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The object of this study is the box of a 15 GHz diode detector consisting of 2 parts that are
joined together with screws, creating a shell for a circuit board that can be connected with
SMA and SMB connectors on the sides. The device is made by the split-block technique and
also the thread, serving for connecting SMB connector, is split. Two blocks of the device are
almost identical, except for countersinks for screw heads and the pocket for the diode, that
are included only in one of them. The adjacent components and connectors, are standardized.

The study of the 15 GHz diode detector was included in the broader LUT research project,
together with the study of many other MW/RF components.

"In spring 2024, a thesis was completed at LUT University on this MW/RF component,
which preliminarily examined the tolerancing and material selection of the part. However,
this thesis will focus on aspects of environmental friendliness and circular economy from
the viewpoint of mechanical engineering." The objective is to study the environmental
footprint of a co-axial 15 GHz diode detector from the viewpoint of mechanical engineering,
both from the perspective of life cycle thinking and circular economy, and to assess the most
optimal solution. The environmental friendliness of the product was analyzed during all the
phases of its lifecycle to answer the following research question: What changes in material,
manufacturing process or product design could decrease the environmental footprint of the
co-axial 15 GHz diode detector, while maintaining all the qualities needed for its proper
functioning? The basis for the research was provided by the expert interview, clarifying the



details about the product and the requested properties for its proper functioning. The R-
strategies approach for circular economy was further applied, supported by the Sustainability
module of the SolidWorks and backed up by literature review. As far as design is concerned,
the original design using the split-block technique was confirmed to be the environmentally
suitable solution from the point of view of life cycle thinking, helping to prolong the life of
the product by easiness of reuse and remanufacturing. Only minor adjustment was made to
make both parts of the shell interchangeable and prolong the lifetime of the product during
the Use phase. For the choice of the most environmentally friendly manufacturing method
and material, the results of the Sustainability module of SolidWorks were assessed. The
analysis lead to the choice of milling for the manufacturing method and the choice of
malleable cast iron as the material with the smallest environmental footprint. Comparing to
material of aluminium alloy 6061 T6 originally proposed in the previous thesis the malleable
cast iron was shown to cause the environmental impact of only 19.89%, 26,02%, 8,52%, and
29,63% fraction of the aluminium alloy one in frames of carbon footprint, consumed energy
and impact on air and water, respectively. Using a weighted factor, its total negative
environmental impact was only 20% of the one of aluminium alloy. The aluminium alloy,
even after being recalculated to higher recycled content by the help of data from literature,
did not provide better environmental friendliness comparing to either malleable cast iron, or
plain carbon steel. Therefore, in the future, DFMA analysis could be performed also for
slightly changed design and the material choice of malleable cast iron. The results may be
compared with the ones received for aluminium alloy 6061 T6. Next, the quality assurance
actions for a coaxial 15 GHz diode detector produced by machining from malleable cast iron
could be analyzed.
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1 Introduction

The object investigated in this bachelor thesis is the co-axial 15 GHz diode detector. In this
chapter the studied object is introduced, the importance of the conducted study and its
objectives are presented. The research problem including its main challenges leading to

research question is defined and the methodology used is briefly described.

1.1 Goal of the research

Due to the current threat of global warming, it is important to put attention to the way we
influence the environment. The environmental impact should be considered during the

design phase of each product.

The objective of the thesis is to study the environmental footprint of a co-axial 15 GHz diode
detector from the viewpoint of mechanical engineering. Further, it should assess the most

optimal solution, both from the perspective of life cycle thinking and circular economy.

1.2 Background and motivation

Diode detectors belong among the essential electronic components. High frequency diode
detectors are often used in radio-communication systems to decode the transmitted
information by extracting the data or audio signals from radiofrequency signals. The object
of this study is the box of a 15 GHz diode detector consisting of 2 parts that are joined
together with screws, creating a shell for a circuit board that can be connected with SMA
and SMB connectors on the sides. The device is made by the split-block technique and also
the thread, serving for connecting SMB connector, is split. Two blocks of the device are
almost identical, except for countersinks for screw heads and the pocket for the diode, that
are included only in one of them. The studied parts together with adjacent components and

connectors, that are standardized, are presented at Figure 1.



Figure 1 Product to be analyzed

The study of the 15 GHz diode detector was included in the broader LUT research project,
together with the study of many other MW/RF components. "In spring 2024, a thesis was
completed at LUT University on this MW/RF component, which preliminarily examined the
tolerancing and material selection of the part. However, this thesis will focus on aspects of
environmental friendliness and circular economy from the viewpoint of mechanical

engineering."

1.3 Research problem and research questions

The research will be based on the mentioned thesis, focused on material selection and
manufacturing plan of a co-axial 15 GHz diode detector, which was completed at LUT
university in spring 2024. The improvements or recommendations will be proposed based
on deeper analysis of environmental friendliness of the product during all the phases of its
lifecycle. In order to prolong its life and ensure the approach based on a circular economy,
the main challenge will be to properly assess and choose the used material, manufacturing



method and design with the aim of improving the perspectives of environmental friendliness

of the product considering all of the phases of its lifecycle.

The mentioned challenges reflect the following research question that the thesis aims to
answer. What changes in material, manufacturing process or design could decrease the
environmental footprint of the co-axial 15 GHz diode detector, while maintaining all the

qualities needed for its proper functioning?

1.4 Brief introduction of research methods

Primarily, the product environmental aspects will be assessed by the help of R-strategies.
All the steps of the design phase, consumption phase and end-of-life or return phase will be
analyzed. The special emphasis will be given to the design phase, which adds the highest
sustainable value. The steps of RO Refuse, R1 Rethink and R2 Reduce help to eliminate the
waste right at the beginning, during the crucial process of the product design.

After modeling the product in SolidWorks software, the Sustainability module of
SolidWorks will be used to support the R-strategies analysis. It will also be supported by the

information gained by the literature research and during the expert interview.

1.5 Expected contribution

This thesis will complement the previous research of a co-axial 15 GHz diode detector. It
will enlarge the scope of interest with the environmental aspects.

The environmental friendliness of the object studied will be assessed both for the solution
provided by previous research and for other options. Based on the assessment, changes
improving the environmental aspects of the product will be proposed. This will help to

ensure that the negative impact of the product on the environment will be minimized.



2 Research methods used for environmental analysis of a co-axial
15 GHz diode detector

In the chapters below the research methods used are presented and the details about them are

specified. The use of method triangulation is explained.

2.1 Applied triangulation

In the research, the method triangulation is used. It is schematically presented in Figure 2.
As it can be noticed, the R-strategies method is presented at the top-most corner of the
triangle, emphasizing the fact that the analysis based on R-strategies strongly relies on and
is constantly fueled by the reliable information from literature review together with
information received at expert interview, and database-based quantitative indicators from

SolidWorks Sustainability module.
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Figure 2. Schematic presentation of method triangulation
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2.1.1 R-strategies for circular economy

RO. Refuse

R1. Rethink

R2. Reduce

R4. Repair

RS. Refurbish
R3. Reuse

R6. Remanufacture

R7. Repurpose

R9. Recover R8. Recycle
energy

This is avoided in
a circular economy

Source: Potting et al. 2018

Figure 3 - R-strategies approach ensuring the following of the principles of circular

economy. (Potting et al. 2018)

R-strategies provide a conceptual approach to circular economy helping to avoid the linear
economy waste generation, minimize the use of virgin resources and increase the products
life cycle. Figure 3 from Potting et al., 2018, by the help of circular loops schematically
demonstrates the importance of the first 3 R-strategies belonging to the design phase.

Making the right decisions during the design phase can help to ensure the fulfillment of
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circular economy principles for the whole Use phase and End-of-life phase of the life-cycle.
Applying the principles of circular economy results in decreased carbon emissions and

environmental footprint.

The individual steps of R-strategies are divided into 3 groups, depending on the phase of the
lifecycle they deal with. The first group deals with the phase of design, which adds the
highest sustainable value. The steps of RO Refuse, R1 Rethink and R2 Reduce help to
eliminate the waste right at the beginning, during the crucial process of the product design.

RO Refuse: This step considers to refuse the product as such, evaluating if it is needed, or if
already existing environmental friendly alternative products could be used instead.
Alternatively, also more environmentally friendly solution covering the combination of

several similar products could be proposed.

R1 Rethink: The device requirements should be analyzed and the research, (e.g. literature
review and expert interview should be conducted). The brainstorming, supported by
mentioned research, should result in the idea which aspects or processes (for example
material, design, manufacturing processes) could be reconsidered and replaced by more
environmentally friendly alternatives in the most optimal way, securing the optimal
functioning of the device and its long lifecycle based on the principles of circular economy.
The possibility to consider the waste as a resource right at the start of the process should be
analyzed. It should be assessed if the waste could be used as a resource fully, or only
partially, for the optimal environmental and functioning outcome. The contribution of the
waste in the resource material should not be increased to the extent that it would decrease
the life of the product. The ideas should be generated, about how to replace the
environmentally harmful processes by the less harmful ones. Also the idea of changing the
design to make a device multipurpose, to decrease its needs for maintenance, to improve and

simplify its use, or to ensure smaller manufacturing efforts, can be applied.

R2 Reduce: In this step the decisions concerning the reduction of the use of raw materials
(especially scarce metals) are made (in alignment with the previous step). The energy used
during the specific manufacturing processes should also be analyzed and the processes
should be redesigned, with the aim of energy reduction and the reduction of environmental
footprint in mind. This step can be well supported by a life cycle assessment performed in
SolidWorks.
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The second group deals with the consumption phase. Its aim is to increase the life of the

product or its parts.

R3 Reuse: The ways can be found how the product or its parts could be reused for the same
or different purpose when they are not needed at the original place anymore.

R4 Repair: The life of the products should be extended by the proper maintenance and the
possibility of repair.

R5 Refurbish: The product can be renewed/improved to ensure its satisfactory state for

further use.

R6 Remanufacture: Several products at the end of life could be combined to one product

used for the same purpose.

R7 Repurpose: Several products at the end of life could be combined to one product used for

different purposes.

The third group deals with the phase of end of life, that aims to retain the value and utilize
the waste. It is important to avoid disposing the waste to the landfill or incineration that

would cause the loss of the value and the pollution of the environment.

R8 Recycle: The value of the product at the end of life can be retained by making new
material from the waste. Depending if the new material is of higher or lower quality, we

speak about upcycling or downcycling.

R9 Recover: The value of the product at the end of life can be retained by recovering energy

from the waste. It is mostly applied to organic waste.

R-strategies flow-chart diagram is presented in Figure 4. The step R1 Rethink, provides the
basis for 3 subgroups of steps:

e The important step R2 Reduce aiming to reduce the environmental impact of the

studied component

o Steps of Use phase aiming to increase the life-cycle by application of principles of

circular economy

o Steps of End Of-life phase, trying to maximize the circular use of the used material

and avoid the waste.



RO Refuse
R1 Rethink
—3 RE Recycle
R2 Reduce
—> R3 Recover
R4 Repair {3 > R3 Reuse
R5 Refurbish L - R7 Repurpose
b

R& Remanufacture

Figure 4- R- strategies flow-chart diagram

2.1.2 SolidWorks Sustainability module

14

The assessed product was modelled in SolidWorks. The desired parameters were chosen

(SolidWorks Sustainability Guide).
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As far as the lifecycle stages are concerned, the product was assessed during its whole
lifecycle - material, manufacturing, use, transportation, end of life aspects were considered.
Transportation setting remained constant - Europe was chosen both as the place of
manufacturing and the place of use. In connection with that, the European standard (CML)
was chosen in preference to the American one (TRACI). The values for the remaining

aspects were set case by case.

All available environmental impact categories were applied (Carbon footprint, Energy
consumption, Air acidification, Water eutrophication). However, to be able to compare
various designs, the carbon footprint was taken as the main factor with the highest weight.
The measurements were unified by weighting them so that their relative impacts could be
compared. The factors with higher influence were assigned higher weight: The carbon
footprint was assigned weight of 70% with remaining factors being assigned 10% each.

By choosing different materials and manufacturing methods the most sustainable solution
was tried to be identified. As part of the interpretation, the result are analyzed, conclusion
reached, limitations explained and recommendations provided. Results are transparently
reported. The life stages with the biggest impact, as well as anomalies are identified. The

consistency of all the data used is checked and evaluated.

2.1.3 Literature review

The information searched for in the literature is clearly defined by the help of previous data
analysis. The sources are carefully selected. Preferably newer sources (less than 10 years
old) are used. This ensures that the collected information is up to date. Both scientific and
commercial sources are used, based on the type of needed information. The scientific sources
preferably used are the peer reviewed ones. This ensures the reliability of the information.

The information gained from different sources is compared together and also with results of
other used methods, to strengthen the reliability. The sources are cited according to Harward

standard in order to avoid plagiarism.
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2.1.4 Expert interview

The expert interview was held on 10" February 2025 with the expert Prof. Pekka Eskelinen.
It was held as a group on-site meeting. All of the students in the group were listening as each
of the students presented their own interview question and the expert Prof. Eskelinen

patiently gave the replies.

My expert interview question is as follows. What are the critical material properties and their
needed values to secure proper functioning of the component and what functions do they

need to secure?

2.2 Reliability analysis

In order to increase the reliability of the gathered information, the cross table check is
performed. The results obtained by all of the used methods are compared. At least 3

references concerning the same aspect are used.

The information is preferably gathered from trustworthy sources. Where-ever possible,

quantitative indicators are used.

2.3 Methodology procedure

The complete step-by-step methodology procedure is illustrated in Figure 5. It also shows

the exact order of the steps as they were performed.
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Initial data collectian:

» information about the task and the product from task definition
» measuring the product using measuring device

finding previous Lut thesis concerning the same product - the propesed

resource material, design and manufacturing processes are taken as the basis

Using expert interview to understand the requirements of the device

performance

Initial data analysis:

= Using R strategy design phase steps - analyzing which design choice could increase thi
life cycle of the Use phase, which aspects of the model can be potentially replaced by
mare environmentally friendly ones (resource material, design, manufacturing

processes)

Using SolidWorks Sustainable module to check which of the aspects identified by

previous step have real impact on environmental footprint

Further data collection:

* Based on previous analysis clearly define which information is searched for in the literature (resource
material, design, manufacturing processes)
e Carefully selected sources, both commercial and scientific ones. New sources preferred

Further data analysis:
= Rstrategy R1 Rethink - generate ideas of how to choose the material resources, designs and processes in the most optimal
way, securing the optimal functioning of the device and minimal environmental footprint. The optimization of both use
phase and end of life phase, as well as R2 Reduce step should be rethought.

Entering suggested data to SolidWaorks Sustainable module to receive quantitative indicators and possibly get further ideas

for improvements

All the abtained results should be compared based on the chosen measure
Using the remaining steps of R approach (R2 to R9) the right choices of resource material, design and manufacturing

process are made

Presenting the results:
= The results for the best options provided by SolidWaorks Sustainability module are presented
including the main measures and data of environmental improvement compared to original

basis choice

= Quantitative analysis, comparing quantitative indicators

Presenting diagrams

Reliability analysis:

cross-table check

at least 3 references concerning the same aspect used
Trustworthy sources

Comparison of result obtained by 3 methods

clear quantitative indicators used

Figure 5 Step-by-step methodology procedure
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3 Results of environmental analysis of a co-axial 15 Ghz diode

detector

This chapter presents the results obtained by individual methods. The information gained by
expert interview and literature review that normally form together 1 part of method

triangulation are separated here to 2 different sections.

3.1 Expert Interview Results

The expert interview question and the answers provided by the expert are displayed below.
The expert explained the functioning of the assembly and specified 2 main critical properties

that need to be embodied by the used material.

3.1.1 Main expert interview question with answers provided by the expert

The expert was asked the following question: What are the critical material properties and
their needed values to secure proper functioning of the component and what functions do

they need to secure? Summary of answers provided by the expert can be found below.

The coaxial diode detector box is used at the frequency range of around 15 GHz. It is no
more very low but fortunately it is still not very high, therefore relatively simple aluminum

construction can be used.

The critical material property is easy machining characteristics leading to nice surface

quality. So the material should ensure easy milling and provide good quality finishing.

The set of grooves inside the small box serves for fixing a small circuit board on which the
diode itself and additional one resistor and one coil are located. Two metal halves of the box,
the top and the bottom half, are tightened in such a way that the circuit board is pressed
between the surfaces (of course, without mechanically breaking the diode). One end of the
detector serves for connecting an SMA connector using 4 flange screws. This connection
does not set any special requirements for the diode detector box. The other end of the detector

serves for connecting an SMB connector. In the presented design the thread of SMB
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connector is split and consists of the upper and lower part. When done very carefully also

that is possible.

3.1.2 Additional question concerning the studied assembly

The expert was asked the following additional question: Is it possible to pick different
material for coiling or the body of SMA connector and what would be the requirements?

The summary of the answer is provided below.

o All solder connectors regardless of the material will perform at 15 GHz. In case of
no monetary limitations the gold-plated one should be selected. When money is an

issue, an economic version with a stainless steel body can be chosen.
e The fastening relies on 4 screw flanges and that can not be changed.
e The gender of the connector can be male or female.
o As the frequency is 15 GHz, SMA connector is the proper choice.

e The N-type connector would work at 15 GHz very well too, but it is too clumsy, there

is no reason to choose it.

e The 3.5mm connector or the K-type connector is mechanically interchangeable with
SMA but electrically is not working with 15GHz, it needs the frequency above 30
GHz.

3.1.3 Other observations

Below is the summary of the observations from the expert answers to expert interview
questions concerning different components. They could provide some useful clarifications

for my topic.

« Fastening screws inside the box is difficult and critical. If the circuit board mounting
screws are not exactly in the positions which are defined by the circuit board itself,

the device would not work correctly.
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o If the parameters of the metal box and the thickness of the walls are not designed

according to the needs, some material can be removed and the dimensions changed.

o If the dimensional or material requirements of the box structure itself are quite

relaxed, also steel can be chosen as the material.

3.2 Literature Review Results

The main outcomes of literature review are presented in the following sub-sections. They
are used to confirm the choices made by the help of R-strategies approach.

3.2.1 Manufacturing processes - additive manufacturing, milling and die-casting

As additive manufacturing is not included among the manufacturing processes in the
Sustainability module in SolidWorks, its comparison with conventional machining had to be
performed by the help of literature review. Some important factors found by research were
chosen to be presented in this sub and will be further discussed in the discussion section.

Table 1 Is additive manufacturing environmentally suitable for studied components?

Factor promoting the use of additive manufacturing applies to studied component
sample production, low volume production no
highly complex geometries no
small parts with high material waste no
one-piece hollow part no
no strict requirements for surface finish no

final result: considering environmental friendliness, additive manufacturing is not suitable

for studied component
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Milling and die-casting were compared together. The results can be found in Table 2. As can
be seen, there is no evident preference between these 2 options, the final choice depends on

the specific detail of the object and the material.

Table 2 Comparison of milling and die-casting

Factor Milling Die-casting
Higher quality of surface finish |yes no

Less material waste no yes

More energy efficient yes no
Focuses on ferous metals yes no
Focuses on non-ferous metals

(aluminium) no yes

3.2.2 Input material — machinability, fine surface finish, recyclability

As the main criterion for the used metal determined by the expert interview was a good
machinability, this quality needs to be further investigated. The investigation by literature
review will serve to further confirm the reliability of results obtained by the help of the
Sustainability module in SolidWorks. Final results: malleable cast iron, plain carbon steel
and aluminum alloy 6061 T6 are among the materials with high machinability (Speiser,
2020b), (Urick Ductile Solutions, no date), (Recycling, 2024), (What is Low Carbon Steel?,
no date), (Steel, 2023), (Speiser, 2020a), (Hillier, 2021), (Malleable cast iron, no date)

Ability to create fine surface finish by machining is the quality that the studied product
requires. Final result: malleable cast iron is able to provide fine surface finish (Machining
cast iron: Essential tips for efficient cutting and finishing, no date), (Urick Ductile Solutions,

no date).

This subchapter should further support the choice of material by the help of the Sustainability
module of SolidWorks. The aim is to find out the percentage of the recyclability of the
considered materials. It will help to add the correct end of life factor to the most
environmentally suitable material research. Final results: All the metals, hence also

malleable cast iron, plain carbon steel and aluminum alloy 6061 T6 are 100% and repeatedly
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recyclable, as stated in many resources, e.g. (“Aluminium and steel: The infinitely recyclable
Materials,” 2021), (Altharan et al., 2024), (Melo, 1999).

3.2.3 Environmental influence of using the recycled content in the input material

Environmental footprint of the component is substantially influenced not only by the type of
chosen material but also by the recycled content used in it. The aim of this chapter is to
provide quantitative data of the environmental impact of recycled scrap content in the input
material. The results will be helpful to recalculate data provided by Sustainability module of

SolidWorks to higher recycled content.

Result: For aluminium alloy 6061 T6, the environmental impact of recycled content
comparing to raw resource material is around 5%, 5%, 5% and 23% for carbon footprint,
total energy consumed, air acidification and water eutrophication respectively (Document
display, no date), partially mentioned also in (Aluminium recycling, no date), (Recycling,
2024), (Kovacevi¢, 2024). For plain carbon steel, the environmental impact of recycled
content comparing to raw resource material is around 14%, 15%, and 24% for carbon
footprint, total energy consumed and water eutrophication respectively (Bleischwitz,
Domenech and Winning, 2021).

3.2.4 Lack of aluminium scrap for recycling

Aluminium is often used for the products with long life-span, so around 75% of aluminium
produced in the past is still in the use (Aluminium scrap is becoming more and more
valuable, 2018). The other big portion are beverage cans that are repeatedly recycled for the

Same use.

Result: Available aluminium scrap is not sufficient and fails to satisfy the demand (Media,
no date). Based on statistics EU27+UK, in year 2021 the portion of recycled aluminium used

for production was only 39% (Aluminium industry, 2022).
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3.2.5 Comparison of environmental footprint of cast iron, steel and aluminium

To compare the results obtained by the help of Sustainability module of SolidWorks, the
similar cases were searched in literature. In (Jacques, Steve and Alain, 2021) the carbon
footprint of cast aluminium alloys was presented to be higher than the one of grey cast irons
and cast steels. The results measured by (Salonitis et al., 2019) indicated that energy for
manufacturing of diesel engine block made of cast iron was much smaller than for
manufacturing the one made of aluminium alloy. Also according to (Gongalves et al., 2024),
based on LCA analysis by the help of Eco Audit tool version 2023 of Unsis Granta Edu Pack
software, during the material manufacturing phase of the lifecycle both carbon footprint and
energy needed for manufacturing were smaller for malleable cast iron than for aluminum.
Other resource published numerical data indicating higher environmental footprint of
aluminium compared to iron and steel (Raabe, 2023). (Mitterpach et al., 2017) states that
based on LCA assessment provided by (Li et al., 2002) the environmental impact of iron
production is smaller than the environmental impact of the production of the steel.

In general, the mentioned partial results are in line with the results obtained by the help of
Sustainable module of SolidWorks. Combining these results implies that the smallest

environmental footprint is created by cast iron.

3.3 R-strategies analysis

As the main tool to environmentally analyze the product the R-strategies are used. The
special emphasis is put on the Design phase to eliminate the waste right at the start. As
described in chapter 2.1.1, in the step RO Refuse it will be assessed if the product could be
refused as such, together with its function, or if its function could be replaced by another
existing product. Afterwards, in step R1 Rethink the overall setup will be rethought with the
aim to ensure the effective handling of the R2 Reduce step, as well as the optimal function
during the Use phase and End of life phase completely governed by circular economy and

avoiding any resource materials going to waste.

Step RO Refuse: In the studied assembly the screws and SMA/SMB connectors were already
replaced by commercially available parts. The object of current study is the remaining shell

of the diode detector that is specifically customized and can not be further replaced.



24

Step R1 Rethink as analysis of step R2 Reduce and Use and End of life phases: The step R1

Rethink is performed to ensure the proper reduction of environmental footprint and carbon

emissions during the R2 Reduce step and the fulfillment of the principles of circular

economy for the whole Use phase and End-of-life phase of the life cycle. After analyzing

the device requirements and conducting literature review and expert interview, the goals of

the design process and the main aspects that need to be considered are identified for each of

the following steps and lifecycle phases (R2 Reduce step, Use phase, End-of-life phase) —

they are introduced in Table 3. Afterwards, with the aim of fulfilling all of those criteria and

aspects, 3 main areas are chosen where the main choices need to be made and they are

presented in Table 4. The resulting choices are analyzed in the following sub-sections.

Table 3 Goals of the design process and aspects considered

Goal of the design process

Connected to

Considered aspects

To reduce the environmental footprint

Step R2 Reduce

Reduction of the use of the raw material

Reduction of energy used during the manufacturing
processes

Ensuring smaller manufacturing efforts

Replacing the environmentally harmful processes by the
less harmful ones

Considering the possibility to use waste as a resource

Assessing if the waste could be used as a resource fully,
or only partially, for the optimal environmental and
functioning outcome (the contribution of the waste in
resource material should not be increased to the extent
that it would decrease the life of the product)

To prolong the Use phase and make it more
intensive

Use Phase (steps
R3 to R7)

Making the device multipurpose

Decreasing the need for maintenance

Improving and simplifying the use, reuse, repair,
remanufacturing, refurbishment and maintenance

Ensure the high recyclability of the product

End-of-Life Phase
(steps R8 to R9)

Avoiding disposing the waste to landfill or incineration that
would cause the loss of the value and the pollution of the
environment

The value of the product at the end of life can be retained
by making new material from waste




25

Table 4 Choices to be made to fulfill the given criteria

Choice to be made Criteria to be fulfilled
Making manufacturing process more effective
Choice of DESIGN Increasing the life of product by prolonging its Use phase

Considering reducing the thickness of the walls to use less material

Ensuring the requested quality and functioning of the product

Choice of MANUFACTURING PROCESS |Having the smallest possible environmental footprint (energy
consumption, environmental pollution)

Having the required qualities (good machinability and ability to create
high quality surface) to ensure the proper functioning of the product

Having high durability, to ensure the long lifetime of the product

Having the smallest possible environmental footprint

PSS GFL LA The material with high recycled content should be chosen as input

material to minimize the use of natural resources

The energy needed to produce the input material should be considered

The material should be recyclable (the best would be 100% recyclable)

3.3.1 The choice of DESIGN

Based on the expert interview it was concluded that the split-block technique design is a
unique design solution created specifically for the studied product, helping to avoid many
issues, e.g. fixing the position of the circuit board and maintaining its proper connection with
SMA and SMB connectors. As the design is as compact as possible, it does not negatively
impact manufacturing. The option to reduce the thickness of the walls would help to use less
material, but on the other hand, it would make manufacturing more complicated as due to
the required interface with SMA and SMB connectors (screw flange for SMA connector,
tread for SMB connector) the thickness could not be reduced overall. As the product is very
small, the saved material would not compensate for the impact of increased complexity on
the manufacturing process. Thus it was concluded that major changes in design are not

desirable.

However, to improve the flexibility of maintenance and the effectiveness of
reuse/refurbishing/remanufacturing, a slight change of design is proposed. Instead of making
2 different parts of the product, with only the upper part having the countersinks for screws
and tiny pocket for the diode, the new design proposes to produce both parts the same - both
of them with countersinks for screws and tiny pocket for the diode. The saving of the amount
of material would be very small, almost not remarkable. However, this change has a potential

to improve the flexibility during the maintenance or reuse, as well as increase the
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effectiveness during the Repair/Remanufacturing due to torn thread, as both halves could be

easily interchangeable.

The final design both secures the proper functioning of the product and well prolongs the
life of the product or its parts during the following phases. It is well in line with the principles

of circular economy:

R3 Reuse: Thanks to split design the product could be easily reused for the same purpose. It
can be used at the same or at a different place.

R4 Repair: In case of need the product can be easily disassembled, repaired and reassembled

again. In case of torn thread the hole can be filled by material and the thread remade.

R5 Refurbish: In case the product is made redundant, it can be easily disassembled. Its parts

can be easily renewed/improved to ensure their satisfactory state for further use.

R6 Remanufacture: Thanks to improved design, any 2 redundant parts can be joined
together, the hole can be filled by material and the thread remade. The newly created product

can be used for the same purpose.

R7 Repurpose: Any 2 redundant parts can be joined together. After taking the proper

measures they can be used for different purpose, if deemed appropriate.

3.3.2 The choice of MANUFACTURING PROCESS

Three reasonable manufacturing processes were considered: machining, casting and
additive manufacturing. With the help of literature review and Sustainability module of
SolidWorks machining was chosen as the most suitable one, ensuring all of the considered

requirements and minimizing the environmental impact.

The results from the Sustainability module of SolidWorks are presented in the section 3.4.

They are in line with the results of literature review.

3.3.3 The choice of MATERIAL

By the help of expert interview, literature review and Sustainability module of SolidWorks,

3 materials were considered as the most environmentally friendly choices, fulfilling the
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requirements of the functioning of the design: malleable cast iron, aluminium alloy 6061 T6,

plain carbon steel. All of them are suitable for the purposes of the studied product.

As a result of environmental analysis of SolidWorks Sustainability module, the Malleable
cast iron was assessed as the best solution. However, the final environmental assessment is

further discussed in chapter 4.

3.4 Results of the environmental assessment by the help of SolidWorks

Sustainability module

The tables presented below were compiled from the results obtained for several tested
materials attached in appendix 3. They were received by the help of assessment through the
SolidWorks Sustainability module. Table 5 presents the comparison of milling and die-
casting for aluminium alloy 6061-T6 and Figure 6 illustrates this table in the percentage
form. Table 6 presents the comparison of milling and die-casting for plain carbon steel and
Figure 7 illustrates this table in the percentage form. Table 7 presents the comparison of
milling and die-casting for malleable cast iron and Figure 8 illustrates this table in the
percentage form. For the purposes of percentage values the original manufacturing process
of milling is taken as the basis. The results in tables 5 - 7 generally conclude that the most
environmentally friendly manufacturing process is milling. The details are further discussed

in chapter 4.

Table 9 provides the comparison of environmental footprint for several different materials
from SolidWorks Sustainability module database, considering the manufacturing process of
milling. From these materials 3 materials with the smallest environmental footprint were
chosen — Aluminium alloy 6061-T6, Malleable cast iron, Plain carbon steel. The comparison
of their environmental impact considering the manufacturing process of milling is presented
in Table 8, including the comparison in the form of percent. For the purposes of percentage
values the originally used material Aluminium alloy 6061-T6 is taken as the basis. The
Figure 9 illustrates this comparison in the percentage form. The results in Table 8 generally
conclude that the most environmentally friendly material, from the choices with specific
recycled contents provided by SolidWorks Sustainability module, is malleable cast iron. As
the environmental data for different materials were available in the SolidWorks
Sustainability module with different recycled content we also took the following approach
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for comparing them. The data for Aluminium alloy provided originally for 0% recycled
content were updated by the help of data from literature to recycled content of 84%, in which
malleable cast iron data were provided. The same way, the data for plain carbon steel
provided originally for 18% recycled content were also updated to recycled content of 84%.
The competing materials were compared using the same recycled content. The comparisons
is presented in Table 10. For the purpose of percentage values the original material of
Aluminium alloy 6061 T6 with recycled content of 84% is taken as the basis. Still, the results
for malleable cast iron are the best. The final environmental assessment of the concerned

materials is further discussed in chapter 4.

Table 5 Comparison of milling and die casting for aluminium alloy 6061-T6

Aluminium Alloy 6061-T6 (recycled content 0%
Weighted
Carbon Total Energy |Air Water factor
Life-cycle Footprint |Consumed |Acidification |Eutrophication |(70-10-10-
Manufacturing process |Phase (kg CO2e) |(MJ) (kg SO2e) |(kg POde) 10)
Material 0.133 1.6 0.00092 0.00003
Manufacturing 0.0024 0.046 0.000016 0.00000059
Transportation 0.00092 0.014] 0.0000043 0.00000097
End of life 0 0 0 0
TOTAL 0.13632 1.66] 0.0009403 0.00003156
Percentage
MILLING Milling 100% 100% 100% 100% 100%
Material 0.123 1.5 0.00085 0.000027
Manufacturing 0.011 0.205 0.000072 0.0000026
Transportation 0.00092 0.014] 0.0000043 0.00000097
End of life 0 0 0 0
TOTAL 0.13492 1.719] 0.0009263 0.00003057
Percentage
Die-casting
with respect
DIE-CASTING to Milling 99% 104% 99% 97% 99%

Aluminium Alloy 6061-T6 (recycled content
0%) - Comparison Milling to Die-casting in
percentage related to Milling

00%0

o0%
Percentage Milling Percentage Die-casting with respectio
Milling
B Carbon Footprint (kg CO2e) H Total Energy Consumed (M)

m Air Acidification (kg 302e) m Water Eutrophication (kg PO4e)

B Weighted factor (70-10-10-10)

Figure 6 Comparison of milling and die casting for aluminium alloy 6061-T6
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Plain Carbon Steel (recycled content 18%)
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Weighted
Carbon Total Energy |Air Water factor
Life-cycle Footprint |Consumed |Acidification |Eutrophication |(70-10-10
Manufacturing process |Phase (kg CO2e) |(MJ) (kg SO2e) |(kg PO4e) 10)
Material 0.052 0.688 0.00015 0.000014
Manufacturing 0.012 0.225 0.000079 0.0000029
Transportation 0.0027 0.039 0.000012 0.0000028
End of life 0 0 0 0
TOTAL 0.0667 0.952 0.000241 0.0000197
Percentage
MILLING Milling 100% 100% 100% 100% 100%
Material 0.052 0.688 0.00015 0.000014
Manufacturing 0.058 1.1 0.00032 0.000013
Transportation 0.0027 0.039 0.000012 0.0000028
End of life 0 0 0 0
TOTAL 0.1127 1.827 0.000482 0.0000298
Percentage
Die-casting
with respect
DIE-CASTING to Milling 169% 192% 200% 151% 173%

Plain Carbon Steel (recycled content 18%) -
Comparison Milling to Die-casting in
percentage related to Milling

Percentage Milling

B Carbon Footprint (kg CO2e)

m Air Acidification (kg 302e)

B 'Weighted factor (70-10-10-10)

Percentage Die-casting with respect to

Milling

B Total Energy Consumed (M)

m Water Eutrophication (kg PO4e)

Figure 7 Comparison of milling and die casting for plain carbon steel
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Table 7 Comparison of milling and die casting for malleable cast iron

Malleable cast iron (recycled content 84%)
Weighted
Carbon Total Energy |Air Water factor
Life-cycle Footprint |[Consumed |Acidification |Eutrophication |(70-10-10-
Manufacturing process |Phase (kg CO2e) |(MJ) (kg SO2e) (kg PO4e) 10)
Material 0.024 0.383 0.000064 0.0000066
Manufacturing 0.00061 0.012 0.0000041 0.00000015
Transportation 0.0025 0.037 0.000012 0.0000026
End of life 0 0 0 0
TOTAL 0.02711 0.432 0.0000801 0.00000935
Percentage
MILLING Milling 100% 100% 100% 100% 100%
Material 0.024 0.379 0.000063 0.0000065
Manufacturing 0.011 0.206 0.000067 0.0000026
Transportation 0.0025 0.037 0.000012 0.0000026
End of life 0 0 0 0
TOTAL 0.0375 0.622 0.000142 0.0000117
Percentage
Die-casting
with respect
DIE-CASTING to millina 138% 144% 177% 125% 141%

Malleable cast iron (recycled content 84%) -
Comparison Milling to Die-casting in
percentage related to Milling

2009
15086
10096
- HNHEE i
0%
Percentage Milling Percentage Die-casting with respectto
milling

B Carbon Footprint (kg CO2e) B Total Energy Consumed (M)
W Air Acidification (kg 302e) m Water Eutrophication (kg PO4e)

B 'Weighted factor (70-10-10-10)

Figure 8 Comparison of milling and die casting for malleable cast iron
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Table 8 Comparison of environmental impact of Aluminium alloy 6061 T6, Malleable cast

iron and Plain carbon steel, considering milling

Manufacturing process MILLING
Carbon Total Energy |Air Water Weighted
Footprint (kg Consumed |Acidification |Eutrophication [factor (70-10
Material Life-cycle Phase CO2e) (MJ) (kg SO2e) (kg PO4de) 10-10)
Material 0.133 16 9 20E-04 3.00E-05
Manufacturing 2 40E-03 0.046 1.60E-05 5.90E-07
Transportation 9.20E-04 0.014 4 .30E-06 9.70E-07
End of life 0 0 0 0
Aluminium Alloy 6061-T6 |TOTAL 0.13632 1.66 0.0009403 0.00003156
(recycled content 0%) Percentage 6061-T6 100% 100% 100% 100% 100%
Material 0.024 0.383 6.40E-05 6.60E-06
Manufacturing 6.10E-04 0.012 4.10E-06 1.50E-07
Transportation 2.50E-03 0.037 1.20E-05 2.60E-06
End of life 0 0 0 0
[ TOTAL 0.02711 0.432 0.0000801 0.00000935
Percentage for
malleable cast iron
Malleable Cast Iron (recycled |with respect to 6061-
content 84%) 16 19.89% 26.02% 8.52% 29.63% 20%
Material 0.052 0688 1.50E-04 1.40E-05
Manufacturing 0.012 0225 7 90E-05 2 90E-06
Transportation 2.TO0E-03 0.039 1.20E-05 2.80E-06
End of life 0 0 0 0
[ TOTAL 0.0667 0.952 0.000241 0.0000197
Percentage for plain
Plain Carbon Steel (recycled |carbon steel with
content 18%) respect to 6061-T6 48.93% 57.35% 25.63% 62.42% 49%

Milling - Comparison of Aluminium Alloy 6061-T6
(recycled content 0%) with Malleable Cast Iron
(recycled content 84%) and Plain Carbon Steel
(recycled content 18%) in percentage related to
Aluminium Alloy

120%
100%
80%
60%
40%
20%
0%

Percentage 6061-T6

MW Carbon Footprint (kg CO2e)
M Air Acidification (kg SO2e)

Percentage for malleable
cast ironwith respectto
6061-T6

B Weighted factor (70-10-10-10)

Percentage for plain carbon
steel with respect to 6061-T6

M Total Energy Consumed (MJ)

W Water Eutrophication (kg PO4e)

Figure 9 Comparison of environmental impact of Aluminium alloy 6061 T6, Malleable

cast iron and Plain carbon steel, considering milling
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Manufacturing process MILLING

Carbon Air Water
Life-cycle Footprint (kg Total Energy Acidification Eutrophication (kg

Material Phase CO2e) Consumed (MJ) (kg SO2e) PO4e)
Material 0.133 1.6 9.20E-04 3.00E-05
Manufacturing 2.40E-03 0.048 1.60E-05 5.90E-07
Aluminium Alloy 6061- | Transportation 9.20E-04 0.014 4 30E-06 9.70E-07
T6 (recycled content End of life 0 0 0 0
0%) TOTAL 0.13632 1.66 0.0009403 0.00003156
Material 0.024 0.383 6.40E-05 6.60E-06
Manufacturing 6.10E-04 0.012 4.10E-06 1.50E-07
Transportation 2 50E-03 0.037 1.20E-05 2 60E-06
Malleable Cast Iron End of life 0 0 0 0
(recycled content 84%) | TOTAL 0.02711 0.432 0.0000801 0.00000935
Material 0.052 0.688 1.50E-04 1.40E-05
Manufacturing 0.012 0.225 7.90E-05 2 90E-06
Transportation 2.70E-03 0.039 1.20E-05 2.80E-08
Plain Carbon Steel End of life 0 0 0 0
(recycled content 18%) | TOTAL 0.0667 0.952 0.000241 0.0000197
Material 0.138 1.7 9.50E-04 3.00E-05
Manufacturing 2 50E-03 0.048 1.70E-05 6.10E-07
Transportation 9.50E-04 0.014 4 40E-06 1.00E-06
Aluminium Alloy 2014 End of life 0 0 0 0
(recycled content 0%) TOTAL 0.14145 1.762 0.0009714 0.00003161
Material 0.443 54 1.50E-03 1.10E-04
Manufacturing 0.015 0.323 9.90E-05 3.70E-06
Ti-6Al-4V Solution Transportation 1.50E-03 0.022 7.00E-06 1.60E-06
treated and aged (S5) End of life 0 0 0 0
(recycled content 7%) TOTAL 0.4595 5.745 0.001606 0.0001153

Table 10 Comparison of Aluminium alloy 6061 T6, Malleable cast iron and Plain carbon

steel recalculated to the same recycled content of 84 %

Material

Life-cycle Phase

Carbon

Footprint (kg

COz2e)

Total Energy

Consul
(MJ)

Air Water Weighted
med [|Acidification |Eutrophication |factor (70-10-
(kg SO2e) (kg PO4e) 10-10)

Aluminium Alloy 6061-T6 (recycled content 0%)

Percentage 6061-T6 (0%)

100%

100% 100%

100% 100%

Aluminium Alloy 6061-T6 (recycled content 84%
calculated 5-5-5-23%)

Percentage for aluminium
alloy 6061-T6 (84%) with
respect to 6061-T6 (0%)

22%

23% 22%

39% 24%

Malleable Cast Iron (recycled content 84%)

Percentage for malleable
cast iron (84%) with
respect to 6061-T6 (0%)

20%

26% 9%

30% 20%

Plain Carbon Steel (recycled content 84% -
calculated 14-15-NA-24)

Percentage for plain
carbon steel (84%) with
respect to 6061-T6 (0%)

3.5 Triangulation-based observations

23%

30% NA

37% 25%

The main method used for assessment is the R-strategies approach. It strongly relies on the

results of environmental assessment of SolidWorks Sustainability module at one place and
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the results of expert interview and literature review at another place. The reliability cross-
check table showing how the resulting choices are confirmed by individual methods is

presented in Table 11.

As far as the choice of design is concerned, an expert interview served to identify the
requirements of the design and the advantages offered by the current one. The minor changes

in design were made based on the R-strategies approach.

As far as the choice of manufacturing process is concerned, out of 3 considered processes
the data for additive manufacturing were gained by literature review and the data for milling
and die casting via both literature review and SolidWorks Sustainability module. The results
of expert interview also confirms the choice indirectly. All of the gained information was
assessed by the help of R-strategies approach, resulting in final choice.

As far as the choice of material is concerned, the information about the basic material
requirements were gained at an expert interview and the required material qualities were
further researched via literature review. SolidWorks Sustainability module provided 3 most
environmentally friendly material options for the studied design, which were confirmed to

be in line with the information gained by the literature review and with R-strategies approach

analysis.
Table 11 Reliability cross check table
Confirmed by
SolidWorks
Result Expert interview | Literature review | Sustainability module | R-strategies
Main design X X
Additional design
change X
Material - malleable
cast iron X X X X
Manufacturing
process - Milling X X X X
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4 Discussion about environmental analysis of a co-axial 15 Ghz

diode detector

In this chapter the results obtained in chapter 3 are discussed. The limitations are mentioned,
key findings are discussed, and conclusions are provided. The reliability of the results is
assessed. At the end, the results of this study are compared with former research and topics

for further research are outlined.

4.1 Key findings and conclusions

In this research, 3 choices were considered as having the potential to influence the
environmental friendliness of the researched object. In the following sub-sections we will

separately deal with each of these choices.
4.1.1 Choice of design

Firstly, it was the choice of design. As discussed in sub- section 3.3.1 it was concluded that
major changes in design are not desirable. The studied product consisting of 2 parts joined
together by screws presents a unique solution. The top and the bottom parts are tightened
together in such a way that they press the circuit board containing a diode, resistor and coil,
between the surfaces. If the major design was changed, rejecting the split-block technique,
the issue with fastening of the circuit board inside the protective shell would arise. Different
solution for proper joining of diode with SMA and SMB connector pins would need to be

devised.

However, from the perspective of life-cycle thinking, making upper and lower parts
interchangeable by creating the countersinks for screw heads and diode pocket at both of
them equally could be helpful. It could help to prolong the lifetime of these product parts

through Repair and Remanufacturing.
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4.1.2 Choice of manufacturing process

The second important choice was the choice of manufacturing process. The process of
additive manufacturing was excluded after the literature research. In the literature it was
reported that in some circumstances the process of metal additive manufacturing could
provide an environmentally friendly solution (Van Sice and Faludi, 2021). However, neither
of them applies to our case. Additive manufacturing could be suitable for low volume or
sample production or in cases where conventional manufacturing causes high material waste
(Jung et al., 2023), as well as for very complex geometries (Mecheter, Tarlochan and
Kucukvar, 2023), but in our case the high-volume production of the studied product is
foreseen and its geometry is quite simple and compact. The special quality of additive
manufacturing is the ability to produce 1-piece hollow parts. In our case, the reason for
keeping the split-block technique design was explained at the beginning of this chapter.
Moreover, 1-piece hollow part would shorten the life of the product by preventing the reuse
of protective shell once the diode or other electronics inside of it stop working, and thus
decrease its environmental friendliness from the perspective of life-cycle thinking. Another
problem connected with additive manufacturing is its rough surface finish. All of the aspects
mentioned above imply that additive manufacturing can not be considered the most
environmentally friendly process for the manufacturing of studied component.

Environmental friendliness of machining and die casting manufacturing methods were
compared by the help of assessment using SolidWorks Sustainability module. As can be
seen in Table 7 and Table 6 for malleable cast iron with recycled content of 84% and for
plain carbon steel with recycled content of 18% respectively, the manufacturing process with
a smaller environmental footprint is proved to be machining, the decisive life cycle phase
with the highest impact being the manufacturing phase. For aluminium alloy 6061 T6 with
recycled content of 0% the results were not so one-sided. Milling was shown to consume
less energy than die casting during the full lifecycle, with the highest impact caused by the
phase of manufacturing. On the other hand, the factors of carbon footprint, air acidification
and water eutrophication were shown to be higher for milling, the lifecycle phase with the
highest impact being the material phase. The material life-cycle phase had a slight negative
impact even on the total energy consumed factor, probably due to machining using more

material and thus causing the material waste. However, material phase impact logically fades
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away when recycled material is used - the higher the recycled content, the smaller the
negative impact. When using aluminium alloy 6061 T6 with recycled content of 84%, the
milling proves to be more favorable in all 4 environmental aspects. When recalculating the
data for 84% recycled content, the traditional production of recycled material was taken into
consideration. In case recycled material produced by more innovative methods was used, the
negative impact of material lifecycle phase for milling (waste material) would be even

smaller.

4.1.3 Choice of material

The third important choice was the choice of material. The environmental impact of the End
of life phase is strongly influenced by the recyclability of the material. During literature
research it was found that the materials with best recyclability are the metals. They are 100%
and repeatedly recyclable. That is the best environmental outcome from the point of view of
a circular economy, as when the product ends its life the material can return back to use
within the lifecycle of another product. The metals with the best results of the environmental
assessment by the help of Sustainability module of SolidWorks were: plain carbon steel,
malleable cast iron and aluminium alloy 6061 T6. However, it was not straightforward to
compare them together as each of them was used in the Sustainability module with different
recycled content. Comparing them in that way led to the clear result - the most
environmentally friendly solution being malleable cast iron. Comparing to original material
of aluminium alloy 6061 T6 it was shown to cause the environmental impact of only
19.89%, 26,02%, 8,52%, and 29,63% fraction of the aluminium alloy one in frames of
carbon footprint, consumed energy and impact on air and water, respectively. Using a
weighted factor, its total environmental impact was only 20% of aluminium alloy one.
According to the same table (Table 8) even plain carbon steel came with much better results
than originally considered material aluminium alloy 6061 T6, causing only 49% of its total
impact in comparison. However, these results can drastically change when for aluminium
alloy 6061 T6 and plain carbon steel high recycled content is applied. The data for these
recycled contents were recalculated using the respective part of influence of 100% recycled
content on environmental factors gained from literature. Even for aluminium alloy 6061 T6
and plain carbon steel with recycled content as high as 84%, the overall result is in the favor

of malleable cast iron. Moreover the aluminium scrap is scarce and does not satisfy the high
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demand so for such a simple product as diode detector shell, the use of even higher recycled
aluminium alloy content should not be demanded - it should be used for the products with

higher requirements that other materials can not satisfy.

During the expert interview it was stated that the critical material property for the researched
product is the good machinability, leading to good surface quality. Using the literature
review it was confirmed that for the chosen material of malleable cast iron this requirement
is fulfilled.

It must be mentioned that the results of the transport phase are influenced by the considered
distance and type of travel. When the most environmentally friendly solution is searched for,
the material resources available locally should be considered preferentially. In the settings
manufacturing and use in Europe were considered. However, from Table 9 it can be seen
that even if transportation distance was increased several times, the environmental impact of

malleable cast iron would still remain the smallest.

In order to improve the environmental friendliness of the product it is advisable to use the
recycled content as high as possible, for which required properties can still be maintained.
However the limitation is the availability of the scrap material for recycling. It should also
be mentioned that the overall environmental friendliness could be influenced by the method
by which the specific material was recycled. Compared to the use of material gained by
traditional recycling, the use of innovative solutions like electric arc furnace recycling route
or solid state recycling method could decrease the environmental footprint of material
production multifold. A lot depends on the fact what kind of recycling facilities and recycled
materials can be accessed locally. In EU, the innovative electric arc furnace recycling route

is already widely used, often powered by green energy or hydrogen.

4.2 Reliability assessment of the results

To ensure the reliability of the research, the aim was to confirm each searched question by
several literature resources. In preference the sources of maximum 10 years old were
searched. The data confirming the literature review reliability are presented in Table 12. The
resulting choices were also confirmed by several research methods. The reliability cross-

check tool presented in section 3.5 in Table 11. Apart of confirmation by literature review,
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the main results were received by quantitative assessment by the help of Sustainability
module of SolidWorks and by the help of careful rethinking based on R-strategies. However,
the results could be changed on the basis of recycled content. Therefore we generalized the
results by unifying the recycled content and it was shown that even unrealistic change in
recycled content could not compromise the final result. The results could be sensible also
on the method used for material recycling. This factor can influence the result significantly,
the sensitivity is very high, and error can be big. Another factor that could influence the
results is the environmental footprint caused by the transportation phase. Analysis of the
sensitivity of results on the change of this factor is presented in Table 13. The sensitivity of
results on the change of transportation value depends on the weight of the part and differs
for different materials. For 100% change in transportation value aluminium alloy 6061 T6
shows the change of results of only 1% for plain carbon steel the change of results would be
5% and for malleable cast iron 12%. So for malleable cast iron the sensitivity of results on
the change of transportation value is quite high. However, the difference on received results
of environmental footprint for between malleable cast iron and aluminum alloy was
multifold, so even with the high sensitivity of malleable cast iron on change of data for

transportation is not expected to affect the final results-

Table 12 Literature review reliability

Result The resources confirming it

Additive manufacturing is not environmentally suitable for studied
component

(Van Sice and Faludi, 2021), (Jung et al., 2023), (Mecheter,
Tarlochan and Kucukvar, 2023)

The environmental friendliness of die-casting and milling depends on
specific details of the object and material

(“Casting vs. Machining: Choosing the right manufacturing
process,” 2023),(Hardware, 2024),(Metal 3D printing vs. Casting
vs. CNC: Which is better? no date)

Malleable cast iron, plain carbon steel and aluminum alloy 6061 T6
are among the materials with_high machinability

(Speiser, 2020b), (Urick Ductile Solutions, no date), (Recycling,
2024), (What is Low Carbon Steel?, no date), (Steel, 2023),
(Speiser, 2020a), (Hillier, 2021), (Malleable cast iron, no date)

Malleable cast iron is able to provide fine surface finish

(Machining cast iron: Essential tips for efficient cutting and
finishing, no date), (Urick Ductile Solutions, no date)

All the metals, hence also malleable cast iron, plain carbon steel and
aluminum alloy 6061 T6 are 100% and repeatedly recyclable

(“Aluminium and steel: The infinitely recyclable Materials,”
2021), (Altharan ef al., 2024), (Melo, 1999)

For aluminium alloy 6061 T6, the environmental impact of recycled
content comparing to raw resource material is around 5%, 5%, 5%
and 23% for carbon footprint, total energy consumed, air
acidification and water eutrophication respectively

(Document display, no date), (Aluminium recycling, no date),
(Recycling, 2024), (Kovacevic, 2024)

For plain carbon steel, the environmental impact of recycled content
comparing to raw resource material is around 14%, 15%, and 24%
for carbon footprint, total energy consumed and water eutrophication
respeciively

(Bleischwitz, Domenech and Winning, 2021)

Available aluminium scrap is not sufficient and fails to satisfy the
demand (Media, no date). Based on statistics EU27+UK, in year
2021 the portion of recycled aluminium used for production was only
39%

(Aluminium industry, 2022)

Comparing environmental footprint of cast iron, steel and aluminium,
the smallest environmental footprint is created by cast iron

(Jacques, Steve and Alain, 2021), (Salonitis et al., 2019),
(Gongalves et al., 2024), (Raabe, 2023), (Mitterpach et al_,
2017), (Li et al., 2002)
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Manufacturing process MILLING
Total YWater ed
Carbon Energy Rir Eutrophicat |factor
Life—cycle Footprint |Consume |Acidificatio |ion (kg [¥0-10
Material Phase [kg COZe] | d[MJ] n (kq 502e) | PO4e) 10-10]
Material 0133 1B 9. 20E-04 3. 00E-05
Marufacturing 2 40E-03 0.046 1E0E-05 S J0E-07
Transportation 3. 20E-04 0,014 4. 30E-0E 3. 7OE-0O7
Tranzportation
doubled 184E-03] 2 80E-02 3. BOE-OF 194E-0F
Percentage of
Aluminium Alloy 6061-T6  [chang=of
- tranzportation value 10052 q00e2 q00e2 q00e2 100e2
[recycled content 03] o o e 5 5 5 5
TOTAL 1.36E-01 1.6EE+00 3.40E-04 3. 16E-05
TOTAL with
transportation
doubled 1.37E-01 1.E7E+00 2.45E-04 3. 25E-05
Percentage of
change of total T 1 03 3 1
Material 0.02d 0.353 6. 40E-05 6. GOE-06
Manrufacturing £ 10E-04 0.0z 4. 10E-0E 150E-07
Transportation 2. 50E-03 0.037 1.20E-05 2. 60E-06
Transportation
doubled S O0E-03] 7.40E-02 2 40E-05 5. Z0E-06
Percentage of
change af
Malleable b oay > |uansportation ualue 100 100 100 00| 100
End of life 0 0 0 0
TOTAL 2 TE-02 4. 32E-1 8.01E-05 3. 35E-0F
TOTAL with
transportation
doubled 2. 96E-02 4. 63E-01 3. 21E-05 1 20E-05
Percentage of
change of tatal SEE Sk 155 28 125
Material 0052 0.E23 150E-04 140E-05
Manufacturing 0.012 0.225 T.90E-05 2. 30E-06
Transportation 2. FOE-03 0.033 1.20E-05 2 80E-0&
Tranzportation
doubled S40E-03]  Y.A0E-02 2 40E-05 S BOE-OF
Percentage of
. change of
Bl 2nscoration usive 100z 100 100 00| 100
End of life 0 0 0 0
TOTAL 6.GTE-O2 3.52E-01 2.41E-04 137E-05
TOTAL with
transportation
doubled B.94E-02 3.91E-01 2.53E-04 2. 25E-05
Percentage of
change of total A [ S 14 G

4.3 Comparison and connections with former research

"In spring 2024, a thesis was completed at LUT University on this MW/RF component,

which preliminarily examined” material selection for the part and using that material to

create a suitable manufacturing plan and performing its DFMA manufacturability analysis

by the help of SolidWorks DFM module. The material chosen in that work was aluminium
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alloy 6061 T6. The materials for all the additional parts (screws, SMA and SMB connectors)

were also decided. The manufacturing process of milling was chosen and used.

This thesis deals with the same 15 Ghz diode detector. However, its focus is mainly on
environmental assessment of the product and on identifying the ways of possible decrease
of its environmental impact. Only the main diode detector part is investigated, the additional
components like screws, SMA and SMB connectors are assumed to be standardized. The
combination of literature review and an environmental assessment by the help of SolidWorks
Sustainability module confirmed the milling to be the most environmentally friendly
manufacturing process for the studied object. As far as the choice of material is concerned,
during the assessment using SolidWorks sustainability module, the best environmental
parameters were shown by the malleable cast iron. The original design using the split-block
technique was confirmed to be the environmentally suitable solution from the point of view
of life cycle thinking, helping to prolong the life of the product by easiness of reuse and
remanufacturing, and was completed only by small improvement. Comparison of total scores
for original design and material with newly proposed ones, can be seen in Table 14. The
comparison is provided not only for the resulting material bot for all of the considered

material options. The table contains also the complete value analysis for all of those options.

Table 14 Total scores and value analysis based on R9 criteria

Grades Scores
Original |New New design New design |New design

design |design + |+ plain New design| Original |+ + plain New design
and Aluminium |carbon + malleable |design and|Aluminium |carbon + malleable

R9 criteria Weight| material |alloy steel cast iron material |alloy steel cast iron
Refuse N/A N/A N/A N/A N/A 0 0 0 0
Rethink 0.1 4 5 5 5 04 0.5 0.5 0.5
Reduce 0.5 1 1 3 5 0.5 0.5 1.5 25
Reuse 0.02 5 5 5 5 0.1 0.1 0.1 0.1
Repair 0.02 4 5 5 5 0.08 0.1 0.1 0.1
Refurbish 0.02 5 5 5 5 0.1 0.1 0.1 0.1
Remanufacture 0.02 4 5 5 5 0.08 0.1 0.1 0.1
Repurpose 0.02 5 5 5 5 0.1 0.1 0.1 0.1
Recycle 0.3 5 5 5 5 1.5 1.5 1.5 1.5
Recover N/A N/A N/A N/A N/A 0 0 0 0
Total scores 2.86 3 4 5
Total price (USD) 0.04 0.04 0.04 0.04
Costs/score (USD) 0.014 0.013 0.010 0.008
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4.4 Topics for future research

Based on the new findings with regard to environmental friendliness both from the point of
view of life cycle thinking and circular economy, a sustainable manufacturing plan could be
designed and its DFMA analysis could be performed also for slightly changed design and
the material choice of malleable cast iron. The results may be compared with the ones

received for aluminium alloy 6061 T6.

Next, the quality assurance actions for a coaxial 15 Ghz diode detector produced by

machining could be analyzed. One of the considered material should be malleable cast iron.
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5 Summary

In this bachelor thesis the 15 Ghz diode detector was assessed from the environmental
perspective during all of the phases of its life cycle. The aim was to identify the most
environmentally friendly choices of its design, used manufacturing process and the input
material taking into account both life cycle thinking and circular economy. The analysis was
performed by the help of R-strategies approach supported by the assessment results from
SolidWorks Sustainability module, as well as by the information gained by the literature
review and from the expert interview. The main aspects for the environmental friendliness
improvement were considered to be the design of the product, the choice of manufacturing

process and the choice of input material.

As the results of the analysis only small changes in design were decided to be taken, in order
to prolong the lifetime of the product parts. Any major changes in design were concluded
not to be desirable. The most environmentally friendly manufacturing process considering
the carbon footprint, energy use, air acidification and water eutrophication during all of the
phases of life, was chosen to be milling. The material with the lowest environmental
footprint was by the help of SolidWorks Sustainability module and its database chosen to be
malleable cast iron. This result could be generalized also for other products where their
weight would not influence the emission caused during their use, that means that they are
not transported regularly. Its environmental aspects can be further improved by using the
highest possible useful recyclable content and the most innovative recycling processes used
for the production of input material that are available within reasonable distances.



43

References

15 tonnes of aluminium recovered in Finnair aircraft recycling project - Kuusakoski Global
(no date) Kuusakoski.com. Available at:
https://www.kuusakoski.com/en/global/news/2021/15-tonnes-of-aluminium-recovered-in-
finnair-aircraft-recycling-project/ (Accessed: April 16, 2025).

Abbas, A. T., Taha, M. A., Ragab, A. E., EI-Danaf, E. A. and Abd EIl Aal, M. 1., (2017).
Effect of Equal Channel Angular Pressing on the Surface Roughness of Solid State
Recycled Aluminum Alloy 6061 Chips. Advances in Materials Science and Engineering
[online]. 2017, 1-11. [Viewed 5 May 2025]. Available from: doi: 10.1155/2017/5131403

Abdelshafy, A. et al. (2023) “A feasibility study to minimize the carbon footprint of cast
iron production while maintaining the technical requirements,” Journal of sustainable
metallurgy, 9(1), pp. 249-265. Available at: https://doi.org/10.1007/s40831-022-00642-5.

Additive manufacturing for RF electronics packaging (no date) Msu.edu. Available at:
https://d.lib.msu.edu/etd/48474 (Accessed: April 17, 2025).

Ahmad, A., M.A. Lajis, Yusuf, N.K. and A. Wagiman (2016). Hot press forging as the
direct recycling technigue of aluminium- A review. ARPN Journal of Engineering and
Applied Sciences, [online] 11(4), pp.2258-2265. Available at:
https://www.researchgate.net/publication/321430779_Hot_press_forging_as_the_direct_re
cycling_technique_of aluminium-_A_review.

Al-Alimi, S. et al. (2024) “Recycling aluminium for sustainable development: A review of

different processing technologies in green manufacturing,” Results in engineering,
23(102566), p. 102566. Available at: https://doi.org/10.1016/j.rineng.2024.102566.

Altharan, Y.M. et al. (2024) “A review on solid-state recycling of aluminum machining
chips and their morphology effect on recycled part quality,” Heliyon, 10(14), p. €34433.
Available at: https://doi.org/10.1016/j.heliyon.2024.e34433.

“Aluminium and steel: The infinitely recyclable Materials” (2021) Anis Trend, 17 June.
Available at: https://www.anis-trend.com/recyclable-materials/ (Accessed: April 16, 2025).

Aluminium industry (2022) European Aluminium. Available at: https://european-
aluminium.eu/about-aluminium/aluminium-industry/ (Accessed: April 17, 2025).

Aluminium recycling (no date) Hydro.com. Available at:
https://www.hydro.com/en/global/aluminium/about-aluminium/aluminium-recycling/
(Accessed: April 16, 2025).

Aluminium scrap is becoming more and more valuable (2018) Castings SA | A B2B
publication covering the technology, processors and materials field for manufacturing of
castings and the use of castings. Castings SA. Available at:
https://castingssa.com/aluminium-scrap-is-becoming-more-and-more-valuable/ (Accessed:
April 17, 2025).



44

Ardent (2024). 6 Best Metals for Machining: What Do You Need? [online] American
Rotary. Available at: https://www.americanrotary.com/blog/machining-metals/.

Bleischwitz, R., Domenech, T. and Winning, M. (2021) Remaking steel for a net zero
carbon circular economy, Bartlett Faculty of the Built Environment. Available at:
https://www.ucl.ac.uk/bartlett/news/2021/sep/remaking-steel-net-zero-carbon-circular-
economy (Accessed: April 17, 2025).

“Casting vs. Machining: Choosing the right manufacturing process” (2023) JTR, 15
August. Available at: https://www.jtrmachine.com/casting-vs-machining-choosing-the-
right-manufacturing-process (Accessed: April 24, 2025).

CGEP, C. | (2021). Low-Carbon Production of Iron & Steel: Technology Options,
Economic Assessment, and Policy. [online] Center on Global Energy Policy at Columbia
University | SIPA. Available at: https://www.energypolicy.columbia.edu/publications/low-
carbon-production-iron-steel-technology-options-economic-assessment-and-policy/.

Chino, Y., Mabuchi, M., Shimojima, K., Hosokawa, H., Yamada, Y., Wen, C. E. and
Iwasaki, H., (2003). Recycling of Iron and Steel by Solid State Processes. Materials
Science Forum [online]. 426-432, 3317-3322. [Viewed 5 May 2025]. Available from: doi:
10.4028/www.scientific.net/msf.426-432.3317

Copper Box Construction (no date) Jessystems.com. Available at:
https://www.jessystems.com/copperbox.html (Accessed: April 16, 2025).

Cushman-Roisin, B. and Cremonini, B. T., (2021). Materials. In: Data, Statistics, and
Useful Numbers for Environmental Sustainability [online]. Elsevier. pp. 1-16. [Viewed 5
May 2025]. Available from: doi: 10.1016/b978-0-12-822958-3.00012-1

Das, S.K., Green, J.A.S. and Kaufman, G. (2010). Aluminum recycling: Economic and
environmental benefits. [online] 68(1), pp.42—46. Available at:
https://www.researchgate.net/publication/290929754 Aluminum_recycling_Economic_an
d_environmental _benefits.

Document display (no date) Epa.gov. Available at:
https://nepis.epa.gov/Exe/ZyNET.exe/9101LWZP.txt?ZyActionD=ZyDocument&Client=
EPA&INdex=1976%20Thru%201980&Docs=&Query=& Time=&EndTime=&SearchMeth
od=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFiel
dDay=&UseQField=&IntQFieldOp=0&ExtQFieldOp=0&XmIQuery=&File=D%3A%5CZ
YFILES%5CINDEX%20DATA%5C76 THRU80%5CTXT%5C00000032%5C9101LWZP
Ixt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-
&MaximumDocuments=1&FuzzyDegree=0& ImageQuality=r75g8/r7598/x150y150g16/i4
25&Display=hpfr&DefSeekPage=&SearchBack=ZyActionL&Back=ZyActionS&BackDes
c=Results%20page&MaximumPages=1&ZyEntry=1&slide (Accessed: April 17, 2025).

Evans, R., (2012). Selection and testing of metalworking fluids. In: Metalworking Fluids
(MWFs) for Cutting and Grinding [online]. Elsevier. pp. 23-78. [Viewed 5 May 2025].
Available from: doi: 10.1533/9780857095305.23

Gongalves, F.E. et al. (2024) “Comparison of the carbon footprint in the manufacturing of
cast iron and aluminum engine blocks,” Revista de Gestdo Social e Ambiental, 18(9), p.
e7090. Available at: https://doi.org/10.24857/rgsa.v18n9-115.



45

Goyal, K. (2025) State of EU’s steel transition, REGlobal. Available at:
https://reglobal.org/eus-steel-transition/ (Accessed: April 17, 2025).

Giiveng, O., Lizarde, R. and Tasan, C.C. (2024) “Solid-state steelmaking by scrap
consolidation: A processing pathway with minimal energy and CO2 burdens,” Journal of
cleaner production, 452(141976), p. 141976. Available at:
https://doi.org/10.1016/j.jclepro.2024.141976.

Hardware, W. (2022) Why is aluminium 6061 preferred for the aluminium CNC
machining?, Worthy Hardware. Available at:
https://www.worthyhardware.com/news/why-is-aluminium-6061-preferred-for-the-
aluminium-cnc-machining/ (Accessed: April 16, 2025).

Hardware, W. (2023) What is machinability and how to improve machinability of
materials?, Worthy Hardware. Available at: https://www.worthyhardware.com/news/what-
iIs-machinability/ (Accessed: April 16, 2025).

Hardware, W. (2024) CNC machining VS die casting: How to choose?, Worthy Hardware.
Available at: https://www.worthyhardware.com/news/cnc-machining-vs-die-casting-how-
to-choose/ (Accessed: April 24, 2025).

Harvey, L.D.D. (2021) “Iron and steel recycling: Review, conceptual model, irreducible
mining requirements, and energy implications,” Renewable and Sustainable Energy
Reviews, 138(110553), p. 110553. Available at:
https://doi.org/10.1016/j.rser.2020.110553.

Hillier, A. (2021) Machinability rating and chart download, Enerpac Blog. Available at:
https://blog.enerpac.com/machinability-rating-and-chart-download/ (Accessed: April 16,
2025).

Iman Bossagh and Hassanzadeh, M. (2012). LCA-Introduction. [online] Available at:
https://www.researchgate.net/publication/331319437 _LCA-Introduction#pf13.

IMS Team (2021). The Machining Properties of 6061 Aluminum Grades - IMS. [online]
Industrial Metal Service. Available at: https://industrialmetalservice.com/metal-
university/the-machining-properties-of-6061-aluminum-grades/.

Jacques, L., Steve, D. and Alain, H. (2021) “Cast iron: A historical and green material
worthy of continuous research,” International Journal of Technology, 12(6), p. 1123.
Available at: https://doi.org/10.14716/ijtech.v12i6.5235.

Jung, S. et al. (2023) “Is additive manufacturing an environmentally and economically
preferred alternative for mass production?,” Environmental science & technology, 57(16),
pp. 6373-6386. Available at: https://doi.org/10.1021/acs.est.2c04927.

Kovacevi¢, A. (2024) “Advantages to metal scrap recycling + environmental impact,”
Metaloop.com. Schrott24 GmbH, 18 March. Available at:
https://blog.metaloop.com/advantages-to-metal-scrap-recycling-environmental-impact
(Accessed: April 16, 2025).

Lee J. (2021a) CNC machining copper: Benefits, drawbacks, and properties explained,
Gensun Precision Machining. Available at: https://www.china-machining.com/blog/cnc-
machining-copper/ (Accessed: April 16, 2025).



46

Lee J. (2021b) What are the Best Metals for Machining? Here are 5 Options, Gensun
Precision Machining. Available at: https://www.china-machining.com/blog/metal-for-
machining/ (Accessed: April 16, 2025).

Li, P., Li, X. and Li, F. (2020) “A novel recycling and reuse method of iron scraps from
machining process,” Journal of cleaner production, 266(121732), p. 121732. Available at:
https://doi.org/10.1016/j.jclepro.2020.121732.

Liu, S. (2024) Manufacturing plan and DFMA-analysis of a co-axial 15 GHZ diode
detector.

Machining cast iron: Essential tips for efficient cutting and finishing (no date)
Cnccookbook.com. Available at: https://www.cnccookbook.com/machining-cast-iron/
(Accessed: April 16, 2025).

Malleable cast iron (no date) Totalmateria.com. Available at:
https://www.totalmateria.com/en-us/articles/malleable-cast-iron/ (Accessed: April 16,
2025).

Matan (2023) Detector diode — electricity — magnetism, Electricity-magnetism.org.
Available at: https://www.electricity-magnetism.org/detector-diode/ (Accessed: April 16,
2025).

Mecheter, A., Tarlochan, F. and Kucukvar, M. (2023) “A review of conventional versus
additive manufacturing for metals: Life-cycle environmental and economic analysis,”
Sustainability, 15(16), p. 12299. Available at: https://doi.org/10.3390/su151612299.

Media, A. (no date) Aluminium scrap shortage worries European alloy producers,
Argusmedia.com. Argus Media. Available at: https://www.argusmedia.com/en/news-and-
insights/market-opinion-and-analysis-blog/al-scrap-shortage-worries-european-alloy-
producers (Accessed: April 17, 2025).

Melo, M.T. (1999) “Statistical analysis of metal scrap generation: the case of aluminium in
Germany,” Resources, conservation, and recycling, 26(2), pp. 91-113. Available at:
https://doi.org/10.1016/s0921-3449(98)00077-9.

Metal 3D printing vs. Casting vs. CNC: Which is better? (no date) Thesteelprinters.com.
Available at: https://www.thesteelprinters.com/news/metal-3d-printing-vs-casting-vs-cnc-
which-is-better (Accessed: April 24, 2025).

Microwavejournal.com. (2021). New Developments in Additive Manufacturing for
RF/Microwave Applications. [online] Available at:
https://www.microwavejournal.com/articles/37051-new-developments-in-additive-
manufacturing-for-rfmicrowave-applications.

Mitterpach, J. et al. (2017) “Environmental evaluation of grey cast iron via life cycle
assessment,” Journal of cleaner production, 148, pp. 324-335. Available at:
https://doi.org/10.1016/j.jclepro.2017.02.023.

protected], [email (2023) CNC machining materials 101: How to choose the right one?,
Rapid Prototype Manufacturing in China - WayKen. Available at:
https://waykenrm.com/blogs/cnc-machining-materials/ (Accessed: April 16, 2025).



47

Raabe, D. et al., (2022). Making sustainable aluminum by recycling scrap: The science of
“dirty” alloys. Progress in Materials Science [online]. 100947. [Viewed 5 May 2025].
Available from: doi: 10.1016/j.pmatsci.2022.100947

Raabe, D. (2023) “The materials science behind sustainable metals and alloys,” Chemical
reviews, 123(5), pp. 2436-2608. Available at:
https://doi.org/10.1021/acs.chemrev.2c00799.

Rams, J., (2022). Wrought Aluminum Alloys. In: Encyclopedia of Materials: Metals and
Allloys [online]. Elsevier. pp. 132-140. [Viewed 5 May 2025]. Available from: doi:
10.1016/b978-0-12-819726-4.00083-1

Recycling (2021) International Aluminium Institute. Available at: https://international-
aluminium.org/work-areas/recycling/ (Accessed: April 16, 2025).

Recycling, G.M.E. (2024) “Ferrous vs non ferrous metal recycling,” GME Recycling -.
GME Recycling, 16 August. Available at: https://www.gme-recycling.com/ferrous-vs-non-
ferrous-metal-recycling/ (Accessed: April 16, 2025).

ReportLinker (2023). European Production of Cast Iron by Country, 2023. [online]
ReportLinker. Available at:
https://www.reportlinker.com/dataset/7560cce1258214906¢22603ccc88d4b238b5d8el
[Accessed 5 May 2025].

Recycling of metals (no date) Psu.edu. Available at: https://www.e-
education.psu.edu/matse81/node/2087 (Accessed: April 16, 2025).

RF diode detector (no date) Crystal-radio.eu. Available at: https://www.crystal-
radio.eu/diodedetector/endiodedetector.htm (Accessed: April 16, 2025).

R-strategies for a circular economy (no date) Circularise.com. Available at:
https://www.circularise.com/blogs/r-strategies-for-a-circular-economy (Accessed: April
16, 2025).

Salonitis, K. et al. (2019) “Life-cycle and energy assessment of automotive component

manufacturing: The dilemma between aluminum and cast iron,” Energies, 12(13), p. 2557.
Available at: https://doi.org/10.3390/en12132557.

Shamsudin, S., Lajis, M.A. and Zhong, Z.W. (2016) “Solid-state recycling of light metals:
A review,” Advances in Mechanical Engineering, 8(8), p. 168781401666192. Available at:
https://doi.org/10.1177/1687814016661921.

Sivert, C. (2024) Decarbonizing the steel industry, Do Well Do Good. Available at:
https://dowelldogood.com/decarbonizing-the-steel-industry/ (Accessed: April 17, 2025).

Soori, M. et al. (2024) “Sustainable CNC machining operations, a review,” Sustainable
Operations and Computers, 5, pp. 73-87. Available at:
https://doi.org/10.1016/j.susoc.2024.01.001.

Speiser, E. (2020a) Machinability, Machining Doctor. Available at:
https://www.machiningdoctor.com/machinability/ (Accessed: April 16, 2025).

Speiser, E. (2020b) Machinability of Aluminum, Machining Doctor. Available at:
https://www.machiningdoctor.com/machinability/aluminum/ (Accessed: April 16, 2025).



48

Steel, B.M. (2023) “Guide to low carbon steel,” Bmsteel.co.uk. BM Steel, 4 October.
Available at: https://www.bmsteel.co.uk/article/guide-to-low-carbon-steel (Accessed: April
17, 2025).

Sustainability FAQs (no date) Org.uk. Available at:
https://www.bcsa.org.uk/resources/sustainability/steel-sustainability-faqs/ (Accessed: April
17, 2025).

“The different types of metal that can be recycled” (2022) Vanellagroupmn.com, 9 March.
Available at: https://www.vanellagroupmn.com/the-different-types-of-metal-that-can-be-
recycled (Accessed: April 16, 2025).

The most affordable precision CNC machining metals (2022) JW Machine. Available at:
https://jwmachinecorp.com/the-most-affordable-precision-cnc-machining-metals/
(Accessed: April 16, 2025).

Three factors affect aluminium’s machinability (no date) Shapesbyhydro.com. Available
at: https://www.shapesbyhydro.com/en/expert-thoughts/three-factors-affect-aluminiums-
machinability/ (Accessed: April 16, 2025).

Types of metals to choose for machining [easy how to guide] (no date) Cnccookbook.com.
Available at: https://www.cnccookbook.com/types-of-metals-to-choose-for-machining-
easy-how-to-guide/ (Accessed: April 16, 2025).

Urick Ductile Solutions (no date) Malleable iron vs. Ductile iron: Differences and
applications, Urick.net. Available at: https://www.urick.net/blog/malleable-iron-vs-ductile-
iron-differences-and-applications (Accessed: April 16, 2025).

Van Sice, C. and Faludi, J. (2021) “Comparing environmental impacts of metal additive
manufacturing to conventional manufacturing,” Proceedings of the Design Society, 1, pp.
671-680. Available at: https://doi.org/10.1017/pds.2021.67.

Visualizing sustainability properties (no date) Solidworks.com. Available at:
https://help.solidworks.com/2025/english/SolidWorks/sldworks/t_Viz_Sorting_by_Sustain
ability_Properties_sust.htm?verRedirect=1 (Accessed: April 16, 2025).

What is Low Carbon Steel? (no date) Amardeepsteel.com. Available at:
https://www.amardeepsteel.com/blog/what-is-low-carbon-steel.ntml (Accessed: April 17,
2025).

www.sciencedirect.com. (n.d.). Aluminum Alloys - an overview | ScienceDirect Topics.
[online] Available at: https://www.sciencedirect.com/topics/materials-science/aluminum-
alloys.

www.sciencedirect.com. (n.d.). Malleable Cast Iron - an overview | ScienceDirect Topics.
[online] Available at: https://www.sciencedirect.com/topics/engineering/malleable-cast-
iron.

Ye, R. (2024) Machining materials: Different types & characteristics, Rapid Prototyping &
Low Volume Production. Available at: https://www.3erp.com/blog/machining-materials/
(Accessed: April 16, 2025).

Zhang, J. et al. (2019) “A review of selective laser melting of aluminum alloys: Processing,
microstructure, property and developing trends,” Journal of materials science &
technology, 35(2), pp. 270-284. Available at: https://doi.org/10.1016/j.jmst.2018.09.004.



Appendix 1. Model of the product




Appendix 2. Drawing of the product
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Appendix 3. SolidWorks Sustainability module data

Sustainability Report

Mode! Name: Part? Bachelor_thesis

Material:

Recycled content:

Mallesble Cast lron

84%

Weight

Surface Area:

Built to last:

Duration of use:

Environmental Impact (calculated using CML impact assessment methodology)

Carbon Footprint

0.027 kg COze

Air Acidification

T.9E-5 kg SO

. Material:
[ Manufacturing:
[l Transportation

[ End of Life:

Il Vaterial
[ Manufacturing:
. Transportation

[ End of Life:

0.024 kg COze
6.1E-4 kg CO:e
25E-3kg COe
0.00 kg COze

6.4E 5 kg S0
41E-6kg S0
1.2E-5kg S0z
0.00 kg S0z¢

Total Energy Consumed

0431 MJ

Water Eutrophication

9.3E-6 kg POse

Fg Manufactuning process:

2507.32 mnt* Milled

50year
0 year

. Material:

[ Manufacturing:

[l Transportation
[ End of Life:

Il vaterial

D Manufacturing:

. Transportation

[ End of Life:

0.383 MJ
0.012 MJ
0.037 MJ
0.00 MJ

6.6E-6 kg POse
1.5E-7 kg POse
2.6E-6 kg POse
0.00 kg POse



Sustainability Report

Model Mame: Part?_Bachelor_thesis Matesial:

Recyded confent:

M4 Alloy

000 %

Weeight
Surface Area:
Buitt to last:

Duralion of wse:

Environmental Impact (calculated using CML impact assessment methodology)

Carbon Footprint

. Materia

[l Transporiation

[ End of Life:

0.141 kg COze

Air Acidification

. Materia

[l Transportation

[ End of Life:

9.7E-4 kg SO-¢

Material Financial Impact 0.03 USD

|:| Manufacturing:

|:| Manufacturing:

0138 kg GOze
25E-3kg COze
9.5E-4 kg COze
0.00 kg COze

9.5E-4 kg 80z
17E-5 kg S0ze
4 4E-6 kg 802
0.00 kg S0ze

Total Energy Consumed

1.8 MJ

Water Eutrophication

32E-5kg POse

10439 Manufactuning process:

2507.32 mm® Milled

Sse
Wy

. Materia
|:| Manufacturing:

Il Transportation

[ End of Life:

. Materia

I:‘ Manufacturing:

. Transportafion:

[ End of Life:

17TM

0.048 MJ
0.014 MJ
0.00 MJ

3.0E-5 kg PQue
6.1E-7 kg POue
1.0E-6 kg POue
0.00 kg PQae



Sustainability Report

Mode! Mame: Part2_Bachelor_thesis

Material:

Recycled conlent:

6061-TE (S5)

000%

Weight

Surface Area:
Buift 1o last:
Duralion of use:

Environmental Impact (calculated using CML impact assessment methodology)

Carbon Footprint

0.136 kg COz

Air Acidification

9.4E-4 kg SO

Material Financial Impact

. Materia

|:| Manufacturing:

. Transportation
[ End of Life:

. Materia

D Manufacturing:

. Transportation
[ End of Life:

0.02USD

0133 kg COze
24E-3kg COze
9.2E-4 kg COze
0.00 kg COze

9.2E-4 kg S0ze
1.6E-5 kg SCke
43E-6 kg 5022
0.00 kg 50ze

Total Energy Consumed

1.7 MJ

Water Eutrophication

3 1E-5 kg POse

10069
250732 mm®
£
e

. Materia

|:| Manufacturing:

. Transportation

[ End of Life:

. Materia

D Manufacturing:

. Transportation

[ End of Life:

Manufactuning process:
Milled

1.6 M)

0.046 MJ
0.014 MJ
0.00 MJ

3.0E-5 kg POse
5.9E-7 kg POse
9.7E-T kg POse
0.00 kg PCse



Sustainability Report

Model Mame: Part?_Bachelor_thesiz Material:

Recyded conent:

THEA-4VSolution treated and Weesight

aged (33
T0%

Surface Area:
Built 1o last:

Durafion of use:

Environmental Impact (calculated using CML impact assessment methodology)

Carbon Footprint

. Materia
D Manufac
. Transportation
[ End of Life:
0.460 kg COe
Air Acidification
. Matena

. Transportation

[ End of Life:

1.6E-3 kg 502

Material Financial Impact 1.80 USD

D Manufacturing:

0.443 kg COze
0.015 kg COze
15E-3 kg COze
0.00 kg GOze

1.5E-3 kg SO=e
9.9E-5 kg S0
7.0E-6 kg S0e
0.00 kg SCre

Total Energy Consumed

58 MJ

Water Eutrophication

1.1E-4 kg POse

16509 Manufacturing process:

2507.32 mm® Milled

=
W=

. Materia

D Manufacturing:
. Transportation
[ End of Life:

. Materia

D Manufacturing:

. Transportation
[ End of Life:

34M
0323 M)
0022 M)
0.00 MJ

1.1E-4 kg POee
3.TE-6 kg POue
1.6E-6 kg POae
0.00 kg PQse



Sustainability Report

Mode! Mame: Part2_Bachelor_thesis Material: Pain Carbon Sieed Weight
Surface Area:
Recycled content: 18% Built to last:
Durafion of use:

Environmental Impact (calculated using CML impact assessment methodology)

Carbon Footprint
|l Vateria
|:| Manufacturing:

[l Transportation

[ End of Life:

0.067 kg COge

Air Acidification

|l Vateria

[l Transportation

[ End of Life:

24E4 kg S0

Material Financial Impact 0.02 USD

|:| Manufacturing:

0.052 kg GOze
0.012 kg COze
27E-3kg COze
0.00 kg COze

1.5E4 kg 80
7.9E-5 kg S0ze
1.2E-5 kg 80e
0.00 kg 5022

Total Energy Consumed

0.952 MJ

Water Eutrophication

1.9E-5 kg POse

2069 Manufacturing process:

250732 mim® Milled

50 e
e

I Vateria
I:‘ Manufacturing:

[l Transportation

[ End of Life:

Il Vateria

. Transportation

[ End of Life:

0.688 MJ
0225 M)
0.039MJ
0.00 MJ

1.4E-5 kg POse
29E-6 kg POae
2.8E-6kg PQae
0.00 kg POse



Sustainability Report

Model Mame: Part?_Bachelor_thesis Material:

Recyded confent:

6061-T6 (35)

0.00 %

Environmental Impact (calculated using CML impact assessment methodology)

Carbon Footprint

. Materia

. Transportation

[ End of Life:

0.135 kg COze

Air Acidification

. Materia

. Transportafion

[ End of Life:

9.3E4 kg S0

Material Financial Impact 0.02 USD

|:| Manufacturing:

|:| Manufacturing:

0.123 kg COe
0.011 kg COe
9.2E-4 kg GOz
0.00 kg COze

8.5E-4 kg 802
T.2E-5kg 502
4 3E-6 kg 50
0.00 kg SC0ze

Wezight: 10,06 g Manufachuning process:
Surface Area: 2507.32 mm® IDie: Casfed
Built o las Sy
Duralion of use: 30 e
Total Energy Consumed
B teia 15M)
|:| Manufacturing: 0205 MJ
. Transportation:  0.014 MJ
[l EndofLife:  0.00MJ
1.7 MJ
Water Eutrophication
B eteria 27E5kgPOse
I:‘ Manufacturing:  2.6E-6 kg PCae
. Transportation:  9.7E-T kg POue
[l Endoflife:  0.00kgPQue

31E-5 kg POse



Sustainability Report

o] Maime: Part2_Bachelor_thesis Matesial: Malleabie Cast Iron Weight: Ry Manufacturing process:
Surface Area: 2507.32 mm® Die: Casted
Recydled content: % Buit to last. e

Durafion of use: e

Environmental Impact (calculated using CML impact assessment methodology)

Carbon Footprint

. Matenal:
[] Manufacturing:
. Transportation:
[ End of Life:
0.037 kg CO:ze
Air Acidification
I Vateriat

[ End of Lie:
1.4E-4 kg S0:¢

Material Financial Impact Mot Defined

(2] Manufacturing:
. Transportation:

0.024 kg COze
0.011 kg COze
25E-3kg COme
0.00 kg COz

6.3E-5 kg S0:e
6.7E-5 kg SOee
12E-5kg SOze
0.00 kg S0ze

Total Energy Consumed

. Material:
(] Manufacturing:
. Transportaion:
[ End of Life:
0621 MJ
Water Eutrophication
Il Vteriat

[ End of Life:
1.2E5 kg POse

|:| Manufacturing:
. Transportation:

0379 M)
0.206 MJ
0.037 MJ
0.00 MJ

6.5E-6 kg PQue
2.6E-6 kg POse
2.6E-6 kg POue
0.00 ky PQse



Sustainability Report

Wodel Mame: Part? Bachelor_thesis Matesial: Plain Carbon Stesd Wikight 2069 Manufacturing process:
Surface Area: 250732 mme e Casted
Recycled content: 13% Built o last 50 e

Durafion of use: e

Environmental Impact (calculated using CML impact assessment methodology)

Carbon Footprint
. Material:
|:| Manufactunng:
[l Transportation:
[ End of Life:
0.113 kg CO:e
Air Acidification
Il aterial:
|:| Manufacturing:
[l Transportation:
[ End of Life:
4 8E-4 kg SOze

Material Financial Impact 0.02 USD

0.052 kg COze
0.058 kg COze
2.7E-3kg GOz
0.00 kg COze

1.5E-4 kg SOze
3.2E-4 kg S0z
1.2E-5kg SOze
0.00 kg S0ze

Total Energy Consumed

. Material:

[ End of Life:

Water Eutrophication

. Material:

[ End of Life:
3.0E-5 kg POse

I:‘ Manufacturing:
[l Transportation:

I:‘ Manufacturing:
[l Transportation:

0.688 MJ
110
0.039MJ
0.00 MJ

1.4E-5 kg POse
1.3E-5 kg POse
2.8E-6 kg PO
0.00 kg POue



