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Abstract 
This is predominantly a qualitative study on the manufacturing of micronozzles with an additive 
manufacturing (AM) technique, namely the laser-powered powder bed fusion (PBF-LB). 
Manufacturing of micronozzles with standard microelectromechanical system technology often 
results in 2.5-D or close to 3-D structures and does not yield a fully rotationally symmetric 
nozzle. For this reason, AM can be a better solution. However, the structures obtained with 
PBF-LB exhibit very rough surfaces which will impair the performance of the micronozzle. To 
improve the surface finish electropolishing was performed on the interior walls.  
Given the shape and the scale of the components, uniformity of the polishing is a challenge, 
calling for an inventive electrode configuration and electrolyte feed solution. The approach was 
to integrate an electrode on the inside of the converging part of the nozzle, to serve as a 
cathode for the electropolishing, already in the process, and to make the nozzle itself the vital 
part of the fluidic system.  
With this, titanium micronozzles were manufactured with throat diameters varying between 300 
and 800 µm.  
With the resolution of the used AM technique, it was possible to integrate the internal electrode 
in the micronozzles with a designed throat diameter down to 600 µm. Below this, the anode, 
and cathode, sometimes made contact short-circuiting the cell.  
Profilometry showed a decrease of the average surface roughness (𝑅𝑅𝑎𝑎) with 15-60 % for the 
electropolished micronozzles. The Schlieren imaging showed an exhaust that followed the 
throat’s axial direction and also demonstrated pressure disks and, hence, a supersonic jet 
exhaust.  
This study has shown that AM is a viable choice for manufacturing of rotationally symmetric 
micronozzles, and that electropolishing could be used to decrease the surface roughness on 
their inside uniformly with the integration of a cathode.   
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Populärvetenskaplig sammanfattning

Denna studie fokuserar p̊a tillverkningen av de dysor som ing̊ar i rymdfarkosters
framdrivningssystem. Dock handlar det inte om de man brukar se i stor skala,
utan om millimeterstora dysor med detaljer p̊a mikroskala.

Ett exempel p̊a rymdfarkoster, som använder dessa, är mikrosatelliter. De har
ofta tv̊a olika framdrivningssystem, ett system för attitydkontroll och ett för
bankorrigering. Framdrivningen kan ske genom olika tekniker. Den framdriv-
ningsteknik som dysan i denna studie tillämpas för används i kallgasraketer.
Dessa använder en gas som komprimeras och sedan drivs ut genom en dysa.

Idag används mikrosystemteknik (MST) för att framställa raketer i mikroskala.
Det minskar vikten p̊a satelliter och därmed även uppskjutningskostnaderna.
Utöver de stora fördelarna med att tillverka raketdysor med tillverkningstekni-
ker inom MST, har ofta dessa tekniker nackdelen att inte kunna ge full rotations-
symmetri. Därför skulle 3D-printing kunna vara ett alternativ. 3D-printning har
en betydligt större geomtrisk frihet. Dessutom ger tekniken tillg̊ang till andra
material än man har i konventionell MST.

I Figur 1 visas en av den här studiens många 3D-printade dysor gjorda genom
hopsmältning av titanpulver med hjälp av laser.

Figur 1: 3D-printad dysa.

En nackdel vid tillverkning av raketdysor med 3D-printing i jämförelse med
konventionell MST, är att den fria designen ofta ger sämre ytfinhet, t.ex. p̊a
grund av att m̊anga delvis smälta pulverpartiklar kvarst̊ar p̊a ytan. Figur 2
illustrerar den divergerande delen av dysan, det vill säga utloppet för gasen. Vid
denna förstoring är det väldigt tydligt hur ojämn ytan är. P̊a grund av dessa
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begränsningar fokuserade denna studie p̊a efterbeartning av dysans insida. Med
de väldigt sm̊a dimensionerna är mekanisk efterbearbetning väldigt sv̊ar. Därför
utvärderades elektrokemisk polering.

Figur 2: Svepelektronmicroskopi bild som visar den grova ytan i den konver-
gerande delen av en 3D-printad dysa innan den har elektropolerats.

Denna studie gick ut p̊a att tillverka raketdysor med en kon inuti den divergerade
delen och även en tillhavande pinne utstickande i halsen redan i 3D-printningen
för att ge förutsättning för en jämn elektropolering, där konen med sin pinne
utgör katod och halsen, liksom resten av dysan, utgör anod. Elektropoleringen
utfördes med l̊ag ström, bara n̊agra hundradelar Ampere, under relativt l̊ang tid,
1-2 timmar. Därefter jämfördes efterbearbetade och obearbetade dysor. För att
utvärdera skillnaden, nyttjades mikroskopi, röntgen och Schlieren-fotografering
av dysornas utbl̊as.

Den elektrokemiska efterbearbetningen resulterade i en förbättrad ytfinhet. Ett
m̊att p̊a hur grov en yta är, är det s̊a kallade Ra-värdet. Här minskade det med
15-60 % genom elektropoleringen. Dysorna som hade halsdiametrar av 300 till
800 µm, uppvisade utbl̊as som följde halsens axiella riktning i överljudshastighet.
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Thanks to Erika Åkerfeldt, also part of ÅSTC, for the big help in all of the parts
of the thesis and especially regarding the Schlieren imaging and microscopy.
Without Erika’s help, deciphering Greger’s mind and handwriting would have
been impossible!

Also big thanks to my supervisor in additive manufacturing Carl Johan Karlsson
Hassila, and in chemistry Maria Paschalidou. Without Carl Johan’s help and
support I would not have figured out the brilliant solutions regarding additive
manufacturing and also a lot of fun along the way.

Lastly, to my family and friends, a big thanks for all the help and support during
my studies!

iii
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1 Introduction

1 Introduction

For decades, satellites have been roaming space for applications such as: com-
munication, science, military, education, and earth observations [1]. Just as
some technical devices have become smaller due to reasons like cost and accom-
modation, some satellites have gone through the same process. Bigger satellites
still exist, however, some have been built much smaller to the size of a microwave
oven, or even smaller, compared to the bigger being the size of a truck and even
bigger.

There are many research areas within the development of spacecrafts such as
satellites. The area which is focused on in this thesis is the propulsion system,
which is the system of an aircraft that generates thrust. The satellites have two
different propulsion systems: one system for change of the position and trajec-
tory and another for precise attitude control. The miniaturized satellites often
require smaller and cheaper launches, and they can also be piggyback launched.
Also, compared to the propulsion of bigger spacecrafts, the micropropulsion sys-
tems operate at low thrust levels on the nano or milli Newton scale [2]. They
also offer very large thrust-to-weight ratios, and compared to bigger spacecrafts
the micropulsion offers shorter response times (milliseconds) [3]. This makes
them very suitable when hard requirements for precision and stability are set,
namely, precise attitude control of satellites [4].

The propulsion system in these small satellites, explained more in-depth in sec-
tion 2.1, consists of components such as the propellant storage and the nozzle.
This study mainly focuses on the fabrication of the nozzle. In most of the earlier
studies where micronozzles are fabricated, the approach is done with traditional
micro electromechanical systems (MEMS) technology, with a promising choice
being photolithography with deep reactive ion etching (DRIE) [5]. This ap-
proach does not only allow micrometer structures, it also provides very smooth
and well-defined surfaces, and also integration with other manufacturing steps.
However, creating complex 3-D shapes with this MEMS technique is difficult
since the masks used for transferring patterns have a 2-D shape, thus limiting
the design to a 2-D layered component [6]. The manufacturing of the nozzle with
DRIE results in 2.5-D structures (2.5-D is a structure in 2-D but with a certain
depth creating a 3-D effect) and are hence not utilized to their fullest potential
since the exhaust will be compressed and expanded only in one dimension [7].
Simulations have shown that the nozzle symmetry affects both the shape and
the pointing direction of the exhaust, and making the micronozzle closer to, or
completely, rotational symmetric will increase the thrust and specific impulse
by 10% compared to the 2.5-D nozzles [6]. This is due to the nozzles obtained
with DRIE are not symmetrical about their center axis [6].

Due to the sacrificing of optimal form with the use of photolithography and
DRIE, additive manufacturing (AM) can be introduced with its freedom in
design. Studies have been made where micronozzles have been manufactured
with throat diameters less than 1 mm and what performance impacts the as-
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1 Introduction

built nozzles display. It has been shown that at a lower scale the velocity and
thrust the performance deteriorate due to, inter alia, the lesser sensitivity to
the variation of the surface roughness compared to large scale nozzles. This is
due to the size effect, i.e. the roughness effect is more serious with the decrease
of nozzle scale [8].

AM is used for many different reasons, such as the possibility of having control
of the mechanical properties and manufacturing lighter and more complex struc-
tures that would be too difficult when using traditional methods (e.g. casting,
machining, etc.) [9]. The technique is today utilized within the aerospace indus-
try, mostly regarding the flexibility of the complex geometries and the reduced
lead times and also lightweight parts with reduced material waste [10].

Additive manufacturing offers 3-D designs with many different materials, such
as stainless steel 316L, Inconel alloys (718 and 625), and the titanium alloy Ti-
Al6-V4 (Ti-64) [11]. For space applications both the Inconel alloys and Ti-64
are possible candidates, as Inconel displays good strength at elevated tempera-
tures [12]- and Ti-64 exhibits high strength-to-density ratio, excellent corrosion
resistance and application temperature [13].

There are some disadvantages to be considered as well, such as the surface
roughness, anisotropy , residual stresses, and the risk of pores existing in the
material [14–16]. For the manufacturing of the micronozzles, however, the most
limiting aspect is the scale of the micronozzle. Given that micronozzles usually
have features in the range of tens of micrometers, the resolution of most AM
techniques is insufficient [17].

In addition, regarding the design constraints of the micronozzles, a phenomenon
called overhang can also be of importance. If certain surfaces of a structure are
facing downwards without support, the structures are called overhang struc-
tures, Figure 1. This phenomenon can be problematic since it can distort the
surface [18]. The overhangs can also, if sufficiently unstable, lead to pitting
damage where ”holes” are produced in the material [19].
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1.1 Project aim 1 Introduction

Figure 1: An overhang example, layers are built with an angle < 90°.

In this study, most of the attention lies on the resulting surface roughness of
the AM structures, which is the key issue. Post-processing on AM build parts is
mostly used by mechanical means, such as grinding and other abrasive methods.
These, however, are strongly limited for use in micronozzles which have areas
that are very hard to reach. For such components, like the micronozzle, chemical
post-processing treatment can be an option. This is because the electrolyte
solution submerges the whole area of the nozzle that is being polished, and thus
the complexity of the geometry is not a hindrance.

In most earlier studies, different choices of electrolytes have been used to study
the polishing of AM-built parts. The choice of electrolyte is also depended
on the material composition of the sample. Until recently, for the titanium-64
alloy, the most common choice of electrolytes were of acidic character such as
mixtures of sulfuric acid or phosphoric acid. Concentrated acidic electrolytes can
be dangerous and difficult to handle and can cause damage to the environment
[20, 21]. Ethylene glycol is also commonly used as an environmentally friendlier
choice [22] and on that account also used in this thesis. However, most of the
studies of the effect of electrochemical polishing on AM-built parts are on simple
geometries not close to the complexity of the micronozzle.

1.1 Project aim

The main focus of this thesis was to investigate the possibility of fabricating
micronozzles with additive manufacturing and also the possibility to achieve a
good surface finish.
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1.1 Project aim 1 Introduction

In this study, the capability of the laser-based powder bed fusion (PBF-LB)
concerning the small geometries of the micronozzle was assessed. A qualitative
study was done where the nozzles were designed with computer-aided design
(CAD) to follow the design aspects of de Naval nozzle and then manufactured
with AM. Changes in the process parameters were done and the fabricated
nozzles were evaluated concerning rotational symmetry, surface roughness, and
interior throat diameter.

Apart from the possibility to manufacture nozzles with AM, the aim of this
thesis was also to investigate the possibility of post-processing the nozzles with
electropolishing. The aim of the electropolishing was to investigate the possi-
bility to improve the surface finish in the interior of the nozzle with the help of
the freedom of design the AM provides, which was done by co-manufacturing a
cathode on the inside. Since it is not known how the post-processing will work in
the interior, elementary designs were manufactured to investigate the behavior
of the electrolytic system. The nozzles were lastly evaluated with microscopy
and imaging of the gaseous exhaust.
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2 Theory and background

2 Theory and background

The study done in this thesis connects different areas of technological science:
namely aerospace technology, the additive manufacturing of materials, and elec-
trochemistry. Lastly, for the later evaluation method, Schlieren photography is
used. The theory for these areas are explained in the following sections.

2.1 Micropropulsion

Apart from the relative difference in both generated thrust and impulse, as well
as small volume and weight, the micropropulsion theory is not very different
from the propulsion mechanics applied in bigger rocket engines. The rocket
engine gets its drive force, or thrust, by the use of a nozzle. The produced
thrust, as described by Newton’s third law of motion, is achieved by the exhaust
accelerated through the nozzle. The accelerated flow field is created by the
conversion of pressure and/or internal energy into kinetic energy. It is hence
the rocket nozzle design that predicts the values such as the mass flow rate
through the engine, the exit velocity of the flow, and the exit pressure of the
engine which all, in turn, corresponds to the amount of thrust the engine can
produce [23].

Nozzle design criteria are comprehensive with several parameters to be consid-
ered [24]. The rocket nozzles typically follow a design called de Laval nozzle, or
convergent-divergent nozzle, Figure 2 [7]. As the name states, the main parts of
the designs include the converging part, which is the inlet, followed by a diverg-
ing outlet. In the middle of the nozzle, the smallest area exists which connects
the converging and diverging parts. The operating procedures commence with
exhaust leaving the stagnation chamber and entering the nozzle where it con-
verges down to the minimum area, the throat, which then ”chokes” the flow.
The speed of the gas flow, represented by the ratio between object speed and
speed of sound called the Mach number (M), is initially subsonic (M<1) at the
converging section. The flow then becomes sonic (M=1) as it enters the throat
and lastly supersonic (M>1), due to the conservation of mass and the change
in pressure, as it diverges after the throat [7]. The gas flow is needed to diverge
so that pressure at the throat becomes reduced to ambient pressure at the end
of the nozzle. It is this transition that transforms the energy and pressure of
the gas into kinetic energy of the rocket [7].

5



2.1 Micropropulsion 2 Theory and background

Figure 2: Configuration of the de Laval nozzle.

The evaluation part of the nozzles in this study is done with a visual view of
the exhaust. By looking at the exhaust the result of the compression, when
the gas is pressurized in the throat, and the expansion phases, when the gas
expands after exiting the throat, can be seen. There are three different cases for
how the expansion of exhaust will perform; ideal expansion, under-expansion,
and over-expansion - Figure 3. For an ideal nozzle, that optimizes performance,
the exit pressure will be equal to ambient pressure and the jet will be perfectly
expanded inside the nozzle and thus leave as plumes of gas with even thickness,
Figure 3 a).

Figure 3: a) Ideally expanded nozzle. Here the exit pressure equals the ambient
pressure. b) Over-expanded nozzle, exit pressure greater than ambient pressure.
c) Under-expanded nozzle, ambient pressure greater than exit pressure

It is very difficult to accomplish an ideal expansion of the flow since the ambient
pressure decreases as altitude increases. Nozzles operating at different altitudes
will often experience losses in thrust since the ambient pressure will be higher
than the exit pressure at low altitudes and on the contrary lower than the exit
pressure at higher altitudes. When the ambient pressure is higher than the
pressure at the exit, the nozzle is said to be over-expanded, Figure 3 b). This
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2.2 Additive manufacturing 2 Theory and background

can cause the exhaust to separate from the edges due to the higher ambient
pressure pushing the flow inwards from the nozzle walls and thus impact the
stability of the nozzle and also the lifespan and reusability [25].

When operating in space the exit pressure will always be higher than ambient
pressure which will result in an under-expansion, Figure 3 c). In a nozzle that is
under-expanded, the flow is pushed outwards when exiting the nozzle walls and
thus also resulting in a reduced thrust. The pushed flow in the underexpanded
case forms expansion fans which are reflected inwards and outwards from the
center-line via Prandtl-Meyer expansion waves [7]. These expansion waves will
look like diamond-shaped gas plumes and are also referred to as Mach-discs.

There are two factors of the nozzle that will be addressed in this thesis: the
surface roughness of the interior walls and the possibility to achieve a 3-D noz-
zle. The symmetry of the nozzle flow is very important in rocket propulsion
applications since minor deviations of the intended thrust direction can have
big negative impacts. The 3-D nozzle does not have corners, like the 2.5-D
nozzles, and hence the formation of vortices will not occur resulting in a better
flow [26].

Having a good surface finish of the interior walls in nozzles is of big importance
since it affects the passing gas flow. A study on what influence the surface
roughness has on the thrust of micronozzles showed that surface roughness leads
to decreased performance. The study also showed an interesting behavior in the
divergent part of the nozzle where the surface roughness caused the flow to
deviate from the axial direction of the nozzle [27]. Apart from a drag force,
i.e. resistance, the rough surface also affects the turbulent mixing, which is the
factor increasing the momentum of the flow and can enhance the heat transfer.
Apart from these losses, skin friction is also a factor that depends upon the
Mach number, Reynolds number, and surface roughness [28].

2.2 Additive manufacturing

Additive manufacturing, also known as 3-D printing, is a collective name re-
ferring to technologies that produce 3-D geometries one layer at a time. The
potential advantages of using AM are the reduced material usage and that it al-
lows complex geometries that may be impossible to produce using conventional
techniques [9]. The variety of the additive manufacturing processes includes e.g.
binder jetting, direct energy deposition, material extrusion, material jetting, and
PBF-LB technology which is the one used in this thesis.

In the PBF-LB process, a focused laser is used to melt the metal powder. The
melting takes place inside a chamber with a tightly controlled atmosphere of
inert gas, either argon or nitrogen, which prevents oxidation during the process
[29].

The powder is distributed as thin layers on top of a metal substrate plate using
a coating mechanism. Once each layer has been distributed, the focus spot of

7



2.3 Electrochemical polishing 2 Theory and background

the layer is selectively scanned over the powder bed. This is accomplished using
high-frequency scanning mirrors. The laser energy is intense enough to result in
full melting (welding) of the powder particles to form a dense solid material [30].
During the melting of the powder, a homogeneous gas flow across the powder
bed is used to carry away any condensate that is formed [29].

The mechanical properties, surface finish, and dimensional accuracy of the pro-
cess are dependent on many process parameters [11]. Hence, these parameters
are optimized for every material used and sometimes also for the specific geom-
etry that is produced. This optimization process involves trial and error which
in turn requires multiple print jobs [31]. The process parameters include: the
laser power, scanning speed, hatching distance, layer thickness, and scanning
strategy. These process parameters affect: the physical properties of the melt
pool e.g., the viscosity of the melt, melt pool geometry, thermal gradients, and
the melt flow [29]. The stability of the melt pool is important here since an
unstable melt pool results in high surface roughness [29].

The resolution of the technique is limited by the size of both the focus spot and
the powder particles themselves. Apart from how the process parameters affect
the melt pool, overhang structures are also an important factor that requires
consideration. Overhangs are the areas where the printing occurs with no solid
surface underneath. When printing these areas, it will involve scanning over
loose powders instead of a solidified surface and thus lead to an unstable melt
pool and very rough downward-facing surfaces [32].

2.3 Electrochemical polishing

Electrochemical polishing, or anodizing, can be an alternative method of post-
processing when mechanical surface treatment is difficult. Different electro-
chemical processes can alter the metal surface in different resulting surfaces.
For example, convert the metal surface into a more decorative finish and also
corrosion-resistant [33].

The sample which is going to be polished serves as a working electrode that is
connected to a counter electrode. Both of them are then connected to a DC
voltage source. The system of both electrodes is immersed in an electrolytic
solution. The working electrode is connected to the positive terminal of the DC
voltage source (i.e. anode). Oxidation reactions such as metal dissolution (M →
M+ + ne−) take place at the anode surface [21]. During oxidation, cationic
species that are a product of this reaction dissolve into the electrolyte and diffuse
towards the counter electrode. The counter electrode, which usually consists of
an inert material to avoid chemical reaction with the electrolyte is connected to
the negative terminal of the voltage source (i.e. cathode). Reduction reactions
such as hydrogen evolution reactions can take place on a cathode [34]. When
the anode and the cathode are immersed in the electrolyte solution, a closed
electrical circuit is formed.

Requirements of the electrolyte, for a good surface finish, are that it should

8



2.3 Electrochemical polishing 2 Theory and background

have a high viscosity and/or low electrical conductivity [35]. This is due to
the diffusion layer thickness increases with the viscosity which, altogether with
the degree of dissociation, ion-mobility, temperature, and composition of the
electrolyte are a function of the conductivity [34]. When the diffusion layer
thickness is greater than the valleys of the surface profile, the current distribu-
tion will be greater (during diffusion-control) at the higher points compared to
the lower and thus yielding a smoother surface [35].

The amount of the removed material is controlled by several factors such as the
chemical composition of the electrolyte, the density of the electrical current and
the amount of time the substrate is exposed, and lastly the composition of the
sample being electropolished. The fundamental principles of the polishing pro-
cess follows Faraday’s law of electrochemistry. This law states the relationship
between mass and the amount of electrical charge. The amount of chemical
change being produced by a current at an electrode-electrolyte interface is pro-
portional to the quantity of electricity.

With the Faraday’s law of electrolysis formula, the amount of removed material
is given by:

m = Q
F ∗

M
z ,

where m is the removed mass, Q is the total electric charge, F is Faraday’s
constant, M is the atomic mass of the substrate and z is the valency. The total
electric charge (Q) that is transferred has the unit coulomb (C) and equals the
current times the time in seconds. [36]

The theory for choosing the best electropolishing parameters was first discov-
ered by Jacquet, who reported that the mass transport region in the polarization
curve was optimal for electropolishing [35]. This must be chosen experimentally
by performing an anodic polarization curve which shows the relationship be-
tween the current and potential, Figure 4.

Figure 4: Example of an anodic polarization curve. Redrawn from [37].

Four main different regions can be seen in a polarization curve, Figure 4. In

9



2.4 Schlieren photography 2 Theory and background

the first region (area I), the current density increases with the potential, and
the surface is being etched. Followed by the etching region and the small drop
in current density indicating a passive layer on the anode [34], the current
density is constant with increasing potential. This region (area II) is preferred
for electropolishing. Here the passivation layer is stable and the metal ions
diffuse through the passive layer, away from the metal surface. However, if the
potential is too high (area III) the electropolishing results in a pitted surface
and the sample becomes rougher [38].

2.4 Schlieren photography

Schlieren photography is a variation of a visualizing technique called shadow-
graphing. Shadowgraphing reveals non-uniformities in transparent media like
air and water. Hence, this method can be used to distinguish between gases
since they have a unique refractive indexes, which is also affected by the pres-
sure and temperature. Hence shadowgraphing can be an excellent tool when
working gaseous exhaust since their temperature and/or pressure is different
from the surrounding air. The shadowgraph effect is acquired with collimated
light (meaning a light beam with low beam divergence) passing through the
targeted area and casting a shadow of the disturbance on a screen. The result-
ing image on the screen is thus a shadow with dark areas, originating from the
points where the beam is refracted [7].

The difference between the gases seen in shadowgraphing is affected by the
density of the gas according to the Gladstone-Dale relation. According to this,
the refraction index, n, follows:

n = ρ
T
MK
R + 1,

where K is the Gladstone-Dale constant, the ρ is the density, T is the tempera-
ture, M is the molar mass of the gas, and R is the molar gas constant [7].

The Schlieren setup includes, additionally to the shadowgraphing apparatus,
a second lens, a Schlieren lens, and a cut-off, Figure 5. With the light rays
passing through the cut-off, the sensitivity is increased in the dark and lighter
areas of the shadow casting on the screen. Hence, with the Schlieren setup, the
sensitivity is increased [39].

Schlieren photography is thus an excellent tool for this study to be able to see
the invisible and thus a possibility to interpret the behavior of the gaseous ex-
haust exiting the micronozzles.
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Figure 5: The schlieren setup. Redrawn from [7].
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3 Materials and methods

As an overview, the methods for this study started with separately examining
different elementary geometries of the nozzle, and then conical designs were done
to test the electrolyte recipe on the used material, the titanium alloy Ti-6Al-4V,
followed by electrochemical polishing experiments. With the results of the initial
experiments, the final micronozzle design was concluded, manufactured, and
lastly evaluated with vertical scanning interferometry (VSI), scanning electron
microscopy (SEM), and Schlieren photography.

3.1 Design

3.1.1 Elementary designs

Solidworks (SolidWorks 2021, Dassault Systèmes) was used to obtain CAD de-
signs for all samples.

As mentioned in section 2.1, designing a nozzle is a fairly extensive work but the
idea was decided based on what [24] proposes in terms of the geometry: that
is: 1) The angle of the converging part (inlet) should be set to 30°, and 2) The
angle of the diverging part should be set somewhere between 15°-20°.

The throat, which is regarded as one of the most important parts of the nozzle
[24], was designed with varied dimensions. The powder size utilized in the
machine is approximately 60 µm, so for a hole with a diameter of 100 µm, it
only takes two powder particles to come in contact during the melting phase of
the manufacturing and thus result in blocking large portions of the hole. To set a
limit for constructing a throat with AM technology the smallest possible throat
diameters would have to be analyzed before designing a complete micro rocket
nozzle. This was commenced by designing a 4-hole cylinder. The diameter of
the holes was designed to be 200, 300, 400, and 500 µm.

Five flat parallelepipeds, 10x15x2 mm3, were designed to be manufactured with
angles between 15-19° to the build plate to evaluate how the build angle affects
the surface of the sample.

3.1.2 Cylindrical and Conical designs

Before setting on the micronozzle, components for the initial experiments were
designed. This included a cylindrical and a conical design. The cylindrical
design was a bulk cylinder designed to be built with a diameter of 5 mm and a
length of 12 mm, Figure 6.
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Figure 6: Blueprint of the cylindrical design. All dimensions are in millimeters.

The conical design is similar to a de Laval nozzle design and can be described as
one-half of a nozzle. It was designed to understand the electropolishing at the
interior surface of a nozzle. The half nozzle, Figure 7, is hollow and designed
with an inlet and outlet. Below the tip of the half nozzle, a throat is designed
according to what earlier work proposes, and for this design, the diameter of
the throat was 400 µm. The same design aspect follows for the converging angle
before the throat, which was set at 20°. The tip of the smaller cone is right below
the throat, and the distance between the smaller and bigger cone is designed
to be 600 µm. On the inside, a smaller cone is designed which will work as a
cathodic electrode, where the reduction occurs, during the electropolishing and
will hence be referred to as a cone cathode.

Not shown in figure is an additional design for the support structure which is
designed with two bridges, 0.62 mm in length and width, connecting the cone
cathode to the bigger cone. The connection is intended to be removed at a later
step, to avoid an electrical connection between the structures, and thus the use
of a support structure, 1 mm thick, to minimize the risk of misalignment of the
cone placement.

3.1.3 Micronozzles

From the results of the first experiments, final micronozzle was designed. For
this, the cone cathode is located in the interior with two bridges with the same
dimensions as for the half nozzle as well as a support structure for the same
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Figure 7: Blueprint and 3D design the half nozzle. All dimensions are in
millimeters.

reasons explained in the subsection above. The shape of the micronozzle’s cone
cathode is different compared to the cone cathode of the half nozzle, but will
still be referred to as a cone cathode.

At the bottom of the nozzle, the cone cathode is fixed to the interior of the
nozzle with two bridges 1 mm in length and width (as-built it becomes 2 mm in
height with the support structure being 1 mm tall). The designed shape of the
cone cathode is cylindrical from the bottom up to the nozzle area and then a
converging part, towards the throat. Here, where the shape of the cone cathode
is conical, the distance between the cone cathode and the interior walls, in other
words, the distance between the electrodes, is constant. The cone cathode is
designed with a 1 mm in diameter hole centered at the bottom to later insert
a metal wire for the electrode connection. Also, the exterior of the converging
part is designed with a shoulder (Figure 8) to facilitate an electrical connection
to the nozzle. The design of the upper area of the nozzle, above the throat,
involves the converging part of the nozzle and then continues as a nipple to
enable the attachment of tubes. For this design, compared to the half nozzle
design, the tip of the cone cathode was extended by a rod to be situated in
the center of the throat. The rod is designed to start from the bottom end
of the throat with a height of 1 mm ending right above the upper end of the
nozzle. To evaluate the minimum dimensions of the rod the AM technique can
manufacture, five different diameters of the rod were designed: 100, 150, 200,
250 and 300 µm.
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Figure 8: 3-D rendering of the final micronozzle with a cathode on the inside.
Note that the cathode is yet to be separated from the anode by cutting of the
very bottom of the component.

The nozzles were also designed without a cone cathode to evaluate the surface
and the exhaust without electropolishing. These nozzles were designed throat
dimensions for the nozzles, namely 300, 400, 500, 600, 700, and 800 µm in height
and diameter.

The nozzles with the cone cathode were designed with throat dimensions 600,
700, and 800 µm in height and diameter. The only difference between these
nozzle designs, apart from the throat dimensions, is the distance between the
rod and the interior walls depending on the set diameter of the rod. Figure 8
shows a 3D image of the nozzle and Figure 9 shows a representative blueprint of
a micronozzle. In both figures, a 700 µm throat diameter nozzle is shown with
a 250 µm diameter rod.
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Figure 9: Blueprint of a micronozzle with 700 µm throat diameter. All dimen-
sions are in millimeters.
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3.2 Fabrication of samples

All samples were manufactured with a metal 3-D printer (EOS-M100, Electro
Optical Systems, Germany) equipped with a 200 W Yb-fibre laser having a
50 µm focus spot diameter. The gas atomized pre-alloyed titanium 6-4 grade
23 metal powder (Sandvik Osprey, Sweden) was processed using a scanning
speed of 750 mm/s and a laser power of 120W. A layer thickness of 20 µm
was used. Nine replicas of the 4-hole cylinder design and four replicas of the
parallelepiped design were fabricated. 25 cylinder samples were fabricated and
only two half nozzles. For the final design, the micronozzles, 36 replicas of the
different micronozzles designs were fabricated, Table 1.

Table 1: Replicas of the fabricated micronozzles.

Fabricated micronozzles
Number of replicas Designed throat

diameter (µm)
Cone
cathode

2 300 No
2 400 No
2 500 No
2 600 No
2 700 No
2 800 No
8 600 Yes
8 700 Yes
14 800 Yes

3.3 Electropolishing

Before and after the electropolishing, all used samples were cleaned in an ultra-
sonic bath containing ethanol and water, to eliminate any contamination and/or
powder residues. The electrolyte was acquired by mixing ethylene glycol (anhy-
drous, 99,8% pure with ≤0.01 % of H2O, VWR Chemicals, Sweden) with NaCl
to form a 1 M solution [20]. A cooling system was not available to control the
temperature. Instead, an attempt was made to place the beaker containing the
electrolyte in an ice bath during all experiments. The electropolishing technique
was chronopotentiometric, i.e. a constant current was supplied and the potential
was plotted against time. The power supply used in all experiments conducted
was a DC power supply (SM 3004-D, Delta Elektronika, Netherlands).

3.3.1 Cylindrical and Conical samples

The set-up for the conducted experiments on the cylinder samples is presented in
Figure 10 (a). The components for this setup, Figure 10 (b), included a sample
holder consisting of a stainless steel cylinder (STS), the cylindrical Ti-64 sample,
and a hollow cylinder consisting of stainless steel serving as the cathode.
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The Ti-64 cylinder, the component in the middle of Figure 10 (b), was lathed
to obtain a thin rod on the top to fit it to the sample holder shown below the
Ti-64 cylinder. The sample holder was also lathed to obtain a rod on the top
to ensure the electrical contact from the Ti-64 cylinder to the crocodile clip. To
facilitate connection to the crocodile clip a stainless steel (316L) sheet was spot
welded to the exterior of the cathode. The final preparation, before conducting
any experiments, was to drill three 5 mm in diameter holes 1 mm above the edge
of the sample holder. This was done to let the hydrogen gas, evolving during
the polishing reaction, escape.

The experimental equipment was set up as featured in Figure 10 (a), not shown
in the figure is a thermometer immersed in the electrolyte. To examine the pol-
ishing process, the cylinders were either electropolished with bulk electrolysis
(BE) means (stable potential) based on previous study or chronopotentiomet-
ric (stable current) means based on Jacquets theory. In both cases, current-
potential (I-V) curves were plotted. 12 BE was done by electropolishing the
cylinders at a constant potential of; 15 V, 17.5 V, and 20 V. Twelve chronopo-
tentiometric experiments were done by electropolishing the cylinders at constant
currents of 300 mA, 400 mA, and 500 mA. Each approach was also tested at
different durations, ranging from 60 to 120 minutes.

For the half nozzle, the bridge between the inner cone and the interior walls is
cut off for the system to not be short-circuited. To ensure the cone on the inside
was unchanged regarding its center position, the gaps between the bridges were
filled with epoxy (epoxy rapid, Casco, Sweden). When the epoxy had cured,
the bridges were carefully removed by grinding using a rotary tool (Model 398,
Dremel, Sweden) with an attached fiber-reinforced grinding wheel. The result-
ing gaps were filled with epoxy. The experimental setup is shown in Figure 11
(a), with a close-up shown in Figure 11 (b). The rate of the electrolyte flow
was set at the peristaltic pump’s (ISM4208, Ismatech, Germany) highest ca-
pacity, 1 ml/min. The electropolishing of the two half nozzles was examined
using the same approaches as for the cylinder experiments: BE and chronopo-
tentiometric electropolishing approaches followed by the current-potential (I-V)
plots. For the BE experiment, a constant potential of 17.5 V was used. For the
chronopotentiometric experiment, a constant current of 400 mA was used.

3.3.2 Nozzle samples

It should be noted that the final nozzle samples, as-printed, were first evaluated
with an X-ray scan (see section 3.4.1) before further experiment preparation
and post-processing.

Similar to the half nozzle, as mentioned in section 3.3.1, the final nozzle samples
required grinding to remove the bridges between the cone cathode and nozzle
walls. Compared to the half nozzle, the final design additionally has the rod on
the top of the cone where there is a very short distance to the interior walls,
hence a higher risk for a short-circuit contact. The diameter of the cone cathode
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(a)

(b)

Figure 10: (a) Cell put into the beaker containing the electrolyte and placed
in an ice bath. (b) The electrochemical cell, with the bigger hollow STS cylinder
as the cathode and the as-printed Ti-64 cylinder as an anode.
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(a)

(b)

Figure 11: (a) The full experimental setup for the half nozzle. (b) A close-up
of the setup.
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is smaller in this design, compared to the half nozzle, with the bridges further
away from the bottom edges of the nozzle. Thus, more material needed to be
cut away. Consequently, the removal of the bridges needed to be done with
extra precaution. The solution was to first lathe away 1.3 mm (1.5 mm was the
limit for the sample not to be ruined), followed by applying epoxy at the gaps,
and then grind away the remaining 0.7 mm tall bridge. Here, the resulting gaps
were not filled with epoxy, this to allow for the hydrogen gas evolving during
the experiment escape.

Chronopotentiometry was used for the electropolishing of the micronozzles. Ini-
tially, an anodic polarization curve, i.e. supplied current versus the potential,
was plotted to find the plateaus for optimal polishing (see section 2.3).

With the six replicas per throat size available, the currents and durations were
chosen with the help of Faraday’s law of electrolysis (see section 2.3). Since the
inside surfaces of the nozzles were not possible to properly be evaluated with
SEM or VSI between experiments, the designed 800 µm throat was polished with
different electric charges. Then, after inspection with a stereo microscope, an
electric charge was chosen that appeared to yield the smoothest surface. For the
peristaltic pump, the rate of the electrolyte flow was 1 ml/min. Experimental
conditions, Table 2, and setup, Figure 12, are presented below.

After the electropolishing experiment, the epoxy was cut away with the rotary
tool to remove the cone cathode from the interior. Lastly, before evaluation
of the exhaust, a big portion of the diverging area was horizontally cut off at
the exact point above the shoulder, Figure 8. This was done using a cutting
machine.

Table 2: Polishing parameters of the final nozzle samples. The nozzle samples
here follows the syntax: Throat diameter Supplied current/Electric charge (with
values rounded to integers).

Experimental Conditions
Nozzle sample Supplied

Current
(mA)

Duration (min) Electric
Charge (C)

800µm 30/150 30 83.50 150.30
800µm 30/175 30 97.00 174.60
800µm 30/200 30 111.00 199.80
800µm 30/301 30 167.00 300.60
800µm 45/203 45 75.00 202.50
800µm 45/250 45 92.50 249.75
700µm 15/175 15 194.50 175.05
700µm 30/175 30 97.00 174.60
700µm 45/176 45 65.00 175.50
600µm 15/175 15 194.50 175.05
600µm 30/175 30 97.00 174.60
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Figure 12: Final nozzle experimental setup.

3.4 Evaluation

The evaluation was done in two separate sequences: a shorter evaluation of the
cylindrical and the conical designs, and a more thorough evaluation of the final
nozzles presented in the following subsections.

The 4-hole cylinders were cut off from the build plate, and the holes were visually
evaluated to see if they went all through the cylinder. This was done by both
placing the cylinders on a luminous surface under a stereomicroscope and by
passing a 0.1 mm in diameter needle through the hole. The diameters of the
upper and lower ends of the holes were also measured with the use of a caliper
to see if the dimensions were different from the design.

The parallelepipeds, manufactured with different building angles, were cut off
from the build plate and the surface was directly evaluated with vertical scan-
ning interferometry (VSI) using a VSI microscope (NexView NX2, Zygo Cor-
poration, USA) instrument. For all samples, parallelepipeds, and the nozzles,
coherence scanning interferometry (CSI) rough mode was used with signal over-
sampling in combination with HDR (high dynamic range, a mode to use different
light levels on each scan). The extended scan length interval was chosen by lo-
cating fringes at the lowest and highest points. Average roughness (Ra) was
acquired for each build angle.

The cylindrical and the conical half nozzle samples were visually compared be-
fore and after the electropolishing to evaluate both the process and the resulting
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surface finish before working with the final micronozzles. The surface finish was
inspected using a stereomicroscope.

The micronozzle samples, both as-built and post-processed, were evaluated with
three fundamental methods: an X-ray scan to analyze the interior, followed by
an examination of exhaust with Schlieren imaging, and lastly microscopic surface
analysis with scanning electron microscopy (SEM) and VSI.

3.4.1 X-ray

The nozzles were X-ray scanned to measure the diameter of the throat and also
the distance between the cone cathode and the interior walls, and the distances
between the tip and the throat walls.

Images were obtained with an X-ray inspection system (XTV-130, Nikon, Japan)
for all nozzles. To measure the dimensions from the images, a copper-wire refer-
ence with known width (0.25 mm) was placed next to the nozzle. The resolution
and contrast were adjusted using an image manipulation program.

3.4.2 Schlieren imaging

Schlieren photography was used to evaluate the gaseous exhaust exiting from
the nozzles. The experimental setup and the Schlieren image processing in this
thesis were followed by the study in [7], Figure 13. The light source used in this
study was a 1 kW quartz-tungsten-halogen (QTH) lamp (Oriel, Newport, USA)
equipped with a water-cooling filter (Newport, USA) and an ultraviolet filter
(Hoya Corporation, Japan). The light from the QTH lamp is then redirected
using a crystalline silicon wafer as mirror. Then, a 300 mm f/5.9 lens focuses the
light onto a variable slit, mounted on a translation stage for X-Y adjustment.
Followed by the slit, a lens, identical to the previous one, is used to collimate
the light onto the test area.

The test area, Figure 14, consisted of a bottom plate, mounted so that the
sample was level with the light beam, designed to include a gas connection to
the nozzle. The gas used was N2 with a feed pressure of 6 bar to ensure a
desirable contrast in acquired images. The nozzle specimen, attached to a tube
and sealed with shrink tubes, was mounted with exhaust parallel to the cut-off.
All studies were done in low vacuum (3kPa) with a cylindrical vacuum chamber,
equipped with two opposing view ports, evacuated using a rotary vacuum pump
(SD-90, Varian, USA). Due to the rather low capacity of the pump, images of
the exhaust were taken 5 seconds after opening the gas valve.

80 cm away from the nozzle, placed in the vacuum chamber, the schlieren lens,
a 400 mm f /7.9 achromatic doublet, was placed followed by a cut-off (in this
study a razor blade) mounted on an X-Y positioning table. The role of the cut-
off was to block 95-99% of the light with the possibility to adjust the contrast
and sensitivity, as well as ensure the positioning in the focal point of the schlieren
lens.
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(a)

(b)

Figure 13: (a) Schlieren setup: 1) QTH lamp, 2) Crystalline silicon wafer, 3)
Focusing lens, 4) Slit.
(b) Schlieren setup: 1) Slit, 2), 3) Collimating lens, 5) Schlieren lens, 6) Razor
blade cut-off, 7) Digital camera.
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Figure 14: Rocket nozzle, here pointing upward, sealed with shrinking tubes
and mounted with zip-ties on a U-shaped spacer, placed on two supports to
have the exhaust aligned orthogonally to the light beam.
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Lastly, a digital camera (α350, Sony Corporation, Japan) was mounted on a
bellows (Canon Inc, Japan) 166 cm from the nozzle sample. The images needed
to be processed for the exhaust to be visible, and for this Matlab (R2021a
9.10.0, Mathworks, USA) was used. Three images were captured with a feed
pressure and an existing exhaust, i.e. signal images, and three without the feed
pressure, i.e. background images. The final image is obtained by subtracting
the background image from the signal image. The resulting image from Matlab
was finally adjusted with an image manipulation program. Additionally, the
alignment of the exhaust was determined by inserting and fixating a needle
through the nozzle’s throat with the vacuum pump inactive. The image of the
inserted needle was used as a background image in the script to see both the
exhaust and the needle in the same post-processed image.

The full Matlab code can be seen in Appendix A.

3.4.3 Microscopy

The microscopy was done last since the nozzles needed to be cut in half, in
the direction parallel to the nozzle axis. Firstly, plastic lids cut out as small
circles were placed with hot melt adhesive on both inlet and outlet of each nozzle
sample. All samples were then placed in beakers and then cast in epoxy resin
(Epoxyfix, Struers, Denmark) to be fully hardened after 12 hours. With the
cured epoxy, the surface was mechanically polished using a polishing machine
then the samples were cut.

For the samples to be conductive before inserting them into the SEM (Leo 1530,
Carl Zeiss, Germany), they were placed on an aluminum sheet with conductive
carbon tape, and the samples were all connected with aluminum tape. Followed
by sputter coating the samples with a thin conductive layer of gold-palladium,
they were inserted in SEM. Micrographs were taken with an acceleration volt-
age of 20 kV on three different magnifications: a) an overview of the nozzle
(converging-, throat-, and diverging area), b) a closer look at the throat area,
c) and a high magnification look of a representative area in terms of surface
topology, Figure 15 (a).
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(a) (b)

Figure 15: (a) SEM view of a representative nozzle with boxes highlighting
the three different magnifications. (b) VSI view of a representative nozzle with
boxes highlighting the throat and diverging area extracted when removing the
surface form.

Image data from VSI on the nozzles were taken with a magnification such that
both the throat and the diverging part were in view as shown in Figure 15 (b).
However, since the diverging area is conical and the throat area cylindrical, both
areas needed their surface form removed respectively, meaning an operation to
digitally flatten the surface before the analysis. With the surface meteorol-
ogy software MountainsMap (7.4.9391, Digital Surf), areas were respectively
extracted from the throat and diverging area. This was done by removing the
surface form with a polynomial degree of 8 of the throat and diverging area
in Figure 15 (b), to finally obtain the surface parameters, namely the average
roughness (Ra) and the average peak-to-valley profile (Rz).
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4 Results

4.1 Elementary geometries

For the nine replicas of the 4-hole cylinders, section 3.1.1, caliper measurements
showed that the upper and lower ends of holes were manufactured close to the
design. Evaluated with a stereo microscope, the 200-µm diameter hole was
shown to be the only one to neither allow light nor a 100 µm diameter needle
pass through.

4.2 Cylindrical samples

During the electropolishing experiments of the cylinder samples, there was ag-
gressive bubbling at the cathode. The increased supplied current and applied
potential resulted an increase in temperature of the electrolyte. The increased
temperature of the electrolyte increased both the intensity and the bubbling at
the cathode.

The electropolishing of cylinders resulted in a smoother and more shiny surface
compared to when as built. Visual inspection of the surfaces attained by the BE
and chronopotentiometric approaches showed the same trends. Electropolishing
with the lower current, 300 mA, within 60-80 minutes (referred to as shorter
durations) resulted in surfaces looking differently. The majority of the end
surfaces attained a shiny surface but with partially melted particles still present
at some spots, which will be referred to as rough spots in this section. With
polishing of 90-120 minutes (referred to as longer durations) at the same lower
current, a majority of the surfaces attained a better finish with fewer rough
spots. A supplied current of 400 mA of shorter duration resulted in a finish
not much different from that of 300 mA at longer durations. The cylinders
electropolished with a supplied current of 400 mA at longer durations had an
even shinier surface with no rough spots, but with cavities indicating pitting
damage. Cylinders polished at 500 mA, at both shorter and longer durations,
exhibited intense pitting damages.

The results of the BE electropolishing, a constant potential applied, showed
very similar surfaces; i.e. surfaces being shinier with rough spots using applied
potentials of 15-17.5 V, and pitting damages occurring with 17.5 V at longer
durations and with 20 V at both shorter and longer durations, 60- to 120 min-
utes.

4.3 Half nozzle

The fabrication of the half nozzles resulted in two replicas, however during the
removal of the bridges, one of the replicas resulted in a short-circuit. In other
words, the cone cathode and the nozzle came in contact.

The electropolishing of the half nozzle with a BE approach did not work out as
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intended, since during the polishing done with a constant potential of 17,5 V
the current was stable at 100 mA during the first 3 minutes but after a total of
8 minutes the current was doubled and almost only bubbles were seen exiting
the nozzle. At this point, the current increased at an even higher rate. After
a total of 15 minutes, the supplied current was at 500 mA. At this point, the
electrolyte did not recirculate. Instead, although electrolyte still entered, gas
(bubbles) exited the nozzle. Bubbles were also escaping from the bottom part
of the half nozzle, where the gaps were partially clogged with hardened epoxy.
With a total duration of 22 min, the current reached 1100 mA and the silicone
tube attached to the output started to warm up. Seconds after, at a total time
of approximately 23 min, the heated silicone tube detached from the output and
the process was stopped.

4.4 Micronozzles

The fabrication of the micronozzles resulted in 45 components. However, during
the removal of the bridge connections on the nozzle samples designed with a
cone cathode, many samples became unusable due to short circuits. Also, an
inspection of manufacturing tolerances with X-ray showed that rod diameters
less than 250 µm were not possible, thus leaving only the cone cathode present
in the interior. This resulted in 17 nozzles remaining for evaluation.

The results of the more thorough evaluation of the final micronozzles are pre-
sented in the following sections, beginning with results from the X-ray scan,
followed by the images of the exhaust acquired with Schlieren imaging, and
then results from SEM and VSI.

4.4.1 Measurement of manufacturing tolerances

For the final micronozzles, the X-ray scans showed that the cone cathode was
centered in the diverging part and that the rod was built without being in con-
tact with the interior walls. A representative view of a micronozzle is displayed
in Figure 16. In this, the exhaust direction through the nozzle is downwards
in the image, starting at the converging part, and following through the throat
and the diverging part.

Image analysis showed some differences of dimensions between the CAD and
the physical component, Tables 3 and 4. With image analysis the edges were
hard to detect since the measuring was done with amount of pixels, with one
pixel equalling 10.33 µm. Hence, an error margin should be expected at every
value and thus indicated with ”±” in tables.
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Figure 16: X-ray scan of a 0.7-mm diameter nozzle. The actual nozzle length
is the part between the solid lines.
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Table 3: Comparison between CAD and physical of key dimensions for the
nozzles with cone cathode.

Nozzle with cone cathode
Throat diame-
ter (µm)
CAD As-built

Rod diameter
(µm)
CAD As-built

Distance rod
& walls (µm)
CAD As-built

Distance
cone cathode
&walls (µm)
CAD As-built

600 630±21 250 260±10 175 170±10 300 310±31
700 716±21 250 250±10 225 227±10 300 320±31
800 813±21 250 275±10 275 250±10 300 320±31

Table 4: Comparison between CAD and the physical component for the throat
diameter of the nozzles without cone cathode.

Nozzle without cone cathode
CAD
throat
diameter
(µm)

As-built
throat diame-
ter (µm)

300 307 ±10
400 402 ±10
500 510 ±10
600 675 ±20
700 715 ±20
800 850 ±30

4.4.2 Surface topography of as-built parallelepipeds and nozzles

The parallelepipeds, fabricated with four different angles from the build plate,
15°, 16°, 17°, 18° and 19°, were directly evaluated with VSI. The average rough-
ness, Table 5, is seen to decrease from the 15° angle towards the 17° angle,
which exhibited the smoothest surface, and then rises again towards the 19° an-
gle. Hence, a non-linear behavior is shown between the build angle and surface
roughness values (Ra), Figure 17.
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Figure 17: Average surface roughness vs Build angle graph is shown for the
four parallelepipeds.

Table 5: Average surface roughness vs Build angle comparison for the four
parallelepipeds.

Build angle (°) Ra (µm)
15 16.47
16 12.51
17 11.72
18 12.77
19 16.42

With the three magnifications of the respective cross-sections, the surfaces of
the as-built nozzles looked very much alike, having rough surfaces with partially
melted particles of different shapes and sizes. Representative images of the cross-
section of the 600-µm nozzle show an example of this, Figure 18. In Figure 18
(a-c), the exhaust direction is upwards in the image, starting at the converging
part, below the throat, and then towards the throat followed by the diverging
part. The 700-µm throat diameter nozzle was damaged during the sample
preparation and thus excluded from Table 6.
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(a)

(b)

(c)

Figure 18: (a): Cross-section of the 600 µm nozzle. (b): Magnification of the
image in (a), showing only the throat area of the nozzle. (c): Magnification of
the image in (b).
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Average roughness values are presented in Table 6 for the throat and diverging
area of the as-built nozzles.

Table 6: The average roughness (Ra) of the unpolished/as-built nozzles.

Nozzle specimens
Designed throat di-
ameter (µm)

Ra Throat area (µm) Ra Diverging area
(µm)

300 8.21 8.92
400 14.40 17.30
500 11.00 17.50
600 12.70 13.90
800 13.30 15.00

4.4.3 Surface topography of electropolished nozzles

The SEM images in Figure 19 show the cross-sections of the electropolished
nozzles samples, compared with the as-built 800-µm designed throat diameter
nozzle. The description of the experimental conditions is shown at the bottom
left of each image and the direction of the exhaust is upward in the image. The
electropolished areas are the throat and the diverging area (upper cone).

Average surface roughness values for the electropolished nozzles with the throat
and diverging area separated, are given in Table 7.

Table 7: Average surface roughness of the electropolished nozzles. The nozzle
samples here follows the syntax: Throat diameter Supplied current/Electric
charge (with values rounded to integers). The fourth column corresponds to the
alphabetic notations shown in the SEM images for polished nozzles, Figure 19.

Nozzle specimens
Nozzle sample Ra Throat area

(µm)
Ra Diverging area
(µm)

SEM notation

800µm 30/150 10.30 12.40 A
800µm 30/175 10.20 10.70 B
800µm 30/200 6.52 5.94 C
800µm 30/301 23.20 25.30 D
800µm 45/203 11.60 13.50 E
800µm 45/250 5.11 2.29 F
700µm 15/175 13.30 16.90 G
700µm 30/175 15.70 21.60 H
700µm 45/176 3.42 4.22 I
600µm 15/175 9.70 10.80 J
600µm 30/175 11.70 15.80 K
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Figure 19: SEM images showing the throat area of the polished nozzles and
also compared to the 800 µm throat diameter as-built nozzle (top left in the
figure). The order of the images, excluding the as-built nozzle, follows Table 1.
Here, the throat diameter is 800 µm for A-F, 700 µm for G-I, and 600 µm for
J-K. The magnification is the same for all images. Note: the first inset is the
SEM image of the as-built 800-µm designed throat diameter nozzle.
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4.4.4 Exhaust

Schlieren images, Figures 20-24, show the exhaust from the unpolished and
polished nozzles with the direction being downwards in the images. At the
top of the images, the outmost part of the nozzle, its outlet, is visible. The
field of view for all images is 4.7x6 mm. For the alignment of the exhaust
test, with the insertion of a needle, all nozzles except for 800µm 45/250 and
600µm 30/175 showed the exhaust to be parallel with the needle. In figure 24,
the 600µm 30/175 nozzle is seen with the exhaust deviating from the needle
position.

Figure 20: Schlieren imaging of the exhaust for the unpolished nozzles. Throat
diameter from top left to bottom right image; 300, 400, 500, 600, and 800 µm.
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Figure 21: Schlieren imaging of the exhaust for the 800-µm designed throat
diameter as-built nozzle (first inset) compared with polished 800-µm designed
throat diameter nozzles. The A-F corresponds to the same nozzles shown in the
SEM images, Figure 19.
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Figure 22: Schlieren imaging of the exhaust for the as-built 700-µm designed
throat diameter nozzle (first inset) compared with polished 700-µm designed
throat diameter nozzles. The G-I corresponds to the same nozzles shown in the
SEM images, Figure 19.

38



4.4 Micronozzles 4 Results

Figure 23: Schlieren imaging of the exhaust for the as-built 600-µm designed
throat diameter nozzle (first inset) compared with polished 600-µm designed
throat diameter nozzles. The J-K corresponds to the same nozzles shown in the
SEM images, Figure 19.

Figure 24: Schlieren imaging of the exhaust for the 600 µm designed throat
diameter with and without the needle image layer.
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5 Discussion

5.1 Design and AM

As presented in Chapter 3, the effect of different throat dimensions in micronoz-
zles was investigated. The initial step of bringing forward the nine replicas of
the 4-hole cylinder was crucial for the final design to be established. Neither
light nor a needle passed through the hole designed to be 200 µm diameter.
Hence, concluding a limit to the next bigger hole, i.e, 300 µm for the design of
the hole diameter. The most likely cause is that metal powder with a particle
diameter of 60 µm will block design features of around 200 µm and less, perhaps
through the agglomeration.

Apart from working around the resolution of the AM technique, the freedom of
design allowed the implementation of the idea of not only co-manufacturing a
cathode in the diverging area of the nozzle but also the modification to manu-
facture a rod to electropolish the interior of the throat. The modification for the
rod was followed by an attempt of generating designs of nozzles to electropol-
ish, since the conducted experiments on the half nozzle showed that the throat
area was not polished without a rod on top of the cone cathode. The initial
idea was to design the rod with different diameters to maintain the distance to
the interior walls, in other words the distance between the electrodes, the same
for each nozzle throat size. However, with a failed manufacturing attempt, i.e.
the X-ray scans revealing a void in the place of the rod, it was concluded that
the thinnest possible rod to fabricate was with a design diameter of 250 µm.
With this result, it was also concluded that the resolution of the AM limited
the smallest possible throat diameter to be manufactured, with the possibility
to facilitate electropolishing, to the 600 µm design, at least with the discrete
sized investigated here.

The removal of the bridge had to be done with extra precaution, as explained in
section 3.2.2. Unfortunately, during this sample preparation, many samples got
ruined as a small misalignment occurred on the cone cathode making its tip get
in touch with the throat walls (i.e. a short circuit). The 800 µm throat design
endured the preparation methods, however the same did not apply for most of
the nozzles with smaller diameters, resulting in a short-circuit or a non-uniform
electropolishing.

5.2 Post-processing technique

Two different electropolishing techniques were tested; namely BE - stable po-
tential - and chronopotentiometric - stable current.

The preliminary experiments with the cylinder samples showed that both ap-
proaches were promising. But the step from having the cylinder samples im-
mersed in the electrolyte and polished exteriorly, to electropolishing the interior
of the final nozzle specimens required many adjustments in both setup and
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procedure. This is why both the half nozzle and the cylinder approach are
presented in this report, even though the polishing results with these were not
readily convertible to the actual nozzles.

Evaluating the cylinder experiments, polishing seemed to be successful with
a glossy and smooth finish, and measurements showing a decrease in surface
roughness. But during the cylinder samples experiments, strong hydrogen evo-
lution was observed at the cathode, and the temperature was constantly in-
creasing, which was expected to become a big problem when electropolishing
the nozzle samples. Heating can also become a problem as an increase in tem-
perature increases the current, which can be due to the increase in diffusion
coefficient which varies with the temperature [40]. The hydrogen evolution can
be due to a possible decomposition and reduction reaction of ethylene glycol
taking place since it is the only substance here that contains hydrogen. A pos-
sible reduction reaction of ethylene glycol will inter alia result in hydrogen ions
which then most likely will react with electrons at the cathode to produce hy-
drogen gas [40]. The rise in the temperature can occur due to the low electrical
conductivity of the ethylene glycol. Meaning that a high resistance in the elec-
trolyte will focus the current on the high peaks of the surface and this can lead
to excessive heating of the electrolyte [35].

In the half nozzle experiments, unlike the polishing of the micronozzle, the
electrolyte was circulating inside the nozzle without making it possible for the
hydrogen gas and produced heat to escape. This showed that the hydrogen
evolution and the increased temperature were important error factors for the
polishing. Having the electrolyte in an ice bath was not able to counteract
the heating much, and the aggressive hydrogen evolution hindered the steady
electrolyte flow. It is difficult to know if it was due to the ice bath not being at
a low enough temperature or if it is due to the temperature inside the nozzles
being too high since it is not possible to measure the actual temperature inside.

As for the hydrogen evolution, there are studies with a working hydrogen evo-
lution reaction (HER) inhibitor in electrochemical systems [41, 42], but this re-
quires a much deeper study of the electrolytic cell present in this study (e.g. the
electrode material, the electrolyte, etc.). Hence, the electrolytic approach was
changed to set the current constant instead of the potential, namely chronopo-
tentiometric. By having the current constant, the reaction kinetics are set con-
stant as well, thus limiting the exothermic reactions; i.e. both the temperature
and the aggressiveness of the bubbles were constant.

Other parameters should also be considered for the use of a stable current; e.g.
the composition of the cathode, which is of particular importance here. As
explained in section 2.3, the cathode material should have such a composition
that it should not react with the electrolyte, for example using a cathode of
platinum. In this study, this was not possible since the cathode was built within
the nozzle and, thus, of the same metal. It is highly possible that this influenced
the polishing reaction. Even though the potentials of the anode and cathode do
not remain constant (changes occurring with the polishing duration and with
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Figure 25: Polarization plot of the fabricated micronozzle.

the composition of the electrolyte), the effect of the electrode potentials can be
seen from:

V = (Vanode − Vcathode) + IRelectrolyte + IRconduct,

The formula states that the applied voltage, V , is a function of the anode and
cathode potentials, and also the voltage drop both in the electrolyte IRelectrolyte
and in the conductors and contacts, Rconduct [43]. The formula shows that
basing the electropolishing solely on current and voltage measurement is not
enough to control it, since parameters such as the potential of the cathode and
the voltage drops are also influenced during the electrochemical polishing. Also,
the formula shows that the potential of both the cathode and anode contributes
to the applied voltage. Hence, the potential of the cathode would differ if an
inert material would have been chosen. However, the effect of having a inert
cathode material was not investigated in this thesis.

The idea of converting the current density used for the cylinder samples to the
nozzles was not possible due to the strong hydrogen evolution present at the
cathode, which explains the low values chosen for the supplied current displayed
in Table 1. The choice of the current values was done by plotting the supplied
current versus the potential. This led to an anodic polarization curve, Figure
25. As explained in section 2.3 the optimal polishing is at the plateau, but
the this graph yields just a vague etching region which makes it difficult to
make a proper choice. The vague etching region can be do to the hydrogen
evolution in the nozzle. From this graph, it was assumed that the plateau
started at 15 mA (5 V) and ended at 45 mA (12.5 V). The idea with the six
replicas of each nozzle diameter size, was to polish for two different durations
with currents of 15, 30, and 45 mA. As seen in Table 1, though, the process
parameters seem to be chosen in a quite unsystematic manner. This is because
most of the 700 µm and 600 µm nozzles were destroyed during the experiment
preparation, more specifically the grinding of the bridges resulting in short-
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circuits. The procedures were, therefore, changed to instead use a variety of
different amounts of electric charges when polishing the 800 µm nozzles and
then, with a microscope, choose the electric charge that appeared to yield the
best surface finish, namely 175 C.

5.3 Evaluation of the surface

5.3.1 As printed

The surface roughness of the parallelepipeds obtained with VSI, Table 5, showed
the angle of 17°, to give the lowest Ra , Figure 17. The hypothesis was that
the surface roughness should have decreased with increasing build angle since
an angle closer to 90°, i.e. perpendicular to the build plate, means less overhang
as explained in section 2.2. But it is not possible to conclude how the surface
roughness differs depending on the build angle. Even though differences between
the values are on a scale of a few micrometers, the results should be seen as a
qualitative one. This is mostly due to only one replica of the flat parallelepipeds
being fabricated and evaluated with VSI. For the final micronozzle design, the
angle of the diverging section was not varied and thus remained set at 20°.

The SEM image of the unpolished nozzle, Figure 18, shows partially melted
powder particles of different forms and sizes. The same argument as for the
parallelepipeds applies here; this study of the surface of the as-built nozzles is
qualitative. To correlate the throat diameter and surface roughness, a more
thorough study is needed. The qualitative results in this study showed the sur-
face to be the smoothest for the smallest diameter, 300 µm, but at the roughest
for the 400-µm nozzle. The diverging area displays a rather different trend
when comparing them across different throat sizes and also when comparing
them across its throat and diverging area. It is also hard to explain the increas-
ing and decreasing surface roughness between the designed throat diameters and
thus also difficult to make a proper hypothesis before the measurement since
the size and location of partially sintered powder particles present on the man-
ufactured surface are hard to predict. Otherwise, a discussion of the surface
area could be possible, since the powder particles are more outspread on the
bigger surface area of the designed 800 µm throat diameter than the 300 µm.
However, it can be concluded that the surface roughness for the as-built nozzles
is unpredictable and thus, if an even and smooth area is required for the same
or similar components, post-processing is crucial.

5.3.2 Electro-polished

The surfaces resulting from the electropolishing seem very much non-uniform
amongst the samples, compared to the as-built surfaces. Looking at the SEM
images for the 800 µm nozzles polished at a lower electric charge (150-175 C),
Figure 19 (A-B), the surface topography is much like the unpolished with the
partially melted powders still existing on the surface. Apart from the nozzles
polished with higher electric charges (≥ 200 C), Figure 19 (C-E), where the

43



5.4 Imaging of exhaust 5 Discussion

partially melted powder particles seem to almost disappear. But at the highest 
electric charge, 300 C, Figure 19 (D), the polishing results in a very non-uniform 
topography with both polished areas and areas with the powder particles re-
maining.

The reason why the surface is non-uniform could be a result of aggressive hy-
drogen evolution. Bubbles existing in an electrochemical cell lead to many 
areas where the electrolyte is not evenly spread between the anode and cathode 
surfaces. If a bubble exists on the anode surface, the current will follow the 
boundaries of the bubble and hence yield a non-uniform polishing.

For the 700 µm nozzles which were polished at around 175 C, SEM images, 
Figure 19 (G-I), show that a higher supplied current with a shorter polishing 
duration leads to a surface topology with less powder residue remaining. The 
average roughness of these samples, Table 6, shows the surface polished with the 
highest supplied current being the smoothest but the sample with the midmost 
supplied current being the roughest. This is probably due to the big differences 
with the powder particles on the surface not fully removed/polished, thus leaving 
a very uneven partially polished surface. It seems as if a higher supplied current 
with a shorter polishing duration results in a smoother surface than a lower 
supplied current with a longer polishing duration, probably depending on bubble 
formation.

5.4 Imaging of exhaust

The schlieren imaging showed images of the exhaust exiting from the nozzle 
samples with the possibility of visually evaluating differences in the gas flow and 
its uniformity regarding the design and polishing parameters. Since evaluation 
with Schlieren imaging was done before the microscopy (SEM and VSI), the 
surface topography of the interior was not known. Though, eventual defects 
in the nozzles which affected the exhaust direction were possible to be seen. 
This was done by inserting and fixating a needle through the nozzle’s throat 
with the vacuum pump inactive which was used as a background image in the 
Matlab script (Appendix). Two of the nozzles, 800µm 45/250, Figure 21 (F), 
and 600µm 45/450, Figure 24 (K), demonstrated a deviating exhaust direction. 
The rest of the tested nozzles showed an exhaust aligned with the throat’s axis.

Looking at the Schlieren images of the unpolished nozzles, Figure 20, the flow 
is exiting the nozzle without any major deviation from its axis. With no lighter 
areas separate from the main jet, it can be safe to assume that no leaks are 
present in the nozzles. The same assumption follows for the polished nozzles. 
Both for the as-built and polished nozzles, gas plumes can be seen with differ-
ences in both width and size. Following the theory of the de Laval nozzle, this 
pattern predicts that the rocket nozzles achieved a supersonic flow. With the 
expansion fans of the jet and with ambient pressure being higher than nozzle 
exit pressure in the vacuum chamber, the flow is shown to be underexpanded. 
For the as-built 800 µm throat diameter nozzle, Figure 20 (bottom right), the
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underexpanded flow is easier visualized, where the jet is pushed outwards and 
then inwards from the center-line. The same is occurring for the smaller throat 
diameter nozzles, but harder to see due to a more narrow jet.

For the polished nozzles, the exhaust images of the polished 800-µm throat di-
ameter nozzles, Figure 21, look very alike, with almost no significant differences 
between them. Apart from the nozzle in the bottom right, with its exhaust is 
not in line with the throat axis. This can be explained in (Figure 19 (F)) which 
shows that the right side of the wall has been polished more than the opposite 
side. The reason for this result is probably due to the rod on top of the cone 
cathode not being in the exact center position of the throat.
Comparing the exhaust of the polished 800 µm throat diameter nozzles, Figure 
21, with the as-built 800 µm throat diameter nozzle, the separate diamonds of 
the gas plume structure are closer to each other. According to [44], a shortening 
of the expansion, which also moves the diamonds closer to each other, results 
in a decrease of the Mach number which means a decrease in the flow speed. 
However, this can not be fully concluded in this case since the polished and 
as-built nozzle is not the same replica. And also due to the fact the throat 
diameter will increase during electropolishing.

The polished 700-µm throat diameter nozzles, Figure 22 (G-I), show the gas 
exhaust aligned with the throat’s center axis but look very different compared 
to each other and also compared to the as-built 700 µm throat diameter nozzle. 
In terms of surface roughness, the throat and diverging area are the smoothest 
for the rightmost nozzle, 700µm 45/175, in the figure, Figure 22 (I), and the 
middle one, 700µm 30/175, Figure 22 (H), is the roughest. It may be possible 
to evaluate the speed of the flow by looking at the gas exhaust for the smoothest 
700µmm diameter nozzle, Figure 22 (I), which is showing a longer expansion 
compared to the rougher 700µm diameter nozzles. This could be interpreted 
as a linear trend where a smoother surface yields a faster flow. But since the 
throat diameters are not equal for the compared nozzles, the exhaust images 
can not be readily compared.

The 600 µm throat diameter nozzles, resulting in only two replicas, shows both 
an exhaust aligned with the throat’s center axis, 600µm 15/175 Figure 23 (J), 
and an exhaust strongly deviating from the axis, 600µm 30/175 Figure 23 (K) 
and Figure 24. The misalignment is probably due to the damaged throat wall 
shown in Figure 19 (K).

5.5 Future perspectives

This thesis is a first qualitative study on additive manufacturing micronozzles 
with a co-manufactured structure (i.e. the cone cathode) on the inside for elec-
tropolishing use. To obtain a more quantitative study, on both the manufac-
turing and the post-processing, much more work would be needed, suggestively 
more in-depth on each of the used techniques (i.e. AM, electro-polishing).

Additive manufacturing enables an almost free design but was met at its limits
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in this thesis, mostly regarding the constraints on building small holes. For any 
future study of fabricating similar micronozzles, aiming to achieve smaller holes 
can be an interesting direction. One possible solution could be to use smaller 
powder particles, but the fusion of these must also be improved.

Improvements to the design are difficult to discuss, however, a specific change in 
the design of the co-manufactured cone cathode on the inside could have been 
very helpful. As described in section 5.1, the removal of the bridges between 
the micronozzle and the cone cathode resulted in damaged samples. If possible, 
and with more resources put into the CAD design, designing the bridges to be 
close to the micronozzle walls and also with a smaller width the removal could 
have been more safer.

For the electrochemical polishing, the future steps can be many. For example to 
study the resulting surface when: i) using another electrolyte, ii) have a better 
temperature control, iii) having a higher electrolyte flow through the sample, 
iv) using a method to minimize/handle hydrogen evolution at the cathode, vi) 
using a different material.

Another interesting direction could be the choice of material when manufac-
turing the micronozzle with AM. As stated in chapter 1, there are only a few 
materials that are sufficiently researched when manufacturing with AM, i.e. In-
conel, stainless steel, and titanium alloys. Also, due to the technology of AM 
still being at the research frontier, it is difficult to predict the efficiency of manu-
facturing a similar design to the micronozzle here with other materials. The 
same statement applies to chemical post-processing. There is a lot of research 
regarding electrochemical polishing of both Inconel and stainless steel materials 
but regarding the very small throat diameters of the micronozzles, hindrances as 
the hydrogen evolution, for example, may still be a source of error. Therefore, 
an outlook of the choice of material with AM needs to commence at square one 
as done in this study.

The micronozzle manufactured in this study has the intended application to-
wards a type of rocket engine called a cold gas thruster. This propulsion sys-
tem does not involve any combustion. Thus, further developing the micronoz-
zle into a complete rocket engine can be done by also co-manufacturing the 
propellant storage chamber with the possibility to detach the nozzle for post-
processing. However, if the application for the micronozzle involves a propellant 
storage chamber where combustion occurs; an additional study should be done 
on adding a heater to the nozzle. The focus of study for adding a heater should 
be to examine the integration of a heater to the material.

46



6 Conclusions

6 Conclusions

Together with subsequent electropolishing, additive manufacturing (AM) based
on PBF-LB showed to be promising for manufacturing rotationally symmetric
titanium micronozzles.

Imaging of the exhausts showed a gas flow not deviating from the throat’s axis,
and also Mach discs, confirming a supersonic flow.

The limit in the hundreds for the throat diameter, of a micronozzle manufac-
tured with the PBF-LB technology chosen here, was found to be 300 µm.

The AM process successfully facilitated electrochemical post-processing of the
throat interior with a diameter down to 600 µm, by allowing for the co-fabrication
of an integrated, internal cathode consisting of a cone ending in a rod with a
diameter of 250 µm and a minimum clearance to the throat’s inner surface.

Even though the risk of short-circuit was high due to the small distances between
anode and cathode, a majority of the manufactured nozzles could be successfully
post-processed, reducing the surface roughness (Ra) with 15-to 60 %.

The electropolishing was done by following Jacquet’s theory and using currents
of only 15- 45 mA at durations of 60 to 120 minutes. The resulting surfaces
showed a decrease in average roughness with 15-to 60 % through the electropol-
ishing.

Post-processing the small nozzles using electrochemical polishing came with
some difficulties, particularly the hydrogen evolution at the cathode.
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A Matlab code

Matlab-code used in the thesis to obtain schlieren images.

clear all

%Importing the JPEG images as matrices
% zb = no gas flow(background)
zb1 = imread(’image file’);
zb2 = imread(’image file’);
zb3 = imread(’image file’);

% Changing the integer matrices to double precision
dzb1 = im2double(zb1);
dzb2 = im2double(zb2);
dzb3 = im2double(zb3);

% Adding the matrices together
dzb123 = dzb1 + dzb2 + dzb3;

% Converting the matrix from 3D to 2D
redChannel = dzb123(:,:,1); % Red channel
GreenChannel = dzb123(:,:,2); % Green channel
blueChannel = dzb123(:,:,3); % Blue channel
zrgb = redChannel + ForestGreenChannel + blueChannel; % RGB - channel

% Same procedure on Images with gas flow(signal matrix)
feedP1 = imread(’image file’);
feedP2 = imread(’image file’);
feedP3 = imread(’image file’);

% Changing the integer matrices to double precision
dfeedP1 = im2double(oneb1);
dfeedP2 = im2double(oneb2);
dfeedP3 = im2double(oneb3);

% Adding them together
dfeedP123 = dfeedP1+ dfeedP2+ dfeedP3;
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% Converting the matrix from 3D to 2D
redChannel1 = dfeedP123(:,:,1); % Red channel
greenChannel1 = dfeedP123(:,:,2); % green channel
blueChannel1 = dfeedP123(:,:,3); % Blue channel
feedrgb = redChannel1 + greenChannel1 + blueChannel1; % RGB-Channel

% Subtracting background from singal matrix
diffImage = feedrgb - zrgb;

% Changing the value range so that it falls in to 0-255 and converting % to
unsigned
finalImage = uint8(255 * mat2gray(diffImage));

% Displays the image to computer screen
imshow(finalImage);

% Saves the image-file with desired name
imwrite(finalImage,’myNozzle.bmp’);
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