regard, the low relative density of sample 6 (91.8%) would be
considered an outlier as it does not follow this trend. It is notable that all the 90° and
45° samples had relative densities greater than 98% while the 0° samples had relative
densities both above and below 98%. This indicates that, within the bounds of this
experiment, build angle may have had a large effect on relative density.

E. Liverani et al. also investigated how energy density affected the relative density
of SLM 316L and found that generally it was a good predictor of relative density [25].
The hatch spacing (0.05 and 0.07mm), build angle (0°, 45° and 90°) and scanning speed
(700m/s) were similar to this work while the laser power (100 and 150 W) covered a
lower range than the 150 W — 190 W studied here. However, they gave no information
on the dimensions of the specimens they used for density measurements or about layer
thickness used. While this lack of specific information makes direct comparison with
their results difficult, the similarities in material and process parameter ranges may still
allow for general comparison of trends [25]. They found that parts with a relative density
greater than 98% could only be produced with energy densities of 100 J/mm? or greater.
They determined this experimentally and gave no explanation as to why. While most
points above 98% density in Figure 79 do occur above an energy density of 100 J/mm3,
there is also data below 100 J/mm? with density greater than 98% and data above 100
J/mm3 with density less than 98%. E. Liverani et al. also stated that the relative density
was unrelated to build angle, which is contrary to lower densities for 0° samples in Figure
79.

S. Greco et al. reported how process parameters affected the relative density of

cubic SLM 316L samples [78] at constant energy densities of either 33.3 J/mm? or 119
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J/mm3. They varied laser power (30 W — 90 W), layer thickness (25 pm — 45 pm) and
scanning speed while keeping hatch spacing (56 pm) constant. Again, their different
sample dimensions and process parameter ranges make direct comparison with this work
difficult but allows for comparison of general trends. However contrary to E. Liverani et
al. they found that energy density was not a good predictor of relative part density. In
general, similar to E. Liverani et al. they found that more dense samples were produced
at higher energy densities. They explained this as an increase in energy density
corresponded to an increase in the thermal energy delivered to the sample and thus a
larger percentage of the material within that volume was heated above its melting point.
However, they also found that part densities varied when input parameters changed,
but the overall energy density was kept constant. For example, they found that as the
laser power increased, so did the relative density regardless of energy density or other
input parameters. This was reportedly due to an increase in the ratio between laser
power and heat conduction as laser power was increased, resulting in more powder
material being heated above its melting point [78]. This may explain the difference in
relative density between samples 1 (laser power 170 W) and 10 (laser power 150 W).
Another hypothesis is that because the 45° and 90° samples are thin walled, the
heat input was more concentrated causing more of the sample to be melted and leading
to higher relative densities. The 0° samples had a wider area directly connected to the
build plate and could dissipate heat through thermal conduction more rapidly. The
relationships between the sample’s relative densities and the process parameters will be
discussed in detail in a later section, when discussing models for process parameters and

density.

7.3.4. Relative density and resistivity
To avoid convoluting the results with temperature, interpolated resistivity values
from quadratic fits were plotted against the relative density of the samples at 300 K,
500 K, 700 K, and 800 K. These results are shown in Figure 80.
When considering all the samples regardless of temperature, below approximately

98% density the resistivity generally increases as the density decreases, except for the 0°
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sample 10 at 83.5% density. This increase in resistivity is still within the range of
resistivity values seen for samples with greater than 98% density. According to K.
Ibrahim et al, this trend may be because porosity causes a more tortuous path
conduction path for electrons [138]. This can be equated to a higher number of
disruptions to the periodic lattice, which would result in a higher resistivity. Above 98%
relative density it appears that there is no clear relationship between resistivity and
density. This may indicate that there is another factor which has a stronger relationship
with resistivity above this density threshold. Y. Shi et al found a similar relationship
between resistivity and density for a novel Al alloy manufactured through SLM [137].
They found that below 99.5% density, there was a linear relationship between resistivity
and density. However above 99.5%, resistivity was primarily affected by the amount of

solute in the solid solution.
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Figure 80: Plot showing the relationship between resistivity and relative density
interpolated at 300 K, 500 K, 700 K and 800 K, separated by build angle. 0° samples
with densities less than 98% are marked with *

It is worth noting that the linear relationship between density and resistivity below
98% density seen in Figure 80 only holds down to roughly 90% density. Below this, the
low density of sample 10 appears to defy this trend by having a comparatively lower
resistivity for each temperature. Given the large gap in densities between sample 10 and

the next highest density, it is difficult to say for certain if this is part of a trend or an

- 191 -



Chapter 7: Results and discussion - Resistivity

outlier value. These density values are also much lower than reported by Y. Shi et al
Thus, the repeatability of this could be investigated in greater detail in a future study.
When considering build angle, the 90° and 45° samples do not show any clear trends
with resistivity and density while the 0° samples, apart from sample 10, show increasing
resistivity with decreasing density both above and below 98% density. However as there
are no 90° or 45° samples below 98% density it is difficult to say for certain if the trend

of increasing resistivity with decreasing density would be observed for all the build

angles.
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Figure 81: Plot showing the relationship between resistivity and build angle at
specific temperatures for samples above 98% relative density

When considering only the samples above 98% relative density as shown in Figure
81, the relationships between resistivity and build angle also seems to be clearly
separated by build angle. Figure 81 shows that generally, for the same temperatures,
the 90° and 45° samples cover similar ranges of resistivity, while the 0° samples are
consistently lower. As previously mentioned in section 2.4, C. Silbernagel et al
investigated the effect of build orientation on rectangular specimens of both pure copper
and the alloy AlSil0Mg manufactured using SLM [128], [131]. In both instances they
reported that resistivity was anisotropic and that build angle had a strong influence.

As shown in Figure 82, their 90° samples were built with the long axis along the z

axis of the build chamber while in this work it was in the y axis. For the copper the
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difference in resistivity was explained by differences in porosity distribution. Resistivity
was measured along the long axis of the samples and there were more continuous build
tracks free from porosity along the long axis of the 0° samples compared the 90° samples.
This was attributed to a lack of interlayer fusion and intralayer defects that caused a
more tortuous conduction path for the 90° samples, resulting in a higher resistivity. This
is particularly interesting because a similar trend to this is seen in Figure 81; the 90°
samples consistently have higher resistivities than the 0° samples. It is important to note
however that there are only three 0° samples and 45° samples above 98% density. With
so few data points for each build angle, it is difficult to say for certain if there are trends.
Comparing the CT image reconstructions used to determine the porosity of the samples
built for this thesis, there did not appear to be a notable difference in porosity
distribution between the samples built at different build angles when their relative
densities were over 98%. It is worth noting that C. Silbernagel et al found this trend
for a pure metal rather than an alloy, and only achieved a maximum density of 85.8%.

As previously mentioned, no 90° or 45° samples below 98% density were produced
in this thesis and the direction of current flow was the same for all samples in this thesis
(along the y-axis in Figure 82) but was different for each sample for C. Silbernagel et
al. Thus, it is unknown if this trend between build angle and resistivity holds true at
lower density values. Another factor that may have influenced the resistivity for the
samples above 98% density was disruptions to the lattice caused by grain boundaries.

These are discussed in detail in the next section.

7.3.5. Model linking relative density and SLM process
parameters

Previous reports have found strong links between the process parameters that make
up energy density and relative density. Given that this current work has found a link
between relative density and resistivity of SLM 316L, understanding the relationship
between process parameters and relative density would help to better understand the

relationship between the SLM process parameters and resistivity.
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Figure 82: Diagram showing the difference in build orientation for the samples built
as part of this thesis and the samples built by C. Silbernagel et al.[128], [131]

To do this, a multiple linear regression model was created with the purpose of
finding out which of the input parameters most significantly contribute towards the
relative density of the parts. In future this work can be used as a basis towards
developing a deeper model to understand exactly why these factors produce the
responses they do on relative density.

The process parameters investigated were those that make up volumetric energy
density (laser power, scanning speed, hatch spacing and layer thickness) and the build
angle of the parts relative to the build plate. The model was created using the same
method presented in section 5.5 using the software JMP. Figure 79 shows that for similar
ranges of energy density, only the 0° samples show notable variation in density. Process
parameter variation within the range of values used in this work had little effect on the
density values for the 45° and 90° samples. For this reason, the 45° and 90° samples were
excluded from the model.

The key parameters for the model shown in Table 28 indicate that the model is
reliable, given the low values for the root mean square error, very high R? and F ratio
values and low p-value. The plot shown in Figure 83 details the significance of the

process parameters and their interactions in the model.
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Table 28: Table showing the key parameters for the multiple linear regression
model generated for the relative density of the 0° samples

Mean of Response 93.9

Root Mean Square Error 4.25E-07

R? 1

F ratio 7.64E+417

p-value <.0001
Source LogWorth PValue
Laser Power*Laser Power 2130613/ B |o.00000
Laser Power 57696.69/| ] o.00000 ~
Scanning speed (mm/s) 48017.78| | 0.00000
Layer thickness (mm) 4440354 | | 0.00000
Scanning speed (mm/s)*Laser Power 3181516 | | 0.00000
Hatch spacing (mm) 2184769[] ] 0.00000
Scanning speed (mm/s)*Scanning speed (mm/s)  1126.815 7 | 0.00000

Figure 83: Plots showing the LogWorth vs. the source for the model of relative
density of the 0° samples

The square term of laser power and laser power alone are the most significant
terms to the model. These are notable as these were also the most significant terms in
the models for resistivity after build angle, as seen in Figure 75. That both models share
these as most significant terms indicates that the relative density and resistivity are
likely correlated with each other, further supporting the hypothesis that density has a
significant impact on resistivity. This is also supported by the fact that these terms were
significant in the resistivity model regardless of temperature and the relative density of
the samples likely did not change with temperature. The shapes of the model predicted
responses on the relative density for each of the input parameters are shown in Figure
84. Generally, as the process parameters change to increase the energy density (laser
power increasing, scanning speed and layer thickness decreasing) the relative density
increases. The exception to this trend is hatch spacing, which as it increases
(corresponding to a decrease in energy density) the relative density also increases.
Comparing these results to similar results from the literature may help to better

understand them.
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As previously mentioned, E. Liverani et al. also investigated how process parameter
variation affected the relative density of SLM 316L specimens [25]. While their values
of scanning speed (700 mm/s) and hatch spacing (0.05 mm and 0.07 mm) were similar
to the ranges covered in this work, the laser power values (100 W and 150 W) were
lower than this work (150 to 190 W) and they gave no information on layer thickness
or part dimensions. It is also worth noting that their process parameters were based on

a previous study that produced parts with >98% density.
100

90

Relative density (%)

150 160 170 180 190 500 700 900 0.020 0.030 0.040 0.05 0.07 0.09
Laser Power (W) Scanning speed Layer thickness (mm) Hatch spacing (mm)
(mm/s)

Figure 84: Main effects plots showing the model predicted responses on the relative
density of the 0° samples for each of the input parameters

While E. Liverani et al. did not offer explanations for their results, they found that
low laser power of 100 W produced the lowest density parts (98.4%) while a high laser
power (150 W) produced the highest density parts (>99.9%). While the ranges are
different, this is like the trend of laser power seen in Figure 84. E. Liverani et al also
varied hatch spacing and found it had minimal effect on the relative density of their
parts, unlike the trend seen in Figure 84.

The findings of E. Liverani et al. were similar to the work of S. Greco et al. who
looked at how varying process parameters but maintaining energy density affected the
relative density of cubic SLM 316L samples [78]. In general they also found that
increasing the laser power increased the relative density of their samples, regardless of

other parameters. It should be noted that their range of laser powers (30 W — 90 W)
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was much lower than used in this work. S. Greco et al theorised that increasing the
laser power corresponded to an increase in the energy density and amount of thermal
energy being delivered to the part. This increased the amount of material being heated
above its melting point, improving the density of the part. They also theorised that
there was a limit to this beyond which further increasing the energy density would not
increase the relative density, dependent on material properties such as thermal
conductivity. While not directly comparable with the results in Figure 84 because of the
lack of information on layer thickness and part dimensions, the trend that density
increases with laser power was also seen in this work.

This relationship between thermal energy and relative density may also explain
the responses of the other input parameters. S. Greco et al. also reported that increasing
layer thickness resulted in a decrease in relative density at a constant energy density
due to decreasing penetration of thermal energy from the laser into the powder layer.
This resulted in insufficient melting of previous layers and raw powder, both of which
were required to ensure proper adhesion of past and subsequent layers and resulted in
an overall decrease in relative density. A decrease in relative density with increasing
layer thickness was also seen in Figure 84. Based on the work of S. Greco et al, an
explanation for the scanning speed trend is that increasing scanning speed decreased the
energy density and thus decreased the amount of thermal energy being delivered to the
part. Thus, less of the material was heated above its melting point and lead to defects
such as lack of fusion of particles that reduced the relative density.

The fact that density increases as hatch spacing increases is counter to what was
expected, as previous work in section 5.5 showed that as the hatch spacing increased,
overlap between adjacent tracks decreased resulting in an increase in porosity. It was
assumed this would coincide with a decrease in the relative density. A. M. Khorasani et
al. offered a possible explanation for this, stating that lower hatch spacing increased the
energy density and energy absorbed within a certain area and increased the likelihood
of defects such as keyholes [179]. Larger hatch spacing however increased the contact

between the melt pool and the previous solidified layer, which increased the stability of

- 197 -



Chapter 7: Results and discussion - Resistivity

the melt pool and reduced the porosity. While the work of A. M. Khorasani et al did
look at how process parameters affected the relative density of parts, it was for the alloy
Ti-6A1-4V rather than 316L. The results of their work offer a potential explanation for
the trend seen in Figure 84, but different materials properties between the two metals
may result in different behaviours. The purpose of the models in this work was to detail
what terms are most significant to the relative density (and how these might also affect
resistivity) rather than understand exactly why they produce the responses seen in
Figure 84. Given that these models do indicate correlation with resistivity, it is worth
investigating them in further detail to see if the explanation for the trends, such as given

by A. M. Khorasani, are applicable.

7.4. Primary cell spacing

7.4.1. Introduction

Grain boundaries are interfaces between two different crystalline regions that have
different orientations to each other. At this interface there is a disruption to the periodic
crystal lattice that increases the resistivity of a material [64], [65]. SLM 316L stainless
steel has columnar grains, within which are cellular structures with cells typically on the
order of 0.5 pm-2 pm defined by sub-grain boundaries that separate the cells [66]. These
cells are formed due to the fast-cooling rates during solidification forming dendrites and
insufficient time for diffusion of heavier atoms such as molybdenum [66]. The cellular
boundaries have also been associated with high concentrations of dislocations and
residual stresses. A report by C. Silbernagel et al. showed that cellular structures on the
same order of magnitude play a large part in determining the resistivity of the SLM
alloy AlSi10Mg [131]. Generally, they found that the greater the number of these sub-
grain boundaries along the conduction path, the higher the resistivity.

In this work the distances between the centres of neighbouring cells (also known
as the primary cell spacing) were measured at different locations to give an indication
of the number of sub-grain boundaries. Average values were taken for all seventeen

samples to determine if they had a relationship with the measured resistivity values. As
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these were destructive tests that required cross sectioning the samples, these
measurements were not done on the same samples used to calculate resistivity. Instead,
they were carried out on smaller representative samples, printed in the same batches
using identical build parameters and the same width (13 mm) and thickness (250 pm)
but different length (50 mm instead of 200 mm).

According to D. Wang et al, the growth direction of cellular dendrites in SLM
316L vary within the melt pool and follow the highest thermal gradient, which is dictated
by the laser and the path of laser scanning [74]. They observed this on tensile specimens
built using similar ranges of process parameters as in this thesis, although they did not
give information about the build angle. Dendrite orientation was also reportedly
influenced by factors such as the preferred growth orientation of the crystal structure,
which varied at different regions within the melt pool, and Marangoni flow which could
change the heat flux direction and thus growth orientation. To capture dendrites in
different orientations and obtain a better average value for the primary cell spacing,
measurements were carried out on two planes of each sample. How these planes
corresponded to the axes of the build chamber are shown in Figure 32.. Multiple images

were taken of each plane.

7.4.2. Comparison of measurement methods

As reported by others [66], [67], [74], [75], cell spacing can vary within a single melt
pool due to factors including Marangoni convection altering the heat flux direction and
varying cell orientation which follows the maximum temperature gradient (e.g. towards
the build plate near the bottom of the melt pool). This results in an expected
heterogeneous distribution of cell spacing as shown by locations A and B in Figure 85.
However, electrical resistance is a bulk property that depends on the volume average of
potential microstructural factors like cell size. Therefore, cell spacing was measured and
averaged at randomly sampled different positions in the cross-section micrographs with
the area method and averaged over the full field of view with the image analysis method.
The area method is based on the ISO standard 643:2020 and has heritage of being used

specifically on SLM 316L stainless steel [74], [166], [180]. At least two micrographs were

- 199 -



Chapter 7: Results and discussion - Resistivity

imaged per sample, except for the 0° sample 5 due to poor image quality. The image
analysis technique was developed specifically for this work and follows the same principle
as the area method but measured the total number of cells within an image rather than
randomly sampled positions. It was believed better accuracy could be achieved by
measuring a greater number of cells but, to validate this, both methods were compared,
the results of these are shown in Figure 86.

The error bars in Figure 86 are the standard deviations of the mean values and
represent the spread of the results. There are no error bars for sample 5 because grains
that could be clearly resolved could only be seen in one image.

To reiterate, multiple sources stated that primary cell spacing was dependent on
the cooling rate, which itself was dependent on numerous factors including the
dimensions of the specimen and the process parameters. Directly comparing the results
of this work with literature values is difficult due to these many varying factors but
gives an indication of the range of expected values. Various values found in the literature
are presented in Table 29. Comparing these values with those from this work (Figure

86) shows that they are overlapping.

Figure 85: 1600x magnification SEM image of the 90° sample 8 showing the
differences in size and orientation of the cellular microstructure seen in a single
image
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Figure 86: Plot showing the average primary cell area as determined by both image
analysis and the area method for all 17 sample

Table 29: Table detailing the primary cell spacings and process parameters of 316L
stainless steel samples found in literature

Author Cell Laser Scanning Hatch Layer Build Sample
size power speed spacing thickness angle shape
(pm) (W) (mm/s) (mm) (mm) (")

K. Saeidi. 0.5 195 800 0.1 0.02 - cuboid

et al [66]

D. Wang. 0.74 300 700 0.08 0.03 - tensile
et al [74] 0.52 300 800 0.08 0.03 - tensile
0.35 300 1000 0.08 0.03 -

0.31 300 1200 0.08 0.03 -

E. >2 100,150 700 0.05,0.07 - 45, tensile

Liverani. et 90

al [25]

L. 0.4-1.2 50 80-280 N/A 0.08 - single

Yadroitsev. track

et al [75]

This work  0.74- 150, 170, 500, 750, 0.05, 0.02, 0.03, 0, 45, thin wall
1.71 190 1000 0.075, 0.1  0.04 90

For both measurement methods, most of the samples have similar mean values and
standard deviations in Figure 86. Given that the area method is based on a standard,

the fact that the image analysis results are very similar increases confidence for future
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use. The image analysis method, if scripted, has the potential for faster analysis of
multiple images which could be valuable for future work. While there are large standard
deviations observed for some samples, that these are seen in both techniques indicates
that these differences may be due to the sample inhomogeneity, rather than
measurement error.

Although there was good agreement in general, some differences were further
analysed. Samples 5, 6, 7, and 9 show notable differences between the mean values for
each technique. A possible cause for this, as introduced previously, was the different
sample sizes used. For a more direct comparison, the primary cell spacing was calculated
on the exact same size area as shown in Figure 87 which shows an SEM image of the 0°
sample 6. This sample was chosen because there was a notable difference between the
primary cell spacing values calculated using the two methods as seen in Figure 86.
Measurements were carried out on the area highlighted in red in Figure 87 for both
methods, and the whole picture using the image analysis technique. The results of the

different analysis techniques are presented in Table 30

Figure 87: SEM image of 0° sample 6 with a highlighted area showing the region
that was compared using both the area method and image analysis techniques
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Table 30: Table comparing the primary cell spacing measured using the area method
and image analysis on an area of the same size

Method Primary cell spacing (pm)
Area analysis (square) 1.61
Image analysis (square) 1.59
Image analysis (full) 1.40

The values for the primary cell spacing for both methods are nearly identical when
comparing an area of the same size. However, the dendrite spacing of the full image,
calculated using the image analysis technique, is lower. This is hypothesised to be
because the larger area can account for more cells and thus is more representative of the
average cell spacing across the full sample. Both methods follow the same basic principle
and provide comparable results for the same area. However given that the image analysis
technique could look at more cells over a greater area and allow for faster analysis this

was selected as the method for this thesis.

7.4.3. Primary cell spacing and energy density

Figure 88 shows the primary cell spacing, coloured by build angle, against energy
density. Build angle may affect cell spacing as it may affect the heat transfer and cooling
rates that ultimately control cell spacing. No clear trends can be seen for 0° and 45°
samples, although there are only three data points for the 45° samples. For the 90°
samples cell spacing appears to increase above an energy density of 150 J/mm?3. There
are however only two samples above 150 J/mm3, so it is difficult to know for certain if
these points are part of a larger trend or are outliers.

Both D. Wang et al. and Yadroitsev et al reported that primary cell spacing of
SLM 316L was strongly influenced by energy density [74], [75]. D. Wang et al. produced
tensile specimens and kept the laser power (300 W), layer thickness (30 pm) and hatch
spacing (80 pm) constant while varying the scanning speed between 700 mm/s — 1200
mm/s. They gave no information about the build angle of their specimens. The ranges
of these parameters are similar to those used in this work and the energy density range

investigated was within, but smaller than, the range covered in this thesis.
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Figure 88: Graph showing the relationship between primary cell spacing and energy
density for all 17 samples and the results by D. Wang et al., coloured by build angle

As the dimensions and build angles are unknown, only general trends are compared.
They found that as the energy density increased from 104.17 J/mm? to 178.57 J/mm?
the primary cell spacing also increased from 0.31 pm to 0.74 pm. Generally, this was
because increasing energy density resulted in higher temperatures which provided more
energy for the growth of the cellular dendrites. It is worth noting that Yadroitsev et al
found that cell spacing varied significantly depending on where in the melt pool it was
measured. For example, at scanning speeds of 800 mm /s the cell spacing at the bottom
of the melt pool close to the fusion boundary was roughly 0.6 pm, but at the top of the
melt pool (no less than 10 pm from the surface) it was roughly 1pm. Location within
the melt pool was not considered when taking images of cells, although as the purpose

was to measure an average cell size rather than at specific locations.
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7.4.4. Primary cell spacing and resistivity
To assess the potential relationship between resistivity and the average primary
cell spacing of the samples, these were plotted in Figure 89. To avoid convoluting the
results with temperature, interpolated resistivity values from quadratic fits at specific
temperatures (300 K, 500 K, 700 K and 1000 K) were used. The temperature at the top
of each plot denotes the fitted temperature. It appears that, as the temperature

increased, so did the resistivity. The reasoning for this trend was explained in section

7.2.1.
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Figure 89: Graph showing resistivity against average primary cell spacing at 300 K,
500 K, 700 K and 800 K for all 17 samples, coloured by build angle. * points are
the 0° samples with relative density below 98%

In Figure 89, it was expected that as the dendrite spacing increased, the resistivity
would decrease. The mechanism for this expectation was that, as the average dendrite
spacing increased, the number of sub-grain boundaries along the conduction path of the
electrons would decrease and thus so would the number of deviations to the periodic
lattice. Thus, the resistivity would also decrease. However, at each temperature there
does not appear to be a strong trend between resistivity and the primary cell spacing.
The previous section showed a strong correlation between relative density of a part and

resistivity. Even when considering only the samples with a relative density greater than
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98% there still does not appear to be a strong trend between resistivity and dendrite
spacing. This lack of the expected trend may indicate that the grain boundaries did not
contribute significantly to the resistivity of the samples. Although the resistivity of the
45° samples appears to decrease with increasing dendrite spacing, as there are only three
data points this cannot be definitively stated as a trend.

To reiterate, C. Silbernagel et al. found strong trends between resistivity and build
angle for the alloy AlSil0Mg manufactured using SLM [131] because of differences in
primary cell orientation. The needle-like cellular dendrites were orientated towards the
Z-axis build direction which for the 90° samples was parallel to the conductive pathway
but for the 0° samples was perpendicular. Thus for the 0° samples electrons saw more of
these boundaries and had a higher resistivity than the 90° samples. For this thesis the
expected cell orientation was also in the Z-axis build direction, however for all build
angles this was perpendicular to the conductive pathway in resistivity testing. Thus
electrons would encounter similar amounts of cell boundaries regardless of build angle,

which may explain the lack of any strong effect of build orientation on resistivity.

7.4.5. Model linking primary cell spacing and SLM
process parameters

The previous section showed that there was not a strong link between primary
dendrite spacing and resistivity within the bounds of this experiment, unlike results
report by C. Silbernagel et al for SLM AlISil0Mg. Nevertheless, in order to better
understand the effect of process parameters on dendrite spacing, a multiple linear
regression model was created for cell spacing and laser power, scanning speed, hatch
spacing, layer thickness and build angle. This model was created using the same method
shown in section 5.5. The data in Table 31 shows that the model generated is reliable,
as it has a low value for the root mean square error, a high R? value and F ratio and a
very low p-value. The purpose of this model was to show which input factors are most
significant to the primary dendrite spacing, and the shape of the responses. The

significance of the input parameters and their interactions are shown in Figure 90.
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Table 31: Table showing the key parameters for the multiple linear regression model
generated for the primary cell spacing

Mean of Response 1.34

Root Mean Square Error 0.25

R? 0.84

F ratio 33154.78

p-value <.0001

Source LogWorth PValue
Scanning speed (mm/s) 19469390, ] 0.00000
Build angle (°) 8832447 " 0.00000
Layer thickness (mm)*Layer thickness (mm) 7845.526 | 0.00000
Hatch spacing (mm) 7110.388 | | . 0.00000
Scanning speed (mm/s)*Laser Power 5892.097 || _ 1 | 0.00000
Layer thickness (mm)*Scanning speed (mm/s) 4319.327 . 0.00000
Laser Power*Laser Power 2623.017 R 0.00000
Hatch spacing (mm)*Laser Power 1463.523 ___| 0.00000
Scanning speed (mm/s)*Scanning speed (mm/s) ~ 272.769 || ‘ | 0.00000
Layer thickness (mm) 142.045 | 0.00000 A
Hatch spacing (mm)*Hatch spacing (mm) 33.958 | - 0.00000
Laser Power 8.137 : L 0.00000 A

Figure 90: Plots showing the LogWorth vs. the source for the model of primary cell
spacing

Scanning speed was identified as the input parameter that has the most significant
impact on the primary dendrite spacing. Scanning speed also has interactions with both
laser power and layer thickness. Although significant, scanning speed was not the most
significant term in the resistivity models in Figure 75. Laser power was amongst the
most significant terms to the resistivity model, yet is the least significant to the cell
spacing model. If cell spacing and resistivity shared significant terms, it would be
expected for one to correlate with the other. The fact that they do not further supports
the observation that cell spacing does not strongly influence the resistivity within the

range of parameters tested in this work.
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Figure 91: Main effects plots showing the model predicted responses on primary
cell spacing for each of the input parameters

The model predicted responses for primary cell spacing at different input
parameters are shown in Figure 91. The errors bars on each plot represent the standard
error. The results show that as the scanning speed increases, the dendrite spacing
decreases. This is similar to trends found by both D. Wang et al and 1. Yadroitsev et
al. 1. Yadroitsev et al. investigated how scanning speed and preheating temperature
affected the primary cell spacing of single tracks of 3161 stainless steel, using analysis
of variance (ANOVA) to determine what effects were most significant [75]. The laser
power (50 W), spot diameter (70 pm) and powder layer thickness (80 pm) were all kept
constant while the preheating temperature was varied at either 80°C or 900°C and the
scanning speed between 80 mm/s to 280 mm/s. These conditions and ranges were
notably different than those used in this thesis. Particularly the scanning speeds, which
in this work were much higher and varied from 500 mm /s — 1000 mm/s. However, given
that it was the same material and process as used in this thesis, the trends of their
results are worth comparing. Overall I. Yadroitsev et al. found that both scanning speed
and preheating temperature significantly affected the primary cell spacing and that the
cell spacing decreased by 25-40% as scanning speed was increased. This decrease was
independent of the preheating temperature. This decrease in cell spacing was explained
by a higher presumed cooling rate (the product of solidification rate R and the

temperature gradient G) at higher scanning speeds.
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This was expanded upon by D. Wang et al who also investigated how process
parameters affected the primary cell spacing of SLM 316L stainless steel [74]. In general
D. Wang et al. also found that as the scanning speed increased, the primary cell spacing
decreased. Increasing the scanning speed increased the solidification rate (R) in the melt
pool, increasing the nucleation rate which refined the microstructure and decreased the
cell spacing. On the other hand, decreasing the scanning speed increased the energy
density, decreasing the cooling rate and increasing the cell spacing. M.-S. Kim et al.
gave a similar explanation for the effect of hatch spacing on the cell spacing of the SLM
AlSilOmg alloy [181]. The smaller the hatch spacing, the greater the overlap between
adjacent tracks, which resulted in a higher energy density, lower cooling rate and thus
higher cell spacing.

Although no reports were found in literature for the effects of other process
parameters, this relationship between R*G and the primary cell spacing can also explain
their responses on primary cell spacing. For example, the interaction between scanning
speed and laser power (Figure 92) shows that as the laser power increases the impact of

scanning speed on cell spacing decreases.
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Figure 92: Graph showing the interaction between scanning speed and laser power
on primary cell spacing
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At low laser powers, the energy input by the laser is low and so the energy density
is low and cooling rate is high. Thus, increases to the solidification rate caused by
increased scanning speed have large effects on the primary cell spacing. However at high
laser powers, the increase in solidification rate provided by increased scanning speed is
offset by the increase in the energy density and the decrease in cooling rate, reducing

the impact of scanning speed on cell spacing.

7.5. Conclusions

The resistivity of the SLM samples was higher than reported values for cast 316L
over a similar temperature range. Samples oriented at 0° had slightly lower resistivity
values than the 90° and 45° samples.

Only 45° and 90° samples had >98% relative density and showed no strong
correlation with resistivity or energy density. Generally, the 0° samples relative density
increased with energy density, and as the relative density increased the resistivity
decreased. This was likely because increasing porosity decreased the lattice periodicity
and increased the conduction paths of the electrons. An exception to this was sample
10, which had a low resistivity that defied the trend at a relative density of 83.5%.
Multiple linear regression models for resistivity and relative density shared significant
input factors, notably the square of the laser power suggesting that relative density and
an effect on resistivity,

Despite literature reports to the contrary for the SLM alloy AlSil0Mg by C.
Silbernagel et al., no strong trend was found between primary cell spacing and resistivity

for 316L stainless steel in this work.
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8. Results and Discussion —
Multiphysics modelling

8.1. Introduction

The motivation for this thesis came from the need for improved predictions from
multiphysics simulations of the resistojet developed by F. Romei et al [182]. They
created a 3D model and used emissivity values for cast polished 316 steel found in
literature for the surface emissivity of the SLM resistojet heat exchanger [183]. At steady
state conditions, they predicted temperatures that differed by 5%-20% from
experimental measurements with a root mean square error of roughly 10% [182]. They
noted that the simulation results were particularly sensitive to the emissivity values
used, and suggested this was likely due to the differences between the emissivity and
resistivity of actual SLM materials properties and the values for cast materials available
in the literature.

An aim of this thesis was therefore to obtain accurate values for the emissivity and
resistivity of SLM 316L steel. This chapter presents computational models that simulate
the experiments carried out in this thesis and that used the measured emissivity and
resistivity values and sample geometries measured using different techniques (nominal
CAD, callipers, and CT scanning/image analysis). The predicted temperature results
from these models were compared with model predictions based on emissivity and

resistivity for cast materials, and also with experimental values.
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8.2. Background of COMSOL Multiphysics

8.2.1. Overview

The software chosen to model the experiment was COMSOL Multiphysics, the
same software used by F. Romei et al [184]. COMSOL is a finite-element analysis
software that was used to simulate the resistojet as it is capable of modelling highly
coupled physics that occur during the resistojet operation.

As stated by F. Romei et al, there were three initial steps needed to run a
simulation in COMSOL Multiphysics [184]. First, the space dimension of the problem
was defined. This could be 3D, 2D axisymmetric, 2D, 1D axisymmetric, 1D or 0D.
Within this space the geometry of the component that was studied was then either
created using the tools within COMSOL or imported. In this work a 3D model of the
experimental setup, imported from the software Solidworks, was used in the multiphysics
simulation.

Every component of this geometry had both a domain representing the bulk volume
and a boundary representing the surface, to which properties could be assigned. The
physics modules of the problem were then selected and assigned to the relevant domains.
It is these modules that contained the basic equations that are solved by the software.
As this was a multiphysics software, multiple modules could be selected. The physics
modules used to simulate the experimental test setup were the heat transfer in solids
module and the electric current module. The equations that dictated how these models
worked are detailed in the next section. The third step required deciding whether the
study was stationary or time dependent. After the initial setup, details of the model
needed to be added including applying materials and properties, assigning initial and
boundary conditions on both domains and boundaries, and dividing the geometry with

a mesh.

8.2.2. Heat transfer in solids module
The heat transfer in solids module was used to model the heat transfer by

conduction and radiation. The basic equation solved for temperature by the heat transfer
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module was equation [44]. This equation is based on the principle of the conservation of
energy and that changes to the internal energy of a system are equal to the difference
between heat added and work done by the system [185], [186].
6T
pC, (§ + Uy ams * VT) +V-(q+q,) =—al:—+Q [44]

Where p (kg/m3) is the density, C, (J/(kg.K)) is the specific heat capacity at
constant stress, T (K) is the absolute temperature, uans (m/s) is the velocity vector of
the surrounding fluid media, q (W/m?) is the heat flux by conduction, q, (W/m?) is the
heat flux by radiation, a (1/K) is the coefficient of thermal expansion, S is the stress
tensor and Q is additional heat sources. The second term on the left-hand side of
equation [44] is the convection term in the equation. However, the run assuming vacuum
conditions and so this term was removed. The stress tensor was also removed as it was
assumed that the mechanical and thermal properties of the material were isotropic. Thus

equation [44] could be rewritten as equation [45].

oT
PCy5, VT+V (q+a,)=0Q [45]
The heat flux by conduction was described through Fourier’s law of heat

conduction, given in equation [46]

q= —aVT [46]

To keep the model as simple as possible, rather than modelling the hatch vacuum
chamber that the experiment was conducted in, the boundary condition surface-to-
ambient radiation was applied to all radiating surfaces. This assumed that the
environment is a blackbody emitter at a constant uniform temperature, which matched
an assumption made in the emissivity test standard upon which the experimental
method was based [174]. The heat flux from surface to ambient radiation was calculated
using equation [47].

q=e0(Ttn, —T*) [47]

amb
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Where ¢ is the surface emissivity, o is the Stefan-Boltzmann constant and Ty, is
the ambient temperature. For this model the ambient temperature was held at the

default temperature of 293.15 K.

8.2.3. Electric current module
The electric current module was used to calculate the heat generated from joule
heating which was the term Q in equation [45]. When considering stationary electric
currents, heat generated from a current source is calculated through equations [48] and
[49]
0=vJ 48]

J=oE+], 49]

Where J (A/m?) is the current density, J. (A/m?) is an externally generated
current density, o (S/m) is the electrical conductivity (and the reciprocal of the
resistivity) and E is the electric field. Boundary conditions were applied to the model to
establish the ground (E = 0) and input current. These were applied as shown in Figure
93. All other domains had the boundary condition of electrical insulation applied,
equivalent to n.J] = 0 meaning that no other electric current could flow into or through
the boundaries [186]. For sake of ease this model also assumed that there was 100%

contact between the different conducting surfaces.

8.2.4. Model Geometry

The model used to simulate the experimental setup was a 3D CAD model imported
from the software Solidworks. This model was originally used for manufacturing the
individual components. An exploded view of this model is shown in Figure 93. COMSOL
contained a materials library from which materials and their properties could be applied
to different domains and boundaries of the model. The material labelled 316L [solid,
polished|, was assigned to the metal tabs used to supply electrical power to the sample
(label (b) in Figure 93) and the material MACOR was assigned to the ceramic tabs
(labelled (a) in Figure 93).
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(c)

() B0 o

[

Figure 93: Picture showing an exploded view of the CAD model imported from
Solidworks into COMSOL. The different components are (a) the ceramic Macor
tabs (b) the cast 316L stainless steel tabs and (c) the SLM 316L test strip. The
locations where the terminal and ground boundary conditions are labelled in the
image

The test coupon (labelled (c) in Figure 93) was assigned the material 316L [solid,
polished]. The properties for COMSOL materials library were taken from a paper by C.
Isetti et al for emissivity and papers by M. Rouby et al. and A.F. Clark et al for the
resistivity [187]-[189]. For later simulations, these properties were substituted with the
measured values reported in this thesis. As found in section 5.4, the surface of the SLM
samples was covered in peaks and valleys that increased the surface and cross-sectional

areas significantly compared to the nominal CAD geometries on which the samples were
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based. The dimensions of the test strip were changed to reflect either the nominal
geometry in the CAD files used for additive manufacture, the geometry determined
through calliper measurements, or the geometry determined from CT scanning.

A mesh was automatically generated by the COMSOL software that was adapted
to the physics modules being used. The element size of the mesh was originally set to
the finest size and the volume maximum temperature of the SLM sample domain
measured. To reduce the computational time, coarser mesh element sizes were applied,
and simulations were repeated. This coarsening was continued until the maximum
surface temperature predicted on the coarse mesh was less than 0.99 of that on the finest
mesh. This resulted in a coarsest mesh of tetrahedral elements, the number of elements
for each geometry are shown below in Table 32. For each geometry the maximum
element size was 11.9 mm, and the minimum was 0.867 mm.

Table 32: Table showing the different mesh elements generated for the different
sample geometries modelled

Geometry Domain elements Boundary elements Edge elements
Nominal geometry 79393 27536 2251
Calliper determined geometry 41864 14985 1759
CT scanning determined geometry 110136 39217 2343

8.3. Simulation overview

The goal of replicating the experimental setup in COMSOL was to validate the
model by attaining similar temperature values to the experiments. Comparisons were
also made against models using the literature values for emissivity and resistivity that
F. Romei et al. had used when simulating the resistojet, to determine whether the SLM
measured values yielded predictions in better agreement with experiments [182].

As the method used to measure the emissivity and resistivity was identical for all
17 samples, a single simulation of the 0° sample 13 is presented here as representative
of all models of other samples. As previously discussed in section 6.2, due to experimental
error, samples at lower input currents were not given enough time to reach steady state
conditions resulting in incorrectly high emissivity values. For sample 13, this

corresponded to input currents up to 32 A. Thus, only emissivity values above 32 A
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were manually entered into the model, with emissivity values at lower input currents
automatically extrapolated in the software using a linear fit. Stationary rather than time
dependent studies were chosen for the models. A stationary study is one in which the
variables do not change over time. Although in reality the experimental temperatures
measured were time dependent, the steady state solution was equivalent to measuring
the values of the experiment under steady state conditions, as required by the test
standard [174]. An auxiliary sweep was applied to increase the input current of the
model in equal steps after solving for the previous input current, rather than manually
changing the values and re-solving every time. An initial input current of 8 A was used
and increased in steps of 8 A until a final current of 80 A was reached. An example of

the temperature field for a solved model is shown in Figure 94.
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Figure 94: Temperature plot of a model using the CT determined geometry and
values at an input current of 80 A

8.4. Summary of different simulations
Several different simulations were run to both validate the model and compare

against simulations that used literature values. A summary of these different simulations

is shown in Table 33.
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Table 33: A table summarising the different simulations runs in terms of the

emissivity and resistivity values used and the geometry of the test coupon

Simulation Emissivity values Resistivity values Geometry
1 CT determined surface area  CT determined surface area Nominal CAD
2 CT determined surface area  CT determined surface area Calliper
determined
3 CT determined surface area  CT determined surface area CT scanning
determined
4 F. Romei et al. [183] COMSOL literature cast CT scanning
[188], [189] determined
5 COMSOL literature cast COMSOL literature cast Nominal CAD
[187] [188], [189]
6 calliper determined surface calliper determined surface Calliper
area area determined
7 F. Romei et al. [183] COMSOL literature cast Nominal CAD

[188], [189]

Table 34: Dimensions of the different sample geometries used in simulations

Measurement method Width (mm) Thickness (mm) Cross-sectional area (mm?)
Nominal CAD 13.00 0.25 3.25

Callipers 13.22 1.05 13.83

CT scan/image analysis  22.48 0.56 12.49

The first tests done to validate the model used the experimentally determined
values for emissivity and resistivity that were calculated using surface area determined
by CT scanning and image analysis. Three different geometries were tested using these
values because, as seen in equation [48], the geometry affected the heat contribution
from joule heating and thus the overall results. The nominal CAD and calliper
geometries, although less accurate than CT scanned geometries, were easier to obtain
and may be more commonly used in future work that considers more complex
geometries, such as the STAR resistojet. The dimensions of each of the geometries are

shown in Table 34Table 34. The actual CT scan/image analysis geometry had numerous
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peaks and valleys which could not be captured in the simple 3D models. Instead, an
artificial thickness and width were selected to result in the same surface and cross-
sectional areas as the actual samples. Simulations were also run using only the COMSOL
literature values for emissivity and resistivity and the nominal CAD geometry as this
represented the default settings as a baseline comparison.

As detailed in section 6.6, the surface area of the test strips was strongly correlated
with the emissivity. Although the emissivity test standard recommended measuring the
emissive area of the samples using callipers, these produced impossibly high values for
the emissivity [146]. However the solution to this, measuring the surface area with CT
scanning and image analysis techniques, was a labour-intensive process that may not be
easy to replicate in future work potentially focused on alternate geometries.

F. Romei et al, when simulating the resistojet, used literature values for polished
316L stainless steel taken from a Calex electronics datasheet and extrapolated the in-
built resistivity values from 873 K to 1300 K [183|. These values were also used in
simulations, to see if the measured SLM values produced more accurate temperature
results. They also used emissivity values from T. S. Hunnewell et al [120], although F.
Romei et al. did not report which emissivity value they used (T. S. Hunnewell et al
report multiple values for different roughnesses and temperatures) nor did F. Romei et

al. report the temperature values this model reached.

8.5. Temperature results comparison

8.5.1. Overview
A summary of the maximum temperature values for each input current obtained
by each of the different simulations, as well as the experimental values, is shown in
Figure 95. As previously mentioned, the experimental values for sample 13 up to 32 A
were lower than they would have been under steady state conditions due to short test

times.
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Figure 95: Plots of the maximum temperature against input current for each of the
different models, and the experimental values

8.5.2. Nominal Geometry models

The simulations of the nominal geometry, regardless of the values used for
emissivity and resistivity, all predicted notably higher temperatures at every input
current compared with experimental results. The models had maximum differences
between 28% - 91%. As shown in Table 34 the nominal geometry had a smaller cross-
sectional area compared to the actual sample, which may have resulted in a higher
current density and thus these models predicted more heat generation from joule
heating. The nominal geometry with cast values for emissivity and resistivity had the
largest difference from the experimental values. This simulation represented the default
use case as it used original CAD geometry and software supplied values for emissivity
and resistivity, which as previously discussed were only for cast metals. The simulation
that used a nominal geometry with the literature values used by F. Romei et al. produced
temperatures closer to the experimental values than the nominal geometry with cast

values. However they were still notably higher than the experimental values, with the

- 220 -



C. Ogunlesi — February 2022

difference between the two increasing as the temperature increases. It should be noted
that this simulation produced lower temperature values than the simulation that used
the nominal geometry with the CT determined emissivity/resistivity values. This may
be because the emissivity value that F. Romei et al used were higher than any of the
CT determined emissivity values. Thus, given the same geometry, the higher emissivity

value meant that more heat was emitted, reducing the surface temperature.

8.5.3. Calliper and CT determined geometries

As seen in Figure 95 the samples that used the calliper or CT scanning/image
analysis determined geometries produced temperature results that were very close to the
experimental values. The two simulations that were the closest to the experimental
values were the CT determined geometry with CT determined emissivity /resistivity
values and the calliper geometry with calliper determined emissivity /resistivity values.
Each of these two models produced near identical results that, especially at currents of
40 A and above (for reasons previously explained) matched very closely with the
experimental values. When considering the values at 40 A and above, compared with
the experimental values these models had a maximum difference of roughly 25 K and a
minimum difference of 5 K (equivalent to approximately 4% and 0.8% differences
respectively). Given that the geometry and material property values most closely
matched the actual experiment, it was expected for the model that used the CT
determined geometry with CT determined values to match the experimental values most
closely. However, it was not expected for the model that used the calliper geometry and
calliper determined material properties to match so closely with experimental results
given that these material property values were known to be incorrect (exceeding the
emissivity of a blackbody in some cases, which is not physically possible).

Overall, best results were found when using the same area determination method
for both materials properties and geometry (e.g. calliper determined emissivity and
calliper geometry). This can be explained as the two parameters (emissive surface area
and emissivity) are not independent in that the emissive surface area (A;) is used to

calculate the emissivity (¢). Equation [10] to calculate the emissivity in section 4.3.1

-221 -



Chapter 8: Results and Discussion — Multiphysics modelling

shows that the two are inversely correlated (8 x 1/ Al) and so the product of emissivity

and emissive surface area is constant for a specific emissive power (€4, = k). Therefore
while the calliper method provides unrealistically low surface area values, this is
compensated by an unrealistically high emissivity. When both are substituted back into
equation [10] the result is a constant in the form of temperature. It must be noted that
this relationship is true only if the emissive surface area is used to calculate the
emissivity.

The CT scan/image analysis geometry, while more representative of the actual
sample, was difficult to translate into a CAD model. In future work it may be much
easier to use calliper geometries callipers and callipers determined values for emissivity
and resistivity given in this work.

A model using the CT determined geometry with the literature emissivity values
used by F. Romei et al. (and the COMSOL material library resistivity values) was
simulated and produced results very close to the experimental values, achieving a
maximum difference of 2% at input currents above 40 A. However, this was likely a
coincidence because the emissivity values used happened to closely match the actual
emissivity values of sample 13. A comparison of the emissivity values is shown in Table
35. To investigate this further, a second sample was modelled. The 90° sample 3 was
chosen because it had much lower emissivity values over a similar temperature range
compared with sample 13. Two simulations were run: First the CT determined geometry
and the CT determined emissivity/resistivity values, and the second using the CT
determined geometry and the literature values for emissivity. The results of these are
shown in Figure 96. The maximum temperature difference between the experimental
results and the model that used the CT determined emissivity /resistivity values was
roughly 8%, which was higher than for sample 13. However, the model that used the
literature values of emissivity had a significantly higher maximum difference compared
to the experimental values of roughly 36%. This shows that the measured values for
emissivity and resistivity produce more accurate temperature results compared to cast

values.

-222 -



C. Ogunlesi — February 2022

Table 35: Table showing the emissivity values for the cast 316L as used by F. Romei
et al. and the measured emissivity values for samples 13 and 3. Emissivity values
when the samples were not in steady state have been omitted

Calex Electronics datasheet ~ Sample 13 (0°) Sample 3 (90°)
[183]
Temperature  Emissivity Temperature  Emissivity Temperature  Emissivity
(K) (a.u.) (K) (a.u.) (K) (a.u.)
297 0.28 556.9 0.40 508.7 0.22
505 0.57 619.0 0.41 614.4 0.23
1222 0.66 667.7 0.45 695.3 0.26
- - 719.3 0.48 767.9 0.28
- - 750.7 0.51 831.6 0.30
- - 788.5 0.54 889.1 0.32
- - 823.1 0.57 942.6 0.33
- - - - 1006.7 0.33
- - - - 1050.5 0.34
Material property source
10001 @ COMSOL literature [cast]
®CT scan/image analysis
AExperimental values
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Figure 96: Plots of the maximum temperature against input current for the two
different simulations of sample 3 (both CT determined geometries), and the
experimental values
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8.6. Conclusions

Using the software COMSOL Multiphysics, simulations of the emissivity and
resistivity experiment were run with different combinations of sample geometries and
materials properties to determine how closely the temperatures matched the
experimental values.

Models that used CT scan geometry with the CT determined emissivity and
resistivity had the best agreement with the experimental values, achieving a maximum
difference of 4%. Models that used combinations of calliper geometries and calliper
determined emissivity and resistivity achieved similar results, despite the emissivity
values being incorrect (and in some cases in excess of a blackbody and thus physically
impossible). This was because these emissivity and resistivity values were originally
calculated using measured temperatures, and so the models that used these emissivity
and resistivity values corresponded to the experimental temperature values. It was much
less labour-intensive to measure sample geometries and calculate emissivity with
callipers compared to CT scanning and image analysis. In future work calliper measured
emissivity values, although physically invalid, might be useful for simulating the

temperature of parts such as the STAR thruster using calliper measured dimensions.
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9. Overall conclusions and future
work

9.1. Overview of thesis

The overall goal of this thesis was to understand how the SLM process affected the
surface topography and microstructure of 316L stainless steel parts and how these in
turn affected the material properties emissivity and resistivity. This was motivated by
the desire to not only understand the cause behind the temperature differences between
simulations and experimental results of the Super high Temperature Additively-
manufactured Resistojet (STAR) by F. Romei et al, but to also enable more accurate
temperature simulations of the resistojet to improve performance estimations. Using a
definitive screening design, the process parameters laser power, scanning speed, hatch
spacing, layer thickness and build angle were varied over three levels to produce 17
samples with different surface features and microstructures to cover wide a design space.
The emissivity and resistivity were measured in a custom-built rig that allowed for
simultaneous measuring of both using the calorimetric and four-point probe methods
respectively. Dimensional analysis, surface topography and microstructural
measurements of the samples were carried out using a variety of different techniques
that included CT scanning, focus variation microscopy, scanning electron microscopy
and density measurements. Multiple linear regression models were created to determine
the significance of the input parameters and their interactions on the different outputs
used to characterise the emissivity and resistivity. Finally, the experimentally
determined values for emissivity and resistivity were used in a multiphysics model to
determine whether accurate temperature estimations could be obtained. These were
compared against similar models that used cast values for the emissivity and resistivity.

This chapter outlines the main conclusions of the results sections in Chapters 5, 6,
7 and 8. These conclusions are then used as a basis for recommendations for future work
to continue investigating the link between SLM process parameters, emissivity, and

resistivity.
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9.2. Conclusions

9.2.1. Effect of process parameter variation on surface
topography

The rapid cooling and layer by layer nature of the SLM process caused unique
surface features that were believed to be the reason behind the difference in emissivity
between as-built SLM parts and cast 316L. A high number of pits and valleys with high
aspect ratios, commonly seen on as-built SLM surfaces, may have increased the number
of reflections incident radiation undergoes on a sample surface which would in turn
increase the emissivity. The input process parameters were successfully varied to produce
samples with a wide range of different surface textures to study this. Although surface
texture studies have been done in the past, no other study was found that varied all the
process parameters that make up volumetric energy density (laser power, scanning
speed, hatch spacing, layer thickness) and build angle. Measurements of the surface
texture parameters Sa, Sq, Ssk, Sku and Sdq were taken at the same five locations along
all 17 samples that were used for emissivity and resistivity measurements. These
parameters were chosen through literature review as they each described different
physical features or trends of the surfaces that were thought to be useful when linking
the surface topography to emissivity. It is worth emphasising that understanding how
the SLM process parameters affected the surface texture was not the overall aim of this
project but was instead an intermediary necessary to understand the effects of surface
texture on emissivity for samples processed within the range of parameters varied.

Despite consistent build parameters for each sample, the values of surface texture
parameters varied notably along the length of certain samples. This was particularly
true for most of the 0° samples which consistently had the widest ranges of values and
the downskin of the 45° samples which had low ranges but strong trends of increasing
or decreasing values along the sample lengths. The 90° samples generally had the lowest
ranges and little trends, with some exceptions. These variations were likely caused by
factors that were not considered when initially planning the experiment, such as the

position of the samples relative to the laser or gas flow direction which other literature
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studies have reported having influenced the surface texture. To correct for this, average
values of the texture parameters were used when describing the surface texture of each
of the samples with emissivity.

SEM images of the samples were used to relate the surface texture parameters to
physical features. Sa and Sq were measures of the average absolute height of the surfaces.
Although there was some variation between the samples, individually the Sa and Sq
values were generally large and consistent on both sides of the 90° samples, varying
between 27.716 pm — 44.41 pm. These surfaces were dominated by half-melted and
agglomerated particles. The downskin surfaces of the 45° samples appeared very similar
in the SEM images and corresponded to similar ranges of Sa and Sq. The upskin surfaces
however were much smoother with correspondingly lower Sa and Sq. The upskin SEM
images showed scan tracks with discontinuities due to balling. These differences between
sides for the 45° were because the downskin surfaces had poor thermal conduction which
caused the melt pools to grow and sink into the powder and for particles to stick the
surface. The 0° samples, both individually and overall had the widest ranges for Sa and
Sq and these were reflected in how the different surfaces appeared in the SEM images.
Sample 13 had the lowest mean values and the surface appeared overall smooth with
few agglomerates. Sample 5 had the highest overall values and the surface appeared
covered in large pores filled with unmelted powder.

The Ssk determined whether a surface was dominated more by peaks or valleys.
The 45° samples were very clearly split by side, with the downskin surfaces having more
valleys and the upskin more peaks. Despite similar appearances to the 45° downskin
surfaces, the 90° samples generally had more peaks which corresponded to the particles
adhered to the surfaces. Generally, there was no clear split by side for the 90° samples,
which was expected given that the build conditions for these samples were the same on
both sides. The 0° samples, like the Sa and Sq values, had the widest individual and
overall ranges for Ssk. The surface pores of sample 5 resulted in the lowest mean Ssk at
0.952 pm, while sample 6 had the highest mean at 2.573 pm due to several large

agglomerations.
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Sdq, the average slope of a surface, was highest for the 90° and downskin 45°
samples and seemingly corresponded to the numerous spherical or semi-spherical
particles adhered to the surfaces. It was generally much lower for the 0° samples which
had much fewer surface agglomerates with the exceptions of samples 5 and 10 with
values of 4.93 nm and 3.568 pm respectively. Both samples had large amounts of surface
porosity, with the high Sdq values likely corresponding to the slopes of the pores.

Sku was a measure of the spread of the surface height distribution with a value of
3 equivalent to a Gaussian distribution. While most samples had values around 3, some
samples had values significantly higher, indicating the presence of outliers. Sample 13
had the second highest mean Sku of 12.21, despite also having the lowest mean Sa and
Sq. SEM images of the surface reflected this, as it appeared mostly smooth with some
large surface agglomerates.

Statistically significant multiple linear regression models were created for each of
the texture parameters up to second degree polynomials. The purpose of these models
was to identify the input factors that had the largest impacts on the different surface
texture parameters, so that these could then be compared against similar models for
emissivity and see if there were any similarities in terms of significant input factors. The
models for Sa and Sq, as they were measures of the same physical features, had similar
rankings for the input parameters in terms of significance. Both models found that the
square of hatch spacing had the largest impact on the texture parameters. Hatch spacing
had a curved response on Sa and Sq, where the middle value of hatch spacing
corresponded to the high values for the texture parameters. Similar studies in literature
also found that hatch spacing had the most significant effect on surface roughness, as it
determined the overlap rate and heat accumulation between adjacent tracks which either
resulted in dense, flat regions or insufficient melting and surface pores. However, rather
than a curved response the literature studies generally found that roughness only
increased with increasing hatch spacing. It should be noted that these studies in
literature were more limited in scope than this work as they varied fewer process

parameters. As this work was a screening experiment, the purpose was to identify which
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factors had significant effects on the surface texture parameters. Not enough data was
collected to definitively state the reason for the response hatch spacing had on Sa and
Sq.

Volumetric energy density was instead used to relate the process parameters to the
physical changes seen. When looking at the relationship between mean Sa and Sq with
energy density, the 0° and 90° samples both showed clear trends. Sa generally increased
with energy density for the 90° samples and decreased for the 0° samples. For the 90°
samples low energy densities reduced balling effects and high energy densities caused
spattering while for the 0° samples lower energy densities caused lack of fusion and
balling while higher energy densities gave the melt pools time to flatten before
solidifying. Notable outliers however were the samples made with the middle value of
hatch spacing, the 90° sample had lower values for Sa and the 0° sample much higher.
This again highlighted the need for further work to understand exactly why hatch

spacing produced these outliers.

9.2.2. Effect of process parameter variation on emissivity

Using the calorimetric method, the total hemispherical emissivity of the seventeen
samples produced with different process parameters were measured by resistively heating
the samples under vacuum up to input currents of 80 A. This was directly linked to the
roughness measurements as the goal was to understand how the process parameters
affected the surface, and how this in turn affected the emissivity. This was a novel study
as the literature review identified only one other paper by S. Taylor et al that
investigated the emissivity of SLM surfaces. The scope of that paper was different from
this work, as they investigated emissivity as a function of wavelength rather than total
hemispherical emissivity as was done in this work, and only at room temperature.

Due to time limitations, dwell time was insufficient to reach steady state conditions
at lower input currents (for example, up to 40 A for sample 14). Given the known linear
relationship between emissivity and temperature, this caused the samples to have
significantly higher emissivity values than expected for these input currents. For sample

14 even small transient temperature changes of 0.05 °C/s at an input current of 8 A
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resulted in errors in emissivity of 36% when compared against the same sample and
input current at steady state. This highlighted the importance of ensuring samples
reached steady state conditions. Emissivity values for samples not in steady state were
omitted from further analysis.

Although the emissivity test standard recommended using callipers to measure the
geometry of the samples, these produced impossibly high values of emissivity for certain
samples. The callipers could not capture the recesses and re-entrant features on the
surfaces that caused the emitting area to be much larger than was measured by callipers.
Measuring the emitting area with a combination of CT scanning and image analysis was
found to be more accurate but also more labour intensive. For the emissivity values that
were calculated using CT scanning/image analysis surface areas, most data points fell
within the range of 0.2 — 0.45 with no clear trends with build angle. The samples that
had emissivity values notably higher than this were only 0° samples which also reached
the lowest maximum temperatures.

Although several reports in the literature found relationships between emissivity
and surface texture parameters, no such relationships were found in this work for any
of the measured areal surface texture parameters or their products. It should be noted
that areal texture parameters were used in this work as they were thought to be more
suited to describing SLM surfaces. No literature source was found that related areal
surface texture parameters to emissivity. Focus variation microscopy was used to
measure these areal parameters and because it only captured information from directly
above, it may have been unable to properly capture recesses and re-entrant features on
the surfaces. Such features could have resulted in higher amounts of internal reflections
and thus higher emissivity. Not being able to measure such features which would be
reflected in the texture parameters may have caused the lack of trends.

Very strong trends however were found between the surface areas measured using
CT scanning/image analysis and the emissivity at any given temperature or emissive
power, while no trend was found for the emissivity measured using callipers. For all

samples, as the surface area increased the emissivity decreased. This may be because the

- 230 -



C. Ogunlesi — February 2022

surfaces generated did not produce the wedge-like cavities necessary to increase the
internal reflections and thus emissivity. Thus, for a given input power or temperature,
increasing the surface area only decreased the amount of radiation emitter per unit area
and time, decreasing the emissivity. This may also explain the lack of trend between the
areal texture parameters and emissivity. The parameters may not have captured the
wedge-like features that correlate with emissivity because there were none to be
captured.

Statistically significant multiple linear regression models were successfully created
linking the input parameters to the emissivity at 500 K, 700 K and the surface area
measured by CT scanning/image analysis. Most notably the top input parameters that
were significant for the surface area (build angle, layer thickness, square of hatch spacing
and laser power) were also the top significant terms for emissivity. This indicated that
surface area did affect the emissivity. It was also noteworthy that the square of hatch
spacing was significant to the surface area, as this term was also the most significant in
the models for Sa and Sq. However, when plotting the CT /image analysis determined
surface area against the texture parameters no strong correlations were found, the
strongest being Sdq which had an R2 of only 0.412. These results may indicate that the
average absolute height of the surfaces had some impact on surface area, but not
significantly.

9.2.3. Effect of process parameter variation on resistivity

The resistivity of the 17 samples was measured using the four-probe method. Like
with emissivity, the goal of this work was to investigate how the SLM process parameters
affected the structure of the samples, specifically the primary cell spacing and relative
densities of the parts, and how these in turn affected the resistivity. Few reports from
the literature were found investigating the relationship between process parameters and
resistivity of SLM parts. Those that did were not for 316L stainless steel and were
limited in terms of the process parameters varied and were only at room temperature.

Overall, the resistivity of the SLM samples were higher than reports from literature

for cast resistivity at measured temperatures from roughly 500 K - 1000 K. Given the
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similar material composition, this was likely due to microstructural differences between
cast and SLM processing. The 0° SLM samples generally had lower resistivity values
than the 90° and 45° samples. This was supported by the statistical model linking
resistivity and process parameters which indicated that build angle was the most
significant factor affecting resistivity.

The influence of relative density on resistivity varied depending on the build angle.
Only samples with relative densities greater than 98% were observed for the 45° and 90°
samples. The density of these samples showed no correlation with energy density, and
the density had little effect on resistivity. However, the 0° samples generally showed
increasing relative density with increasing energy density and as the density of the 0°
samples increased, the resistivity decreased. This trend was true both above and below
98% density. This was likely due to porosity decreasing the periodicity of the crystal
lattice and creating a longer, tortuous conduction path for the electrons. The square of
laser power was the most influential factor on the density of the 0° samples and was the
second most significant factor in the resistivity model, indicating that relative density
likely influenced the resistivity. Despite a wide range of values, the primary cell spacing
did not correlate strongly with energy density or resistivity regardless of build angle or
temperature. The multiple linear regression model found that scanning speed was the
most significant factor, which was not amongst the most significant terms for resistivity.
This likely corroborates the conclusion that primary dendrite spacing did not contribute
strongly to resistivity.

9.2.4. Multiphysics modelling of the experimental setup

Simulations of the experimental setup were created in the finite element analysis
software COMSOL Multiphysics. This was done to see whether the measured values for
emissivity and resistivity could produce more accurate temperature simulations than
models that used materials property data for cast metals taken from literature. Models
were created using different combinations of sample geometry (calliper determined, CT
scanning determined, nominal CAD) and emissivity and resistivity values (calliper

determined, CT scanning determined, literature values for cast 316L) for comparison.
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The models that used the nominal geometry all produced notably higher
temperature values compared to the experimental values, even when using the CT
scanning determined emissivity /resistivity values. They achieved maximum temperature
differences between 28 % - 91 %. The nominal geometry was thinner than the actual
geometry, causing more heat to be generated within the sample and raising the
temperature.

The model that used the CT scanning/image analysis determined geometry and
equivalent emissivity /resistivity values produced very accurate results, achieving a
maximum 4% difference compared to the experimental values. Surprisingly, the model
that used the calliper determined geometry and equivalent emissivity /resistivity values
produced nearly identical results, despite having impossibly high values for emissivity
and an inaccurate geometry. This was because emissivity and emissive surface area are
not independent in that the emissive surface area (4;) is used to calculate the emissivity
(¢) and the two are inversely correlated. The product of emissivity and emissive surface
area is constant for a specific emissive power (¢4; = k). Any combination of emissive
surface area and corresponding emissivity at a specific emissive power will result in the
same temperature. This shows that future work could use callipers to determine part
geometries, which are much easier and quicker to use compared to CT scanning and
image analysis, and still obtain accurate estimates for the temperatures.

Temperature results were compared for models made using the CT-determined
geometry with emissivity values taken from literature for cast metals against the
measured emissivity values. For sample 13 they both showed good agreement with the
experimental values at currents above 40 A, with sample 13 having a maximum
difference of 4% and the literature values 2%. This was because the literature emissivity
values coincidentally were similar to these SLM values. When compared against sample
3 which had much lower emissivity values for the same temperatures, the model results
were very different. The model that used the measured emissivity values had a maximum
difference of 8% while the literature values had a much larger difference of 36%, showing

that the measured values produced better temperature models.
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9.3. Future work

9.3.1. Effect of process parameter variation on surface
topography

Several questions have arisen through this work regarding how process parameters
affect the surface texture values that were outside the scope of this thesis and would
need to be addressed through further work. A particular example of this was the effect
that the positions of the samples on the build plate had on the surface texture
parameters. This would be particularly useful for emissivity studies as if this unknown
variation was eliminated specific roughness values could be related to emissivity rather
than average values. This could be investigated by building samples using identical
parameters and geometries to focus on the effects of build position relative to the laser
and gas flow direction. Although other work in literature has addressed positional effects,
they should still be studied on the machine that was used to build the samples in this
study, to understand the extent of the issue and if it can be considered when designing
future experiments to eliminate positional effects. Also focusing on thin-walled specimens
such as those built for this work could be novel.

For this work the 0° samples were built directly onto the build plate and were
removed using EDM wire cutting. This meant that the downskin surfaces of the 0°
samples were not affected by the SLM process parameters, limiting the scope of this
work. Future work could produce 0° samples raised from the build plate with support
structures, so that the downskin surfaces can be studied and related to the emissivity.
This would also allow for more comprehensive multiple linear regression models to be
built.

Samples should be produced with more values of hatch spacing within the range
tested in this work to better understand the shape of the response it had on Sa and Sq.
Particular focus should be given to variation around hatch spacing values of 0.075 mm
to understand the physical reasons behind the response shape and why this value in
particular produced anomalous results. Similarly build angle, or an interaction with it,

was significant in all the multiple linear regression models. Understanding the exact
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contribution of build angle to the surface texture parameters would require further
investigation from future work which could be achieved by looking at build angle in
smaller increments. Strong relationships between energy density and build angle were
found for the 0° and 90° samples. As there were only three 45° samples, no strong
conclusions could be drawn for them. To build a better understanding, more 45° samples

over a wider energy density range would need to be investigated.

9.3.2. Effect of process parameter variation on emissivity

In future, the emissivity of samples at lower input currents could be measured by
ensuring sufficient time so that they reach steady state conditions. Generally, this should
encompass input currents from 8 A to 40 A and could be accomplished by allowing for
longer step times of up to 600 s for the materials in the work of this thesis.

The calorimetric method resulted in average emissivity values for each of the
samples which made it harder to relate the emissivity to specific texture parameter
values, which for some samples (such as the 45° samples) varied significantly by side.
The emissive contributions of two sides with different surface features would need to be
deconvoluted to relate emissivity to specific surface texture parameter value. This could
be done by measuring a reference sample that has the same surface roughness on each
side (such as if it were polished to a known roughness), so that the emissivity
contribution of each side is equal. Producing samples with one side that has this known
emissivity contribution may then allow for calculation of the emissivity contribution of
the other side, and thus relation to specific texture parameter values.

Focus variation microscopy may not have been able to accurately capture re-
entrant or recessed features. This may have affected the surface texture parameter values
and their relationship with emissivity. Alternative methods for measuring surface texture
should be explored. X-ray CT scanning is a potentially good option to capture recessed
features, both from experience and from the literature. Profile roughness measurements
could also be taken to compare more directly with literature values and to see if they

show similar trends to areal parameters both generally and with emissivity.
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Overall this work has shown that changing process parameters can lead to different
surface areas (and thus different emissivity values). In future this can be used to optimise
heat generation within and thus the performance of the resistojet, tailoring the emissivity
values of specific parts of the resistojet interior for example to maximise heat generation

within the centre of the thruster and minimise heat loss toward the exterior.

9.3.3. Effect of process parameter variation on resistivity

P. Pichler et al. showed that thermal expansion can have a large effect on resistivity
values if not corrected for at elevated temperatures. As the purpose of this work was to
produce as accurate resistivity values as possible especially at higher temperatures,
future measurement of thermal expansion should refine the accuracy of resistivity
measurements.

When carrying out relative density measurements, several issues arose with the
measurement methods that could be improved upon in future experiments. A particular
concern with the Archimedes method was the shape of the samples being difficult to
handle. In future either a different setup including a larger fluid container should be
used to properly suspend the sample without touching the container and reduce the
chances of error on the fluid mass measurements, or samples should be manufactured
with geometries easier to measure, such as cuboids. It was difficult to know the extent
of the error for both measurement methods as there was no reference sample to compare
against. In future this could be eliminated by having a sample of known density to
determine the accuracy of the measurement techniques. The process parameters used in
this work produced 45° and 90° samples with relative densities only greater than 98%.
While this represented the possible process parameter range that might be used to build
actual parts such as the resistojet, it limited the results of the study. In future it would
be interesting to see if the trends seen with the 0° samples extends to other build angles
with relative densities less than 98%.

The extent of the error on the image analysis technique to measure primary cell
spacing needs to be better determined by comparing against a reference or with more

repeat measurements. Due to difficulties clearly resolving the grains, unequal numbers
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of measurements of primary cell spacings were taken for the different samples. Images
were taken at random locations to try an ensure than an average cell spacing was
obtained. However reports in the literature such as by I. Yadroitsev et al. found that
cell size can vary depending on where in the sample they are measured, with areas closer
to the build plate having finer cells (0.6 pm at scanning speed of 0.08 mm/s) due to a
higher thermal gradient, while closer to the top of the melt pool the cell spacing was
larger (roughly 1 pm at 0.08 mm/s scanning speed). It might be worth in future ensuring
that measurements are carried out at specific distances along the sample height to
capture as much size variation as possible. The orientations of the cellular dendrites
were found to vary within samples; however it was unknown if there was a preferred
growth orientation and if this varied with the process parameters. D. Wang et al
reported that cells partially grew along preferred crystallographic orientations which
could in future be measured with Electron Back Scattered Diffraction (EBSD). As C.
Silbernagel et al found a strong correlation between cellular dendrite orientation and
resistivity for SLM AISi10Mg, it is worth determining if there is a preferred growth
orientation, and if this affects the resistivity of the 316L samples.

Finally, only relative density was found to correlate with the resistivity, but there
are other microstructural features that may impact resistivity. K. Saeidi et al noted
that the microstructure of SLM 316L contained silicon rich nano-inclusions. As C.
Silbernagel et al found that silicon enriched sub-grain boundaries of SLM AlSil0Mg
increased the resistivity. Future work could investigate the distribution of silicon nano-
inclusions and the potential influence on resistivity. Y. Shi et al. found that above 99.5%
density, the solute concentration was the major factor that determined resistivity.
Future studies using Energy Dispersive X-Ray (EDX) spectroscopy could assess whether
the distribution of potential phases or solutes varies within the microstructure, if this

distribution varies with process parameters, and how this might affect the resistivity.

9.3.4. Multiphysics modelling of the experimental setup
Due to not allowing the samples at lower input current to reach steady state, the

experimental temperature values are unreliable for certain samples up to 40 A. These
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tests should be repeated to obtain emissivity values at lower input currents, to then
compare against the simulated values from the models.

As the peaks and valleys of the actual SLM sample geometries could not be easily
translated into the simple 3D CAD models, artificial values of width and thickness were
selected to match the actual samples cross-sectional areas and surface areas. While this
was easy to accomplish for the flat samples in this work, this could be more difficult for
more complicated geometries such as the resistojet. Thus, future work should attempt
to replicate the peaks and valleys of the actual samples in CAD models, possibly by
directly importing the 3D geometries from CT scans of the parts.

As the original inspiration for this thesis was the temperature difference between
experiments and simulations of the resistojet, it would be interesting to repeat the
parametric study of different emissivity, resistivity, and geometries on models of the
resistojet itself. This would allow for further testing of the hypothesis that calliper
emissivity and resistivity measurements, although physically inaccurate, can still yield
accurate computational predictions for calliper measured geometries. Simulating more
complex geometries such as the resistojet could also allow for testing spatially varying

properties to account for different build directions in different locations of the geometry.
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