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Abstract

Surface roughness is one of the main challenges for the growing industry of additive man-
ufacturing. Not only are surfaces rougher than on components produced by conventional
means, there is also a great variation within a single component as well. In this thesis we
have studied the surface roughness of AM components using focused variant microscope
and X-ray computer tomography. This is used to find a suitable test component and a mea-
surement protocol to accurately understand and predict the surface roughness produced under
specific conditions. The main focus have been on how surface roughness of the external sur-
faces varies with the angle of the surface. It has been shown that the roughness do depend on
the angle of the measured surface and that it is possible to simulate this using simple models,
and the measurements necessary could be done in an afternoon. XCT gave an indication that
it might be possible to determine the internal surface by measuring the external, however,
this we where unable to confirm. From these results the need for an new notation for the
roughness parameters became evident and hence we have found a suitable notation which is
presented here. The new notation will hopefully make it easier to discuss and communicate
which roughness and surfaces that are alluded. This new protocol will give a fast method
for understanding and predicting the surface roughness of a new machine or a new set of
settings.



Sammanfattning

Ytstravhet dr en utav de absolut storsta utmaningarna for den véxande industrin Friforms-
framstéllning (FF). Inte enbart dr ytorna utav komponenter framstillda med friformsfram-
stillning stravare &n de framstidllda med konventionella metoder, det finns dessutom en stor
variation inom en komponent. I denna undersékning har vi studerat ytstravheten hos kompo-
nenter framstillda genom FF. Detta genom att anvinda focused variant microsocpe (FVM)
och rontgen datortomografi. Malet &r att ta fram en testkomponent som kan anvéndas for att
forsta och forutsdga ytstravhet under bestimda forhéllanden déar huvudfokuset ligger pa exter-
na ytor och ytstravhetens vinkelberoende. Vi har visat att ytstravheten &r vinkelberoende, att
detta enkelt kan modelleras och att de nddvandiga métningarna kan goras pa en eftermiddag.
Rontgentomografin indikerade att det kan vara mojligt att bestimma ytstravheten pa interna
ytor genom att méta externa, detta kunde vi dock ej bekrifta. Utifran dessa resultat kunde vi
se att behovet av en ny notation var stort, vilken ocksé presenteras hér. Den nya notationen
kommer forhoppningvis goéra det léttare att diskutera och forsta vilken strdvhetsparameter
och vilken yta som asyftas. Det protokoll som presenteras hir kommer férhoppningsvis gora
det mojligt att snabbt och enkelt forstd och forutse ytstravheten hos en ny maskin eller nya
instéllningar.
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1 List of acronyms and abbreviations

AM additive manufacturing. Y

CAD computer aided design. Y
CAM computer aided manufacturing. 4
CCD charge couple device. [L0

CNC computer numerical control. Y

FEM finite element method. [

FVM focused variant microscope. [
PBF powder bed fusion. }

R, arithmetical mean height. []
R, maximum Peak height. [1
R, root mean square height. i
R, maximum pit height. []
RMS root mean square. M

S. arithmetical mean height. §
S, maximum peak height. g

S, root mean square height. g
S, maximum pit height. §

S. maximum height. §

S10- ten point height. §

S4q root mean square gradient. B
S4- developed inter-facial area ratio. E
S kurtois. H

S.. skewness. H

SLM selective laser melting. 4

SLS selective laser sintering. Y

XCT X-ray computed tomography. 5, [14



2 Introduction

Free form manufacturing or in layman’s terms 3D printing is thought to be part of the fourth
industrial revolution.[[7] The first example of some kind of free form manufacturing comes
from the late 20th century, during which techniques using contour maps was developed.[[l]
Layering sheets of wax to form a 3D mould, which could then be used to create topographic
maps. Today these ideas have been refined and digitized and are summarized under the name
hdditive manufacturing (AM). This is today primarily done with plastic material, however,
can be done with both ceramic, composites and metal materials.[3; [LO; 29; 30]

The foundation of the techniques used today was developed in the 1980s, these techniques

were mainly used for rapid prototyping by engineers and designers. By the early 2000s, a

normal desktop computer could do the calculations needed for a simple 3D design.[[17] The

technical development reduce cost and soon the 3D printer became a household appliance.[[l]]

However, AM or 3D printing is still mainly used with plastic materials and for prototyping.[]17]
For industrialization, AM using metal have risen as a contender. We are thought to be at the

brink of this revolution, however, there are still a few challenges and more work is needed

before AM can become a true contender in serial production.[2]

The aerospace industry, prosthetics industry, and the automotive industry have seen great
promise and shown interest in metal AM.[[7; 26] In combination with the use of omputer]
hided design (CAD) and komputer aided manufacturing (CAM), AM production of complex
components can be very useful, highly efficient and possible environmental friendly.[2] The
advantage of this technique is the possibility to produce for instance individual implants to
match a persons anatomy, or components which have many parts can be reduced to very few.
One example is a single piece heat exchanger or anatomical dental implants[20; 24].

AM of metal can be done using several different methods which either produces finished
components or green bodies. [[7] The green bodies are formed using a binder or pressure
and they then have be sintered to form fully dense components. When producing finished
components melting is done by using an energy source such as an electron beam or more
commonly a laser beam. The material can be applied either directly into the nozzle or by
adding layers of material. The later is called bowder bed fusion (PBF) if powder is the
material substrate used.[[1 7] PBF can be done using either an electron energy source or a laser
energy then denoted kelective laser melting (SLM) or kelective laser sintering (SLSY.[[1 7] This
is the process which this thesis will focus on and the acronym SLM will be used.

2.1 Scope of the Thesis

SLM is the techniques that produce the best results both in terms of toughness and density.
It has been shown that it is possible to achieve similar or better, tensile strength, and yield
strength in AM production, when compared to more conventional methods.[[1(] Several dif-
ferent metals can be used in SLM, however, titanium alloys, aluminum alloys and steels are
the most heavily researched.[[L0] There is one area which is a major drawback of AM and
that is the surface roughness, especially when comparing AM to subtractive methods such as
bomputer numerical control ( CNC)] machining.[[14]

Surface roughness is one key feature in the production and the use of a product, since rough-



ness increase wear, friction and the risk for corrosion.[[l 7] In the most promising fields for
applying SLM production, medical implants, mechanical components and designs with com-
plex internal geometries, understanding roughness is key.[[10] In medical applications steril-
ization is needed, and to be able to sterilize a metal component a very low surface roughness
is necessary.[d] Surface roughness does also decrease the fatigue resilience of mechanical
components such as gears and can also lead to an increased risk of corrosion.[22; 28] Elimi-
nating or decreasing the surface roughness is therefore of interest and one step in achieving
this is to be able to predict surface roughness. Roughness of the surfaces are believed to be
dependent on the direction of the printed surface.

In this thesis we attempt to design a simple test object which allows the user to determine
and predict the roughness of the particular process, machine or material used. To be able
to measure the roughness a measurement protocol needs to be established. This should be
applicable on internal, external, downwards facing, and upwards facing surfaces. In order to
make this work accessible and understandable, a simple mathematical model of the measured
parameters is needed to give a intuitive overview of what surface roughness to expect at each
angle.

We want to provide a useful tool for designers so that they can control and optimize the
surface roughness prior to manufacturing components or products. Using [focused varian{
microscope ( FVMi to determine extended surface roughness parameters and [)_(—ray computed
tomography (XCTi to understand how surface roughness on external surface transfers to
internal surfaces. By studying this we also hope to find a way to more accurately describe
and discuss surface roughness and derive a suitable notation if needed.

3 Background

3.1 Previous work - Surface roughness

When discussing surface roughness and additive manufacturing the surfaces are usually di-
vided into two different categories. Based on whether they are facing towards the coater and
laser source or if they are facing away from the coater and laser source. The surfaces which
faces the coater are commonly known as upskin surfaces and the surfaces which faces away
are known as downskin surfaces. [3]

Attempts have been made trying to model and predict the surface roughness, using both
the melt pool dynamics, modeling the so-called stair-step effect and empirical models.[B;;
12; 21;; 27] A staircase can be used to describe the surfaces produced in the SLM process,
where each layer is a step. In a surface with a steep slope the steps will be shorter and in
a less steep surface the steps will be longer. This is called the stair step effect and can be
used to understand surfaces in SLM.[27] Different materials have been used in these models.
Cabanettes et al. [3] and Vandenbroucke and Kruth [27] studied titanium alloys . Strano,
Hao, Everson, and Evans [21] and Khairallah, Anderson, Rubenchik, and King [[12] studied
stainless steel, however, they have all studied SLM.

Strano et al. [21]] suggested that the surface roughness, measured with a contact profilometer,
is more or less constant on all surfaces with an up-skin slope. They also believed a model



for predicting this behavior can be achieved by combining theoretical and empirical tools.
However, Cabanettes et al. [3] has shown that there is a directional dependency to the surface
roughness, i.e that the roughness varies with the direction.

An attempt have been done to model the surface roughness in melt extrusion AM, a tech-
nique more similar to the filament driven plastic 3D printers than SLM. Turner and Gold
[25] attempted this by estimating the stair step effect and the contribution of each layer to the
surface profile. This model showed proficient for angles between 30 and 150 degrees and
gives the possibility to estimate the roughness based on several parameters.[25] However,
melt extrusion AM have a completely different thermodynamic process compared to SLM.
Furthermore, the roughness parameters used in this model was the line parameters and in this
thesis, the main focus is the extended parameters.

Pagani, Qi, Jiang, and Scott [[L8], have attempted to redefine the surface roughness parame-
ters for free formed surfaces. They argue that a new definition is necessary to describe these
complex surfaces to avoid the need to compensate for irregularities in the surfaces, irregu-
larities such as warped or rounded shapes. They attempted this using a triangulated mesh
similar to the mesh technology used in describing the 3D model prior to manufacturing.[|18]
This could be very important when investigating roughness in very complex components,
however, with rather large and flat surfaces the conventional technique works well.

3.2 Selective Laser Melting

SLM is part of the PBF-family and in this technology, metal powder is applied in a single
layer. A energy source then moves in the desired pattern to melt and fuse the powder particles.
The melting process causes the current layer to be fused into the adjacent layers as well. When
the laser moves forward a pool and track of molten material forms. The track is commonly
referred to as the weld track and the pool of molten material is referred to as the melt pool.
This process is then repeated for as many layers as necessary to form the product. This is the
general process for the PBF process and in SLM the energy source is a laser. [[10]

In the weld track material continues to flow as the melt pool cools. The surface tension of the
melt pool varies with temperature and in the still molten track this gradient forces the material
to move which in turn causes an irregular solidification of the material. This effect is called
the Marangoni effect and attempts have been made to model this using the finite element
method (FEM) and vector analysis.[[12] The motion of material can also cause adjacent solid
particles to be attracted to the melted material and fuse. This gives rise to the presence of
partly melted particles in the weld track, which contributes to the roughness. [[12]

The SLM process have been shown to improve the performance of metals.[[10] Herzog,
Seyda, Wycisk, and Emmelmann [[10] showed that most metals, aluminum alloys, titanium
alloys and stainless steel, have a higher tensile strength and yield strength than their wrought
counterpart. The complex thermodynamics of the process or the intricate microstructure
formed can be the reason for this improvement in performance, however, this has not been
confirmed. All of these benefits have made AM a highly desirable technique for high-end
applications, especially in aviation and aerospace.[26]

Furthermore the lifetime of products produced by AM have been studied. Wycisk, Solbach,



Siddique, Herzog, Walther, and Emmelmann [31]] found that the main contribution to fatigue
failure of the components is porosities within the components. However, they also found that
asignificant contribution to the fatigue is the surface roughness. The resilience to failure from
fatigue is deemed to be rather good, however, if the roughness can be reduced this could be
further improved.[22] Koike et al. [|14] noted that whether the energy source was electron or
laser affected the fatigue lifetime. However, the roughness was greater for the one produced
with electrons which might have contributed to the decrease lifetime.

Lastly the environmental impact of AM has been shown to be lower than that made in pro-
duction by conventional means.[[7] SLM has a low energy consumption since the small laser
is rather energy efficient. By only adding the material needed material usage is low. This
shows great promise in being a production method in a sustainable future. Furthermore, the
possibility to design and optimize production in AM gives the ability to used material much
more efficiently which in turn also decreases the environmental impact.[[7]

3.3 Test object

Previous attempts have been done to make test objects which can be used to display the
performance and limitations of an AM machine or process. However, this work has been
primarily done to understand and tune a machine in an attempt to make sure that the geome-
tries are correct.[|16] Although surface roughness is generally part of this type of test objects,
this is not the main application. In terms of testing the surface roughness Cabanettes et al.
[3], Strano et al. [21], Vandenbroucke and Kruth [27], and Khairallah et al. [[12] all have
suggested different test objects with different benefits.

Internal geometries are thought to be one of the main applications of AM, since complex com-
ponents could be produced in one single part.[24] This reduces the production cost, number
of parts and in the case of channels, reduces the need for gaskets and risk of leaks. Since
these internal surfaces are impossible to measure using conventional methods such as FVM
or contact profilometer a non-invasive methods such as XCT has been showing promise.[23]

Thompson et al. [23] have suggested a test object to test how roughness can be measured
in XCT. However, this object lacks any angular dependency. Consisting of a hollow object
which could be disassembled to measure the internal surfaces using conventional methods.[23]
Furthermore, if the roughness of externals surfaces can be related to the internal either di-
rectly or using some kind of scaling factor it would be possible to use fast and simple methods
to determine the roughness of internal surfaces by measuring external.

XCT is arelatively slow technique since it examines the whole material and the time depends
on the amount of material. However, it gives information regarding the internal structure of
the sample which gives information regarding porosities and weld solidification, which can
be very useful to determine the lifetime of a component.[9; 22]



4 Method

4.1 Roughness parameters

The first way to measure surface roughness was to drag a stylus (needle) over the surface to
give a line profile. This technique is fast and simple and is called surface profilometer.[15]
Using the line profile the roughness along the line can be determined. For its simplicity, this
has been the most common type of surface roughness measurements. From the measured line

profiles parameters brithmetical mean height (R, ﬂ, oot mean square height (R,,), baximum
it height (R,,) andfnaximum Peak height (R, ) can be calculated.[8]

However, there are some downsides to the line parameters. They only describe the surface
along that particular line and they are invasive and the type of stylus has a great effect on
the measurements. A rounded stylus would give a rounder profile and there is a substantial
risk of damaging both the surface and the stylus when performing the measurements.[§; [15]
Today most modern techniques utilize light or laser to achieve these measurements since this
is less invasive and more reproducible.[|L 1]

The line parameters can be extended to an areal value, however, to map an entire surface
using a contact profilometer is hard and tedious. With modern optical techniques, this is
simple and fast.

Extended parameters are denoted with S instead of R. The ones which are investigated in this

thesis are prithmetical mean height (S,), root mean square height (S, ), maximum peak height
@, maximum pit height (S,), naximum height (S.), ken point height (S1q.),
S<x), kurtois (S, ﬂ, root mean square gradient (Sy,), and developed inter-facial area ratio
Sgr). The definitions of these extended parameters are shown in the following equations,
where Z(z,y) is the surface profile and A the area of the measured surface.

1
Sa = Z//ILX\Z(x,yﬂd:cdy (1)
1
Sq= \/ 1/ | 2@ @
Sp = max(Z(x,y) 3)
Sv = |min(Z(x,y)] (4)
Sz = Sp+ Sv Q)
5 5
Z(Spi) + Z(S'Ui)
510z = = - =1 (©)
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Sku = S [ / /A Z(x,y) dxdy} (®)

s 3 L[ () o
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From these parameters, it is possible to understand the appearance and functionality of a
surface. S, is the average height from the mean plane, generally, the parameter which is
usually used to show roughness.[|1 5] It is rather insensitive to large differences whereas S is
similar measurement however more sensitive to larger differences. S, shows how high the
highest peak is above the mean, S,, the lowest pit below the mean, and S, the longest distance
between the lowest pit and highest peak. S1(. shows the average of the five highest peak and
five lowest pits. [IL5]

These parameters are the most used and give a general overview of the surface on their own
,however, they can be combined to understand more about the surfaces. They tell us some-
thing regarding whether there are many high peaks if the S, is similar to S,, or few high
peaks if there is a large difference between S, and S,. The same can be seen in the relation
between S, and S,,. A much lower S, than S, indicates that there are very few high peaks.

The S, describes the skewness or the degree of bias of the roughness shape i.e. if the peak or
pits are symmetrical around the mean plane or have a bias towards one side. S of less than
zero describes a bias above the mean plane and larger than zero indicates a bias below the
mean plane. In a similar manner, the S, describes the shape of the peaks and pits, whether
they are sharp or round. A value of three describes a normal distribution of sharpness and
lower than three gives a rounder surface while a value larger than three a sharper surface.[|15]

Finally, the S44 describes the change in S, or the slope of the surface. A flat or smooth
surface has a value of zero and any slope increases this value. Sg,- describes the increase in
surface area, how much larger surface the roughness introduces as compared to a completely
flat surface. [[15]

4.2 Focused Variant Microscope

The focused variant microscope utilizes a very thin field of focus and for each focus plane an
image is captured. The light which is reflected of a surface and is in focus is reflected in one
direction whereas light reflected upon a surface which is not in focus will be reflected equally
in all directions.[[1 1] By moving the objective in the z-plane each part of the surface that is in
focus can be related to a height. By addition of all height and positions a surface is generated.



[11] To achieve a larger and more representative image, several images or surfaces can be
stitched together to form what is called an image field.

This crude surface can then be filtered using different Gaussian filters to remove unwanted
artifacts such as waviness.[[L1] With this 3D representation of the surface roughness param-
eters can be calculated, both the line parameters as well as the extended areal parameters.

4.3 X-ray Tomography

X-rays are generated and collimated to form a divergent x-ray source. The x-rays are then
allowed to pass through the sample and a Eharge couple device (CCD) camera records the
intensities. By rotating the sample 360 degrees and recording the intensities it is possible
to render a 3D model of the sample. [[13]From this 3D model of intensities, it is possible
to extract the parts contributing to the surface and estimate or calculate the roughness using
these.[23]

XCT is not limited to the unperturbed surface of the sample as the FVM is. It is possible to
extract information about the internal structure of the sample as well. This can give informa-
tion regarding density or completion of the welds. This is done by extracting the portions of
interest and using image interpretation techniques to estimate abundance of porosities, or the
micro structure in general. In general, the intensity is proportional to density so a crack or
a pore would appear brighter/darker than the surrounding solid material.[9] The size of the
point source determines the resolution and this is commonly called the voxel size and is the
extension of a pixel to three dimensions.[|19]

4.4 Root-mean-square fitting

The koot mean square (RMS) method was used to fit a function to the different roughness
parameters. This method utilizes an iterative algorithm which minimizes the distance of the
measured value to a function and then estimates the coefficients of said function. Using these
parameters a function can be generated which can estimate the roughness at any angle.[d] If
the data is estimated to fit the function in equation [L1]

fl@)=ao+ a1z + asz? + aza® 11

the general error can be expressed as the expression in equation [12

err = (d;)* = (y1 — f(21))* + (y2 — F(22))> + (y3 — [(23)) + (ya — f(24))* (12)
we can then rearrange |11 and [12 to express the error as equation [L3
h

2
err = Z (yz - (ao + a1 4 axx} + asxi + ...+ ajd)) (13)

i=1

10



This can then be further simplified to equation [14

n J 2
err = Z (yi — (ao + Z akxk)> (14)
k=1

i=1

From equation 14 it is possible to determine the coefficients ag, a1, as, as.

5 Design

As previously described, several test objects for understanding the performance and limita-
tions of the AM process have been suggested. While these incorporated surface roughness,
they do not focus on surface roughness and angular dependency.

Strano et al. [21]] and Cabanettes et al. [3] suggested test objects which focused on how
the surface roughness depends on the angle, however, both seamed unpractical.[3; 21]] The
one suggested by Strano et al. [21] did not have internal surfaces and the one suggested by
Cabanettes et al. [3] had separate components for each angle. Furthermore, Vandenbroucke
and Kruth [27] suggested a test object rather similar to the one by Strano et al. [21]], however,
with fewer surfaces. [21]; 27]

In this thesis, an attempt was done to design a more practical test object which would focus
on roughness measurements and angular dependence. For the object to be practical, it should
have internal and external surfaces and be able to stand on it self while keeping a surface
level. This to make measurements easier.

The three-dimensional polygon was thought to solve several problems. It would allow for
internal and external surfaces with discrete angles and it would allow the object to stand
on itself while keeping the surfaces level. To find the appropriate number of sides of this
polygon, three objects was produced with six, eight and ten sides. From measurements on
these it became evident that a twelve-sided object would be proficient. In order to make the
object more appropriate for XCT measurements, the height of the twelve-sided test object
was decreased by half.

The main components used in this thesis was produced on a 3D Systems Prox DMP 300
using AlSil2, a layer thickness of 30um and a beam diameter of approximately 0.1mm.
After printing, all sides where brushed to remove excess dust and loose particles.

The six-sided component was constructed as a hexagon inscribed in a circle with a diameter
of 45mm, a height of 25mm and a thickness of 3mm. Each surface had an area of 25mm by
23mm, shown in [l The eight-sided component was constructed as an octagon inscribed in
a circle with a diameter of 43mm, a height of 25mm and a thickness of 3mm. Each surface
has an area of 25mm by 17mm, shown in f. The ten-sided component was constructed as a
decagon inscribed in a circle with a diameter of 41mm, a height of 25mm and a thickness of
3mm. Each surface had an area of 25mm by 13mm, shown in . The twelve-sided component
was constructed as a dodecagon inscribed in a circle with a diameter of 41mm, a height of
13mm and a thickness of 3mm. Each surface had an area of 13mm by 10mm, shown in 4.
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¢ Figure 2: Image of the eight sided test ob-
ject

Figure 4: Image of the twelve sided test ob-
ject

Figure 1: Image of the six sided test objec

Figure 3: Image of the ten sided test object

6 Experimental

6.1 Focused variant microscope

The measurements was performed on an Alicona infinitive focus, a focus variant mi-
croscope, using the surface characterizations setting. 200x magnification (20x lens), polar-
ized light, a vertical resolution of 2um, lateral resolution of 50nm, and a cut off frequency of
250 pm was used, as suggested by Cabanettes et al. [B]. In each measurement an imagefield
was used and the four most homogenic frames was selected. These represented an area of
0.995mm by 1.34mm. The measurements of the six, eight and ten sided test object was done
with an exposure of 181 s, and a of contrast 0.57. However, this produced images which
appeared to be a bit too dark and to further improve the measurements of the twelve sided
test object exposure and contrast was set to 209 us and 0.9. In all measurements test object
was placed to make the surface as level as possible.

To describe the angle of the surface the following notation was used. Assuming that the
vertical side is denoted as 0 degrees, the downward facing sides are -30 and -60 degrees and
upwards facing sides are +30, +60 and +90 degrees etc. The six sided object has the angles [-
30,30,90] degrees and the eight sided test object [-45,0,45,90] degrees, an example is shown
in figure [3.

12



Figure 5: Schematic describing the notation of the surface with corresponding angles.
Red numbers are external surfaces, blue are internal surfaces

Initially the data recorded at each angle was fitted with a trigonometrical function. The
trigonometrical approach had been suggested by Cabanettes et al. [3] and fitting was done
with the RMS method, previously described. The hypothesis was that the surface roughness
should repeat it self after 180 degrees, i.e. that the surfaces 270 degrees from printing and 90
degrees from printing should be the same. The equation used in the fit was of the following
form:

ap + ay cos(aw) + by sin(aw) (15)

ap, a1, by and w are different constants and « the angle of printing. Using this model and the
data recorded from measurements on all five sides of the six sided test object and the seven
sides of the eight sided test object, a preliminary model for several parameters was created.
For each parameter fitting the data was first controlled such that it was distributed over the
entire period and the following parameters was deemed to meet these conditions: S,, S4, Sy,
Sz: Ssk, qu, and Sdr-

From this a prediction of the values of said parameters was done for the ten sided test object
and the angles, [-54,-18,18,54,90]. Using the same parameters as for the eight and six sided
test object the measurement procedure was redone on all nine sides of the ten sided test

13



object. From these measurements it is evident that this model did not accurately predict the
parameters.

The use of a trigonometric model for the roughness provided estimates which gave a hint
of the actual value. However, by simulating the roughness using a third degree polynomial,
equation [L6,the roughness could be predicted with far better accuracy. This also allows for
much more facile modelling of new data. The fitting was done using by using the RMS
method and an initial guess of all coefficients was zero.

fla) =ap + a1 + asa’® + aza’ (16)

Where ag, a1,a2,a3 are constants and « is the angle. From the measurements performed on
the six,eight and ten sided polygons the conclusion was that using a twelve side test object
would yield a sufficient model. The twelve sided test object would give six unique surfaces
and by performing repeated measurements on all surfaces it would be possible to establish a
model using a single component if all sides was measured three times.

In total 18 data points were collected and a fitting was done using the previously described
third degree polynomial, and to that fitting a confidence interval of 95% was done.

Line parameters was measured on the ten-sided test object, using the Alicona line roughness
setting. The same cut off frequency of 250 um as well as contrast 0.9 , exposure 209 um,
and 200x lens was used. Measurements was done both along and across the weld tracks.
Images of the surface on the ten sided test object was captured using 25x and 50x times
magnification. An attempt to measure the bottom surface was done, however, the extremely
rough nature of this surface and the residual support structure deemed it useless.

6.2 X-ray tomography

[XCT| scans of the 0, + 60 and -60 sides where done to determine whether the external mea-
surements can be transferred to internal measurements. Zeiss Xradia XRM520 was used
to perform all scans with a voxels size of 16um and an acceleration voltage of 110 £V for
0 and +60 degrees and 80 kV for -60 degrees. The scans resulted in several .tif images.
These were converted to a greyscale stack using the software £iji. Images that upon visual
inspection appeared to be part of the surface on either side of the sample was exported. These
were then imported into Matlab for further analysis.

Each image was converted to a numerical matrix and the stack of images was summarized
to form a single matrix. The matrix describes the topography of the surface very similar to
how the FVM generates a surface. In order to further mimic the FVM measurements an area
of approximately 1 mm by 1 mm was selected somewhere in the center of each sample.

The S, was calculated as the absolute of the deviation of the mean integrated, summarized and
divided by the area. S, maximum peak height and S,, maximum pit depth was also calculated
using the matlab functions max and min. S, is as previously described the absolute deviation
of the mean by area. To accomplish this the following calculation was done.[9]
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Sy = %Z (Z <|Z(z,y)|>dx> da 17

Sq> Sz, Ssr and Sy, was also calculated using the described equations and the same approx-
imation as for S,.

7 Results

7.1 Measurement protocol

The protocol which was one of the main objects of this thesis have been determined to the
following procedure.

Produce an equilateral twelve sided polygon with a hollow inside and internal surfaces paral-
lel to the external. Remove this from the build plate using a grinder, remove residual support
structure and remove any loose particles using a brush or similar.

Perform three repeated measurements on each unique side using a Alicona FVM, 200x mag-
nification (20x lens), 50 nm lateral resolution, 2 pm vertical resolution and an imagefield of
Imm by 1 mm. Use Alicona software or similar to calculate the extended roughness param-
eters of the measured surfaces. The three values of each parameter at each angle can then be
used to determine the variance of said parameter at the given angle.

Roughness parameter values can then be estimated for all other angles by doing a fitting of a
third degree polynomial function as displayed in equation 16. Using the initial guess of zero
for all coefficients. Repeating the same procedure for the upper and lower bounds of a 95 %
confidence interval gives a more accurate representation of what roughness values one can
expect. All code and algorithms for the calculations necessary are available on GitHub.

7.2 Roughness measurements - FVM

Images of the surface of the ten sided test object was captured and displayed in figure H.
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Figure 6: Images of the 90 degree surface on the ten sided test object, left 2.5 times
magnification right 5 times magnification

Line parameters was measured on the 90 degree surface of the ten sided test object, the results
of this is displayed in table [I|.

Table 1: Line parameters measured on the 90 degree surfaces of the ten sided test object

Parameter [um] Across Along

R, 4.799 5.933
R, 5.663 8.132
R, 17.930 27.320
R, 15.086  22.078
R, 10.361 31.341

The measurements from the FVM of the six sided test object are displayed in table [ the
-30 and 30 degree surface have been measured twice and the 90 degree surface has been
measured once. The average of these measurements are displayed in table P.
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Table 2: Average roughness parameters measured with FVM on the six sided test object
(Raw data in table [7)

Angle[°]
=30 30 90

Parameter
Sa [pm] 9.3965 9.0655 5.178
Sq [pum] 11.9005 11.701 7.919
Sp [pm] 53.7165 59.095 76.762
Sv [pm] 46.996  47.9885 49.208
Sz [pm] 100.712  107.0835 125.970
S10z [um] 98.2435 103.427 124.482
Ssk 0.352 0.2495 1.598
Sku 3.359 3.697 11.369
Sdq 2.627 2.462 1.615
Sdr % 188.605 160.8345 72.449
Exposure [us] 181 181 181
Contrast 0.57 0.57 0.57

The measurements from the FVM of the eight sided test object are displayed in table § where
the -45, 0 and 45 degree surface have been measured twice and the 90 degree surface has
been measured once. The average of these measurements are displayed in table B.

Table 3: Average roughness parameters measured with FVM on the eight sided test
object (Raw data in table §)

Angle[°]
—45 0 45 90

Parameter
Sa [pum] 17.2105 8.3805 12.0905 4.517
Sq [pum] 22.4455 10.551 15.5705 6.271
Sp [pm] 86.5905 38.6605 67.2065 42.556
Sv [um] 147.7165 50.3105 59.651 32.935
Sz [pm] 234.307 88.971 126.8575 75.491
S10z [um] 220.4615 87.0475 124.2735 65.985
Ssk 0.0935 —0.5005 0.424 0.603
Sku 3.8545 3.3485 3.6085 5.848
Sdq 4.8145 1.869 3.044 1.046
Sdr % 675.98 101.709  253.0225 34.978
Exposure [ps] 181 181 181 181
Contrast 0.57 0.57 0.57 0.57

The measurements from the FVM of the ten sided test object are displayed in table i where
the -54,-18, 18, and, 54 degree surface have been measured twice and the 90 degree surface
has been measured once. The average of these measurements are displayed in table Y.
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Table 4: Average roughness parameters measured with FVM on the ten sided test object
(Raw data in table [

angle[°]
—54 -18 18 54 90

Parameter
Sa [pum] 19.241 7.999 8.945 10.1545  5.636
Sq [pm] 25.3535 10.155 11.646 13.313 7.980
Sp [pm] 104.6135 44.258  61.025 60.306 90.369
Sv [pm] 132.8015 47.993  51.84 68.4095  51.678
Sz [pm] 237.4145 92.251 112.865 128.715 142.047
S10z [pem] 235.197  90.393 111.2655 126.4925 140.684
Ssk —0.149 —0.227  0.2495 0.347 0.663
Sku 3.850 3.317 4.106 3.9805 8.572
Sdq 5.5715 1.991 2.331 2.430 1.453
Sdr % 917.052 114.073 147.134  168.471 64.099
Exposure [us] 181 181 181 181 181
Contrast 0.57 0.57 0.57 0.57 0.57

The measurements from the FVM of the twelve-sided test object are displayed in table 5.
All surfaces have been measured three times and the average of these measurements are

displayed in table U

Table 5: Average roughness parameters measured with FVM on the twelve sided test
object (Raw data in table [L0)

angle[°]
—60 =30 0 30 60 90

Parameter
Sa [pum] 25.0113 12.7590 10.4707 10.4317 11.3773 5.2900
Sq [pm] 32.5627 16.7957 13.3397 13.8897 15.1840 7.6380
Sp [pm] 137.2057 79.9197 68.4213 76.2997 77.0410 64.4387
Sv [pm] 177.7663 67.6033 56.2960 59.8767 58.9010 55.5943
Sz [pm] 314.9723 147.5227 124.7173 136.1763 1359423 120.0323
S10z [um] 303.2763 144.2970 122.5000 130.5843 132.0100 95.8013
Ssk —0.4873 0.4137 0.3067 0.6613 0.7980 1.4510
Sku 4.0683 3.8647 3.6150 4.3923 4.1863 9.4570
Sdq 6.2690 3.9767 3.5367 3.1590 3.4060 1.3510
Sdr % 1150.5607 4079537 324.6370 267.8340 307.5133 53.6533
Exposure [us] 209 209 209 209 209 209
Contrast 0.9 0.9 0.9 0.9 0.9 0.9

The digital surface generated by the FVM of the -30, 0,30 and 90 degree surface of the twelve
sided test object are displayed in figure [1-10.
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Figure 8: A 3D representation of the 0 de-

Figure 7: A 3D representation of the - gree surface of the twelve sided
30 degree surface of the twelve test object

sided test object

Figure 10: A 3D representation of the 90
degree surface of the twelve
sided test object

Figure 9: A 3D representation of the 30 de-
gree surface of the twelve sided
test object

7.3 Simulation of Roughness parameters

The data found in table [§ was fitted using the previously described RMS method and the
result of this and a fitting to the confidence interval is shown in the following figures.

Aritmetical mean Aritmetical mean

Model of parameter
© Measured data

— — Confid
—— Model of parameter

-60 -40 -20 0 20 40 60 80 -60 -40 -20 0 20 40 60 80
Angle [] Angle [°]

Figure 11: Left S, data of the twelve sided test object with fitted polynomial, right fitted
polynomial with 95% confidence interval marked as the red area.
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25

Root mean square height

— — Confidence intervall - lower limit
— — Confidence intervall - upper limit
Model of parameter

-60 -40 -20 0 20 40 60 80

Angle [7]

Figure 12: Left S, data of the twelve sided test object with fitted polynomial, right fitted
polynomial with 95% confidence interval marked as the red area.
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Maxi K heigh
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Model of parameter

O Measured data

60 40 20 0 20 40 60 80
Angle []

Maximum peak height

— — Confidence intervall - lower limit
— — Confidence intervall - upper limit
Model of parameter

Angle [1

Figure 13: Left S, data of the twelve sided test object with fitted polynomial, right fitted
polynomial with 95% confidence interval marked as the red area.
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s, luml

Maximum pit height

Model of parameter
©_Measured data

Maximum pit height

— — Confidence intervall - lower limit
— — Confidence intervall - upper limit
Model of parameter

Angle [']

Figure 14: Left S, data of the twelve sided test object with fitted polynomial, right fitted
polynomial with 95% confidence interval marked as the red area.
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-40

Figure 15: Left S data of the twelve sided test object with fitted polynomial, right fitted
polynomial with 95% confidence interval marked as the red area.
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Figure 16: Left S;y. data of the twelve sided test object with fitted polynomial, right
fitted polynomial with 95% confidence interval marked as the red area.
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Figure 17: Left S;;, data of the twelve sided test object with fitted polynomial, right
fitted polynomial with 95% confidence interval marked as the red area.
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Figure 18: Left S;,, data of the twelve sided test object with fitted polynomial, right
fitted polynomial with 95% confidence interval marked as the red area.
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Figure 19: Left S;, data of the twelve sided test object with fitted polynomial, right
fitted polynomial with 95% confidence interval marked as the red area.

Developed interfacial area ratio

Devels interfacial area ratit
2000 eveloped interfacial area ratio

2000

Model of parameter — — Confidence intervall - lower limit

1800 0 Measured data 1800 — — Confidence intervall - upper limit

Model o parameter

1600 1600
1400 1400
1200 1200
; 1000 § 1000
@ 80 @ 800

600

600
400 400
200 200
0 0
-200 200l ! ] '
-60 -40 -20 0 20 40 60 80 60 40 20 0 20 40 60 80

Angle [']

Figure 20: Left S;,. data of the twelve sided test object with fitted polynomial, right
fitted polynomial with 95% confidence interval marked as the red area.
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7.4 X-ray generated surfaces

The images from the XCT performed on the twelve sided test object was generated as previ-
ously described and the results of this is displayed in the following figures.

0 degree intemal surface 0 degree external surface.

Figure 21: The internal and external surfaces generated from the 0 degree surface in
the twelve sided test object

60 degree intemal surface 60 degrees external surface

250 [~ 250

- 150

Figure 22: The internal(-60 degrees) and external(60 degrees) surfaces generated from
the 60 degree surface in the twelve sided test object
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-60 degrees intemal surface -60 degrees extemal surface

Figure 23: The internal (60 degrees) and external(-60 degrees) surfaces generated from

the -60 degree surface in the twelve sided test object

From the generated the surfaces roughness parameters was calculated and these are displayed
in the following table.

Table 6: Roughness parameters calculated for three angles as of the data recorded from

XCT
0 degrees 60 degrees -60degrees
Surface
Internal External Internal External Internal External
Parameter
Sq [pm] 5.403 5.621 25.285 12.566 14.133 21.210
Sq [m] 7.182 7.644 31.259 16,623 17.183 26.493
S, [pm] 49.626 52.301 112.18 74.906 67.406 112.41
S, [pum] 32.702 23.108 113.18 74.271 55.882 83.634
S, [um] 82.327 75.408 225.35 149.17 123.29 196.04
Ssk 2.1285 1.9462 1.7985 1.5387 1.5011 1.5830
Sku 5.2157 6.4319 2.7442 3.9470 2.6190 2.9537
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8 Discussion

8.1 FVM

On the 90-degree surface as seen in figure , the weld tracks are clearly distinguishable lines.
These are present on all of the surface, however, most evident on the 90-degree surface.

Comparing the line parameters displayed in table [I| with the extended parameters this shows
that S,, R,, S, and R, share a high degree of similarity. The R, measured across the weld
tracks and along the weld track, although different they are both similar to the S, and S,. Line
parameters are more sensitive than the extended parameters, however, these differences could
be due to random irregularities.[|L5] The other line parameters differ more from the extended
parameters R, R,,, and R. This is expected since these are extreme value parameters. The
large difference from the extended parameter can be explained since the chance of including
a high or low peak is greater on a surface than on a line.

The notation suggested here is different to the notation most commonly used. However, it
gives the possibility to replaces the use of down-skin and up-skin surfaces with positive and
negative angles. The notation also makes modeling much more facile since negative and pos-
itive can be described mathematically. When discussing the results and making more general
assumptions the use of horizontal (90 degrees) and vertical (0 degrees) surfaces become more
useful as well as upskin (positive angles) and downskin (negative values).

From the FVM measurements, we can see that we in general have a higher surface roughness
on the down-skin surface and a lower on the up-skin surface. This is very much in line with
the previous work done by Cabanettes et al. [3]who found similar behavior. We found that the
surface roughness increases with an increasing negative angle and decreases with increasing
positive angle.

However, this behavior would give a more or less linear decrease which is not the behavior
found, there is a local minimum at the vertical surface. This is then followed by a slight
increase before decreasing towards the horizontal surface and the horizontal surface appears
to be the least rough of all the surfaces. This trend is evident for S, (Figure lL1)), Sq(Figure
12), S.(Figure 19), and S0 (Figure lLd). For S, (Figure 13) and S, (Figure 14) a similar trend
is present, however, the vertical surface and the horizontal surface are more similar than they
are for S, , S, S and Syg..

The Sy, (Figure [ 7) has an almost linear increase. For the most downskin surface it is less
than zero and for the upskin and vertical surface, the value is larger than zero. This gives that
for lower angles the height distribution is shifted above the mean plane i.e. more peaks than
pits.

Sy (Figure [1§) has a typical third-degree polynomial appearance, with a local minimum
at around 20 degrees. However, the value is always larger than 3 which indicates that the
surfaces have an increasing tendency to form a narrow height distribution, higher peaks and
more consistent peak heights.

Both Sy, (Figure 19) and S, (Figure R0) follow the same type of behavior as Sa,S4, Sz, and
S102. The S44 indicates that the slope of the surface decreases with increasing angle which
could be due to the slight distortion of the test object.
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The interfacial area ratio, Sg;-, behaves similarly to S,. This indicates that the increase in
surface area is larger for the vertical surface than the horizontal. A very low Sy, is evident
for the horizontal surface, only 53% compared to the value for the -60 degree surface which
is more than 1000%. This can be of interest for a few applications such as heat transfer,
where a large surface area is of value and hence a large S, could be favorable. [24] From
the values of S,, S;, S, and S, we can show that the peaks are generally higher than the pits,
however, at horizontal and vertical surfaces the pit and peaks are almost the same height. The
exception is the -60-degree surface in which the peaks are lower than the pits. This is also
confirmed by the S, which is negative for -60 and positive for all other surfaces.

Sas Sq¢, Sdq» and Sy, have a higher variance for the vertical surface and lower for both nega-
tive and horizontal surfaces. In contrast, the variance for S,,, Sp,, S, S.10,Ss%, and Sy, have
a more constant variance. The lower variance would indicate that we have a more homoge-
neous surface at the lowest and highest angles, and more shifting surfaces close to the vertical
surface.

Generally we can say that most parameters have their lowest value around horizontal external
surfaces or vertical surfaces, however, it should be noted that close to horizontal external
surface have a very spiked height distribution i.e. a high Sg.,.

Cabanettes et al. [3] suggested a larger image field than what was chosen to be used in this
project. This was mostly due to the equipment used in this project, as the time for measure-
ments of this size was too long. However, the use of multiple measurements did not only
decrease the time of measuring but also gave a possibility to calculate and understand the
variance of the parameters.

The image field used by Cabanettes et al. [3] was four times large than the one used, and to
be more consistent with their work repeating these measurements four times instead of three
could have been interesting. However, the use of only three measurements have proved to
give sufficient data both for the confidence interval calculations as well as the polynomial
fittings. On some of the surfaces a slight angle can be noted, this could be be compensated
for in the software. This was not done in order to keep the procedure as simple as possible.
However, a slope should not affect the roughness in any significant manner since the slope
is present across the whole surface which is also confirmed by the seemingly normal Sy,

82 XCT

For all surface, a corresponding internal surface exists and has the same angle as the external
since they are parallel. However, for the horizontal surface this surface is not measurable
due to the presence of support structure, which is necessary for the component to be fabri-
cated. Unless noted the expressions horizontal and vertical surfaces refers to the external
surfaces. To investigate the relations between internal surface and external surfaces the XCT
measurements was performed.

The results of the XCT measurements and the calculations of the roughness parameters are
in line with the measurements done by the FVM. Although not that facile or straightforward
as the FVM this method provided very interesting results and gave insight in more than just
the surface. It was evident that throughout the sample, the weld tracks which are clearly
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distinguishable on the surface, as seen in figure . However, these are not present in the in-
ternal structure which in turn shows that a complete weld has been formed and no internal
macrostructures could be observed.

Furthermore, the roughness parameters calculated from the XCT measurements (table 6
indicates that the two surfaces from the 0-degree portion are very similar and the difference
could be within an error margin. These surfaces also share a visual similarity as seen in figure
R1. Measurements of the component which originates from the -60 and 60-degree surfaces
show that in both cases the external surface differs from the internal surface.

The initial hypothesis was that the external surface of -60 would be the same as the internal
surface on 60 hence making it possible to measure an external surface to understand an inter-
nal surface. In the measurements of these external surfaces (-60 degrees,60 degrees) several
parameters show a higher degree of similarity with their internal counterpart.

The appearance of these surfaces as shown in figure P2 and figure 23 also indicates that
the internal surfaces and external surfaces could be interchangeable. However, given the
large variance which we have seen in the FVM measurements, the evidence is not strong
enough to clearly say that these surfaces are interchangeable. It is my belief that upon further
investigation this will be confirmed.

8.3 Improvements and future work

The earliest measurements were performed on unbrushed components which makes these
results less reliable. Furthermore, the use of the FVM has a certain degree of skill to it, so the
later measurements should be more reliable. During the fabrication process of the twelve-
sided component, the coater got caught on the component which caused a slight distortion of
one side of the component. This distortion did only affect one of the sides and the other was
left undisturbed. However, it might have led to that the surfaces was not perfectly leveled
when measured.

Although no post-treatment apart from light brushing was done on the components and that
this protocol has been developed using only untreated AISil12 AM components it can hope-
fully be applied to any material. It should also be applicable for use with sand blasting, shot
penning or any other post treatment as well. The protocol might even be applicable to other
AM techniques than SLM as well.

The use of contrast and brightness is also needed to be kept constant, this since FVM is
more or less an image interpretation technique. However, using a similar protocol it could
be possible to investigate how this affects surface roughness. Furthermore, investigating
whether the roughness is affected by the area of the surface could be useful. Especially when
the area of the surface is approximately the size of the beam, since one interesting application
of AM is complex miniature structures.[[7]

The final design of the test object showed great promise and fully filled the initial require-
ments. However, the design could be improved by further decreasing the height of the object
and reducing the thickness, to facilitate the XCT measurements and make them faster.

To even further improve the test object, it could be designed to be separable into two halves,
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this to make it possible to confirm the internal measurements using conventional techniques.
This have previously been done by Thompson et al. [23], in designing a test object for XCT.

8.4 Notation of Roughness

In this work the need for a new notation to describe which surface the given roughness value
originates from have become evident. The behavior found in this thesis shows that the pa-
rameter value is related to the angle and the placement of the surfaces i.e. external or internal.
To highlight this the extended roughness parameters could be used in a subsequent manner.
The angle of the surface, in relation to the vertical plane which is perpendicular to the coater,
is noted as a number and the letter i and e is used to describe whether it is measured as an
internal surface or an external surface.

The use of e could be neglected if the most common surfaces described are external and i only
used to note that the surface in question is internal. An example of how this could look S¢5,
or in a general sense where « is the angle, ¢ the position of the surface and x the notation for
the given surface parameter (a,q,p,v,z,sk,...,etc) S¢ . This would allow for a more true and a
more understandable way to describe and understand the surface roughness of AM produced
components.

Using this type of notation would make it possible for both the academic community and the
industry to describe and discuss surface roughness more accurately. To exemplify, a surface
with a S, of 18 um could be great if the angle is -55 degrees but rather poor if the angle is 0
degrees, hence this notation is needed.

9 Conclusion

In conclusion, we have found that the surface roughness of components produced by additive
manufacturing have a significant angular dependency. It has been shown that the measure-
ment protocol which is suggested here can be used to predict and understand the roughness
parameters measured. The twelve-sided test object gave sufficient data points while allow-
ing for a relatively fast process. A full set of measurements could be done in an afternoon.
Although not confirmed there is evidence in favor of that the external surface roughness can
be used to understand the internal surface roughness. The use of a new notation for surface
roughness of AM production have been proven necessary and we suggest that the form of
SP , is the simplest and most useful.

To further improve on this work, the relation of the internal and external surfaces needs to be
studied more. Ifitis possible to prove that an external surface is identical to its corresponding
internal surface the positioning notation could be deemed unnecessary. Furthermore, study-
ing if these relationships are true regardless of the area, material or production technique
could be of great interest.
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11 Appendix

Table 7: FVM data of the six-sided test object

Angell"] g, -30 30 90 30 -30
Parameter
Sa 23,755 8,392 9,189 5,178 8,942 10,401
Sq 32,133 10,749 11,932 7919 11,47 13,052
Sp 168,663 46,742 55351 76,762 62,839 60,691
Sv 190,882 45910 44,758 49,208 51,219 48,082
Sz 359,545 92,651 100,109 125,970 114,058 108,773
S10z 308,351 90,096 98917 124,482 107,937 106,391
Ssk 0,156 0,219 0,357 1,598 0,142 0,485
Sku 4,809 3,374 3,862 11,369 3,532 3,344
Sdq 8,484 2,394 2,465 1,615 2,459 2,860
Sdr % 1780,814 148,705 169,799 72,449 151,870 228,505
FITr 359,545 92,651 100,109 125,970 114,058 108,773
Lc 250 250 250 250 250

Table 8: FVM data of the eight-sided test object

Angell’] 45 0 45 90 45 90 -45
Parameter
Sa [um] 11,628 8,530 11,014 4,517 13,167 8,231 22,793
Sq [um] 15,501 10,647 14,168 6,271 16,973 10,455 29,390
Sp [um] 66,242 39907 57,845 42,556 76,568 37,414 106,939
Sv [um] 64,507 46,652 57,269 32,935 62,033 53,969 230,926
Sz [um] 130,749 86,559 115,114 75,491 138,601 91,383 337,865
S10z [um] 123,849 85,895 112,431 65,985 136,116 88,20 317,074
Ssk 0,526 -0,233 0,219 0,603 0,629 -0,768 —0,339
Sku 3,824 3,063 3,457 5,848 3,760 3,634 3,885
Sdq 3,409 1,912 2,813 1,046 3,275 1,826 6,220
Sdr % 314,182 104,326 212,990 34,978 293,055 99,092 1037,778
FITr 130,749 86,559 115,114 75,491 138,601 91,383 337,865
Lc [um] 250 250 250 250 250 250 250
Exposure 181 181 181 181 181 181 181
Contrast 0,57 0,57 0,57 0,57 0,57 0,57 0,57
Vertical resolution [nm] 2 2 2 2 2 2 2
Lateral resolution [um] 50 50 50 50 50 50 50
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