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Abstract

This report investigates the viability of using an Additive Manufacturing, AM, process
for making Fibre Reinforced Plastic forming-tools in low volume production. The study
starts by identifying the optimal additive manufacturing process for tooling to be Fused
Deposition Modelling, FDM, which is then used for comparative analysis versus the
reference. The reference is selected to be CNC milled polyurethane blocks. The study
includes simulations of processing times and a cost and lead time calculation from CAD
to finished tool. Simulations have also been done to analyse possible optimization of the
tool design for additive manufacturing. The study also includes a case study of an
engine air intake where several conventional tools can be replaced with one FDM
manufactured tool.

The results of the cost and lead time analysis is that additive manufacturing is
competitive relative to a reference CNC process when the tools are of limited size. It is
also concluded that the additive process is more environmentally sustainable and is
cleaner and easier to integrate into a production system. The results from the cost and
lead time analysis is used to develop a process selection application which can calculate
an approximate cost and lead time for any given tool based on a few basic parameters.

A photo scanning is conducted on AM manufactured parts to analyse the geometrical
accuracy of the process. The results of this analysis are inconclusive with previous
studies where greater accuracy has been observed. Knowledge about AM processes is
identified as critical to create the best design. The experiences gained during the project
are presented in the discussion chapter as a mean of information transfer since little
information about the subject was found in the early stages of this project.

The conclusion of the project is that FDM is a viable process for tooling of small parts.
Based on current trends in the industry it is concluded that in a few years an updated
analysis will be even more in favour of the additive process. Finally it is concluded that
the most benefit of additive processes is only gained if it is considered and designed for
from the start of product development.
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1 Introduction

The idea of this thesis was formed from experiences gained during the Chalmers
Formula Student, CFS, project 2013. Formula Student is one of the world’s largest
competitions for engineers where the goal is to design, build and compete with a small
race car (Institution of Mechanical Engineers, 2013). A large part of the car consisted of
carbon fibre reinforced plastic parts. It was found that some designs were held back due
to limitations of the manufacturing tooling. Also the tool making process was found to
be very time consuming and costly. Not only because large amounts of manual labour is
needed but also since the machining of the tools requires specialised workshops adding
lead time due to transports and transfer of information. A CNC workshop requires
highly skilled personnel which add to the cost. Further, the material used is expensive
and large gquantities are removed in the machining. At the moment there is no possible
way to reuse the material.

These insights together with the resent explosion of the 3D printer consumer market led
to the idea that Additive Manufacturing, from here on AM, could be a viable
replacement process for this kind of tooling. Additive Manufacturing is more or less a
hands-off process compared to CNC machining where a lot of monitoring is required.
Additive Manufacturing also allows for making very complex shapes without
compromising the cost. Initial study of the subject showed little or no material written
about it.

During Formula Student, Semcon hosted a lightweight seminar (Semcon, 2012).
Semcon was contacted regarding this thesis and since they are highly involved with
lightweight design and manufacturing they were interested in supporting this study.
Semcon is also a member of LIGHTer arena initiative (Swerea, 2014) which makes
research into lightweight designs even more interesting for them. The thesis was
therefore carried out with Semcon’s support at their facilities at Lindholmen.

1.1 Purpose

The purpose of this thesis is to investigate Additive Manufacturing and the possibilities
of using it for tooling purposes in production of fibre reinforced plastic. The main topic
IS to compare Additive manufactured tooling to conventional milled polyurethane
tooling regarding costs and lead times. This is done by first identifying the best AM
technique for manufacturing of tools and then comparing that technique to the reference
tooling. Processing times for the comparison is simulated or estimated for each case.
The conclusions from the comparison are used to create an application which can
support an engineer with a method selection between additive manufactured and milled
tools. Tests will be done when needed to support the comparison and reasoning.

The thesis also aims to identify and structure design options made possible by using
AM tooling and deliver conclusions on how these could innovate products and where
further studies are needed. One major case study is done to investigate the design
possibilities of fully utilizing AM possibilities. Finally the thesis also aims to answer the
research questions stated in paragraph 1.3.



1.2 Delimitations

This study is limited to AM processes using plastic materials. The experiences gained in
CFS were mostly for polyurethane plastic tools and therefore the comparison of interest
Is similar plastic materials.

Material tests are not included in the scope of this study. Comparisons of physical
properties have been deemed necessary to compare tooling performance.

Tests done in this study does not aim to reach statistical significance. This is because of
the time limitation of the project and the volatility of manufacturing processes. The
statistical results in this thesis can therefore only be viewed as trends or indications.

This project will not include a full LCA of any studied process or material. This is also
due to the time limitation. However an estimation of sustainability will be included for
all processes and materials considered in this project.

Indirect tooling methods, explained in Theory 2.8, have not been studied in this thesis.
However conclusions can be made from the performance of the direct tooling regarding
how well AM would produce a good master for indirect tooling purposes.

This project will limit investigations in AM core structures to only include cases where
the structure also is used for forming of the composite. This is to limit the scope to
tooling.

1.3 Research statements

Some research statements were formed before the start of this project. Methods have
been selected in order to verify these statements and thus they have been used to guide
the study. All of these statements are verified in the conclusion chapter.

1. AM will decrease the lead time and cost for a part relative to the level of
complexity, compared to standard subtractive methods.

2. AM Tooling will produce parts with equally good surface finish, tolerance and
mechanical properties as CNC-manufactured tools.

3. AM will enable a more complex design which subtractive manufacturing and

formative methods cannot produce without a multi-step process.

AM can produce a good master for use in an indirect tooling process.

5. Combining tooling with structural implementations, an optimized manufacturing
process can be achieved which will result in a decrease in labour work and lead
time.

6. Using sustainable thermoplastic material an overall decrease in the
environmental impact can be achieved, regardless of AM method.

7. AM can innovate and optimise all areas of production and product development.

&



2 Theory

This chapter includes the theory behind the concepts in this thesis. Primarily the theory
chapter is intended to describe the Additive Manufacturing processes and Fibre
reinforced plastic properties and manufacturing processes. The content of this chapter
was formed from extensive literature studies explained in the method chapter.

2.1 Additive Manufacturing

Additive Manufacturing (AM) — originally called “3D Printing” — is a manufacturing
process which possesses the ability to construct three-dimensional objects, with a large
spectrum of appliances. (Gebhardt, 2011, p. 2) Additive Manufacturing is the third
“pillar”, in addition to Subtractive Manufacturing and Formative Manufacturing, on
which the manufacturing community rests. As its name applies, material is added in
order to create a part and today this category mainly consist of Layer-based processes
which uses data from a Computer Aided Design (CAD) software. Within the CAD-
system the model is converted into a standard STL-format. This data is transported to
the AM machine or separate slicer-software in which the model is divided into layers
(see Figure 1) and converted to machine-specific code and thereafter it is ready for
printing.

Figure 1: Slicer representation of divided layers (Source: Carl Hanser Verlag GmbH & Co. KG, Author: Gebhardt,
Andreas.)



2.1.1 Polymerization
Polymerization (Photo-polymerization) is an additive manufacturing subgroup using
UV-radiation to selectively solidify a liquid monomeric resin such as epoxy, acrylate or
vinyl ether (Gebhardt, 2011, p. 34). Additional curing is often necessary if a partially
solidification is made.

Laser-Stereolithography (SL)

The oldest of additive manufacturing process developed by 3D Systems, USA.
(Gebhardt, 2011, p. 34) Stereolithography provides very good surface finish and high
level of detail. An UV-laser is directed by the machine into a resin bath and oriented by
the contour of the part (see Figure 2). The laser beam will partially solidify the resin by
polymerization and depending on the reactivity and transparency of the resin a specified
layer thickness will be achieved by configuring the power of the laser beam and the
speed of which it travels over the resin.

After the first layer is solidified the part and the build platform on which it rests will be
lowered corresponding to the next layer height. A new coating of resin will be done to
make sure that it is equally distributed. This process requires vipers and vacuum
depositing mechanism in the machine due to the low viscosity of the resin. A new layer
is processed on top of the old and the part will be constructed from the bottom an
upwards.

The resin bath in which the part is submerged is not able to carry any weight e.g. parts
or details that is in need of supports will have to be sustained by extra added support of
solidified resin. These support structures will often be generated by the slicer-software
and will be in the same material as the part. In the removal of the support after the
hardening the connection between part and support will be noticeable as small spots on
the part surface.

Due to that Stereolithography uses a process of partially solidification when
manufacturing a part further hardening will be needed after the part is printed and
cleaned. This post-curing is done in a UV-chamber which will completely cure the part.
The part can be treated in a few ways such as sanding, polishing and varnishing. These
steps are dependent on the part requirements and are not a required step in the
Stereolithography process.

The resins used in this process are divided into filled or unfilled resins. A filled resin,
unlike unfilled, can be further customised by adding particles such as aluminium, glass
or carbon to give other characteristics to the part. Unfilled resins have a relatively poor
stability and heat properties.



Figure 2: Laser-Stereolithography process schematic (Source: Carl Hanser Verlag GmbH & Co. KG, Author: Gebhardt,
Andreas.)

Polymer Printing / Polymer Jetting

Polymer printing is process similar to an ordinary ink-printer, a nozzle ejects resin onto
a build platform and simultaneously two UV-lights follows the nozzle and hardens the
resin through polymerisation. When a layer is printed the platform is moved downwards
and the next layer is processed onto the previous. The layer height is 0.016 mm
(Gebhardt, 2011, p. 37) and will create a smooth surface. This process gives the
opportunity of using different colours and/or more than one material in the same part,
resulting in different material properties in the same part.

Similar to Stereolithography the Polymer printing process is in need of extra support
structure if the part has an overhang. This is created by a second set of nozzles with a
specific support material. This structure is automatically generated during pre-
processing. This material can in the post-processing stage be rinsed away with water or
other solution and will not leave any trace on the part.

2.1.2 Sintering and Melting

These processes describe the usage of melting and re-solidification of powder based
materials, both polymer and metal, to achieve a part. Plastics are more preferred in the
Sintering process while metals are more common in Melting. When thermoplastic
polymers are used no build platform or support structure is needed due to the dense
powder surrounding the part. This is theoretically the same for metals but due to
potential warping of the part, supports and a platform is preferred and most commonly
used.



Selective Laser Sintering (SLS)

Sintering processes use an enclosed build chamber, which is sealed and filled with an
inert gas to prevent oxidation, where the powder is contained. (Gebhardt, 2011, pp. 40-
41) A laser beam will travel over the powder and locally melt the material in each layer
and the material will solidify by thermal conductivity to the rest of the powder bed (see
Figure 3). When a layer is completed the whole powder bed will be lowered and new
powder is added from a reservoir and rolled over the previous layer to be able to get an
uniform surface. The sintered part will be manufactured from the bottom and upwards
layer-by-layer, and when the laser has done the top layer of the part a couple of extra
layers of powder are added to maintain the temperature in the part and allow a
homogeneous cool down of the whole powder cake. This cool down period is time
consuming and can be done in another chamber to be able to give access to a new part
in the build chamber.

The part surface and geometry is based on the powder used and the speed and diameter
of the laser beam. The range of material that can be used in a sintering process is wide
and covers all categories. Further customisation of the parts material and structural
properties is possible by adding particles in the powder mixture such as glass, carbon or
aluminium.

Post-processing of sintered parts is needed to separate the part from the powder cake
and possible supports. This is often done with sand blasting and brushing when plastic
materials are used but metals need mechanical processing of the support. Depending on
the powder size and material further treatment can be necessary such as infiltration of
plastic parts due to porousness.

—B—

T

Figure 3: Selective Laser Sintering process schematic (Source: Carl Hanser Verlag GmbH & Co. KG, Author: Gebhardt,
Andreas.)




Extrusion — Fused Layer Modelling (FLM)

Fused Layer Modelling represents the additive process of using thin molten strings
extracted onto a platform that layer-by-layer is producing a part. (Gebhardt, 2011, p. 45)
The material used is mainly thermoplastic filaments which are melted through a heated
nozzle onto a heated build platform (see Figure 4). The molten strings will solidify by
thermic conductivity into the platform and other layers.

The filament thickness and the nozzle diameter determine the layer height and thereby
the resolution of the part and common filament diameters ranges from 0.1 mm to 0.25
mm. (Swift & Booker, 2013, p. 239) The deposition is made in the x-y direction and
when a layer is complete the build platform is lowered correspondingly to the layer
height and a new layer is started. If a part is in need of support these are either made of
the same material as the rest of the part or, if the machine allows, a second nozzle with
support material is used. Coloured plastic can be used to achieve a coloured part.
Depending on how the supports are processed the post-process is different; if soluble
supports are used these can be washed away, otherwise the support is mechanically
removed.

FLM is often called Fused Deposition Modelling (FDM) due to this being the first
commercialised process in the genre created by the Canadian company Stratasys
(Gebhardt, 2011, p. 45).

Figure 4: Fused Layer Modelling process schematic (Source: Carl Hanser Verlag GmbH & Co. KG, Author: Gebhardt,
Andreas.)

Powder-Binder Bonding — Three Dimensional Printing

Powder-Binder Bonding is a technique resembling the SLS-process with a powder as
the base material and a liquid binder that is added to selectively solidify the contour of
each layer. (Gebhardt, 2011) Commercial names for methods are 3DP and Voxeljet.
The difference between the sintering and Powder-Binder Bonding is that no shielding
gas or preheated environment is needed and the laser is exchanged with the binder. The
build chamber is containing the powder and a piston lower the platform with each
consecutive layer and more powder is added to the top surface. Due to the powder
encapsulating the part there is no need for support; this is true even for metals as a result
of that the process works in room temperature (Swift & Booker, 2013).



The material range for this process is almost infinite (Gebhardt, 2011, p. 48) due to the
binder customisation is abundant. Coloured binder can also be used to colourise the
part. Depending on which machine being used in manufacturing of a part the post-
processing is different. The majority of machines need their constructed parts to
undergo a thermal de-binding and sintering afterwards to achieve the final properties of
the part. Others methods need infiltration of epoxy resin or wax to reach a functional
part.

Layer Laminate Manufacturing (LLM)

By cutting out layers of thin foils and stacking them consecutively onto each other a
layer-by-layer part develops through a Layer Laminate Manufacturing method. The
foils can be made of metals, ceramics, plastics or paper (Gebhardt, 2011). These are cut
and fixed together depending on the material used.

The foils are drawn from a roll in the machine and fixed against the build platform (see
Figure 5). A cutting tool thereafter cut along the contour of the current layer and
prepares the fixing mechanic. When the cut foil is attached the waste foil is drawn away
from the platform and simultaneously a new sheet of foil follows and is placed on the
second layer. While the foil is replaced the platform is lowered corresponding to the foil
thickness. Generally no extra post-processing is needed but a few parts need infiltration
and varnishing to keep the sheets from de-laminating.
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Figure 5: Layer Laminate Manufacturing process schematic (Source: Carl Hanser Verlag GmbH & Co. KG, Author:
Gebhardt, Andreas.)




2.2 Production performance

The performance of a production system is measured in productivity which is the ratio
between outputs to input to the system. This is dependent on the costs in the system.
Cost for a product is divided between material, labour, energy and capital costs. For a
process requiring advanced machines or a high degree of automation the capital costs
can be high. For a process with a high level of customization as is common in low
volume manufacturing, labour costs are often a driving factor. This means cost can be
saved by increasing the level of automation in low volume production systems.

Another factor that is important for a production systems performance is the lead time
through the system. This can be at least as important as cutting costs since many
companies are willing to pay extra for a quick delivery and high order flexibility.

2.3 Composites

A composite material is defined as a material consisting of at least two different
materials. The properties of the composite will be a blend of the included materials and
it is possible to engineer the composite to desired physical or chemical properties.
Engineered composited usually consists of a binder, also called matrix, material and a
second reinforcing material.

2.4  Fibre Reinforced Plastics

The trends in industry and products for lightweight solutions for products have pushed
the interest of Fibre Reinforced Plastic, FRP, composites in the last years. The
technology in itself is from the early 1900s but because of high costs it has been used
mostly in low volume production of high-tech or sports products. New demands on
energy efficiency and resulting requirement of lighter products have caused a need for
utilizing the weight advantage of FRP. This also means that there is a need to improve
FRP production processes since they are still far behind other processes regarding both
speed and costs.

As stated above FRP can deliver high stiffness and strength at a very low weight if
proper design is used. FRP utilizes strong fibres bonded in a plastic matrix. Commonly
used fibres going from cheap to expensive are, glass, carbon, and aramid. For
lightweight construction carbon fibre, CFRP, are the most interesting since they have
the highest stiffness to weight ratio. The plastic matrix is commonly a thermosetting
plastic, the most common from cheap to expensive being polyester, vinylester, or
epoxy. The thermosets are two component solutions which are mixed before
application. Since thermosets are in liquid state at the application and then undergoes
crosslinking and solidification they can conform to complex geometries in one forming
step, like for example a complete boat hull.

FRP works by distributing the forces on the composite from the matrix into the
reinforcement. This means the composite is only as strong as the bond between the
reinforcement and the matrix (N. G. McCrum, 1997). This means a high surface to
volume ratio of the reinforcement is needed resulting in two possible shapes for the
reinforcement, fibres and platelet, see Figure 6. Although platelets can be used in some
applications, mostly fibres are used because of the better formability.

In order to fully utilize the strength of the reinforcement the shear bond between fibre
and matrix must be stronger than the fibre itself. If this is not the case the fibre will just
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Figure 6: Area to volume ratio for a cylinder shape (Source: Oxford University Press Inc., Author: McGrum, N. G.)

break loosed from the matrix resulting in failure of the matrix. This is described by the
critical length, which is the length where the fibre will break at the same time as the
matrix.

Increasing the fibre length further from the critical length makes the FRP stronger by
distributing the shear load in the matrix over a larger area. Continuous long fibres are
therefore the best case scenario. Longer fibres are however more process demanding to
form so shorter fibres are often used for convenience.

As important for the strength of the FRP is the amount of fibres added to the matrix.
This relation is described using the volume fraction of fibres in the FRP volume. As
seen in Figure 7 the volume fraction of fibres, sigmaf, highly influences the strength of
the composite.
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Figure 7: Volume fraction to tensile strength relationship (Source: Oxford University Press Inc., Author: McGrum, N. G.)

In the case of continuous unidirectional fibres this relation can be calculated using the
Rule of Mixture (ROM). Equation | and 11 below describes the relation of FRP strength
to fibre and matrix strength respectively. Equation | describe the case where load is
applied in parallel with the fibres. Equation Il describes the case where load is applied
transverse to the fibres. As can be seen in these equations increasing the fibre volume
fraction decreases the influence of the matrix strength for the total composite strength.
In the transverse case the fibres have much less influence on the strength.

Oparalell = f* Ofibre + (1- f) * Omatrix

Oseries = < ! + 17 )

Ufibre Omatrix

Due to the anisotropy of FRP much care has to be taken when designing components.
Especially in light constructions it is important to know the load case and engineer the
fibre layout to the needs. This also places high demands on the manufacturing processes
regarding applying the fibres as designed. Other problems that come from the
manufacturing are inclusions of voids or small delamination in the composite. A high
voids content reduces both static and fatigue strength. Generally a FRP laminate has to
be below 5% in void content to be of acceptable quality (Sérgio Frascino Miller de
Almeida, 1994)

One problem with FRP laminates is the poor environmental sustainability. Since
thermosetting plastics are used as matrix there in no way to recycle it. What can be done
is to remove the matrix and reuse the fibres although this process in itself is not very
sustainable. Thermoplastic matrices have better sustainability this way but
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compromising the performance. Light technologies are really where FRP can compete
sustainably with for example reduced fuel consumption over the lifetime of the product
resulting in a better total sustainability for the product.

Another issue with thermosets is the working environment. The contents of the resins
are highly volatile. Precautions has to be taken and use of safety equipment is needed
during the curing cycles and post processing. Dust from grinding of FRP components is
also a safety hazard.

2.5 Sandwich construction

Sandwich construction is the best way to fully utilize the potential of FRP laminates. By
adding a core between two layers of laminate the bending strength and stiffness
increases exponentially. Since the loads can be distributed over a large area on the core
these can be made of very light materials giving all the benefits at a low weight cost.
Commonly used core structures are balsa wood, foamed polymers, and metallic or
polymeric honeycomb structures. Cores are provided in large sheets. For complex
shapes machining are required to form the core. Foam cores can be shaped using heat
although shrinkage of the core may occur. Honeycomb cores are best machined before it
is expanded.

2.6 FRP Manufacturing Process

FRP lamination processes for prototyping or short series is most likely to be a manual
labour process. The process can be divided into two main categories, open or closed
moulding. Open moulding being the use of one tool surface. Closed moulding being the
use of two or more tool surfaces. Closed moulding requires more rigid tools in order to
withstand the loads from the compression of the tools. Open moulding are for this
reason cheaper and is preferred for use in prototyping or small series. The drawback
being that only one side of the part will have a tooling surface.

The most common manufacturing processes for small series are as stated before, manual
operations of varying automation. The most basic process being Hand lay-up where
fibres are laid out dry and resin is applied manually with the use of a brush or roller.
Because of the manual resin application the fibre layout may be compromised during
processing. Also it is a work against the clock to finish the layup before the resin starts
to cure. The part is then left to cure as is. If a higher degree of consolidation is needed a
bag is applied around the part and vacuum is used to put pressure down on the part. This
assures that the fibres conform to the tool in areas where the geometry is more complex.
The bag can be attached to the tool using a sticky sealing mass. For complex tools it is
also possible to put the whole tool inside the bag. This is then called envelope bagging.

Increasing the automation can be done using the VARTM (Vacuum Assisted Resin
Transfer Moulding) process. In this process the resin is applied using vacuum. A mesh
can be added on top of the fibres to allow the resin to flow over the part. If thick cut
fibre mats are used this is not needed. For longer series the bag is often replaced by a
formed silicone or plastic cover with integrated seals for vacuum and resin. This
process can generate high fibre volume fractions. One drawback of this process is that
sandwich panels cannot readily be manufactured in one step without using cut cores to
still allow flow of resin to the inner laminate. Doing so increases the weight of the
component significantly. Further increasing automation can be done using pre-preg
fibres. These fibre weaves comes pre-impregnated with resin. The resin used in pre-preg

12



usually requires elevated temperatures to cure which puts additional demands on the
tooling. The tape-like nature of pre-preg fibres makes them very easy to work with and
allows for exact placement of fibres.

Another process suitable for low volumes are filament winding. In this process fibres
are wound onto a mandrel tool. The mandrel is able to rotate and a computer controlled
arm stretches and moves the fibre application point. This process is useful when making
tube-like structures. CNC control and only one internal tool is needed which makes the
process suitable for low quantity production.

Hand lay-up and VARTM processed FRP are commonly cured in room temperature.
Depending on what resin is used the curing process can take everything from 30
minutes to over 24 hours. This is dependent on the reactivity of the resin. The limiting
factor of how fast curing resin that can be used is the time needed in the process. The
pot life, that is the time before the mixed resin starts to cure, decreases in the same way
as the cure time with higher reactivity. Thus a slow process requiring a pot-life of two
hours can require a cure time of 24 hours, (Huntsman, n.d.). In pre-preg weaves is
common to use a resin with very long pot-life. Instead these resins require heat to start
crosslinking. Usually a minimum of 60-80 Celsius is needed to start the cure process,
(SHD Composites, n.d.).

2.7 FRP Tooling manufacturing

Production of fibre reinforced plastics products in short series or for prototype purpose
demands a manufacturing tool, i.e. moulds. With current manufacturing processes this is
generally solved with blocks of polyurethane or aluminium which is milled to desired
shape. Further treatment is needed to fulfil the surface tolerances as well as facilitate the
removal of parts from the moulds. This often requires specialized machinery which
includes expensive and time consuming milling operations, of which a secondary effect
is transportation to and from specialized workshops.

The complexity of parts made of FRP composites with current manufacturing processes
is limited by geometrical constraints such as release angles and outward facing surfaces
in the moulds. These restrictions will for complex parts lead to, for example, divided
female and male moulds or bellows when a seamless transition between halves is
desired. This processes are very expensive and customized for each new part
manufactured; often focusing on series production of the specific part.

The type of tooling for low volume/prototyping FRP production, as described in the
previous chapter, is most likely open tooling. Two different approaches exist here. The
Direct-tooling approach where tool components are manufactured to be used as is. This
iIs a machining operation with possible finishing, resulting in a final tool. The other
approach is Indirect-tooling where a pattern is made in order to form the actual tool in a
secondary process. The secondary operation is a casting or forming process which
accurately depicts the pattern. This can be used to make tools of different materials then
what is possible or viable to machine. Indirect-tooling can also allow for using the same
pattern to create several tools.

In low volume manufacturing the cost of the tooling is split on a low amount of parts. It
is therefore even more important to keep tooling costs down. This means that metal
tools are rarely used. There are many materials which can be used for cheaper tools. The
common material to use is Polyurethane, PUR, foam. PUR are supplied in blocks and
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offers good performance relative to the pricing, which is mainly based on the density.
This material also offers good machinability which further reduces the processing cost.
Higher density usually provides a smaller cell size meaning a higher surface finish is
possible. The higher density material is also more resistant to denting and scratching of
the surface. The blocks come in a few standard sizes and have to be cut and joined to
make a stock part for machining. The blocks are then mounted on a MDF or FRP
sandwich board to allow clamping in the machine without obstructing the machine tool.
Joining of blocks and mounting to a board is done using adhesives.

To cure pre-preg or increase the speed of curing in the other processes curing are done
at elevated temperatures. This puts more demand on the tooling. It is important to take
the thermal expansion of the tooling material into account. Compensating for tool
expansion is necessary for large parts or where tolerances are high. Another issue is
stress induced when the tooling expands more than the FRP. When high temperatures
are needed it is common to use metal tools or to make a master plug of PUR which is
then used for indirect tooling by making a FRP tool.
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3 Method

This thesis was carried out at Semcon in their facilities at Lindholmen, Sweden between
20 January and 10 June 2014. Data gathering has been an ongoing process throughout
the project. Efforts have been made to structure the data in order to support a discussion
about the subject. An initial screening of AM processes was done to identify one
specific process to use for comparing with the reference CNC tooling process. The
selected AM process and the reference CNC process have been compared regarding
lead time and costs. Comparisons have also been made regarding tooling performance
parameters such as surface finish, geometrical accuracy and thermal expansion.
Practical tests have been carried out to verify functionality and to support the
comparative analysis with data. An application supporting process selection between
AM and CNC tooling has been developed. During the project ideas has been gathered
with the intention of supporting further work and studies in the field.

3.1 Literature study

The first part of this thesis was to conduct a literature study on the subject. This was
done in order to further expand the knowledge of the thesis authors. Articles and written
literature about Additive Manufacturing have been analysed and used as a knowledge
base for the project. The information gathering has been a big part of the thesis and this
is reflected in the theory chapter which explains the studied AM processes. FRP tooling
manufacturing was also studied and has been explained in the theory chapter. It was
also decided to include a brief FRP section in this thesis to explain the benefits in light
weight construction and also its limitations.

Information was gathered both from academic sources, such as the databases connected
to Chalmers library system (Chalmers library 2014, databases), and also from internet
sources. Since the topic of interest in this thesis is quickly developing most relevant
information was attained through companies or reseller sources rather than academic
sources. An investigation regarding patent in the area of Additive Manufacture was also
conducted. The internal patent database at Chalmers University of Technology’s library
(Chalmers library 2014, patent database) and the Swedish Patent database was utilised
for this (PRV 2014).

3.2 Process comparison

The process comparison in this thesis includes a cost and lead time analysis. This has
been made to include the tool manufacturing process from the pre-processing of the tool
to a finished tool or master pattern. This way the analysis is limited from possible
variations in design time and from the highly application dependent FRP manufacturing
process. The analysis has been based on some of the tool models from Chalmers
Formula Student 2013. Other included models are three models which were developed
to get time simulations from Stratasys and one small model which was used in testing of
a Makerbot. In total, ten models have been studied. Models have been used as is. This
means no optimization of the geometry has been done when calculating the AM
process. The time posts included in the analysis is; Setup, Processing time and Finishing
operations. Cost has been calculated in Euros based on the conversion rate at the time,
(Euroinvestor A/S, 2014).
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Base data was collected to support the lead time and cost calculation. Wage cost was
taken from the OECD stats database, (OECD, 2014). Material costs of 3 400 €/m? for
the PUR material was provided by Cliff Produktion & Modell AB and based on their
rates from the manufacturer RAMPF. Material costs for FDM was provided by
Stratasys. The chosen material in the comparison analysis was PC plastic at 188 484
€/m>. Stratasys also provided the amortization costs for their machines. Those costs
were based on a utilization of 60 %. The amortization cost was validated against a price
suggestion from a reseller (Aniwaa, 2014). CNC machine cost was based on values
from CIiff Produktion & Modell AB. Since the study mainly is aimed at smaller parts;
the smallest machine, a Famu Aktive Five 2000, in the workshop was used as reference.
Mats Johansson at Cliff Produktion & Modell AB estimates a utilization of 50 % in
their machine park and this was used to calculate amortization costs based on five year
depreciation. Further costs can be seen in Appendix D.

Average setup times for the processes were estimated based on experience and
discussions. The setup times used in the calculation was 15 min for AM and 60 min for
CNC. The time required to prepare the stock material for the CNC process was
estimated for each part. The estimation is based on experiences and starts from a
minimum of three hours, adding time for larger parts if additional cutting is required.
The minimum time includes cutting of block and board, positioning, worker
movements, and the adhesive joining process. Since the block building process includes
an adhesive operation with long cure times, see theory, the lead time of the process has
been estimated to always take at least 24h. The cost for the lead time is however only
calculated on the actual working hours.

A similar estimation as were done for setup times were done for the surface finishing
operation. This process takes into account sanding of the tool and the release coating.
When this process is done the tool is ready for layup of the part. The finishing times for
the PUR tools where estimated based on experience from manufacturing the Formula
Student tools. Experience was gained during the thesis work for finishing of AM parts.
Based on the small test part and the case study of the plenum it was concluded that
sanding of the AM tools was more time demanding then their PUR counterparts due to
the harder material. There is also often some kind of support material which has to be
removed. This knowledge resulted in an estimate of 50% more finishing time for AM
tools than their PUR counterpart.

No transport times have been included in the analysis other than some movement of the
worker during operations. This is due to the fact that this can vary highly depending on
if the process is run within the company or outsourced. In the calculation it was therefor
decided to assume that all work was done in-house. It is however likely that the milling
process is outsourced to a greater extent than the AM process would have to be.

Time simulations have been conducted in order to get realistic data for the processing
times. The simulations are discussed in separate chapters; 3.3.1 and 3.4.1.

Data was also gathered in order to compare the performance of the tooling between the
AM manufactured and the milled PUR blocks. This data supports the discussion about
tool performance related to tool life and part manufacturability. The hardness of the
material was identified as the most important parameter for tool life. Hardness was also
identified to reduce manufacturability in the finishing operation. Tool performance was
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compared regarding the materials performance at elevated temperatures. Heat
Deflection Temperature (HDT) and the Coefficient of Thermal Expansion (CTE) was
selected for comparison. CTEs have been collected for selected common tooling
materials. An investigation was also done for how a FDM sparse structure affects the
CTE. This was based on a test report by Stratasys, (Stratasys, 2011).

3.2.1 Case study

The idea of the case study was part of why this thesis was started. The manufacturing of
the plenum and air intake for the CFS project was one of the most time consuming
processes. Six different tools were needed to manufacture the part and for time saving
reasons the bell mouth parts needed four tools. So a total of nine tools were used in the
process. The layup of these tools resulted in 15 parts which was then joined in several
steps. Two of the joining steps required a carbon fibre layup; the rest was done using
adhesives. Using this approach introduced problems with the part. The forces on the
plenum are rather high. During normal running there is a low pressure in the runner
which puts load on the shell. Since the plenum is designed for this case there is little
load on the adhesive bonds. However during running of the car the engine backfire
sometime during start-up. This puts the plenum in the opposite load case where the
adhesive bond takes the entire load. This resulted in an exploded plenum during a test
run. To ensure this didn’t happen again a fibre layup hade to be done to join the halves,
adding more weight and more manufacturing time. All in all this resulted in a high
amount of work for such a small part which was all down to the limitations of the
tooling. Several ideas were had about how to improve the manufacturing. One of the
ideas were to use the soluble support material used in FDM to manufacture an internal
tool. This would allow for making all the geometry in one step without worrying about
draft angles since the whole tool would be dissolved. Since all layup could be done in
one step using this approach there would be no worry about adhesive bonds and the
design could be made to fully utilize the strength of the carbon fibres.

The idea of the soluble AM tooling has been evaluated in this thesis based on a full
comparison to the part which was manufactured with conventional tools during the CFS
project. The processes have been compared regarding lead time and cost. Since a lot of
time is saved by only doing one fibre layup on the AM manufactured tool the actual part
building times is included in this comparison. The comparison was organized in a way
which makes it possible to compare the different stages of the manufacturing in order to
understand where the time is allocated.

The intake model from CFS was redesigned in order to allow for layup in one step. To
achieve this the bell mouths were integrated with the plenum surface (see Figure 8).
Other than that no changes were made to the model itself.
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Figure 8: Section view of the bell mouth design

The redesign of the existing air intake was conducted in correlation with simulations of
how the design changes would affect the internal airflow. CFD-analyses were
performed in the toolbox CFX in ANSYS 14.0. The simulations have been done with all
four outlets open even though the engine will have a time dependent opening of each
outlet. This was done to see the overall air flow throughout the plenum body without
having to run four separate simulations for each version.

The boundary condition used in the CFD simulation are atmospheric pressure at the
inlet of the air intake and in the outlets, connecting the plenum to the engine head, a
value of 0.79 atm has been measured from the engine (Holst, 2013) (see Figure 9).

Inlet

Outlets

Figure 9: CFD boundary description

The interior walls of the plenum have been assigned No Slip which will simulate the
true boundary layer closest the surface which, due to friction, has an air velocity of 0
m/s. The simulation used ANSYS built-in mesher and a fine mesh was used to reach
convergence in the simulation. Each simulation had approximately 1.6 million
tetrahedral elements.
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Figure 10: CAD of the designed soluble tool

To utilize the better surface finish achieved in the build height direction the model was
separated into three pieces. Due to the models spherical nature it was not possible to get
the best surface everywhere. The building orientation was selected to get the best
surface on the tubular parts of the model. The implication of the choice of building
direction was worse surfaces at the shoulders of the plenum and on the bell mouth
geometry. Features were added in the joining interfaces to ensure alignment. The intake
tool was printed in a Stratasys Fortus 900mc FDM machine. The tool was printed in
SR-100 support material which is rated for higher temperatures and has a lower CTE
than the basic support SR-20. This was selected since it was considered to use pre-preg
layup when manufacturing the part. Since the tool was printed in the most expensive
FDM machine it was possible to also make a comparison between the cheap Makerbot
and the Fortus regarding surface finish.

The cost and lead time calculation for the case study has been done the same way as the
comparison analysis. However since the AM tool allows for reduction of steps needed
in the FRP layup, this has also been taken into account. For processes requiring cure
time, 24h has been added after the last part for the lead time calculation. Pre-processing
time was calculated by taking the standardized setup and stock-preparation times and
multiplying them with the number of tools. Stock preparation was standardized to 180
minutes for all CNC parts. The processing times were summarized for the CNC parts.
The restrictor and bell mouth tools were originally made in aluminium. To include the
full tool in the case both these tools were estimated as PUR tools and to have a low
processing time of 60 minutes. The processing time for the AM tool was simulated in
the Repetier software. Labour time was calculated for each processing with 80 %
presence at the CNC and 0.5 % presence at the AM machine. Finishing times were
summarized and times were also added for the restrictor and bell mouth parts. These
were estimated to 30 minutes each. AM finishing times were calculated again by adding
50 % on the CNC finishing.

CFRP Lay-up times were calculated by using a standard time for a hand-layup process.
This was estimated to 180 minutes based on previous experience. The AM part, being
more complex, was estimated to a layup time of twice a “standard” part. The bell mouth
tools were calculated as one layup based on how they were done in CFS. Final part
finishing was calculated by setting a standard de-moulding and trimming time of 30
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minutes each. For the AM part 48 hours was added to the lead time for the dissolving of
the tool. Time was added to the CNC tooled part for the adhesive and lay-up joining of
the separate parts. An adhesive joining operation was estimated to 20 minutes.

Bar diagrams were made to illustrate the difference in cost and lead time. A diagram
was also made to show the cost distributions between manual labour, machine cost, and
material cost.

3.2.2  Process comparison application

To be able to make an easy and fast decision of which way to manufacture a product,
depending on its characteristics, in the early stages of Product Development a
lightweight application has been developed. This software is designed to focus on
simplicity and giving only as much information that is needed for the decision of
manufacturing process in form of visual graphs and guides. The application is
programmed in the VBA toolbox in Microsoft Excel.

The underlying reasoning for the design and internal structure of this comparison
application is based on the Manufacturing Process Selection Handbook by K. G. Swift
and J. D. Booker (Swift & Booker, 2013). A redesign of the selection model was crucial
due to its cost guide being based on Subtractive Manufacturing only and is not
applicable to Additive Manufacturing. Moreover, the selection guide by Swift and
Booker is trying to optimize the process selection based on production volume. Since
this thesis only aims to compare processes regarding the manufacturing of a single tool
equations had to be altered to support this.

The user input is minimalized and based on approximated equations used in the process
calculations. These inputs were chosen to be the volume, geometry and Tool surface
area of the part. The graphical output is rough estimations of the total cost and lead time
for the specified part and a trend graph showing the parts location in a comparison of
AM and CNC cost for a specific spectrum of analysed tools.

The data used in the calculation were collected through ten tool samples and by using
the Least Square Method an approximation of adjacent parts could be achieved if the
data range could not be calculated from other equations. The accuracy of the result is
highly dependent on the number of analysed cases and ten samples will only give a
rough hint on which manufacturing method to use. If further samples are studied this
application will be more accurate.

The lead time estimation is the sum of setup time, stock preparation lead time,
processing and finishing. Due to gluing of the stock material is needed for CNC-
manufactured parts a drying period of 12 hours are necessary and this equals 24 hours in
lead time (Johansson, 2014). Total cost includes material cost, operator cost and
amortization of the machine per part. The Trend Curves display two least square
approximations for total cost for CNC- and AM-manufacturing, derived from the ten
samples investigated. Two points are added in the graph showing the location of the part
the user entered into the software.

3.3 AM Process Analysis

A process analysis of different AM processes was carried out. This was done in order to
understand which processes that would best suit the needs of low volume FRP tooling.
The analysis was structured using a decision matrix method. It was decided to use a
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scoring scale of 1-5 in order to have high enough accuracy between compared data. It
was also decided not to increase the width of the scoring scale since this can make the
results more volatile. Also it was decided not to use any weighing of parameters.
Instead parameters were selected as to reflect the needs, and a weighting introduced by
the amount of parameters selected for each area of interest. The parameters were chosen
based on the areas; final tool performance, costs and sustainability. Cost factors
included were process speed, material cost and material usage. Tool performance was
compared using factors for process accuracy and material performance. Since the
materials are different for all processes it was decided to include that as a factor in the
analysis. Material data was gathered from machine manufacturer’s data sheets. The
Material data was structured in an Excel sheet to provide an overview and simplify
comparisons. Sustainability factors used were working environment and material
recyclability. Working environment was included since a bad environment often
induces additional costs from needed protection and cleaning. Recyclability was
included based on the ongoing trend with products aiming for better sustainability,
requiring more sustainable processes.

3.3.1 AM Simulations

Simulations for AM processing was run in order to get processing times for the process
comparison. Time simulations for FDM manufacturing can be done using the pre-
processing software for the machines. This is however a proprietary software which was
not available for use in this thesis. Most simulations were therefore done using the free
software Repetier. To get some baseline results Stratasys was contacted and agreed to
run some simulations. Three sample parts with increasing size was developed to get as
wide a baseline as possible, see Figure 11.

Figure 11: Baseline models

The results from Stratasys pre-processing, which was done in their Insight software,
was then used to calibrate the free software’s machine parameters until the same
processing time was calculated by the program. For the calibration the processing was
done for fully solid parts. Only test sample two and three (see Table 5) was used for the
calibration due to problems with the Repetier software crashing for large parts. When
sufficient accuracy had been reached simulations were run for the models selected for
the process comparison.
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Figure 12: Pre-processing software, Stratasys Insight (left), Repetier (right)

Simulations were also run to study the influence of the tool design on AM
manufacturing. This was based in experiments with slicer software and in discussions
with Stratasys it was found that the design of the tool significantly influenced the
processing times and material usage. Using the baseline models pre-processing was run
in Insight by Stratasys for up to three additional cases.

3.3.2 Tests
To get an understanding of the process and since no literature was found regarding AM
manufacturing of tools for FRP it was decided to conduct a few experiments to assess
the viability. These tests were manufactured using a Makerbot Replicator 2 at the
Product and Production Development department at Chalmers University of
Technology.

The test was selected to evaluate the performance of one of the cheapest AM machines
and how the thermoplastic tooling worked together with common release agents and
resins. The parts was printed with PLA plastic and using the standard settings of the
machine.

A test was carried out to visualize the impact of build orientation on the surface finish
of a FDM manufactured part. A small curved model was made for this purpose. This
tool was also used to see what surface finish could be attained by sanding the tool
compared to a sanded PUR tool. A hand layup of CFRP was done on the sanded tool in
order to test how well the part released from the tool and if there was any damage from
the tool from the release process. This was done at CarbiX in Nol, Sweden. The part
was laid up using the hand-layup process. The tool was treated with Marbocote release
agent.

Another test was done to see how small slots could be produced by FDM. Small slots on
the tools are often used to mark cutting lines or drill points on the part. Thus a test was
needed to evaluate the limitations of AM manufacturing regarding these small features.
A model with slots of sizes decreasing from 0.9 mm to 0.1 mm was developed and
printed on the Makerbot Replicator 2. The model was then sanded to be representative
of a finished tool. The integrity of the slots was then evaluated.

One more test was conducted which was designed to fully utilize the capabilities of AM
manufacturing. Because of the freedom in shape complexity it was imagined that core
structures with complex forms could be manufactured and due to the rigidity of the
material also be used as the tooling. Further it was also conceived to integrate slots in
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the structure to facilitate resin flow during a VARTM process layup. To further utilize
AM manufacturing a fitting was added in the part which can be directly connected to
the resin tubing. Two models were printed on the Makerbot. A VARTM layup was then
made on one of the parts and the result has been evaluated.

3.3.3 Geometrical accuracy analysis

Geometrical accuracy is crucial in the manufacturing society for a process to be
competitive. In a benchmark study (G D Kim, 2008) tests were carried out to assess the
geometrical accuracy on AM processed parts. The result showed that the FDM
manufactured parts are capable maintaining a tolerance of £ 0.2 mm in 90% of all
processed parts. Due to its importance regarding tool performance an analysis of the
geometrical accuracy have been conducted in the case study to examine the data from
the benchmark study. This has been done with a 7-axis ROMER Absolut Arm with
integrated photo scanner in collaboration with Hexagon Metrology Nordic AB, Figure
13.

Figure 13: Photo scanning of plenum parts

By using a photo scanner and measuring all three parts in the case study manufactured
with a Fortus 900mc machine, as well as the curved tool from the Makerbot, a point
cloud of approximately 400,000 points per part was achieved. These clouds were placed
onto the corresponding part and the software PolyWorks® uses an overlay algorithm
which generates a surface from the points and gives the absolute length difference
between the manufactured tool and the CAD-file. By analysing this data any warping or
other problems with the part could be seen.
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3.3.4 AM manufacturing possibilities

Throughout this thesis new methods and techniques are discovered which could benefit
the tool design through the usage of AM manufacturing. These were noted and are
discussed in the later part of this report. The intention of this discussion is to transfer
information and provide guidelines for the engineer when innovating new products. The
ideas were structured using sketches and descriptive texts in a chart form. The collection
of ideas is also intended to support further studies in the subject. The initial information
search in this thesis found surprisingly little information. It is believed that many
interesting studies could be started from specifics in this rather broad thesis.

3.4 CNC Process Analysis

In order to compare AM manufactured tools to their CNC counterparts some data for
CNC manufacturing had to be collected. The information gathering was based on
previous experience in Chalmers Formula Student, table data from supplier of cutting
equipment and PUR-material as well as contact with experts within the carbon fibre and
mould fabrication industry.

A thorough investigation of the whole process from raw material to final mould was
conducted and each major step was established. These process steps are categorised in
the three groups; Pre-processing, Processing and Post-processing, and were analysed
individually to gain both the total lead time and total cost.

Pre-processing depicts the work before the removal of material in the CNC. When the
engineer receive a CAD-file from a customer the post-process begins with model
processing of the virtual part and a thorough analyse on how to position the stock
material in the machine, how reference points is placed and other aspects of how the
stock material is built is taken into consideration i.e. bond lines and clamping of the
stock to the build platform (Johansson, 2014). A milling operator will use the result
from the model processing to program the milling operations and generate a G-code
which the machine will use when manufacturing the mould. In the milling preparations
the operator will decide which tools to use and cutting properties for each.

Semi-parallel to the model processing another staff will prepare the stock material. A
MDF-board is cut into the needed size and will act as a base on which the cut pieces of
PUR-material will be glued corresponding to the result from the model processing. This
stage is a big part of the lead time due to that the cure time for the adhesive often is 12-
24 hours (Johansson, 2014).

In the Processing step the CNC-machine is running the scripted G-code and works
relatively automatically and only need manual work when cleaning or if the part must
be re-oriented on the platform. An operator will be present the majority of the time and
supervise the procedure so that no accidents occur (Johansson, 2014).

If further work is needed for the part this will be done in the Post-processing stage and
includes painting, finishing etc. This stage is dependent on the customer and often the
product is ready to be transported directly after the processing stage.
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3.4.1 CNC Simulation

To get processing times for the CNC-manufactured parts a Pre-processing was made for
each part in CAM software. The software used was the Surface Machining module in
Catia V5R19. The machine type, setup properties and tools used in the Pre-processing
are data gathered from RAMPF Tooling and Cliff Produktion & Modell AB and all
parts are processed in the same way to achieve comparable results (see Table 1).

Table 1: RAMPF Tooling cutting data for PUR-foam

Cutting Data

Cutting rate V. Feed per cutting edge f, Axial feed a, Step Operation

[m/min] [mm] [mm] [mm] type
452.39 0.67 5 3 Roughing
452.39 0.67 10 0.2 Finishing

The machine used is a 5-axis CNC-machine which mainly uses the x-, y- and z-
direction but can also rotate the milling tool if needed. This is needed for a few moulds
with overhangs. The software need input from the user on how the stock material is
placed and the surface of the desired part as well as a safety region where the mill tool
will be located at start up (see Figure 14).

Figure 14: Visualization of PUR-block covering a part surface for CNC Pre-processing

The tool used for all rough milling and finishing operation is a round end-mill with
diameter of 16 mm and two cutting edges. This is a recommendation from a RAMPF
Tooling, a PUR-foam supplier (RAMPF Tooling GmbH Co. KG, u.d.) (see Figure 15).
If the part is in need for smaller radii tool in the finishing stage these are chosen for each
part and is limited by the minimum radii and will only process the residual material.
The cutting speed all depends on the diameter of this tool and are automatically
calculated in the program with the given cutting data from the supplier.
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Figure 15: Settings for tooling data in Catia V5R19

All parts are Pre-processed with only one process-stage of rough milling which will
remove material down to a 10 mm offset from the part surface. The remaining material
will be removed with one finishing process-stage which will determine the surface
quality. If necessary a last finishing stage with the special tools will be done. These
stages will each give a time estimation from the software which is added up to the total
processing cost for the part. A visual representation of the processing will available and
by using these potential errors will be detected (see Figure 16 and Figure 17).

Tp Py Tp

Figure 16: Visualization of the steps in the CNC pre-processing

X=
1=0J=0K=
Machining time = 3mn 75 Total time = 4mn 395

Figure 17: Visualization of the CNC Pre-processing
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4 Results

The results chapter has been structured to first show the results from the studies of the
AM and CNC process and then the results from the process comparisons. Only the
summarized results are shown in the report. The full results can be found in appendices.

4.1 AM Processes

In this section a thorough explanation of the result of the performed tests will be held.
Thereafter the focus will be on the general AM comparison and simulations and finally
a case study.

4.1.1 AM Process comparison

This section includes the results from the analysis and comparison of different AM
Processes. The decision matrix can be seen in Table 2. Red values represent cases where
detailed data was not found. The values in these cases have been estimated based in
literature and similarities to other AM processes where data was found. A spreadsheet
with material data is included in Appendix C. Some estimations were done regarding
materials in the CJP and Voxel-jet processes. The FDM process gets the highest score in
the matrix. The SL process also gets high scores, the main difference compared to FDM
being lower sustainability scores. The FDM process was selected for continued analysis.
This decision was based mostly from the better material properties and sustainability of
the FDM process compared to SL. If time had been available it would be beneficial to
also do further analysis of the SL process.

Table 2: Decision matrix for AM Processes

AM Decision matrix

Parameters SL  Polyjet SLS CJP/3DP FDM Voxeljet
Costs
Support needed 3 1 5 5 3 5
Post processing required 3 3 1 2 4 2
Material Usage 5 3 1 3 5 3
Speed 3 1 3 5 2 4
Material Cost 2 2 3 5 1 5
Sustainability
Recycleable 1 1 3 1 5 1
Working Environment 3 5 1 1 5 1
Tooling Performance
Dimensional accuracy 5 3 4 1 4 1
Surface topografy 3 3 3 1 1 1
Material Hardness 4 3 3 1 5 1
Material Thermal Expansion 3 3 1 1 5 1
Material Max Heat Deflection 1 1 3 1 5 1
Material Flexural Modulus 5 2 3 1 2 1
TOTAL 41 31 34 28 47 27
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412 Tests

During this thesis tests have been conducted to apprehend the capabilities of AM
processing and its conjunction with composites. Focus has been directed towards the
structure of the material when processed, the surface behaviour and lamination
possibilities. These were chosen due to their importance when it comes to composite
manufacturing (see Table 3).

Table 3: Tests performed in this thesis

Small Features
Curvature
Lamination
Surface Finish
Injection Channels

Depending on which orientation is used when processing a tool the fact that the layer
height resolution is twice that of the width and length the FDM-process will generate
better surfaces perpendicular to the x-y plane. This can be seen when comparing two
samples manufactured in a Makerbot Replicator 2 (see Figure 18).

Figure 18: Test samples manufactured, printed horizontal (left), printed vertical (right)

Furthermore a test of how the Makerbot manufactured tool in PLA plastic would
withstand post-processing in form of grinding and wet-grinding one of the samples was
grinded down to an 500 grit sandpaper finish without any difficulties and compared to
standard PUR-tool the post-processing took slightly longer to perform than the same
part of PUR material would, based on previous experience in CFS (see Figure 19). With
this tool a layer of Marbocote release agent was added and a layup of CFRP was
thereafter added. The resulting carbon fibre part was similar in surface finish compared
to a PUR-tool manufactured part and the integrity of the PLA tool was retained for
subsequent additional uses.
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Figure 19: Tool finished with 500 grit sandpaper (left) and the FRP laminate (right)

Small slots are sometimes needed in tools for carbon fibre as cutting guides and drilling
references. A test on how a budget printer as the Makerbot Replicator 2 handles these
small features was done. Slots and holes in the dimensional span from 0.1 mm in width
and depth up to 0.9 mm was added to a flat sample plate and printed with a layer height
of 0.2 mm (see Table 4). The resulting part was examined and the walls for both the 0.1
mm and 0.2 mm slots were fused in a couple of places and the holes for these
dimensions were almost non-existent (see Figure 20). Furthermore, the larger
dimensions all passed without none or few errors in the geometry, such as small
overhangs between the walls.

Table 4: Tested feature sizes

Small features test

Width Depth Outcome

0.1 0.1 Fail
0.3 0.3 Fail
0.5 0.5 Pass
0.7 0.7 Pass
0.9 0.9 Pass

Subsequently to the evaluation of the features post-processing in the form of grinding
was done to re-enact the processing done before a CFRP layup. The same result as the
earlier examination was found; the three dimensions 0.5 mm, 0.7 mm and 0.9 mm all
passed and the other two were almost removed by the post-processing (see Figure 20).
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Figure 20: Printed feature test (left) and post-processed sample (right)

An experimentation of how a tool also could be implemented as a structure itself
combined with composites was tested. A tool was designed as a flat plate with an
interior consisting of a triangular framework (see Figure 21). At the same time channels
for the epoxy transfer was implemented into the plate surfaces which purpose was to
spread out the resin evenly in the VARTM process layup. This is, in other cases, often
done by using a special core with resin channels or with an applied mesh cover which is
applied before the layup of the composite. Connected to these channels a connecting
tube was added which will be connected to a hose transferring the resin from its
reservoir.

A VARTM layup was done to the tool with two layers of glass fibre fabric. The
resulting part became as rigid as it would be with standard distance materials. The
surface of the AM part was however not fully dense resulting in leakage of resin into
the core. This resulted in a higher weight than anticipated. As can be seen in Figure 21
white areas are visible evenly spaced on the part, the resin transfer through the
connected tube and channel worked well but due to wide spacing between the resin
channels, some areas of the laminate is lacking resin. The lack of resin could also be
caused by resin short-cuts due to improper bagging of the part.

Figure 21: Core tool test after lamination

A similar version of the tool used as a structure was designed with added curvature.
This would represent a more complex part which would be difficult to achieve with
standard distance materials (see Figure 22).
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Figure 22: Curved core

4.1.3 AM Simulations

A calibration of the Repetier parameters was conducted. This was done to achieve
reliable and comparable simulation data when using the software Repetier rather than
Stratasys Insight. This was done through comparison of simulation runs for two test
samples acquired from Stratasys. A third sample was supposed to be used but the
Repetier software was not able to handle the largest part and thus this sample was
removed from the calibration. As can be seen in Table 5 the resulting calibration is
approximately 1 % from the real values.

Table 5: Software Calibration

Calibration of Repetier

Stratasys Insight Repetier Calibrated result Difference

Test1 - -
Test 2 21h 54m 21h 41m 1.00%
Test 3 137h 4m 138h 21m 0.93%
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With the calibrated Repetier software AM processing times could be simulated for each
of the ten tools in the process comparison with a sparse design of 15% infill (see Table
6).

Table 6: AM processing time with Repetier software

AM Processing time

Tool Hours
Runner Bot 9.02
Runners Top 11.35
Plenum Bottom 9.78
Plenum Top 10.93
Blade (test 1) 313.45
Bottle (test 2) 30.83
Shovel (test 3) 6.82
Curvature 3.67
Nosecone 86.30

Rear wing bot 167.00

The first case was to run the parts as a sparse structure, see Theory. The second case
was to process the model as a thick shell of the surface. Such a tool would be used with
envelope bagging, see theory FRP Manufacturing Process. Further design optimization
was only done in case 2, where it was possible to remove the support structure of the
part by smoothing the ridges of the backside. Results from the design optimization
simulations are shown in Table 7. All simulations can be found in Appendix A.

Table 7: Design optimizations

Optimization for AM

Block Solid Block Sparse Shell Optimized Shell
Test 1
Build time [h] 313 130
Material Use [inch"3] 628 404
Material Cost [EUR] 1718 1106
Test 2
Build time [h] 137 31 48 20
Material Use [inch"3] 487 140 125 67
Material Cost [EUR] 1332 384 343 209
Test 3
Build time [h] 22 7 11
Material Use [inch”\3] 75 31 30
Material Cost [EUR] 205 85 82
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414  Case study
This section will present the result from the case study regarding redesign evaluation,

tool manufacturing, lead time and total cost.

As can be seen in Table 8 the total mass flow for each simulation cancel each other out
with a small error of approximately 0.0012 kg/s.

Table 8: CFD simulation data from Ansys 14.0

CFD Simulation Data

Location  Boundary condition Mass Flow Old Design [kg/s] Mass Flow New Design [kg/s]

Inlet 1 [atm] 0,123610 0,123260
Outlet_1 0.79 [atm] -0,031191 -0,031157
Outlet_2 0.79 [atm] -0,031191 -0,031158
Outlet_3 0.79 [atm] -0,031191 -0,031158
Outlet_4 0.79 [atm] -0,031191 -0,031158
Walls No slip surface 0,000000 0,000000

Velocity vectors have been plotted throughout the two parts in their respective
simulation. They show a high velocity of approximately 110 m/s in the inlet and lower
speeds in the outlets of approximately 27 m/s (see Figure 23). By comparing both
versions a conclusion can be made that they are equally effective when it comes to
performance. The only difference between the two is the internal air flow in the plenum
body. Due to that the redesign have a continuous surface connecting the bell mouths to
the plenum body whereas the old design have protruding bell mouths, there will not
exist any regions with stagnant air underneath the bell mouth edges.

Velocity
l 1.100e+002

r 8.250e+001

Velocity
1.100e+002

8.250e+001

5.500e+001

I 5.500e+001

2.750e+001

2.750e+001

0.000e+000
[ms*-1]

1.000e-003
[m s*-1]

s ~2 Q

Figure 23: CFD velocity vectors, old design (left), new design (right)



Figure 24: Joined intake tool

The manufactured intake tool can be seen in Figure 24, more pictures can be found in
Appendix F. The tool parts were joined using cyanoacrylate adhesive which worked
very well for the SR-100 plastic. Before the tool was sealed all joining surfaces were
opened to allow the solvent to flow between the sections. The tool was then sanded to
achieve a smoother surface. Some manufacturing problems were detected. First there
was evidence that the surface finish was very bad in some sections of the tool. This was
however possible to correct for with more sanding. Another problem was de-bonding of
layers on the top of the plenum part which resulted in a hole through the surface and
into the non-solid core of the tool. This hole was sealed using a water soluble filler.

The tool was then prepared for FRP lamination by coating it in a PVA release agent and
a PVA release film. FRP lamination was done using pre-preg fibres. Curing was done in
80 Celsius for 8 hours. The tool was dissolved in a heated bath. This process took
approximately 48 hours. The solvent is a water solution with additions of sodium
hydroxide and sodium carbonate (Stratasys, 2012). This does not compromise the
integrity of the epoxy resin; however polyester resins are soluble in this solution.
Almost all of the material was removed in the bath except some small pieces (see
Appendix F). The filler that was used was not dissolved but was easily removed by
gently applying a rubber hammer on the outside of the intake. Another filler which is
soluble in the solvent used is therefore needed. The aluminium brackets laminated into
the plenum were affected by the water solution and a black oxidized film was added
which broke away easily when work was done to the part. Underneath the film the
aluminium showed evidence of corrosion (see Appendix F).

The conformation of the CFRP on the tool was found to be good. The part was cut
along on of the runners to allow for inspecting the inside. No problems were found
which were caused by the tool. Some small radii were not conformed to the tool but this
is a problem with the FRP process rather than the tool.
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The results of the cost and lead-time calculations for the case study are shown in Figure
25. Lead times for the AM tooling process were calculated to 71 hours less than the
CNC reference. The total part cost for the part created by the AM tool were calculated
to 2340 EUR less than for the CNC made tools. In Figure 26, the cost distribution
between labour, material and machine costs are shown.

Case Cost and Lead time

Lead Time [h] Cost [EUR]

ECNC mAM

Figure 25: Case cost, and lead time results

Cost distribution [EUR]

B Material cost
B Machine cost

Labor Cost
2715

714

CNC AM

Figure 26: Case cost distribution
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415 Geometrical accuracy analysis

The point data gathered from the 3D-scanning covered the majority of the part surfaces
with a few regions without data. This data is absent due to that these areas was not
scanned correctly or thoroughly enough. A conclusion of that the remaining data were
sufficient for an overall analysis lead to no further scanning (see Figure 27).

Figure 27: 3D-scanned surfaces compared to Catia

From the data gathered in the point cloud comparison of the case study it is conclusive
to state that the AM processed parts have a relatively bad correlation with the CAD-data
(see Figure 28). As can be seen in Appendix G the higher the machine is processing the
material relative to the build platform the worse the geometrical accuracy will be.
Regions consisting of overhangs will result in a small collapsing of the material due to
gravity and dependency of support. There seems to be an overall shrinkage in the x-y
directions while the dimensions in the z-direction are higher than the CAD model.
However the shrinkage is not uniform. The results suggest that the accuracy is better in
the build height direction. If the average shrinkage is considered, the variance around
this is within about +1 mm for the worst part.

Figure 28: Geometrical accuracy of case parts

Scanning of the Curved tool was also performed to achieve a comparison between the
Makerbot and Fortus processing capabilities with regard to geometry accuracy. The
curved tool show both shrinkage and expansion in x-y direction (see Figure 29). A
guess is that this could be due to the part shrinking the most at the thinnest section and
thereby pulling material towards this. Since the tool is bowl shaped the pulled material
would then appear to be outside of the CAD model. The curved part is within £ 0.7 mm
of the CAD file.
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Figure 29: Geometrical accuracy of Curved test

4.2 CNC Simulations

From the CAM simulations in Catia CNC processing times were calculated for all ten
tool samples (see Table 9). The setup used in the Catia CAM workbench are shown in

Appendix B.

Table 9: CNC processing time with Catia V5R19

CNC Processing time

Tool Hours
Runner Bot 1.83
Runners Top 1.33
Plenum Bottom 1.38
Plenum Top 2.45
Blade (test 1) 20.45
Bottle (test 2) 2.27
Shovel (test 3) 0.52
Curvature 0.13
Nosecone 4.93
Rear wing bot 12.03
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4.3 Process Comparison

This chapter presents data and results from the process comparison that has been carried
out.

4.3.1 Tool performance

Table 10 shows a material data comparison for a selection of parameters which was
deemed important for tool performance. Figure 30 shows CTE values for the PUR and
FDM material in relation to other common materials.

Table 10: Material Comparison

Material data comparison

CTE HDT Flextural strength Hardness
PUR, best 35-45 130-140 @ .45 Mpa 30-40 65-70 Shore D
PUR, cheap 60-70 55-65 @ .45 Mpa 5-6 <50 Shore D
FDM, best 65 189 @ 1.8MPa 110 86 Rockwell M
FDM, cheap 79 138 @ 0.45 Mpa 104 115 Rockwell R

FDM, cheap; 79

CTE [*10° m/m K]

PUR, cheap; 65

FDM, best; 65

PUR, best; 35

Aluminium; 22

Porcleain; 16

Figure 30: Coefficient of thermal expansion range for materials



4.3.2 Costand Lead time

Total cost and lead time comparisons for all ten samples used in this thesis are stated in
this section. Further data can be found in Appendix D. All charts have the tools sorted
from smallest to largest volume. The results are displayed as the difference from the
reference process in both percentage and actual values.

Total Cost compared to CNC
250.00

200.00

150.00
100.00
50.00 I
0.00 — .

-50.00
-100.00 -
1 2 3 4 5 6 7 8 9 10
Cost % 5200 -16.05 22703 -L19  -0.90  -1875 7366 17443  189.54 21122
Cost Difference € -87.66  -36.08  -83.89  -3.39 271  -63.65 281.90 1169.54 2094.83 4385.44
Figure 31: Total cost for AM processing compared to CNC
Lead Time compared to CNC
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—Time Hours -20.88  -17.61  -16.65 -13.82 -15.18 -15.60 491 5837 13255 270.89

Figure 32: Total lead time for AM processing compared to CNC
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4.3.3 Process selection application

The resulting application is based on the data collected from the test samples used in
this thesis. Least Square Method has been used to approximate Lead Time, Total Cost
and Trend curves for both CNC- and AM-processes. An example of output can be seen
in Figure 33.

Calculate Process

Calculate Process Lead Time Total Cost

patume (03] [Tomr
Patwithfmml oo

PartLengthfmm] [ 200 C=
patheght (] [55

Patsutace (m°2) [Toaos ﬂ

 Finkshing
Processing

m Stock preparation
Cost Trend et
—AM
— N
% PartAm
#® Part(NC

0 0.001 0004 0006 0008

Figure 33: Example of output from Process Application

The estimation for the Preparation time for CNC-manufactured parts is based on stock
material used in the making of the tools. The input geometry of the tool from the
application is used to calculate the minimum size rectangular block which covers the
tools volume. The height is thereafter rounded up to nearest step of 50 mm
corresponding to the standard block heights (RAMPF Tooling GmbH Co. KG, u.d.).
This block volume is used as foundation and sorting variable for the preparation
estimation due to the time it takes for each block to be treated by the workforce. The
block volumes are mapped against the stock-preparation time data collected from the
sample tools and by using the least square method for the values an estimation of a
linear equation is achieved (see Figure 34).

CNC Stock-preparation Estimation

300
. 250
O ..... 200 ® FEstimated time
w LS L e ® Linear (Estimated time)
E 150
= y =266.67x+178.11
100 R?=0.8215
50
o
0.00010 0.00100 0.01000 0.10000 1.00000

Block Volume (log scale)

Figure 34: Chart with CNC Stock-preparation
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In the same way as the CNC Stock-preparation time is estimated depending on block
volume for each tool, the Processing time is dependent on both the block volume as
well as the volume removed when processing. By plotting the machined volume against
the processing time from the CAM-software and using least square method a linear
approximation is gained (see Figure 35).

CNC Processing time Estimation

1400 -
9 1200 -
1000 ® CNC machining time
800

600 - reeeeeees Linear (CNC machining time)

Processing time
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200 -] y = 10367x + 67.996
) R? =0.8887

200 -

°® L 0

0.00010 0.00100 0.01000 0.10000 1.00000

Machined volume (log scale)

Figure 35: Chart with CNC Processing time

No extra material is used in the AM-process due to that material is added instead of
subtracted. Therefore, the Tool volume is the important factor and base for the
estimation. By plotting Tool volume against the processing time for AM and the usage
of least square method a linear approximation can be achieved (see Figure 36).

AM Processing time Estimation
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Figure 36: Chart with AM Processing time
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Surface finishing is based on Chalmers Formula Student experience and is dependent on
the surface area of the tool manufactured. By plotting this surface area against the
finishing time an estimation with the least square method is achieved (see Figure 37).
The correlation between CNC- and AM- manufactured parts is that the AM processes
require 50 % more finishing time due to the surface quality after processing is done.
The correlation between the fitted line and the data is not as good as the other
estimations. More samples are needed to reach better correlations.
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Figure 37: Chart with Surface finishing time
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5 Discussion

The discussion chapter has been divided into five sub chapters. The first deal with the
analysis of AM, the second deals with the process comparison and the third is a
discussion of the intake case study. A chapter has also been made for discussing the
possibilities and limitations of AM manufacturing of tools. This chapter is intended to
incorporate some information transfer from the experiences gained in this project. The
last chapter is a sensitivity analysis regarding the most critical factors in the cost and
lead time calculation of the process comparison.

5.1 Additive Manufacturing

By comparing the three processes SLS, SL and FDM which are the best applicable
processes for tool manufacturing these have many different benefits and disadvantages.
SLS have a good resolution and geometrical accuracy compared to both FDM and SL
but the main reason for SLS not being the most suitable process is its usage of powder.
The powder will fill the build area and work as a support material for the part but will
also be encapsulated in enclosed designs and will need holes where the powder can be
drained. At the same time as the surrounding powder is supporting the manufactured
part it will also act as a thermal absorber. The heats from the laser will semi-cure the
surrounding powder and render it useless and non-recyclable. The powder will also
have negative aspects on the wellbeing of the manual labourers. The powder can
become airborne and safety clothing and breathing masks are needed when maintenance
or post-processing is done.

The significant difference between SL and FDM is sustainability. The SL process will
use resin as base material which is harmful for both the environment and individuals.
However, due to that the cost for FDM materials are relatively high compared to SL and
that the processing time for SL is faster, larger tools could be more efficient when
manufactured with SL.

Comparing the tools made with the Makerbot and Fortus machines with tools
manufactured in PUR-material these are essentially the same tools when it comes down
to the end product. The differences between these are how the material is formed and
processed to achieve the tool. A tool made of PUR-material will always be solid in
contrast to the AM processed tool which can be hollow or even use an optimized
interior structure to make the tool as light as possible while still perform as the PUR-
tool. As can be seen in Figure 38 the weight difference between the three biggest AM
processed tools, CNC processed tools and CNC stock material for each tool a huge
weight gain is achieved by optimising the interior with an infill of 15 %.
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Figure 38: Weight comparison for AM and CNC tooling

From the result of the geometrical accuracy a concern regard AM processing emerged.
Results are gathered from different sources which are contradicting each other. The
result from the benchmarking study (G D Kim, 2008) show that FDM machines can
keep relatively high tolerances in regards to surface geometry while our own photo
scanner result shows a high variation in the structure and tolerances are low. Further
analyses with a wide spectrum of materials for FDM machine are needed to achieve
reliable data. If the results from the photo scanner tests are true and applicable to each
corresponding machine the difference between an expensive commercial machine, as
the Fortus 900mc from Stratasys, compared to cheaper smaller hobby machine, as the
Makerbot Replicator 2, the gap in performance is not as big as the industry claims.

5.2 Process comparison

The process comparison show very clearly how cost and lead time for both CNC and
AM processes is sectioned into its components. For the smaller CNC processed parts
the majority of the total cost is for the operator, and for the larger parts the cost is
equally distributed between operator, material and running costs. If compared to the
AM processed parts the operator cost will be approximately half the total cost and the
bigger the tool the smaller percentage the operator cost will be. Together with the lead
time data a conclusion could be made that an AM-operator could handle many machines
at the same time while being as cost efficient as the CNC.

The test samples analysed in this comparison were received from Chalmers Formula
Student and are not altered in any way. The tools used in CFS were all manufactured
with a 5-axis CNC and designed for that specific process. By using these the results
would benefit the CNC-processing due to no optimisation could be done to support the
AM process. By using an optimised shell design for one of the test samples created in
this study (see Appendix A) the processing time could be lowered with almost 35 % and
the material cost with 45 % (see Table 7).
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5.3 Case study

The result from the Case study show evidence on how AM processing can optimise the
production of small series products. The first version of the air intake required six
unique tools and 15 individual parts of FRP for the assembly. By comparing this to the
new design, and manufacturing by AM, the number of tools used has been cut down
with half. These three tools will be combined into one complete tool for the whole
intake and only one FRP part will be the end result. And with lowered amount of FRP
parts the quantity of joining processes needed has decreased from 14 to zero.

The most important design aspect with the new air intake is the removal of the seam
which connected the top and bottoms half of the plenum. This seam and its adhesive
layer is the weak point in the structure if the engine backfires and causes a spike in the
internal pressure. This caused a separation of the halves during a test session in
Chalmers Formula Student and is hazardous for the driver and nearby crew.

Not only the physical properties of the air intake have changed but also the surrounding
aspects of manufacturing time and cost. As can be seen in Figure 26 the total savings
due to the new design in collaboration with an AM processing is 65 % and the lead time
(see Figure 25) has been shortened with 71 hours. The difference in the amount of FRP
used for both versions is negligible and will not influence the cost calculations.

A negative aspect with using a soluble tool compared to PUR-tools are that the PUR-
tool can possibly be used, depending on the wear from the previous layup process, for
more FRP parts if the first part is unusable while the soluble tool always is single use
item. Consequently the soluble internal tool is venturous to use if the engineer is
inexperienced.

Two guide inserts in the shape of pyramids were manufactured in the soluble material
and corresponding cavities were added to the mating surface of the two halves.
Additional a non-symmetrical pocket and associated pad was added to the diffuser part.
With these guides the assembly of the whole tool does not need any jig for the parts to
be aligned in relation to each other instead the parts will guide themselves and all guides
will dissolve with the tool (see Figure 10). If the tolerances are high enough this will
result in lowered cost and time for setting up the assembly.

Further improvements could be made to the intake tool. There is for example a
possibility of using a lower build height in selected areas. This would improve the
surface in the areas where the geometry is perpendicular to the z-axis. One idea is also
to build the outer shell some layers thicker to reduce the risk of holes into the core.
More parts could also be integrated. For example the connectors for the injectors could
be aligned to the tool in some way to further reduce process steps.

Improvements could also be made to the CFRP layup. Using a special surface layer or
curing in autoclave to have the part conform better to the tool would solve the problem
with the small radii.

45



5.4 Possibilities and limitations
The possibilities for AM process are many. When compared to CNC manufacturing the
AM method can produce complex geometries in a single session and integration of
functions can be achieved. In this thesis ideas have been generated continuously and by
examining these, three categories of possibilities are realised; Fixtures, Structures and
Composite related implementations.

If a tool is designed in more than one sub-part and is to be assembled before usage the
connections and interface between the parts must be aligned and mated together. This
can be done with external fixtures which will hold de parts together and align them
relative to each other. These fixtures are often specific to each tool and time consuming
to manufacture. By adding a fixture or features that will align the tool’s parts
themselves in the design, before manufactured with AM, less work is applied to the
manufacturing of the fixture and potential problems with the external fixture is avoided.
Examples of fixtures and features which would simplify mating of parts can be seen in
Table 11.

The structural benefits with AM processing compared to CNC milling of tools are that
the interior of the tools does not need to be solid and can be designed however the
engineer wants. And with additional nozzles in FDM machines more than one material
can be processed and combination of materials will enable additional features such as
the soluble core used in the case study. Furthermore, other materials such as
polyurethane can in theory be used as stock material. Onto the stock material the FDM
process can add material and a cost optimised tool would be achieved.

By combining regular AM materials, soluble materials as temporary tooling and FRP
laminate hollow interiors with optimized structure can be achieved, see Table 11.When
it comes to complexity the AM processing is not restrained unlike subtractive and
forming manufacturing processes which often need a reduction of the complexity,
thereby a design which is not optimised, to be able to be manufacture the part.
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Table 11: List of AM possibilities

Figures Notes

Features which result in
problems regarding release
angles for FRP parts can be
manufactured with a
soluble material which will
be dissolved before the
part is released.

Fixtures can be
manufactured directly onto
the build platform which
could be used to guide
stock material.

o=
.~
¢

If a stock material is used
as a base, guided by a
fixture, FDM processing of
another material can be
done onto the stock
material. This would create
a higher grade finish of the
outer surface as well as
reducing the lead time and
cost for bigger tools. A 5-
axis control of the FDM
machine would add even
more accessibility.
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In the mating interfaces
between parts, which are to
be assembled, snap fittings
could be implemented in
the design which would
align the parts as well as
mate them together without
any adhesive.

By changing the nozzle
diameter throughout the
manufacturing process
larger sized filaments can
be used for the interior of
the tool to reduce the
manufacturing time. After
the interior is done another
layer is added with a
smaller diameter filament
to achieve a good surface
finish.

AM manufacturing can be
used to manufacture
optimised structures for
any individual part and
load case.
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A customised surface can
be designed in the
interfaces between AM
produces parts and FRP
parts where adhesive is
used. This will utilise the
bonding capabilities of the
adhesive and FRP.

Internal structures with
both soluble and non-
soluble core can be used to
optimise FRP parts for
both load cases as well as
flowing fluids.
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5.5 Sensitivity Analysis

A sensitivity analysis has been included in this thesis. As stated in the delimitations it
has not been possible to achieve statistical significance in the process comparison
analysis. The process comparison was done for ten different scenarios and there was not
enough time to do further simulations. The simulated processing times should be of
high accuracy. The Repetier software was calibrated to within 1% of the commercial
software for the AM simulations. For the CNC simulations Catia V5’s CNC module
was used with machining parameters given by the tool material manufacturer. These
simulations should therefor also be accurate to within a few percent. However no real
stopwatch time analysis has been done to confirm the simulated times with reality.
Generally CAM simulations do have a high accuracy since the only parameters in the
time estimation are feed speed and the calculated length of travel.

Four parameters in the comparison calculation have been identified to have a high
impact on the end result. Material cost has a high impact on the cost for the AM process
in particular. The material costs of the material provided by Stratasys are many times
higher than the bulk price of the same material. This is easy to identify since the FDM
technology uses common industrial thermoplastics. In Figure 39 the total cost difference
from using material cost based on bulk prices for filament is shown. Changing to bulk
prices drastically reduce the cost of AM tools. Using bulk prices for the calculation is
not completely realistic at the time of writing this thesis. However the trend in AM
industry points toward this point. Arburg recently released an AM machine called
Freeformer, (Arburg, 2014), which is similar to FDM technology but uses a
conventional extruder with plastic granulate instead of filament. Since bulk filament is
about 15 times cheaper than the Stratasys packaged filament it seems reasonable to
expect a great reduction in material costs for AM processes in the close future. The
material cost is concluded to be the single most significant factor for the end result in
the calculation. The calculation is however most true to the current situation but will
have to be revised when the new processes become readily available.

Another factor that highly affects the outcome of the calculation is the processing speed
of the AM process. Based on current trends in the industry the processing speed of AM
processes is bound to increase in the near future. For example the Wohler report,
(Wohler associates, 2014), is suggesting a huge increase in AM the upcoming years. A
scenario where the speed increases by 50 % has been investigated and results are shown
in Figure 39. The result is a significant reduction in lead time, about 30 %, and a small
reduction of cost. The cost reduction also has to be put against the faster machine
possibly being more expensive. The lead time reduction is however very interesting and
allows AM to compete further up in tool volume. This is especially critical when
considering manufacturing of several smaller tools or replacing several CNC tools with
a soluble tool as the intake case in this report.
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Sensitivity Analysis
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Figure 39: Cost and lead time with respect to increased AM processing speed

The process comparison was done for tools which were designed to be manufactured
using the CNC process. No account has been taken in the calculation for the
possibilities of improving the design for AM manufacturing. Based on the three
simulations done to investigate design optimizations for AM manufacturing it was
concluded that the time could be reduced to half by building the tool as a shell rather
than a block in the case of the largest part. This optimization would therefore show the
same results or better than the speed increase scenario above. It was however concluded
that this optimization was highly part dependent and the other cases showed better
results for the spars block structures than the shell shape. Design optimization was
therefore not included in the process selection application.

Shipping times were intentionally left out of the comparison since no reliable way was
found to account for this. Both processes could very well be sourced externally.
However the FDM process is definitely easier to integrate into an existing FRP
production system than a specialized CNC workshop would be. Due to the work
environment in a CNC workshop with large amounts of dust or cutting fluid vapour it
would have to reside in a different department whereas a FDM machine could be put
just about anywhere without disturbing surrounding processes.

For the CNC process the labour cost has the highest impact in the cost calculation. A
large part of the labour cost comes from the operator monitoring the running process.
This was estimated to 80 % of the processing time in the calculation based on
discussions with Cliff Produktion & Modell AB and previous workshop experiences.
Theoretically, better process control could be achieved reducing the need for monitoring
of the process. This has been investigated by running a scenario where the monitoring
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time has been reduced to 40 % of the processing time. This is illustrated in Figure 39.
The impact of better process control is slightly lower costs. The conclusion drawn from
this scenario is that this factor doesn’t have a very high impact on the end result of the
calculation.

The CFS intake case considers the whole manufacturing chain from tooling to finished
part. Due to the limitations in time in this project much of the processing steps were
estimated in time based on experiences. Also a lot of simplifications were made not to
include the cost of consumable items like for example bagging material and glue cost in
the FRP process. These simplifications are mainly in favour of the CNC process since
that includes several lay-up processes with consumable material; also no gluing is done
on the AM tooled part. It is therefore likely that the AM produced part would have
scored even better compared to the CNC reference if a more thorough analysis was
made.

A comparison was made where all sensitive parameters mentioned earlier was changed
simultaneously. The results are shown in Figure 40. This graph shows the significant
potential of the FDM process.
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6 Conclusions

It is hard to decide how a future product is going to be manufactured, in the cheapest
and fastest time, in the early concept phase. Due to this the design will be influenced by
the standard ways of manufacturing today; subtractive and forming manufacturing.
When a part is designed with these processes in mind the engineer will lose possible
ways to optimise the design with the use of AM. The same logic goes for the opposite
direction; a part designed for an AM process will be very difficult to produce in the
standard ways. Therefore a guide is needed in these early stages to show the engineer
indications of how to optimise a design with all manufacturing processes in mind and
delivering advices of how to accomplish this.

6.1 Verification of research statements
The statements stated in the introduction are verified in this chapter.

1. AM will decrease the lead time and cost for a part relative to the level of
complexity, compared to standard subtractive methods.

Based on the studies in this thesis AM can decrease the lead time and cost for a tool
compared to the standard subtractive method. This is true for tools with simple
geometry and physical volumes up to around 0.005 cubic meters. For cases where
several tools can be replaced with one complex AM tool the costs and lead time can be
greatly reduced as in the intake case in this report.

2. Direct Tooling will produce parts with equally good surface finish,
tolerance and mechanical properties as CNC-manufactured tools.

Direct tooling with AM manufacturing can produce parts with equally good surface
finish as CNC parts. Both methods required extensive manual finishing operations to
achieve a glossy finish and based on the experiences gained in this thesis AM
manufactured parts require about 50% more finishing time. Mechanical properties are
also at least on the same level as a PUR block based tool. AM thermoplastics are a bit
behind in the CTE values but hardness and HDT are much better. Geometrical accuracy
of a AM tool cannot be said to be on the same level as a CNC tool based on the results
from the photo scanning in this thesis. The collected result show very poor accuracy for
FDM manufactured parts. This is in conflict with the results from the report by G D
Kim, (G D Kim, 2008). To get an accurate comparison between the processes an
analysis will have to be made for a set of parts manufactured by each process. This
could not be done in this thesis.

3. AM will enable a more complex design which subtractive manufacturing
and formative methods cannot produce without a multi-step process.

AM enables a more complex design of tooling than the CNC process does without
adding extra processing time and tasks. As have been shown in the intake case, AM
possibilities allows for creating a tool that makes a part in one step compared to the use
of several conventional tools.
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4. AM can produce a good master for use in an indirect tooling process.

Based on the same reasoning used around direct tooling with AM a master pattern for
use in indirect tooling could be produced with similar properties and surface finish as a
CNC manufactured part. The caveat is still the uncertainty about the geometrical
accuracy which have to be studied more thoroughly before it is possible to recommend
the use of an AM master pattern.

5. Combining tooling with structural implementations, an optimized
manufacturing process can be achieved which will result in a decrease in
labour work and lead time.

An implementation of a combined tool and structural part has been shown with a test in
this study. With optimizations and better software it should be possible to print core
structures close to prefabricated ones in weight. There is also an issue with the print not
being fully impermeable to the epoxy resin. A method to seal the print without
increasing the weight has to be found before using the concept in production. This is if
weight is the main concern.

6. Using sustainable thermoplastic material an overall decrease in the
environmental impact can be achieved, regardless of AM method.

The sustainability of the tool can be greatly improved by changing from thermosetting
PUR to thermoplastic material. A PUR block can be recycled using pyrolysis and other
advanced processes to make a new block with slightly reduced properties. The
thermoplastic material is simply ground down and reformed. PUR also has a high
emission rate of Volatile Organic Compounds compared to thermoplastic materials and
is therefore worse for the working environment.

7. AM can innovate and optimise all areas of production and product
development.

AM provides possibilities to increase complexity of parts without increasing the cost.
However AM is today still costly for making large parts. For innovation to take place in
product development AM has to be considered and optimized from the beginning of the
design cycle. It has been shown in tests in this study and is known in the industry that
the best use of AM is achieved when one understands and utilizes the design freedom of
the process. Otherwise new parts will be designed to conform with conventional
subtractive processes thus being limited by draft angles, no sharp corners, double
curved surfaces, need for similar wall thickness and so on. As for production, AM has
shown to be a competitive process for manufacturing of tooling for FRP lamination in
low volumes. There is the question about geometrical accuracy but it is only a question
of time before AM machines can produce with further advancements it could potentially
replace CNC milled PUR tools.
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6.2 Further studies:
Upon completion of this study there are still many questions to be answered.

What needs to be answer as soon as possible is how good the geometrical accuracy of
AM processes is compared to CNC milled parts. This requires a rigorous study of
several parts being produced in all processes and then compared using photo scanning
or probe measurements. This study should at least include FDM, CNC and SL parts.

Another area of interest that has been neglected in this study is metal AM processes.
AM produced metal parts have in some cases shown betters physical properties than
even forged parts. If the price can compete there is a possibility to use metal AM to
replace metal tooling for FRP when larger volumes are to be produced. Ceramic
material AM could also be of interest. Ceramics are cheap and have low CTE values as
well as high hardness and very high HDT. It is unclear if FRP lamination would work
well directly on ceramics but for a master pattern the process should work well.

6.3 Recommendations

For anyone considering AM tooling for FRP manufacturing this study shows that it can
be a viable option. The geometrical accuracy is a concern but in many cases in
prototyping and low volume a high accuracy is not needed. Also it is recommended to
invest in a FDM machine only if the bulk of tools to be made are small or the intention
Is to also use it for part production.
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Appendices

The following content has been included as appendices:

A- AM simulations

B- CNC simulations

C- Material data

D- Comparison calculation

E- Process selection Application
F- Case study

G- Photo scanning
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Appendix A: AM Simulations
This appendix shows all results for the simulations in Repetier and the results from Stratasys made using
Insight.
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R1 C1 Insert Layer 0 Extruder 0 Printing Time:21h:41m: 155

Showinlog: @Commands  Qlfos  QWamings QFEmrs  @ACK  QAuto Sooll  f Clearlog (7 Copy
pLET S ER LN <S1ic3r> => Exporting G-code to C:\Users\Administrator\AppData\Local\RepetierHest\composition.gcode ;I
SUEEEEELAVERN <Slic3r> Done. Process took O minutes and 27.409 seconds
UL EE VAN <51ic3r> Filament reqguired: 32645.2mm (78.5cm3)
SUEESERTAVERl <51ic3r> Filament reguired: 502743.7mm (1209.2cm3) -
Disconnected - Ide | 83FPS

Grows | CopyThvouhz | Draw | Orentsn |

Offset Mirror part arde

Time «

Cick the OK button to calculate the approximate tine to
il the current part.

Estimated build tme [10 hr 40 min
Model volume 21.052in°
Support volme 5.067in°

Fortus 500mc 0.0100 siice height
Model Ti6tp  ABS:
Support Ti2p  SR30 support

Partinterior style  [Sparse - double dense
Support style sparse

oK i &

Estimate Buil

FORTUS 900mc

[Done estmating Fortus 900mc buid tme after 4sec. s [msmfrerm[tem0 z [oowo A

Shovel (test3): AM shell



=181x]

Fle View Config Temperature Printer Tools Help

cf?m'@'ﬂ bomE s @® @ 02

Load Save Job  Run Job Kil Job 50 Card Toggle Log  Show Filament  Hide Travel Printer Settings Emergency Stop
3DWGW|TWCuve| " Object Placement | Slicer GCDdeEﬂO(lMadeomul
DE[XAE[D C et -

S5lic3r 1.0.0RC3 on 2014-05-02 akﬂ

nozzle_diameter
filament_diameter
extrusion_multiplier
perimeters extrusion width = 0.40mm
infill extrusion width 0.52mm
solid infill extrusicn dth = 0.52mm
top infill extrusion width = 0.5Zmm
firat layer extrusion width = 0.70mm

; et units to millimeters =
b

% Show complets Code 1 Show Single Layer " Show Layer Range

First Layer | =
Last Layer [ =

R1 C1 Insert Layer 0 Extruder O Printing Time:6h:48m:21s

0.4

157

Showinlog: @Commands  Qlfos  QWamings QFEmrs  @ACK  QAuto Sooll  f Clearlog (7 Copy
LR Ll <S1ic3r> => Exporting G-code to C:\Users\Administrator\AppData\Leccal\RepetierHest\composition.gecode ;l
<3lic3r> Done. Process took O minutes and 9.344 seconds
<81lic3r> Filament required: 32645.2mm (78.5cm3)
<5lic3r> Filament reguired: 101616.0mm (244.4cm3)

KIS

1die | 184 FPS

Shovel (test3): 15% infill

R} Repetier-Host V0.95F - ListViewItem: {NoseCone.sti} j =8 x|
File View Config Temperature Printer Tools Help

O.2.@d > .HE/ ®©@ @ w0
Connect  Lload Savelob Runloh  Kil Job S0 Card Togglelog Show Filament Hide Travel Printer Settings  Emergency Stop
3D View | Temperature Curve | " Object Placement | Sicer G-Code Edtor | Manual Cortrol |
D E (Xt B D C|cCode -

generated by Slic3r 1.0.0RC3

NNOEMM@ L Q)

set units to millimeters
| »|

(" Show complete Code  ( Show Single Layer ' Show Layer Range
First Layer: ||n 3‘
Last Layer: [lao =l s——— — a1

R1 C1 Insert Layer 0 Extruder 0 Printing Time:65h:27m:55s

Showin Log: @Commands Qlnfos QOWamings OEmos  @ACK O Auto Scroll fii ClearLog €2 Copy

LEREBURPER <S1ic3r> => Exporting G-code to C:\Users\Administrator\AppData\Leccal\RepetierHost\composition.gcode ;I
PEREPERPLER <S1ic3r> Done. Process tock 1 minutes and 19.620 seccnds

BEH RPNV E R <S1ic3r> Filament required: 302387.1mm (727.3cm3)

LEREENVESE <S1ic3r> Filament required: 1240862.0mm (2984.6cm3) v

Disconnected - Ide | S4FPS

Nosecone: 15% infill



[RF Repetier-Host V0.95F - ListViewIten lenum_Bot.stl} _lE[ll

File View Config Temperature Printer Tools Help

O.B.@d b B /S, ® @ IR

Connect  Load SaveJob Runlob  KilJob SDCard ToggleLog Show Filament Hide Travel Printer Settings Emergency Stop
3DVbNImeaaqumm| ' Object Placement | Siicer GGﬁeEﬁW]MaudCuﬁdl
: O EX G B[O C|ccue - (@]

; generated by Slic3r 1.0.0RC3 on 2014-04-29 atal

$B

0.254

top_solid_layers = 2
bot oli T

£ill densi
perimeter_speed
infill speed
travel_speed = 3
nozzle diameter = 0.4
filament_diameter = 1.
extrusion_multiplier

perimeters extrus
infill extrusion
solid inf 32
top infill extrusion width

first layer extrusion width = 0.70mm

; set units to millimeters
| »|

Visualization | Help |

11 extrusion

297

R1 C1 Insert Layer 0 Extruder 0 Printing Time:Sh:47m:4s

Showin Log: @Commands Qlnfos QOWamings OFEmors @ACK  OAuto Scroll i ClearLog (7 Copy
[ERPEEEEMC-ER <S1ic3r> => Exporting G-code te C:\Users\Administrator\AppData\Local\RepetierHost\composition.gcode (=
LEEPAEPPRUERN <S1ic3r> Done. Process took 0 minutes and 41.621 seconds
DERPEEP PR <S1ic3r> Filament required: 36790.6mm (88.5cm3)
PERPEEPPIEEE <S1ic3r> Filament required: 178932.6mm (430.4cm3)

Disconnected - Idke | S0FPS

Ll

Plenum bot: 15% infill

[RJ Repetier-Host V0.95F - ListViewItem: {Plenum_Top.stl} -8 x|

3

Printer Settings Emergency Stop

" Object Placement | Sicer GCode Edtor | Manual Cortrol |
D WX A |D C|cCode -

generated by Slic3r 1.0.0RC3 on 2014-04-29 atdl

layer height = 0.254
perimeters 8
top_solid_layers = 2
solid_layer
1_density =

; perimeter_speed
infill speed
travel_speed = 35
nozzle_diamete
filament_diamete
extrusion multipli
; perimeters extrusi =
infill extrusion width = 0.52mm
solid infill extrusion width =
top infill extrusion width = 0.52mm
¥ extrusion width . 70mm

PigG21 ; set units to millimeters
— | 'FJ

' Show complete Code { Show Single Layer { Show Layer Range
First Layer: “0 Ea -
Last Layer: ||297 3:

R1 C1 Insert Layer 0 Extruder O Printing Time: 10h:55m:47s

o 0

idth

— 423

Showin Log: @Commands Qlnfos QOWamings OEmos  @ACK  OAuto Scroll i Clear Log €7 Copy

[EREVEETNCSEE <S1ic3r> => Exporting G-code to C:\Users\Administrator\AppData\Local\RepetierHost\composition.gcode :J
LEEEPELERCI TS <S1ic3r> Done. Process took 0 minutes and 41.330 seconds

LEREPEEE NI <S1ic3r> Filament required: 36237.5mm (27.2cm3

PEREPERLMCIY S <S1ic3r> Filament required: 193661.3mm (465.8cm3) -

Disconnected - Ide | 2BFPS

Plenum top: 15% infill



File View Config Temperature Printer Tools Help

A
GO.E.EB>b.Rnl sSs @ @ g
‘Connect Load Save Job Run Job il Job 5D Card Toggle Log  Show Filament  Hide Travel Printer Settings Emergency Stop
3D View | Temperature Curve | ' Object Placement | Sicer GCode Edtor | Wanual Contral |
O E (%M, | ¢ et - [=]

generated by Slic3r 1.0.0RC3 on 2014-04-30

layer_height = 0.254

& cnipping Tool =101 x| perimeters = 3
;o _ top_solid_layers = 2
QM“" Fd el @Q’"‘“ bottom_solid_layers = 2

fill_density = 0.15
perimeter speed = 155
infill_speed = 155
travel_speed = 350

Select a snip type from the menu 9
or click the New button.

nozzle diameter = 0.4
filament_diameter = 1.75
extrusion multiplier = 1

perimeters extrusion width = 0.40mm
infill extrusion width = 0.52mm

solid infill extrusion width = 0.52mm
top infill extrusion width = 0.5Zmm
first layer extrusion width = 0.70mm

G21 ; set units to millimeters

Visualization | Help |
& Show complete Code " Show Single Layer (" Show Layer Rangs

R1 C1 Insert Layer 0 Extruder @ Printing Time:167h:53m: 155

Showin log: @Commands ~ Qlfos ~ OWamings OFmors  @ACK  QAuoScrol  ff Clsarlog () Copy

«5lic3r> => Exporting G-code teo C:\Users\Administratcr\AppData\Local\RepetierHest\compesition.geode ;I
<3lic3r> Done. Process took 2 minutes and 57.437 seconds

«81lic3r> Filament required: 1114457.3mm (2680.6cm3)

<51lic3r> Filament reguired: 2367762.4mm (63387.2cm3) j

Tde | 6FPS

Rear wing: 15% infill

} =181

File Vview Config Temperature Printer Tools Help

O.B. @ >R S ®@ @ o2

Connect  Load  SaveJob RunJob  KilJob 5D Card Togglelog Show Filament Hide Travel Printer Settings Emergency Stop
30 View |Tu|puﬂueC\m| Manual Control |

generated by 5lic3r 1.0.0RC3 on 2014-04-29 a&j

layer_height = 0.254
perimeters = 3

top_solid_layers = 2

bottom_solid layers = 2

fill_density = 0.15

perimeter_speed = 155

infill_speed = 155

travel_speed = 350

nozzle diameter = 0.4
filament_diameter = 1.75
extrusion_multiplier = 1

perimeters extrusicn width = 0.40mm
infill extrusion width = 0.52mm

3olid infill extrusion width = 0.5Zmm
top infill extrusion width = 0.5Zmm
firat layer extrusion width = 0.70mm

PGzl ; set units to millimeters S
e | , |

\ﬁ.‘lﬁlﬂiﬂ'llH* |
" Show complets Code ¢~ Show Single Laysr  ©+ Show Layer Range

Sl o Sl —
sty [[797 ] e | 757

R1 C1 Insert Layer 0 Extruder 0 Printing Time:Sh:1m:27s

NEL Y e

Showin Log: @Commands  Qlrfos OWamings QEmos @ACK  OAuto Scroll fii ClearLog £ Copy
<5lic3r> => Exporting G-code to C:\Users\Administrator\AppData\Local\RepetierHost\composition.gcode 1=
«<5lic3r> Dene. Process took 1 minutes and 9.860 seccnds
<5lic3r> Filament reguired: 902028.0mm (217.0cm3)
<8lic3r> Filament reguired: 99933.4mm (240.4cm3)

Disconnected - Idle | FOFPS

<

Runners bot: 15% infill



=181%]

Fle View Config Temperature Printer Took Help |

o@ﬂblﬂ/©¢» [

Load Save Job Run Job il Job 5D Card Toggle Log Show Filament  Hide Travel Printer Settings Emergency Stop
w\l‘WlTelpuﬂueﬁml miedﬁmlﬁcu Gmﬂﬁiﬂfl“md&mﬂl
O M|t B|[D C|ccode i

: generated by S5lic3r 1.0.0RC3 on 2014-04-29 azﬂ

layer_height = 0.254
perimeters = 3
top_solid_layers = 2
bottem_sclid_layers = 2
fill density = 0.15
perimeter_speed = 153
infill speed = 155
travel_speed = 350
nozzle_diameter = 0.4
filament_diameter = 1.75
extrusion multiplier = 1
perimeters extrusien width =
infill extrusion width = 0.52mm
golid infill extrusion width = 0.5Zmm
top infill extrusien width = 0.5Zmm
first layer extrusion width = 0.70mm

G21 ; set units to millimeters o
| o

Visualization | Hep |
" Show complete Code ¢~ Show Single Layer % Show Layer Rangs

Last Layer: = |

R1 C1 Insert Layer O Extruder O Printing Time:11h:21m:26s

0.40mm

N Am® e+ +QE

T4

Showin Log: @Commands  Qlrfos  QOWamings O Emors @ACK O Auto Scroll fii Clearlog £ Copy
<81lic3r> => Exporting G-code to C:\Users\Administrator\RppData\Local\RepetierHost\compositicn.gcode ;l
<3lic3r> Done. Process took 2 minutes and 3.030 seconds

<8lic3r> Filament required: 84630.4mm (203.7cm3)

<51lic3r> Filament reguired: 168252.4mm (404.7cm3) -

64FPS

Runners top: 15% infill

=l

File View Config Temperature Printer Tools Help

o p.m@pr.EE /s @ @ 22
Load Save Job Run Job Kl Job 5D Card Toggle Log  Show Filament  Hide Travel Printer Settings Emergency Stop

GDMm|Ta|pm(:me| ' Object Placement | Sicer GCode Edtor | Manuzl Control |

’ B WX G B D C 6o -

generated by Slic3r 1.0.0RC3 on 2014-05-19 atﬂ

layer_height = 0.254

perimeters = 3

top_solid_layers = 2
bottom_solid_layers = 2

fill_density = 0.15

perimeter_speed = 155

infill speed = 155

travel speed = 350

neozzle_diameter = 0.4
filament_diameter = 1.75
extrusion_multiplier = 1

perimeters extrusion width = 0.40mm
infill extrusion width = 0.52mm
solid infill extrusicn width = 0.52mm
top infill extrusion width = 0.5Zmm
firat layer extrusion width = 0.70mm

4Gzl ; set units te millimeters

% Show complets Code ¢ Show Single Layer " Show Layer Range

R1 C1 Insert Layer 0 Extruder 0 Printing Time:1h: 10m:57s

NEL R«

Showin Log: @Commands  Qlnfos  QOWamings QEmos @ACK O Auto Scroll i Clear Log £F) Copy

<5lic3r> => Experting G-code te C:\Users\Administrator\AppData\Local\RepetierHcst\compesition.gcode ;I
<3lic3r> Done. Process took 0 minutes and 5.460 seconds

<81lic3r> Filament required: 12244 .1mm (29.5cm3)

<51lic3r> Filament required: 10816.4mm (26&.0cm3) -

Ide | 222FPS

Curvature: 15% infill



Appendix B: CNC Simulations

Roughing (6 pictures):
[ Roughing.6 (B ==

Name: |Rough|ng.6

Comment: [ No Description

AE | A | A | A | 242 |

Move the curser over a sensitive area.

.
N

AY

Machining | Radial | Asial | Zone | Bottom | HSM | Output |

Stepover: Stepover length - ?

Max. distance between pass S

Tool diameter ratio: |

19 3/5-Axis Converter _More... I

((I.ssl
Wl m 1]

@ ok | Preview | @ Cancel |

- .
Roughing.6 [ 9 ]

Name:  [Roughing6

Comment: [ No Description

0 | Be | M | 260 |

Move the cursor over a sensitive area.

Ay
N
A

Machining | Redial | Axial | Zone | Bottom | HSM | Output |

Maximum cut depth: S 2

Variable cut depths... I

14 3/5-Axis Converter _More... I

<<L5§I
s ] L]

@ 0K | _Preview | @ Cancel |




e ~
Roughing 6 19 [

Name:  [Roughing6
Geometry | Technolo Feeds & Speeds |Con (|
Comment: [ No Description B o | E | n§ Lol
Nominel diemeter 0 [TGm [
| S, |m £ | SRe | Corner radius (R): e
’ Overall length (L): [omm  H
Cutting length (Lc): ]
5% |5ﬁ | Length (I): 60mm E
7 Body diameter (db): [ H
Name [ T1 End Mill D16 Non cutting diameter (Dncl: 5
Comment : I
Tool number: 3
= Ball-end tog]
|
| db=15mm
|
|
|
' £
| =
g
T (=
[ il
d . g -
| g
& g
= .
u | Il
1l =
=N
Rc=8mm | D=16mm
|
e | [y
@ 0K Preview | & Cancel |

Roughing.6 (2] = |

Name:  |Roughing6

Geomet Technolot | Feeds 8 Speeds |Comi 4| »
Comment: | No Description b % 2 | “;
Number of flutes : I—EZ
| 8 | 2e | % | i

Way of rotation : l—_IR\ghthand =

’ Machining quality : I—_IE'”‘E' =

Composition : T =

19t | L
2 Tooth description : —
|Name [T1 End Mill D16 - & | Tooth material desc.: [~
Comment : [ Aiiltool akeangle s [Goc; 4]
Tool number: |3 Radial tool rake angle : I—M
IS Ball-endtoo| Max plunge angle : 120deg E

| Max machining length: [5

\_ . do=15mm M e ime: = 93

; Coolant syntax : —
. Weight syntax : —
|
|
! g
| 5
g

T (=
g

g |

H

g .

i | Il

" .

— |.

_Re=8mm . | D=16mm
|
i |

@ 0K Preview I OCanceII




Roughing.6

(9] s |

Name:  [Roughingf

Comment: | No Description

| Mg 2

L5 | 2 |

Geometry | Technology | Feeds & Speeds |Con{ >
452,389m_mn E

O Finishing|cutting speed

@ Finishing spindle speed

18 [Adh |
7

4

Name [T1 End Mill D16

=1

Comment : I

Tool number: Iz

IS Ball-2nd tool

[o000turnon
@ Finishing Feedrate per Toothy. [067mm tum [
] Finishitig Feedrate s WE
Omm

Radial depth of cut for finish : lgmm—g
@ foughing Feedrate perfiocthy [067mm tum o
O Roughing Feedrate ; m

Omm

Asial depth of cut for finish :

O Roughing cutting speed):

@ Roughing spindle speed

Axial depth of cut for rough

| db=15mm Radial depth of cut for rough :
| Max machining feedrate: —[150000mm mn 2]
|
|
! g
|| §
' —
| g ]

g |

g

= 0

i | Il

I 0

- |‘

_Rc=8mm | D=16mm
|
<<Less I
[0y vy
@ ok | Preview | @ Cancel |
-
- N
Roughing6 [ ]
Mame: IRDughmg‘ﬁ

Comment: | Mo Description

0, | Al | A

A |

[~ Feedrate

Approach — [300mmomn 5
Machining: 12060mm_mn
Retract:

1000mm_mn
[ Transition: IMa:hmmg -
5000mm_mn

rate: [1np E
Linear -

Unit:

'3 Autematic compute from tooling Feeds and Speeds

— Feedrate reduction in corners

[ Feedrate reduction in corners

Reduction rate :

80 E
45deg E

1mm

Distance before comer: [/ 3

Distance after corner:

Minimum angle :

Maximum radius :

1mm

—Spindle Speed
4 Automatic compute from tooling Feeds and Speeds
'd Spindle output

Machining: |9000tum_mn E
LI IAngu\ar -

Quality: Rough hai ComEmel

@ ok |

Preview ] 9 Cancel]




Finishing (6 pictures):

-
Srrrrrnd [

Name: I Sweeping.2

Comment: I Mo Description

0 | Aa | A | 862 |

Move the cursor over a sensitive area.

Machining | Radial | Avel | Zone | llend | HsM | Output |

Stepover: IConstant j 2

Max. distance between pass: lU,lmm—E 2

Min. distance between pass: 1mm ?

Scallop height: [05mm B ?

Stepover side: Left ~ ?
View Direction

’; Along tool axis O Otheraxis [ Collision check ‘

<<less I
14 3/5-Axis Converter Mme...l

s
Sweeping.2 m

Name:  [Sweeping.2

Comment: | Mo Description

1 | A | A | A | 055 |

Move the cursor over a sensitive area.

Machining | Radial | Asal | Zone | Eland | HSM | Output |

Cilgirspess INumber of levels and Maximum cut deptj ?

Mumber of levels: O
Maximum cut depth: 10mm E ?

Total depth: Trmm 2

<<less I
9 3/5-Axis Converter _More... |

e | L]
ey @ 0K | Preview | ﬂcamd'




-
Sweeping.2

(=)

MName: I Sweeping.2

Comment: I Mo Description

2 | !

| big | s
|

1% 4 |
il

|Nama [TLEnd Mill D16

Comment : I

Tool number: Iz

I Ball-enditon)

db=15mm

L=100mm

=B80mm

Re=8mm

D=16mm

<<less I

7|

&

Geometry | Technology I Feeds & Speeds |Cun§ 4 I b
Mominal diameter (D):

Corner radius (Re):
Overall length (L):
Cutting length (Lc):
Length ()

Body diameter (db):

Non cutting diameter (Dnc): [q 3

8mm

18 4 |
il

Name [T1 End MITD 16

ey

Comment : I

Tool number:

|2

IS Ball-end tool

db=15mm

L =100mm

D=16mm

A | NN | S

@ ok | Preview | @ Cancel |
-
I'Sweepmg.z m‘
Name: |Swaepmg.2 = == - 4 e ——
Comment: | No Description bl eeds & Speeds [Com 4|
Mumber of flutes IQ—E
| 26 | B | 24 | 26¢ | e ——
Machining quality :

Composition :
Tooth material :
Tooth description :
Tooth material desc. :

Asial tool rake angle

Radial tool rake angle :

Mazx plunge angle:

Max machining length :

Max life time :
Coolant syntax:

Weight syntax :

= —
——

@ ok |

Preview | @ Cancel |




e
Sweeping.2

A=)

Name:

| Sweeping.2

Comment: | No Description

1 | ded

L5 | !

g 24|
B 6]

Comment: I
Tool number: |3

= Bzl

erd tool

db=15mm

Geometry | Technology || Feeds & Speeds |c°n{ N
O Finishing cutting speed : m
@ Finishing spindle speed ; [ooootum mn
@ Firishing Feedrate per ooty [067mmwm =
O Finishing Feedrat : m

Auxial depth of cut for finish:

Radial depth of cut for inish: [Gro [
Name [T1 End Mill D 16 _]_ﬁ_l o FpEmm———y
@ Roughing spinle speads [9000tum_mn ]
@ Roughing Feedrate perTocthy [067mmwm [
O Raughing Feedrate ; [LPammzm
Axial depth of cut for rough :
Radial depth of cut for rovgh: [Gro [
Max machining feediate:  [T0000mmmn 2]

Omm

Omm

| =100mm

@ 0k | _Preview | @ Cancel |

-
Sweeping.2

ER=)

MName: I Sweeping 2

Comment: I Mo Description

|

— Feedrate

'd Automatic compute from teoling Feeds and Speeds

Approach:  [300mmomn 3
Machining: IWE
Retract: IWE
[ Transition: lm
[s000mmmn —  H
Unit: Iﬁ

—Spindle Speed
4 Automatic compute from teoling Feeds and Speeds
'3 Spindle output

Machining: [g000turn_mn E@
L Angular -

e I Rough - CnmEme I

@ ok | Preview | @ Cancel |

o8




- Material data

Appendix C

MATERIALS

Name
FDM
SR-30
SR-100
ABS-M30

Polycarbonate PC

ULTEM 9085
PPSF
Nylon 12

DuraForm® FR 100
DuraForm® GF

DuraForm® HST Composite
DuraForm® PA

Accura® CastPro™
Accura® Xtreme
Accura® PEAK™
Accura® Bluestone

Accura® 55

Zp150
Visilet PXL

Visilet M3 X
RGD 525
Digital ABS

PMMA

Source

Stratasys
Stratasys
Stratasys
Stratasys
Stratasys
Stratasys
Stratasys

3D Systems
3D Systems
3D Systems
3D Systems

3D Systems
3D Systems
3D Systems
3D Systems
3D Systems

Z corp
3D Systems

3D Systems
Stratasys

Stratasys

Voxeljet AG

Type

Soluble Thermoplastic
Soluble Thermoplastic
Thermoplastic
Thermoplastic
Thermoplastic
Thermoplastic
Thermoplastic

UV cure crosslinking
UV cure crosslinking
UV cure crosslinking
UV cure crosslinking
UV cure crosslinking

Plaster
Plaster

UV cure crosslinking
UV cure crosslinking

UV cure crosslinking

Chem bonding

Post-processing

0-
0-

0 53 MPa

0 104 MPa
0 115.1 MPa
0 110 MPa
0 69 MPa

46 MPa
37 MPa
83/64- x/y
48 MPa

82 MPa

52-71 MPa
heat postcure 120C 77-126 MPa
heat postcure 120C 124-154 Mpa

88-110 MPa

infiltration, Z-max, € 98 Mpa
infiltration, ColorBoi31.1/44.1

0 65 MPa
0
0

infiltration epoxy

Flextural strength

2300MPa
2200MPa
2500MPa
2200MPa
1310MPa

1462MPa
3106 MPa
4400/2625 - x/y
1287 MPa

2310MPa
1520-2070MPa
4180-4790MPa
8300-9800Mpa
3200MPa

110
65

Flextural modulus Elong. at Impact Iz Hardness Shore

4% 139 J/m Rockwell 109.5

5% 53 J/m  Rockwell R 115

6% 106 J/m -

3% 58.7 J/m Rockwell M86
30% 200 J/m -

20% 49 J/m
1.40% 41 J/m

4.5/2.7% 37.4)/m
14% 32 J/m

4.1-8.3% 43 - 49.5
14-22% 35-52 J/rr-
1.3-2.5 % 21.3-27.3
1.4-2.4% 13-17 J/nr
5-8%  12-22 /N

8.30%
10-15% 14-16 J/m
25-40% 65-80 J/n



:D Coeff of thermal exp 0 - 50 °C  Coeff of thermal exp 85 - 145 ° Heat deflection at 0.4Mpa Heat deflection at 1.8Mpa

-60 to 110 °C 115.53 um/(m-C°) 82°C < max 345kPa autoclave
35 to 105 °C 84.21 pm/(m-C°) 138°C < max 345kPa autoclave 121C recommended
(>90ShoreD) 8.82E-05 mm/mm/°C 96°C 82
-60 to 140 °C 79.23 pm/(m-C°) 138°C 127
-60to 170 °C 65.27 um/(m-C°) - 153
-60 to 200 °C 69.83 um/(m-C°) - 189
75 55
SLS
73 194 °C 70 °C
77 82.6 um/m - °C 179.2 pm/m - °C 179 °C 134 °C
75 X-dir: 138.3 um/m-°C | Y-dir: 102 X-dir: 267.2 um/m-°C | Y-dir: 18 X-dir: 184 °C | Y-dir: 178.8 °C X-dir: 179 °C | Y-dir: 135 °C
73 82.6 pm/m - °C 179.2 um/m - °C 180 °C 95 °C
SL
85 102.9 um/m-°C 160.2 um/m-°C 51 50
62 54
86 48 um/m -°C 92 um/m -°C 78/153 as-is/postcured 59/124 as-is/postcured
92 33-44 x107-4 m/mC 81-98 x107-4 m/mC 65/267-284 as-is/postcured 65
85 61um/m -°C 163um/m -°C 55-58 51-53
3DP
115C
Polylet
88
87 63 55
85 58 51
Voxeljet

softens at 80C

Density

1.04

1.2
1.34
1.28

1.03
1.49
1.2

1.17
1.19
1.36
1.78

1.2

1.04
1.17
1.17

Tg

108
161
186
230

70

110
71-83
56



Appendix D: Comparison Calculation
Data sheet for calculation:

General Data

Work hours per year
Economical lifespan

Average wage manual labour
Hours per year

Conversion rates
Dollar to Euro
SEK to EUR

Time utilization
CNC

Printer
Stratasys

Setup

Setup time CNC
Setup time Printer
Setup Cost CNC
Setup Cost Printer

Machine Purchase Cost
CNC

Small CNC

Makerbot Replicator 2
Stratasys Fortus 400mc
Stratasys Fortus 900mc
Stratasys Fortus 900mc

Material Costs
ABS-M30
PC

PC-ABS
PPSF
Ultem 9085
SR20

SR30
SR100

S1

PC-BASS
PPSF-BASS

AM Sparse structure density

PUR material cost 720

PC granules
PC filament

1765 hours % OECD average per year http://stats.oecd.org/
5 years
€29.00 sweden 2010 latest http://stats.oecd.org/
8760

0.72 Valuta.se 140428

SEK 0.11 Valuta.se 140428

50.00% cliff 12H/dygn
60.00%
60.00% From Stratasys

1 hours

0.25 hours
€29.00
€7.25

Amortization (per hour in lifespan)

€2,200,000.00 €100.46 Corea Rapid 40 (Cliff 20 million SEK)
€550,000.00 €25.11 Famu Aktive Five 2000 (Cliff 5 million SEK)
€1,600.00 €0.30
XX €3.79 From Stratasys 5.275
XX €10.12 From Stratasys 14.05S$
€ 288,000.00 €10.96 For comparison  http://www.aniwaa.com/product/stratasys-fortus-900mc/

Source Stratasys Euro/inch”3 EUR/mA3
$3.80 €274 € 166,567
$4.30 €3.10 € 188,484
$4.30 €3.10 € 188,484
$7.45 €536 € 326,559
$7.45 €536 € 326,559
$4.13 €297 € 181,032
$3.91 €282 € 171,389
$4.89 €352 € 214,346
$7.45 €536 € 326,559
$4.30 €3.10 € 188,484
$7.45 €536 € 326,559

15.00% Stratasys double dense infill

3400 RAMPF Tooling

3000 Alibaba
15120 Alibaba




Calculation table:

Runner Bot 0.00157 0.00808 0.108 68.790 60 15 11¢
Runners Top 0.00262 0.00728 0.088 33.588 60 15 80
Plenum Bottom 0.00314 0.0081 0.116 36.943 60 15 83
Plenum Top 0.00339 0.01215 0.112 33.038 60 15 14;
Blade (test 1) 0.10632 0.22500 0.933 8.775 60 15 122
Bottle (test 2) 0.00860 0.02016 0.197 22.907 60 15 13¢
Shovel (test 3) 0.00128 0.00300 0.074 57.813 60 15 31
Curvature 0.00016 0.00050 0.011 68.750 60 15 8
Nosecone 0.02803 0.05148 0.280 9.989 60 15 29¢
Rear wing bot 0.04505 0.07276 0.862 19.134 60 15 72%

Runner Bot 110 541 180 1440 88 110 165
Runners Top 80 6817 180 1440 64" 110 165
Plenum Bottom 83 587" 180 1440 664" 140 210
Plenum Top 147 656" 180 1440 176" 80 120
Blads (fest 1) 1227 18807.0" 240 1440 9816 317 475
Bottle (test 2) 136 1850.0" 180 1440 108.8" 131 197
Shovel (fest 3) 31 409.0" 180 1440 248" 100 151
Curvature 3 220" 180 1440 647 40 60
Nosecone 296 5178" 210 1440 236.8" 210 315
Rear wing bot 722 10020 180 1440 57176 280 420

Runner Bot 1720 721 438 183 27 44 212
Runners Top 1690 861 414 183 25 74 200
Plenum Bottom 1723 812 446 228 28 89 216
Plenum Top 1727 791 438 138 41 96 212
Blade (test 1) 3043.76074 19297.14111 1598 584 765 3006 773
Bottle (test 2) 1767.45066 2062.17599 480 221 69 243 232
Shovel (test 3) 1631.48172 574.72258 365 168 10 36 177
Curvature 1548 285 286 76 2 5 138
Nosecone 2006 5508 717 356 175 792 346
Rear wing bot 2502 10455 1098 485 247 1274 531

Runner Bot 88 71 94 310 226 58.29
Runners Top 89 59 "7 283 280 55.70
Plenum Bottom 110 60 101 303 300 48.94
Plenum Top 67 87 113 338 276 68.40
Blade (test 1) 282 539 3173 2076 6462 63.45
Bottle (test 2) 107 82 314 383 665 53.89
Shovel (test 3) 81 38 71 225 189 54.07
Curvature 37 28 40 169 81 7343
Nosecone 172 149 876 670 1840 50.35
Rear wing bot 234 327 1692 1105 3200 55.80

Runner Bot -27.03 -83.89 -138.56 -16.65
Runners Top -1.19 -3.39 -96.28" -13.82
Plenum Bottom -0.90 -2.71 -112.19" -15.18
Plenum Top -18.75 -63.65 -118.33" -15.60
Blade (test 1) 211.22 4385 .44 84237 270.89
Bottle (test 2) 73.66 28190 14.297 4.91
Shovel (test 3) -16.05 -36.08 -183.87" -17.61
Curvature -52.00 -87 .66 424757 -20.88
Nosecone 174.43 1169.54 63.58" 58.37
Rear wing bot 189.54 2094 .83 76.07" 132.55




Appendix E: Process selection application

Application spreadsheet
CALCULATION

Variables
Tool volume Fran programmet
Tool Height Fran programmet Sl
Tool Width Fran programmet alculate Frocess
Tool Length Frdn programmet
Tool surface Fran programmet
Basic calc
Block volume 0.008 m”3
Time Calc
Process Setup Stock preparation Processing Finishing Operator Lead time Stock Preperation Lead Time
CNC 60.0 180.2 134.7 109.0 457.0 1743.7 1440
AM 15.0 0.0 574.2 163.6 181.4 752.8 0
Cost Calc
Process Material Operator Amortization Total Cost
CNC 27.2 220.9 56.4 304.5
AM 39.2 87.7 96.9 223.8
Comparison
Lead time Lead time % Cost % Material Cost 2rator Cost Amortization Cost
AM compared to CNC -990.9 43% -80.7 74% 144% 40% 172%
Lead Time Total Cost
2000.0 350.0
1800.0 -
300.0
1600.0 -
1400.0 250.0
1200.0 7 M Finishing 200.0
. M Amortization
1000.0 ™ Processing
X M Operator
M Stock preparation 150.0
800.0 ) = Material
H Setup
600.0 - 100.0
400.0 -
50.0
200.0
0.0 T d 0.0 T "
CNC AM CNC AM




Appendix F: Case study
The old intake from CFS (3 pictures):




Printed soluble tool (5 pictures):










Surface finishing (4 pictures):







Fibre layup (7 pictures):
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Cured part (3 pictures):







Dissolved tool and cut through runner (7 pictures):













Appendix G: Photoscanning
Case parts, made with Fortus 900mc (Stratasys):
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Curvature part, made in Makerbot:
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