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In this thesis, a detailed material selection and manufacturing plan for an ultra-low noise
microwave amplifier for planetary space probe are created. The study tackles important
issues in deep space exploration component design by using a triangulation process that
includes literature analysis, expert interview, SolidWorks modelling, including utilization of
DFM and CAM modules, and methodical material selection. The study provides insightful
information on surface roughness needs, tolerance considerations, manufacturing
procedures, and material selection via thorough analysis and validation of research
methodologies, including reliability tests. The results show that, when considering
performance, manufacturability, and cost-effectiveness, Aluminium Alloy 7075 is the best
material option. Stainless steel, on the other hand, is a good substitute when resources are
limited. The research's recommendations advance aerospace engineering techniques with the
goal of improving future space missions' sustainability, dependability, and efficiency. In
addition, an investigation into the use of composite materials—more especially, composites
RTP 285 HEC,RTP 287 HEC, and RTP 385—for electronic enclosures is advised as a future
line of inquiry because these materials have demonstrated superior electromagnetic
interference shielding performance when compared to metallic materials.
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1 Introduction

Planetary space probes are essential to the mission of deep space exploration because they
collect vital information and broaden our knowledge of the universe's dimensions beyond
Earth. The level of success of these missions heavily depends on the effectiveness of the
technologies employed. An essential element required for the accomplishment of these kinds
of missions is an ultra-low noise microwave amplifier. This amplifier allows a smoother
communication and transfer of data between the probe and the Earth, so it acts as a vital

component in the signal transmission and reception chain.

Like other electrical components used in space probes, the ultra-low noise amplifier consists
of electronics fixed inside a metallic enclosure, and like with other electrical components,
the effectiveness of a microwave amplifier depends not only on the performance of the
electronics but also the performance of the metallic body. One significant factor that will
influence the performance of the metallic enclosure is the quality of its manufacturing.
Therefore, a well-designed and manufactured metallic enclosure will elevate the
performance of an ultra-low noise amplifier, consequently enhancing the effectiveness of
the hole space probe. That is why this thesis is focused on developing a manufacturing plan,
material selection and DFMA analysis for an ultra-low noise microwave amplifier metallic

body.

The topic of this thesis belongs to the broader research project at LUT University during the
year 2024. The research project emphasizes on the DFMA and sustainability analyses of
more than 40 different MW and RF components. The results of this thesis will be utilized
later to build an overall picture of the DFMA and sustainability aspects related to MW and
RF technology.



1.1 Background and motivation

The latest progress in aerospace engineering has emphasised the urgent need for optimised
components in planetary space probes. The microwave amplifier used in these probes
requires careful attention to detail in both the selection of materials and manufacturing
procedures to achieve the lowest possible levels of noise. As the boundaries of space
exploration continue to grow, the effectiveness and dependability of these components

emerge as crucial determinants in the accomplishment of missions.

1.2 Objective

The main objective of this Bachelor's thesis is to develop a detailed manufacturing plan for
the metallic shell of the ultra-low noise microwave amplifier. The primary goal includes
many sub-goals, including exploring different material options, choosing appropriate

manufacturing processes and considering both environmental and financial factors.

1.3 Research problem and research questions

The research difficulties mentioned in this study are related to the complex features of
electing materials, choosing manufacturing techniques, and the overall difficulty of
integrating different opinions. This examination is guided by several research questions,

including the following:
*  What would be the most suitable material for the enclosure and why?

* What are the most suitable manufacturing methods for the enclosure including also the

coating phase and how the quality of them can be ensured and on what basis?

*  Which dimensional and geometric tolerances should be set to ensure the right

positioning of adjacent parts and to ensure hermeticity?



1.4 Research methods

To investigate the research questions, a multifaceted technique will be used. This requires
performing a full assessment of current literature to guide the selection of materials and
manufacturing methods, conducting practical experiments to assess reliability, and using
tools like callipers and SolidWorks CAD for modelling and analysis. Furthermore, to
guarantee a comprehensive understanding of the complex issues being examined, expert

consultations will be actively sought after.

1.5 Scope

The objective of this study is to develop a manufacturing plan for the metallic shell of the
ultra-low noise microwave amplifier. The scope includes the selection of materials, the
optimisation of production methods, and the consideration of environmental sustainability
and cost-effectiveness. The paper focuses only on the particular difficulties presented by the

operating circumstances of planetary space missions.

1.6 Expected outcomes of the research

The expected results consist of a 3D representation of the metallic structure, a carefully
selected inventory of appropriate materials, a production strategy, and the corresponding
expenses and measurements provided in both SI and US units. In addition to producing
concrete results, this study is anticipated to provide significant knowledge to aerospace
businesses, research institutions, and engineering practices. This will improve the
performance and durability of essential components in planetary space probes. The outcomes
are anticipated to enhance efficiency, dependability, and sustainability in the field of space
exploration. The deeper implications of this thesis will enhance the continuing research
initiative at LUT University, fostering a full comprehension of DFMA and sustainability

elements of MW and RF technologies.



2 Methodology

This chapter is going to about the methodology used in this research. The methodology
chapter outlines the systematic approach used to conduct the research. It describes the
particular steps, methods, and resources utilised to gather and examine data, along with the

reasoning behind these decisions.

1.Literature review 2.Utilization of Solidworks
modelling together with DFM-
module
L 4
Integration of four methods which are
selected to support each other and to
increase the reliability of the research
»
3.Systematic material 4.Expert interview

selection process

Figure 1. Triangulation method.

The research methodology of this research is to prepare the manufacturing plan of the ultra-
low noise Microwave Amplifier device is based on triangulation which is described in Figure
1 above. The triangulation consists of four independent methods: Literature review, expert
interview, utilisation of SolidWorks modelling together with SolidWorks DFM-module,
SolidWorks CAM module and systematic material selection process supported with value
analysis. By utilising this triangulation, it is possible to recognise and integrate the most
relevant viewpoints to find the key aspects of the manufacturing plan and make comparisons
of possible manufacturing technologies and construction materials. This will also increase

the validity and reliability of the research.



2.1 Literature review

The first part of the triangulation consists of a literature review. The literature review is a
search and analysis of existing literature on a specific topic. Its objective is to gather the
most relevant and reliable information on the research topic and to combine it to support the
research. Through the literature review, the researcher can synthesize the current knowledge

and identify the gaps in areas that require further research.

The literature search follows the flowchart which is presented in figure 2. In this research,
the scientific literature plays a key role, because it’s the most reliable. However, the
researched component is a commercial product, so it is useful to also scan the commercial

material which is available on the internet.

Two parallel paths for literature review ‘

Scientific ‘ ( Commercial ‘
sources sources
.  — 3
MW and RF . Manufacturing Similar types
’ theory ‘ Materials ‘ ‘ DEMATheary ‘ technology of products
[ Scientific databases IEEE, Springer, Elsevier ‘ ’ Trustworthy web sites ‘
\' Review papers, high site score, SNIP and SIR values, not ‘ Authors and publishingdates visible,
olderthan 5 years J well-known global companies
{ At least three comparable references about the same issue ‘

3

‘ Systematic analysis of the references ‘

Figure 2. Flowchart to illustrate the practical implementation of the literature search.

(Eskelinen 2024, email)

In this research, there are several main objectives for the literature review. The first objective
is to compile an all-inclusive list of materials that are suitable for making electronic
enclosures to be utilized in a space environment. The second objective is to gather

information about the specific environmental conditions under which the electronic
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enclosure needs to be able to function. The third objective is to gain knowledge about DFMA
concepts and how to apply them, as well as manufacturing technologies that can be used for
this product. The last objective is to determine the cost per unit of the product, by searching
the internet for commercially available similar products to see how much they cost. This will
help to estimate the potential cost of the researched product. Through the comprehensive
completion of the literature review, the objective is to gain an overall understanding of the

requirements for the development of electronic enclosures for space probes.

2.2 Expert Interview

Expert interviews involve having an interview with people who have specific knowledge or
experience related to the subject of the study. Expert interviews are a great way to get deep
knowledge, insights and valuable viewpoints from people who have recognized authorities
in their field. Additionally, experts can provide with deeper and more reliable information

compared to other sources of information or individuals.

An expert interview is conducted by first identifying relevant experts in the field and
contacting them to arrange the interview. Before the interview, the researcher must prepare
the questions that will be asked and also prepare a method that will be used to document the
answers. This method can be to type the answers on the laptop or take notes using pen and
paper. Interviews are also often recorded with the expert’s consent and later transcribed for
analysis. During the interview, researchers introduce themselves and the topic of their thesis
before asking the questions. After the questions have been answered, the researcher may ask
follow-up questions if they have arisen. Once the questions have been answered, the
interviewer ought to express gratitude to the expert. After the interview is over, researchers
analyze the documented answers to identify the key points for takeaway. Finally, the insights

gained from expert interviews are presented in the thesis.

The interview will be taken from a highly respected professor who has over 35 years of
experience in the MW (microwave) and RF (radiofrequency) areas. As previously stated, the
subject matter of this thesis is a part of the larger research project that LUT University will
be working on in 2024. The study effort is focused on the sustainability and DFMA
evaluations of over 40 different MW and RF components. The outcomes of this thesis will

be used later to construct a thorough image of the DFMA, as well as sustainability elements
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associated with MW and RF technologies, owns to organize the expert interview in such
manner that all questions and answers will be available for all students in order to the
information could be used to support all topics of the broader research project — not just

individual devices.

Every student must come up with one question that will be sent to the expert before the
interview. During the interview, every student will ask one question and there will be a
chance to ask a follow-up question. After all the prepared questions have been asked and
answered, the expert will present everyone with an opportunity for additional questions. The
prepared question for this research is as follows: “The temperature in space ranges from -
250 °C — +150 °C, but the electronics inside the microwave amplifier body cannot handle
those temperature changes. For example, the operating temperature range of the feedthrough
brushes is -55 °C — +125 °C, and the microwave amplifier metallic body is made from
conductive material. How are the electronics protected from extreme temperatures?”’. This

question is about the concern of electronics surviving the extreme environment of space.

2.3 SolidWorks modelling together with DFM and CAM modules

SolidWorks modelling involves creating a 3D digital model of a physical object, by
sketching and extruding the dimensions of the physical object. If the modelling is done
correctly, the researcher will be left with a 3D model which has identical dimensions to the

physical one.

Table 1. Required accuracy depending on the operating frequency (Eskelinen 2024, email)

Frequency (GHz) Surface roughness Tolerance grade
300-600 0.8 um ITS

150-300 1.6 um IT6

75-150 3.2 um IT7

35-75 6.4 um IT8

15-35 12.8 um IT9-10
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The utilisation of SolidWorks software has three main parts:

1. Dimensions of the real part are measured, and the standardized dimensions and

adjacent components are recognized for the modelling.

2. Based on the functional requirements the key dimensions are established

together with required dimensional and geometric tolerance and Ra values (see Table 1).

3. DFM module will be used to recognize the possible details which could be
changed to make manufacturing easier. SolidWorks animations are also used to ensure the

assembly conditions of the adjacent parts.

The flowchart in figure 3 below describes the process in detail.

" Measuring the dimensions and ‘
__assembly analysisof the device

.l

Quick observationsabout ‘
manufacturabilityand assembly

2

‘ Recognition of standardized ‘
dimensions

4

Limitation and requirements due to ‘
performance aspects

4

" SolidWorks modeling and setting ‘
the tolerances and Ra values

L 2

Recognition and systematic
comparison of optional
manufacturing methods

3

Utilization of the DFM module in
SolidWorks for different
manufacturing options

4

Utilization of SolidWorks assembly
animation for DFA

3

Suggestions for DFMA
improvements and collecting
stepwise pictures for the
manufacturing plan

Figure 3. Utilization of SolidWorks to find the proposal for making manufacturing easier

(Eskelinen 2024, email).
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2.3.1 Taking measurements

Performing dimensional measurements is one of the most vital elements of SolidWorks
modelling. If the dimensions are not measured correctly, the model will be inaccurate, which
can result in a malfunctioning amplifier and consequently lead to mission failure of the space
probe. To perform accurate dimensional measurements, the researcher will require a
measuring instrument, in this case, a standard calliper, also an A5 notebook, a ruler, a pencil,
and a copy stand. The approach that was taken was to measure each side of the device

separately and dedicate each side to a separate piece of paper in the notebook.

The first step would be to place the part on the piece of paper and to make an outline of it.
The next step would be to make a rough sketch of the part’s features inside the outline. After
that, the calliper will be used to measure each feature’s dimension and the distance between
the features. Lastly, the copy stand will be used to take a picture of the side of the part that

was measured, then the process will be repeated for all other sides.

Figure 4. Copy stand.

The copy stand can be seen in Figure 4. It was designed and manufactured by the conductor
of this research for the purpose of scanning film negatives. The stand consists of a board

onto which the part can be placed and a mount for the camera. The camera is attached parallel
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to the ground and the height can be adjusted. The purpose of using the copy stand is to
photograph the measured part from the top view so that during the SolidWorks modelling
stage, the photo can be imported into the program and used to sketch with higher precision.

Both the finished 2D sketch and the 3D model will be illustrated in Results chapter.

2.3.2 Creating SolidWorks model and utilisation of DFM module and CAM module

After taking the required measurements, the next step is to create a 3D model by using
SolidWorks. In SolidWorks, the initial phase in component creation includes selecting a
plane and crafting a 2D sketch upon it. The sketch serves as a fundamental geometry of one
of the sides of a component. A variety of sketching tools such as lines, arcs, circles and
rectangles are used to precisely outline the required shape. Once the sketch is completed, a
range of SolidWorks features can be used to transform a 2D sketch into a 3D model, and the
features enable extruding, revolving, sweeping or lofting the sketch. Moreover, these
features can be used to create complex shapes and forms by adding and/or removing material

depending on the desired outcome.

For modelling the ultra-low noise amplifier, the top plane is selected for sketching the outline
of the part from a top-view perspective. The sketched profile is then extruded to achieve the

desired height of the model, establishing its foundational structure.

Following the initial extrusion, attention is turned to detailing each side of the model
individually. This involves sketching specific features on each side and adding or removing

material based on the complexities of each feature.

To streamline the process, all holes located on the top side are designed to span through the
entire part. Consequently, they can be sketched on one of the sides and cut through the entire
model not to mention that a considerable number of these holes feature threading.
Leveraging SolidWorks' “hread tool” enables the seamless addition of threaded features to

these holes.

Moreover, the model's corners lack sharp edges to align with design preferences. To achieve
this, the “fillet” feature can be utilized to ensure that edges remain smooth and rounded,

enhancing both the model's aesthetics and functionality.
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Lastly, to convey a visually appealing finish reminiscent of the physical part, the “edit
appearance” feature is employed. Through this feature, the model's appearance can be
transformed to emulate a gold-coated metal, elevating its visual appeal and closely

resembling its real-world counterpart.

After the model has been created, the next step is to utilise the DFM module. This could be
done by switching from “Feature” section to the “Evaluate” section in SolidWorks and

enabling DFMXpress Analysis Wizard, selecting “Mill/Drill only” and pressing “run”.

Lastly, the CAM module will be used. CAM (Computer Aided Manufacturing) refers to the
use of software and computer-controlled equipment to mechanise and streamline a
manufacturing process (Autodesk, 2021). To use the CAM module in SolidWorks, an access
to the “SolidWorks CAM” is required. Afterwards, the type of machine used must be chosen
and coordinated system, the size of stock and the setup will be set. SolidWorks will then
recognise and extract machinable features and will generate operational plan. Lastly, the

toolpath and the simulation of the toolpath will be demonstrated.

2.4 Systematic material selection process

A systematic material selection process is a structured methodology employed to identify
the most appropriate material for a device, based on criteria and requirements. Particularly
significant is the impact that the chosen material has on the device's performance, and this
impact is even more notable when it comes to Microwave (MW) or Radio Frequency (RF)
components. Furthermore, the manufacturability aspects are tightly connected with the
selected material, as diverse materials demand different manufacturing processes. To add,
the selection of material significantly influences the overall cost of the device. Consequently,
the application of a systematic material selection process becomes needed for the
identification of the most suitable material. This process is executed in a stepwise manner,

as shown in Figure 5.
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PROPERTY PROFILES

Figure 5. Stepwise process of the systematic material selection (Eskelinen 2024, email).

The systematic material selection process contains five crucial steps. Firstly, the elaboration
of the requirements profile involves defining the specific performance, environmental,
regulatory, and economic criteria that the chosen material must satisfy. Secondly, a decision
about the selection strategy is made, considering factors such as available resources and
project complexity. Following this, potential materials are pre-selected based on their
suitability and compatibility with the requirements profile. In the fourth step, the detailed
properties and characteristics of the pre-selected materials are elaborated upon mechanical,
thermal, electrical, and chemical properties. Finally, the requirement profile and materials
property profile are integrated and compared to identify the most suitable material for the
application, with careful consideration given to the relative importance of each requirement

against the corresponding properties of the candidate materials.

2.5 Reliability aspect

The last subchapter of the methodology chapter is the reliability aspect. The reliability of

each triangulation method will be checked based on the reliability aspects shown in Table 2.
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Table 2. The reliability aspect is to be checked (Eskelinen 2024, email).

Method Reliability aspects

Expert interview Expert’s background is checked, and several questions are included in
the interview about the same type of devices, there is a possibility to
present additional questions during the interview session, if needed.
Literature review Scientific databases utilized such as IEEE, Springer, Elsevier. Review
papers will be used. Papers with high site score, SNIP and SJR values will
be accepted, and papers should not be older than 5 years. If commercial
sources would be used, authors names and publishing dates should be
visible, and sites should be published by well-known global companies.
SolidWorks analysis DFM and DFA modules of SolidWorks will be utilized to support
researcher’s own observations.

Systematic material The optional materials will be compared by using value analysis.
selection

3 Results and Analysis

This chapter is going to focus on the results and analysis of this research. The results and
analysis chapter serves as the culmination of the research, presenting the findings derived
from the implemented methodology and offering insightful interpretations. This chapter
explores the data collected through the triangulation approach, looking at multiple
perspectives to enhance the understanding of the manufacturing plan for the ultra-low noise

Microwave Amplifier device.

This chapter is going to be divided into four subchapters, each dedicated to one of the
triangulation methods. The results are not going to be accompanied by discussions, that will
be in the next chapter. The focus of Results and Analysis will entirely focus on presenting

the results derived from implementing methodology and analysing those results in detail.

3.1 Literature review

Through a broad literature review that followed methodological approach described in
previous chapter few literatures were discovered. The research was focused on few areas

when it came to literature review. Finding suitable materials that can be used for electronic
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enclosure, the DFMA analysis and more information about the environment in which the

amplifier will have to perform.

3.1.1 Material selection for electronic enclosure in space environment considering

electromagnetic interference effect.

The “Material selection for electronic enclosure in space environment considering
electromagnetic interference effect” paper by K. Fayazbakhsh and A. Abedian (2012) was
found through the use of LUT Primo. The words that were used to search for this paper were
“electronics in space”. This paper is available in Scopus which is a highly reliable academic

database.

The research conducted by Fayazbakhsh and Abedian aimed to identify the optimal material
for electronic enclosures among a range of alternatives. Three quantitative methodologies,
namely Digital Logic (DL), Modified Digital Logic (MDL), and Z-transformation, were
used to evaluate the compatibility of various materials, such as composites and metals. In
Chapter 3 of their article, the authors explore the crucial design requirements and material
qualities required for electronic enclosures in space conditions. One significant issue was
Electromagnetic Interference (EMI), which refers to the disruption caused by external
electrical waves on circuit components, leading to possible malfunctions or damage. The key
concern was EMI shielding, which is the use of materials that reflect or absorb
electromagnetic radiation in order to provide protection against penetration. Nevertheless,
electromagnetic shielding was not the only determining factor. In addition, they assessed the

thermal and structural characteristics of the materials being considered.

Table 3. Candidate composite materials for electronic enclosure (Fayazbakhsh et al., 2012).
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Materials 1 2 3 4
EMI shielding” (dB) Density £; Flexural young modulus (GPa) Flexural yield strength (MPa)

RTP 285 HEC 60 131 11 224
RTP 287 HEC 60 1.42 15.2 248
RTP 381 HEC 15 1.28 25.8 124
RTP 382 HEC 35 1.31 25.8 155
RTP 383 HEC 50 1.35 34.7 165
RTP 385 HEC 60 1.44 47.6 165
RTP 387 HEC 60 1.53 49 103
RTP 682 FR HEC 35 1.33 259 72.4
RTP 685 FR HEC 60 1.44 38.1 79.3
RTP 687 FR HEC 60 1.51 434 82.7
RTP 1381 HEC 15 1.41 27.2 82.7
RTP 1382 HEC 35 1.45 344 138
RTP 1383 HEC 50 1.5 434 138
RTP 1387 HEC 60 1.71 87.9 241

Note: If a range of value existed the average value is applied.
* The maximum value over a frequency range and different thicknesses is selected.

In Chapter 4 of their article, the candidate materials were chosen and compared using DL,
MDL and Z-transformation. The selection was divided into two categories, composite
material and metallic material and the two were discussed separately. The list of candidate
composite materials and their properties can be seen in Table 3. The term "RPP" refers to
nickel-coated carbon fiber composites, a particular class of materials that are the subject of
this study. The alphanumeric letters that come after the '/RTP' designation are used to indicate

the filler content in these composites.

The performance index and ranking of candidate composite materials can be seen in Table
4 below. The ranking is made from best to worst. From the Table 4 it can be seen that the

best candidate from composite materials is RTP 285 HEC.

Table 4. Performance index and ranking of candidate materials for electronic enclosure using

DL and Z-transformation method (Fayazbakhsh et al., 2012).

Materials DL (Farag, 1997) Z-transformation method (Manshadi et al., 2007)
Performance index () Rank Performance index (y) Rank
RTP 285 HEC 84.7 6 0.626 1
RTP 287 HEC 82.9 7 0.400 2
RTP 381 HEC 50.7 13 —0.360 13
RTP 382 HEC 66.6 10 0.049 7
RTP 383 HEC 79.9 8 0.347 4
RTP 385 HEC 88.7 2 0.399 3
RTP 387 HEC 87.2 3 —0.041 8
RTP 682 FR HEC 66.2 11 —0.249 11
RTP 685 FR HEC 86.9 4 0.063 6
RTP 687 FR HEC 86.5 5 —0.091 9
RTP 1381 HEC 47.9 14 —0.862 14
RTP 1382 HEC 65.1 12 —0.346 12
RTP 1383 HEC 78.3 9 —-0.106 10

RTP 1387 HEC 91.6 1 0.170 5
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Next, in Chapter 4.2 of the study, the metallic materials are examined. In Table 5, the list of

metallic materials and their properties is presented.

Table 5. Candidate metallic materials for electronic enclosure (Fayazbakhsh et al., 2012).

Materials 1 2 3 4 5 6 7 8
a4, o Density £, CTE £*°C  Thermal conductivity ~ Young modulus Ultimate strength Cost range
x (GPa) (MPa) 3
Aluminum 0.61 0.61 2.70 25.6 210 68 304 1.14
Brass 0.26 0.26 8.07 204 119 102 481 2.50
Bronze 0.18  0.18 8.41 17.7 95.5 108 497 3.30
Copper 1 1 8.96 20 393 110 210 4.27
Lead 0.08 0.08 11.34 29.1 342 14 49 1.10
Nickel 20 0.002 8.88 13.3 75.8 207 181 0.65
Silver 1.05 1.05 10.4 18.8 429 87.8 463 467.68
Tin 0.15 0.15 5.76 24.1 63.2 414 220 7.37
Stainless 10 0.00004 7.8 11.4 26.1 200 715 2.35

steel

Note: For the cases with a range of value the average value is applied.

The performance index and ranking of metal candidate materials is presented in Table 6

below.

Table 6. Performance index and ranking of candidate materials for metallic electronic

enclosure using DL, MDL and Z-transformation method (Fayazbakhsh et al., 2012).

Materials DL (Farag, 1997) The method of Z-transformation Method
Without CTE Without strength (Manshadi et al., 2007) (Fayazbakhsh et al., 2009)
Performance Rank  Performance Rank  Performance index Rank Performance index () Rank
index (y) index (y) (v)
Aluminum  62.5 1 62.6 1 177 2 0.401 1
Brass 33.7 6 332 6 —18.6 6 —0.022 5
Bronze 314 7 31.2 7 -23.8 7 —0.038 6
Copper 48.9 3 50.2 3 19.6 1 0.340 3
Lead 19.2 9 20.7 9 -59.2 9 —0.976 9
Nickel 522 2 55:1 2 15.5 3 0.250 4
Silver 474 4 472 4 10.2 5 —0.1 7
Tin 242 8 25.0 8 —45.3 8 —0.244 8
Stainless 40.8 5 40.8 5 10.6 4 0.399 2
steel

Table 6 shows that Aluminium is the best candidate for metallic electronic enclosure.
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In Chapter 4.3 of the research work, the comparison between composite and metallic
electronic enclosures is made and it can be seen in Table 7. From the table it can be seen that

the top three materials are all composites and only aluminum is ranked fourth.

Table 7. Normalized performance index and ranking of composite and metallic materials for

electronic application using Z-transformation method (Fayazbakhsh et al., 2012).

Material Normalized performance index Rank Material Normalized performance index Rank
RTP 285 HEC 1.681 1 Bronze -0.094 13
RTP 287 HEC 1.074 2 RTP 387 HEC -0.110 14
RTP 385 HEC 1.071 3 RTP 687 FR HEC -0.244 15
Aluminum 0.972 4 Silver -0.245 16
Stainless Steel 0.967 5 RTP 1383 HEC -0.284 17
RTP 383 HEC 0.932 6 Tin -0.595 18
Copper 0.825 7 RTP 682 FR HEC ~0.668 19
Nickel 0.604 8 RTP 1382 HEC -0.929 20
RTP 1387 HEC 0.457 9 RTP 381 HEC -0.966 21
RTP 685 FR HEC 0.169 10 RTP 1381 HEC -2314 22
RTP 382 HEC 0.132 11 Lead -2.3717 23
Brass -0.057 12

According to Fayazbakhsh’s and Abedian’s research paper, it is evident that nickel coated
carbon fiber composite materials are better suited for electronic enclosures in space
environment and that RTP 285 HEC is the most superior material to be used for electronic
enclosures. Hence, composite materials are viable options for substituting metallic materials

in electronic enclosure applications.

However, metallic materials such as Aluminium and stainless steel still rank high taking
fourth and fifth place. Therefore, even though composite materials are shown as being the
most well suited for electronic enclosures when considering factors such as EMI shielding,
structural and thermal properties, they might not be the best choice when taking into account
other factors such as affordability and ease of manufacturing. When the comparison was
made between metallic enclosures, Aluminium was ranked first, showing that it can perform
well in space environment and has the ability to shield the electronics from EMI. This
demonstrates that certain metallic materials remain suitable for electronic enclosures
applications, especially when taking into account other considerations such as cost-effective

production.
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3.1.2 State-of-the-Art of small Spacecraft Technology

“State-of-the-Art of a small Spacecraft Technology” is a report which is funded by NASA’s
Space Technology Mission Directorate (STMD). The objective is to evaluate and offer a
thorough examination of current progress with newest technology in small spacecraft
technologies. Specifically, the study focuses on the spacecraft system as a whole, giving
information on the best ways to integrate different parts and then outlining the latest changes

in each spacecraft part.

For this research, the interest lies in finding the environment conditions under which the
amplifier must perform, more specifically the temperature. This is due to the fact that
electronics of the Microwave Amplifier will not survive cyclic temperature changes of space
which could be between -250 °C to +150 °C. For the literature review of this report, the aim
is to find information about what temperature is kept inside spacecrafts and how the satellite

protects the electronics inside from this drastic temperature changes.

Chapter 7 of this report gives insights on the thermal control of spacecrafts. The primary
function of the thermal control system is to maintain the temperature of the components
within specified temperature thresholds (Yendler, B., 2021). There are two types of thermal
control systems that can be used to regulate the temperatures inside satellites, the passive
and active systems. Passive thermal control is a method of maintaining component
temperatures without the need for powered equipment (NASA, 2021). This makes them a
more affordable option, especially when dealing with spacecrafts that have limited mass,
volume and power. The types of passive technology and their description can be seen in

Table 8.
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Table 8. SmallSat  Passive Thermal Technologies (NASA, 2021).

Passive Technology

Description

Sprayable Thermal
Control Coatings

Specialized liquid coatings applied to the spacecraft surfaces to
manage and regulate the ratio of absorptivity and emissivity for
optimal energy balance and thermal performance.

Films, Tapes, and
MLI

Materials used to modify spacecraft surface property to manage and
regulate temperature.

Thermal Straps

Provide a conductive link between a heat source and thermal sink to
conductively transfer heat

Thermal Contact
Conductance and

Heat transfer by “contact” conductance between two surfaces
pressed together by uniform pressure can be varied by using

Boited Joint interface filler materials and conductive gaskets.
Conductance
. Deployed material that reduces the amount of incident solar flux on a
Sunshields

spacecraft.

Thermal Louvers

Controls heat transfer between spacecraft surfaces.

Deployable Radiators

Dedicated surface for dissipating excess heat via radiative heat
transfer.

Phase Change
Materials

Energy is absorbed as material within a metal compartment changes
phase because of exposure to a heat source.

Thermal Switches

An electromechanical device which controls the flow of electrical
current in response to temperature change.

Active thermal control techniques are operated by input power and have demonstrated

superior performance in regulating temperatures for components that have more restrictive

specifications or experience higher temperature loads (NASA, 2021). Since active thermal

control method relies on input power, the cost of it is higher and it requires more space, so

they are usually used in bigger spacecrafts. The types of active technology and their

decription can be seen in Table 9.

Table 9. SmallSat Active Thermal Technologies (NASA, 2021).

Active Technology

(Description)

Electrical Heaters

Space heaters use an electrical-resistance element in between two
sheets of flexible electrically insulating material.

Miniature refrigeration system designed to cool components to

Cryocoolers
extremely low temperatures.
: miniature solid-state heat pumps which provide localized cooling via
Er:%r:;e(l.?.gg; the Peltier effect, which is cooling resulting from passing electric
current through a junction formed by two dissimilar metals
Fluid Loops System that circulates a working fluid through the spacecraft to a heat

sink.
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Due to limitations in mass, surface area, volume, and power, thermal management on small
spacecraft mostly relies on passive technologies such as paints, coatings, tapes, MLI (Multi-
Layer Insulation), and thermal straps. Thin flexible resistance heaters, which are active
technologies, have been widely utilised in small spacecrafts, particularly those equipped with

complex closed-loop control systems.

The temperature range inside the satellite will vary depending on the thermal control
technologies used. The choice of how many and which technologies to use will not only
depend on the size of the satellite, but also on the types of equipment and their temperature
range that are needed inside the satellite. For instance, batteries need to be between 0 °C and
+30 °C, while electronic equipment must be between —20 °C and +50 °C (Sundu et al.,
2020). Overall, no matter which thermal control technologies are used, the electronic

enclosures will not be exposed to extreme temperatures of space.

3.2 Expert Interview

The expert interview was conducted on 8th of March at LUT university. The expert joined
the meeting online. The interview was conducted from Pekko Eskelinen, who is a highly
respected professor with over 30 years of experience in RF and MW areas. The transcript of

the interview can be seen in appendix A.

According to Pekko Eskelinen, the temperature inside the satellite is maintained around -10
to +40 degrees. There are two basic methods by which the temperature is maintained. The
first is one is with the use of heaters that are powered by the solar cells or by thermal nuclear
batteries. The other method is by rotating the vehicle. One side of the satellite is heated by
the sun and the other is cold. Consequentially one of the sides is very hot whereas the other
is very cold, so by rotating the satellite at constant speed the temperature inside is

maintained.

In addition, Pekko gave insight about the purpose and types of holes in the part. There are
two types of threads in the enclosure, standard metric and non-standardised. The metric

threads are used for mounting the electronics inside the enclosure and the non-metric are



25

used for feedthrough and separation. According to the expert, there is no reason why the

holes used for separation are non-metric.

When asked about the lifespan of the amplifier, the expert pointed out that after the part has
been soldered it is not expected to be reopen or reused and that the part might be stored for
a long period of time that can last few years, so it is important to store the part correctly

where it’s not going to get damaged.

One of the other students that was present during the interview asked a question concerning
the material that is used for the enclosure of his thesis topic. This student is marked in the
transcript as “Student A”. The product of his thesis topic is a frequency converter for a
radioastronomical deep space probe. The answer was that aluminium alloy is the material
used. Pekko Eskelinen has added that in space business only few units of each part are

produced and even 5 units are considered a lot.

The last question was concerning the purpose of gold coating of the enclosure and an option
of gold coating after the part has been soldered. The answer stated that the purpose of gold
coating is electrical conductivity, which means that the part must be fully gold coated before

being soldered.

3.3 SolidWorks utilization

SolidWorks was utilised to create a 3D model of the enclosure and to analyse the part for

DFM.

3.3.1 3D Model

During the measuring of the enclosure the 2D sketches of each side were made where the

dimensions are documented. The sketches can be seen in figure 6.
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Figure 6. 2D sketches of the dimensions.

These dimensions along with the pictures, Figure 7, that were taken with iPhone on copy

stand were used to create a 3D model of the part in SolidWorks, Figure 8.
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Figure 7. Part pictures by iPhone camera.

Figure 8. 3D model designed in SolidWorks.

3.3.2 DFM Analysis

DFM stands for Design for Manufacturability. It also means same as DFMA, A as Assembly.
DFM analysis is a systematic method that assesses the design of a product and finds any
aspects that might potentially affect the manufacturing process. Conducting a DFM study is

a complex task since manufacturing engineers need to carefully manage several elements in
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order to save costs while maintaining high quality standards (Synectic, 2024). The build in
DFM feature in SolidWorks called DFMXpress was ran and it showed 4 rules out of 10 that

were failed for the enclosure body. The failed rules can be seen in figure 9.

X) Rules Failed[4/10]

+-{%) Hole Depth/Diameter Ratio [Failed
{%) Inaccessible Features [Failed 4/4]
{x) Mill Sharp Internal Corners [Failed !
{3) Fillets on Qutside Edges [Failed 2/2
| Rules Passed[6/10]

TR

BN

Figure 9. Failed rules in SolidWorks DFM Module.

The rule Hole Depth/Diameter Ratio was failed in instances where the diameter of the holes
was equal to 1 and the hole went through the whole part. The depth to diameter ratio there
1s 9.7, whereas the maximum recommended ratio is 2.75. The rule inaccessible features were
failed for the 2mm diameter 4 threaded holes. The DFMXpress stated that the thread was
not accessible for the tool as well as tool holder. For the same 4 threaded holes the mill sharp
internal corners rule failed, stating that sharp inside corners are difficult to achieve with
traditional milling. Last fail was fillets on outside edges. There are two fillets on top edge

and they are difficult to manufacture with a traditional mill.

Overall, the DFMXpress has shown that problems during manufacturing can arise due to
fillets on edges and the holes that go through the whole part, especially the threaded holes,

due to difficulties with milling these features.

3.4 Systematic material selection process supported with value analysis

In this chapter, a systematic material selection process will be performed supported with
value analysis in Table 10 below. In this examination, seven different materials were
examined as options for comparison: Aluminium, Aluminium alloy 7075, Aluminium alloy

6061, Titanium, Stainless steel, Gold and Carbon (carbon fiber).
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STAINES
S STEEL

Answer
O#5
STAINLE
SS STEEL

According to the cost per weighted score, stainless steel seems to provide most favourable
value in comparison to the other materials. It has a more economical cost per unit of weight
compared to most of the other materials examined. Stainless steel excels in corrosion
resistance and has a high thermal resistance. However, it’s important to take into account
other variables in selecting materials. Although stainless steel may be cost-effective, it may
not be the most suitable option based on the requirements and properties, for example, if

weight is the most crucial factor, gold would be a better option.

For this research, the cost isn’t relative. When focused only on given property or
requirement, titanium had highest points for its durability, but its machinability is low. After
titanium, Aluminium Alloy 7075 is rather the best option fulfilling the requirements.

Analyzing Aluminium alloy 7075, the following are justified:

* Aluminium Alloy 7075 is ideal for aerospace uses that need weight reduction for its
strong-to-weight ratio. A planetary space mission that has to minimise weight for fuel

consumption and effecient operation may benefit from this.

* High thermal conductivity assists in transferring heat from amplifier components,

ensuring stable performance in space conditions with high temperature changes.

» It has efficient silver soldering capabilities, enabling secure connections between
components, which is important for the amplifier hardware to work consistently during

the probe's life cycle.

* Despite its great strength, Aluminium Alloy 7075 is easily machinable, enabling precise
manufacturing of complicated amplifier components. This allows for complicated

amplifier designs that fulfil performance criteria.

» This material has a good corrosion resistance like titanium and gold. Though less
corrosion-resistant than stainless steel, it can tolerate space environment without

deterioration.
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* Aluminium Alloy 7075 has a lower density than titanium or stainless steel, resulting in
weight reductions in space probe design. This weight decrease may lower launch costs

and enhance mission performance.

3.5 Manufacturing plan

The manufacturing plan of the metallic enclosure consists of several manufacturing methods
which are executed step by step in following order: milling, thread tapping, plasma cutting,

gold coating and silver soldering. Each of these steps is described separately.

3.5.1 Milling

The milling step is done by utilising SolidWorks CAM module that is described in Methods
chapter. Each side of the enclosure has features that have to be machined using milling.
Traditional milling has its limitations, only one side at a time can be machined. For that
reason, each side was done separately, so 6 mill setups were used. The size of the stock is
78.8 mm by 37.6 mm with height of 24.1 mm. The first setup was done with the additional

pocket pointing up. That side can be seen in figure 10.

Additional pocket

Figure 10. Side with additional pocket.
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The milling in this setup is done 12.9 mm deep into the part and that is the depth where the
additional pocket ends. The second setup is done from the opposite side to the first one. The
third setup is done with the long back side pointing up. In fourth setup the front side is
pointing up. For setups 5 and 6, the left and right side are done respectively. All the
machining stages, tools, geometry and time for mill setups can be seen in Tables from 11 to
16.

Before starting milling, the stock has to be tightly secured in a vice that is parallel to the
ground and the tool should be positioned at the point where the origin of the coordinate
system of geometry is set. After each milling setup is finished, the part is repositioned in the
vice being placed up with the surface that has to be milled and the coordinate system origin

is set according to the geometry.

During the setup 1, the milling is not done all the way to the bottom of the part, because that
way the tool will hit and damage the vice. That is another reason why the milling is only
done 12.9 mm deep into the part, the remaining 11.2 mm of height is left to safely secure the
part in the vice. For all the other milling setups the same principle applies, where at least

11.2 mm of the height parallel to the surface, which is being milled, is left for the vice.

Total time taken to complete all milling operations is19.572 minutes.

Table 11. Milling setup 1.

Machining Tool Geometry Time in

stage minutes

Rough Mill 1 T05-20-Flat 0.618
End

Rought Mill 2 | T02-10-Flat 0.295
End

Contour Mill 1 | TO1-6-Flat 0.115
End
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Rough Mill 3 T18-1-Flat 1.712
End @

Rough Mill 4 T19-1-Flat 2.494
End \_—;ﬁ\

Contour Mill 2 | T20-1-Flat 2.286
End

Rough Mill 5 T05-20-Flat 0.168
End @

Rough Mill 6 TO1-6-Flat 0.439
End @

Contour Mill 3 | TO1-6-Flat 0.334
End @

Rough Mill 7 T01-6-Flat 0.424
End @

Contour Mill 4 | TO1-6-Flat 0.096
End @

Center Drill 1 T06- 0.045
6MMx60DEG @
Center Drill

Drill 1 T15- 0.128
1*135Drill @

Center Drill 2 | TO6- 0.082
6MMx60DEG
Center Drill @

Drill 2 T16-2.5*135 0.168
Drill @,

Center Drill 3 | TO6- 0.035
6MMx60DEG @
Center Drill

Drill 3 T17-1.6*118 0.104
Drill @,
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Total 9.543
Table 12. Milling setup 2.

Machining Tool Geometry Time in

stage minutes

Rough Mill 1 | T05-20-Flat 0.619
End

Rought Mill 2 | T02-10-Flat 0.297
End @

Contour Mill 1 | TO1-6-Flat 0.115
End @’

Rough Mill 3 | T18-1-Flat 1.712
End @

Rough Mill4 | T19-1-Flat 2.048
End @

Contour Mill 2 | T20-1-Flat 2.018
End @

Rough Mill 5 | T05-20-Flat 0.560
End @

Rough Mill 6 | TO1-6-Flat 0.205
End \\—;:5

Contour Mill 3 | TO1-6-Flat 0.112
End

Rough Mill 7 | TO1-6-Flat 0.810
End @

Rough Mill 8 | TO1-6-Flat 0.267
End @
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Counter Mill 4 | TO1-6-Flat 0.194
End @

Center Drill 1 | TO6-6MM  x 0.042
60 EGC @

Drill 1 T15-1x118 0.224
Drill @

Center Drill 2 | TO6-6MM  x 0.075
60 EGC @

Drill 2 T16-3x135 0.153
Drill @‘3

Center Drill 3 | T0O6-6MM  x 0.058

\

60 EGC @,

Drill 3 T17-2x135 0.137
Drill -

Total 9.483

Table 13. Milling setup 3.

Machining Tool Geometry Time in

stage minutes

Center Drill 1 | TO6- 0.039
6MM*60DEG
Drill

Drill 1 T15-3*135 0.097
Drill

Total 0.136

Table 14. Milling setup 4.
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Machining Tool Geometry Time in
stage minutes
Center Drill 1 | T15- 0.005
10MM*90DEG
Drill
Drill 1 T16-5.5*118 0.014
Drill
Total 0.019
Table 15. Milling setup 5.
Machining Tool Geometry Time in
stage minutes
Center Drill 1 | T15- 0.005
10MM*90DEG
Drill |
Drill 1 T16-5.5%118 0.014
Drill
Total 0.019
Table 16. Milling setup 6.
Machining Tool Geometry Time in
stage minutes
Center Drill 1 | T15- 0.120
10MM*90DEG
Drill -
Drill 1 T16-5.5*118 0.233
Drill
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Center Drill 2 | T15- 0.005
10MM*90DEG
Drill

Drill 2 T17-5.5*118 0.014
Drill

Total 0.372

3.5.2 Thread tapping

After the milling, holes in the part have to be threaded. Holes were not threaded during
milling, because they would be hard to achieve using traditional milling according to
SolidWorks DFM module that is why the threads will be made by tapping. The process of
making threads within a hole is called tapping (Axsom, 2022). The first step in tapping is to
drill a hole that is smaller than the diameter of the desired thread. The hole size will vary
depending on the diameter of the thread. Table 17 shows which drill to use depending on the

thread size. Holes during milling were made according to this table.

Table 17. Metric Coarse Tapping Drill Sizes (GCodeTutor, 2024)
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After the holes are drilled, the threads are formed using tools called tap. For the enclosure, a
pneumatic tapping machine will be utilised. The power source for a pneumatic tapping
machine is compressed air (Mali et al., 2014). The high-pressure air applies an axial
rotational force on the rotor situated within the tool head and induces the rotation of the tap
tool within the workpiece. There are three different types of threads in the enclosure: M2,
M3 and 1/4”’inch; and each one requires their own tap. Position and number of threaded
holes can be seen in Appendix 2. The total time to tap threads will depend on the machinist,
that is why an average time of 0.150 minutes per thread is taken, which bring the total to 3

minutes.

3.5.3 Plasma cutting

After the enclosures body has been manufactured, two identical lids have to be made. The
lids have a small thickness of just 1.60mm, which makes it impractical to mill them. This is
because there is not enough space to securely fasten the lids in a manner that prevents the
milling tool from coming into contact with the vice. That is why the best option would be to
purchase an aluminium alloy sheet, which are available in thickness of 1.60 mm, and to use
High Tolerance Plasma Arc Cutting (HTPAC). A low-cost alternative to laser cutting,

HTPAC is a modification on plasma cutting that is designed to improve the precision of
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plasma cutting for materials under 12mm thickness (TWI, 2024). A jet of ionized gas heated
to temperatures beyond 20,000 °C is used in the plasma cutting (also known as plasma arc

cutting) method to melt and remove material from the cut (TWI, 2024).

3.5.4 Gold coating

According to expert interview the enclosure has to be fully gold coated before being
soldered, so after all the parts have been manufactured, they have to be gold coated. Gold
coating is a process where a thin layer of gold is layered onto a base metal (Benton, 2024).
There are many different techniques in which metal can be gold coated, one of the most
common is gold electroplating. According to NASA, the standard for space application is
Laser Gold plating that is done by Epner Technology company (NASA, 1997). A unique,
pure, durable, electrochemically produced gold coating that combines the theoretical
emissivity and reflectivity of gold is called laser gold plating (Epner Technology, 2024).
According to Epner Technology, it is stated that the thickness can be applied from 0.1
microns to 100 microns and that Laser Gold plating is capable of withstanding the heat
stresses in space, that is why Laser Gold plating seems to be the best option for the enclosure.

(Epner Technology, 2024)

There is no information on the website about how much time is needed for Laser Gold
plating, but for electroplating the average time is several hours so time for Laser Gold plating

would be guess at 2 hours.

3.5.5 Silver Soldering

The last step is to assemble all the electronics inside the enclosure and to solder the lids to
the body using silver soldering. The procedure of permanently attaching two pieces of metal
together is called silver soldering, and it involves applying heat to melt silver solder pieces
into a prepared junction. To silver solder, there are four steps have to be taken into
consideration. The first step is to prepare the metals by making sure they are clean. Next step
is to apply flux to each metal surface at the joint. Flux acts as a barrier against oxidation

while heating. After that position the lids on top of the main body, secure them at place with
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grips and put silver solder at top of the joints. Last step is to evenly apply heat to the metal

in a circular motion.

Taking into account all steps needed for silver soldering the average time for silver soldering

the enclosure can be guessed at about 15 minutes. (Cooksongold, 2021)

4 Discussion

The discussion chapter of this thesis examines the findings and methodologies employed in
developing a manufacturing plan and material selection of metallic enclosure for ultra-low
noise microwave amplifier for space probe. This chapter will look at integrating the
triangulation methodology and check the reliability of each method. This chapter also
discusses tolerance and surface roughness requirements for the enclosure and features that
can be changed to make the manufacturing easier. Furthermore, this chapter will give

suggestions for future research.

4.1 Integration of triangulation method and reliability method

All four methodological approaches that are described in methods chapter have been
completed. The last step is to integrate these answers. After performing literature review, the
information was discovered about best options of metallic material that can be used for
metallic electronic enclosures considering electromagnetic interference. Those options were
stainless steel and aluminium. Through the expert interview it was found that the material
used for electronic enclosure is a type of aluminium alloy. Due to these two methodologies,
3 different candidates for systematic material selection were discovered. This is an example

of how methods were integrated together.

Different methods also support each other. In expert interview, Pekko Eskelinen states that
the temperature inside the satellite is maintained using cooling and heaters. In the literature
State-of-the-Art of small Spacecraft Technology there is similar information which states
that in satellites there are heaters and coolers implemented to maintain the temperature.

These two methods increase each other’s reliability.
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The reliability of the methodologies was also checked separately. The first literature
reviewed was taken from Scopus which is a highly reliable academic database and the second
literature was taken from official NASA website and was updated in Februrary 2023. For
the expert interview, the experts background has been examined and it was reviled that he
has over 30 years of experience in the MW RF sphere and for systematic material selection

candidate materials were compared by using value analysis.

4.2 Discussion of manufacturing and tolerances with surface roughness

From the expert interview it was clear that one feature of the enclosure should be changed
to making the manufacturing easier. The threads that are not metric and that are not used for
feedthrough are used for separation of electronics, but there is no reason why they cannot be
metric. Changing them to be standardised metric significantly eases the manufacturing, that
is why in the manufacturing plan and in the 3D model they were made metric. The only non-
metric threaded holes that were not changed are the three 1/4°° inch threads on the front and
the two sides of the enclosure. They are used for 3.5 microwave connector, so it cannot be

changed.

From the DFM analysis it was clear that the threads cannot be manufactured during the
milling and that the holes cannot be drilled all the way through the part at one go, so the
threads are made after milling using thread tapping on pneumatic tapping machine and the
holes are drilled halfway from both sides. Furthermore, DFM analysis showed that the two
fillets on the outside edges are hard to mill, so it should be taken into considerations to get

rid of them.

According to the expert interview the tolerance grade that should be used for this enclosure
is ITS, and using the table from methodology chapter the surface roughness should be set to

0.8 pm.

4.3 Material Selection

Due to the reasons stated at chapter 3.4, the Aluminium Alloy 7075 is chosen as the best

option for the electronic enclosure. However, it is not the most cost-effective option and if
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budget is tight, stainless steel can act as a decent replacement, with properties such excellent
corrosion resistance, shielding from electromagnetic interference and silver soldering
capabilities. Still, if the cost isn’t an issue, Aluminium Alloy 7075 will provide the best

performance in the space environment and it is easier to machine compared to stainless steel.

4.4 Future Research

For further research, an examination of utilising composite materials for electronic
enclosures is recommended. Specifically composites RTP 285 HEC, RTP 287 HEC and RTP
385 who have been ranked higher than metallic materials when measured shielding

performance against electromagnetic interference.
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5 Conclusion

This Bachelor's thesis studied the manufacturing process and materials for the metallic
casing of an ultra-low noise microwave amplifier for space probe missions. Literature
review, expert interviews, SolidWorks modelling using DFM and CAM modules, and
careful material selection were used to understand this assignment's demands and challenges.
A solid research strategy has been built by integrating multiple methods, ensuring the
accuracy and trustworthiness of the findings and recommendations. Combining academic
research, expert statements, and practical models yielded a production strategy. Material

selection, production, tolerance, and surface roughness are addressed in this strategy.

The best electronic enclosure material is Aluminium Alloy 7075 due to its performance,
manufacturability, and affordability. Its unique properties make it ideal for space's
challenging conditions and easier to form and manipulate than other materials. However,
when taking costs into consideration, also Stainless Steel can defend against corrosion and
electromagnetic interference. This study's methodology has been extensively confirmed,
ensuring the findings' reliability and originality. The reliability of each research technique
was carefully verified, boosting confidence in the results. Expert interviews and practical
evaluations have inspired production problem-solving. Standardising threaded features,
improving milling processes, and setting tolerance grades and surface roughness standards

have resulted from these insights.

This thesis advances the field of aerospace engineering by structuring space exploration
mission component development. These results and suggestions guide the building of ultra-
low noise microwave amplifiers and improve space mission efficiency, dependability and
sustainability. This study can advance DFMA methodologies and sustainability practices,
deepening the understanding of MW and RF technologies in space exploration, through

collaboration between academia, industry, and research institutions.

Deep space missions depend on carefully designing and producing components like the
ultra-low noise microwave amplifier metallic exterior. This thesis aims to help solve the

universe's questions by using rigorous methods and unique techniques.
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Appendix 1. Expert Interview Transcript

Iskander Guliev:

Pekko Eskelinen:

Iskander Guliev:

Pekko Eskelinen:

Iskander Guliev:

Hello, my name is Iskander Guliev and topic of my thesis is ultra-low
noise microwave amplifier for space probe. Here is my question. The
temperature in space ranges from -250C to +150C, but the electronics
inside the microwave amplifier body cannot handle those temperature
changes. For example, the operating temperature range of the
feedthrough brushes is -55C to +125C, and the microwave amplifier
metallic body is made from conductive material. How are the electronics

protected from extreme temperatures?

The temperature inside small spacecrafts are maintained at temperatures
around -10°C to +40°C. There are two basic methods by which this is
done. The first one is by using coolers and heaters inside the spacecraft.
They are powered from solar cells or with the use of thermal nuclear
batteries. The second method is external. In space usually one of the
vehicles sides is very hot and the other is very cold. This is due to one of
the sides facing the sun. If the satellite will be rotating at constant speed,
the temperature inside the satellite will remain constant. Also, rotation

does not need power once started, so this method would not take energy.

Thank you for your answer. My second question is about the high
number of threaded holes that go all the way through the part. What is

their purpose and how important is their right positioning?

These threads have different purposes. The function of some of them is to
prevent internal interference inside the box and of the others to secure the
electronic inside the enclosure. Their position is predefined and it can be

moved to 1mm to the side but cannot be put on a straight line

Which of these holes are used to separate electronics and which are used

to secure the parts in place?



Harri Eskelinen:

Iskander Guliev:

Pekko Eskelinen:

Iskander Guliev:

Pekko Eskelinen:

Student A:

Pekko Eskelinen:

Iskander Guliev:

Pekko Eskelinen:

Some of the threads are standardised metric threads and the others are not
standardised. The metric threads are used for mounting and the others are

used for feedthrough and separation.

Is there a reason why some of the threads are not metric?

There is not a reason that I know of. It was a manufacturers choice.

Thank you. I also wanted to ask about the life span of this product.

It has to be stored correctly, because after it is assembled it might be
stored for couple of years and it is not expected to be reused or opened
after being sealed with silver soldering. This amplifier was used in Titan

mission where it survived couple of seconds after landing to the Titan.

What material is used for this enclosure? And what tolerance grade

should be used?

The enclosure is made from special aluminium alloy purchased from
France. The material is very expensive and only three units were made.
There was never an intention to make more of this. In space flight
business even 5 units are considered a lot because they are horribly

expensive. The tolerance grade should be set to ITS.

I have one last question. It seems that there is also gold coating inside the
enclosure — is that necessary from the viewpoint of performance or could

the coating be made afterwards when the enclosure is sealed?

The coating is used for electrical conductivity, so the part has to be fully

gold coated first, then soldered using silver and then sealed.



Iskander Guliev: Thank you very much for you time and all your answers. This has been

very helpful and I appreciate it.

Appendix 2. Technical Drawings
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