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Abstract 

 

 

Additive manufacturing as a technology is rapidly improving.  As of now the technology is 

seldom used in full scale manufacturing but rather for small batches and prototype work. This 

paper examines the variables that drive costs in additive manufacturing, milling and die-casting. 

These variables are then used to create a model that allows a designer to identify the most 

economically viable manufacturing method based on part criteria, choice of material and batch 

size. It also allows us to draw some conclusions about the current state of the additive 

manufacturing-technology, such as that part geometry can be a large contributor to build time. 

The model is made in such a way that it will be easily adapted to faster printers or bigger 

chambers with a goal to provide an easy to use tool that enables designers unfamiliar with 3D 

printing to identify when the technology should be used. 
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Nomenclature 

 

 

AM - Additive Manufacturing, also known as 3D printing 

DMLS - Direct Metal Laser Sintering 

EBM - Electron Beam Melting 

EDM - Electrical Discharge Machining 

FDM - Fused Deposition Modeling 

HSM - High Speed Machining 

MRR - Material Removal Rate 

PBF - Power Bed Fusion 

SLS - Selective Laser Sintering 

SLM - Selective Laser Melting  
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1 Introduction 
 

This chapter will provide a brief description of the company Saab, a description of the project assigned and clarify 

the limitations of the project.  

1.1 The Saab Group and Saab Dynamics 

 

A brief history: 

Saab was founded in 1937[1] to secure the production of aero planes for the Swedish armed 

forces. Saab have gone through several large organizational changes during the history including, 

among others, a union with Scania in 1969, which was later split up in the 1990s and the 

automobile part of Saab was removed from the Saab group. In 2000 Saab acquired the Swedish 

defense contractor Celsius which included Bofors. The Saab Groups current company structure 

with five major areas of operation have been in place since January 2010. In 2014 they had 

almost 15000 employees and sales of over 23.5 billion SEK. Within Saab Group the companies 

are split into different areas of expertise. The most widely recognized is probably Saab 

Aeronautics with the Saab 39 Gripen aero plane. Other areas are Dynamics, Electronic Defense 

Systems, Security and Defense Solutions, Support and Services and Industrial Products and 

Services.  

 

Saab Dynamics: 

The research project that includes this paper is currently under Saab Dynamics. 

Saab Dynamics is a sub company to the Saab Group. Their production consists mainly of anti-

tank weapons and missiles. The customer base is global and their annual revenue is around 3.5 

billion SEK. Its main facilities are located in Karlskoga and Linköping. 

 

Saab Dynamics has no manufacturing facilities of their own. Instead they use subcontractors for 

delivering parts which are then assembled. This allows a freedom in the choice of manufacturing 

methods as each new part can be freely assigned to the most viable producer. With no capital tied 

up in machinery the alternative to explore new methods of manufacturing is not hampered by the 

incentive to maximize owned equipments utilization rate. With the rapid evolution of additive 

manufacturing a company with freedom in choice of manufacturing makes a wise decision when 

preparing to capture potential technological disruptions. 
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1.2 The Project 

The project consists of creating a model that can be used in determining when additive 

manufacturing can be economically viable in full scale production compared to more traditional 

methods of manufacturing such as milling and casting. 

At the end of the project a mathematical model should have been created for evaluating parts in 

the design or pre-production stage for the most fitting method of manufacturing. The model will 

allow for an earlier optimization of products depending on what manufacturing method is 

selected. It will also reduce the need to create different blueprints to be able to compare quotes 

from different methods.  

For this project Saab Dynamics will provide us with information about their products, their 

chosen methods of manufacturing and knowledge about choices made in construction. They will 

also provide us with the opportunity to interview personnel and contact manufacturers for the 

purpose of collecting information for the project. 

1.3 Limitations 

● The model is not expected to give exact costs for a final part, but rather compare cost-

spans for parts from different manufacturing methods 

● The model is not expected to be fully compatible with the technological evolution 

● The main concern is purely economical, it will not cover other issues such as lead time in 

prototyping or environmental issues 

● The materials are limited to three different metals that can both be found is SAABs 

products and be used in manufacturing with the EOS M290. The three different metals 

are alloys of titanium, aluminum and steel. 
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2 Background 

 

 

In this chapter you will find the background for the project, what questions that will need to be 

answered and what similar areas that have already been investigated. It also contains 

information about the technological areas of interest for the paper 

2.1 The Task 

The task assigned by Saab Dynamics is to create a mathematical model that can be used to 

compare different manufacturing methods. Thereby enabling the company to decide the 

economically optimal manufacturing method for a given part. This increases the likelihood that a 

preferable method of manufacturing is used for the end product. It also allows for manufacturing 

optimization of the part as early as possible in the design stages regardless of what method is 

used for prototyping.   

To reach an acceptable level of estimation there are a series of questions that require answers. 

What are the cost drivers for each method of manufacturing? Which costs are fixed and which 

are variable? Can the fixed costs be standardized? How can we calculate the variable costs for a 

given part? Apart from these initial questions it is assumed to be a large amount of questions that 

are hard to predict but that will emerge during the project.  

One of the major challenges with creating a model that works as specified is that it should be 

specific enough to capture the costs of a given part with a decent accuracy, but general enough 

that input into the model is easy and doesn’t require a lot of extra work, as this reduces the 

likeliness that the model is actually used.  

2.2 Previous work by Saab Dynamics 

Saab Dynamics have tried 3D printing several parts that are already being produced by other 

methods. This have enabled them to verify material data and build a knowledge base for further 

research. Among other projects an exhaust for the rocket launcher Carl Gustaf, have been printed 

and tested with good results.  

2.3 Projects 

In the area of 3D printing, Saab Dynamics is currently involved in a project called OPTIPAM. 

OPTIPAMs translated full form means “Optimized production process for additive 

manufacturing”. It is funded by Vinnova and stretches from the beginning of 2015 to the end of 

2016. Due to this Saab Dynamics has a close relationship with a local company, Lasertech, that 

owns a 3D-printer of the model EOS M290. If data or information about printing details or 

limitations is mentioned in this paper then it can be assumed to be about this model unless stated 

otherwise. 
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2.4 Additive manufacturing 

Additive manufacturing is the name of a family of manufacturing methods. The common 

denominator is that the creation of objects is done by making items layer by layer. This can be 

done with a wide range of materials ranging from plastic to metal to cheese [2]. The area is under 

rapid development and projects to create machines for applying the technology on new types of 

materials currently include organic tissue [3] and molecule level printing [4].  

 

AM is a parallel manufacturing approach [5], meaning that several different parts can be put 

together in a build chamber independent of other parts as long as the area is available. So a major 

factor in the final price for an AM printed part is how well the machines build chamber capacity 

is used. Tests made in Martin Baumers [5] paper show an increase in actual build rate by only 

having a better utilization of the chamber exceed 50% (3.24 cm3-> 4.91 cm3 deposited material 

per hour) [5].  

 

Some of the different types of technology included in AM are: 

 

Fused Deposition Modeling (FDM)  

FDM is a method which uses a spool with plastic filament or metal wire, and then extrudes the 

melted material on a build plate, layer by layer [8]. The FDM technology has experienced a 

dramatic price drop in the past years, thanks to expiring patents [10] and a DIY community that 

has emerged around the technology [11].    

 

Stereolithography (SL) 

SL is a process which layer-by-layer hardens selected parts of a liquid pool of polymer using a 

UV laser beam or similar power source, when one layer is finished, that layer is moved in the z-

direction so that the next layer can be hardened [12]. 

 

Powder Bed Fusion (PBF) 

The Powder Bed Fusion process involves an energy beam that is focused on a powder bed to 

fuse the particles together. After the first layer is done, it is recoated with a second layer of 

powder, and then the process repeats to build up the product layer by layer.  

There are several different types of powder bed fusion, some of them are: Selective Laser 

Sintering (SLS), Direct Metal Laser Sintering (DMLS), Selective Laser Melting (SLM) and 

Electron Beam Melting (EBM). 

SLS, DMLS and SLM are very similar methods, they all uses a laser beam to fuse the particles 

together. There is a difference between sintering, which merges the particles using atomic 

diffusion, and melting, though, but the term sintering got so well established during the early 

days of AM that it is sometimes used even in processes where the particles are melted together 

[13]. 
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EBM has some differences compared to the other methods. For one, it uses an electron beam 

instead of a laser. Secondly the build chamber is heated to a temperature a bit below the material 

melting point, which requires a pre-build warmup and a post-build cool down of the build 

chamber [14], the laser processes does not have a heated build chamber, instead the chamber is 

pressurized with a gas such as argon. This makes the EBM have a slower startup and cool down 

but also a faster build time. The fact that DMLS does not have a heated build chamber makes it 

sometimes necessary to use a heat treatment to release residual stresses locked into the part 

[15][16]. Furthermore EBM has a vacuum in its chamber that makes it easier to manufacture 

materials that reacts with oxygen, such as magnesium [17]. 

 

A negative aspect of the nature of metal powder bed fusion, is that support structures are needed 

when there are large overhangs, to keep the part from sinking down into the powder bed.  

The support structures later needs to be removed, which in some cases requires machining. 

When printing in plastic with powder bed fusion, no support structures are needed, this is 

because the plastic is so light that it can rest on the powder [18]. 

A positive aspect of AM’s nature is that it allows for creation of complex shapes that would be 

costly or even impossible to produce with other manufacturing methods. It has become a general 

saying for AM that additional part complexity comes without extra cost [19]. However since the 

machine only needs to do as many recoat layers as required to cover the part in z direction the 

part height becomes one of the cost drivers as recoating takes up valuable machine time.  

 

PBF is the technology used in the machine available for this paper.  

 

2.4.1 What in parts characteristics indicates that 3D printing might be the best route to 

take for manufacturing?   

Apart from the obvious one, that the part has a geometry that can’t be produced in any other way, 

it is several of the same things that drive cost in milling: 

  

● Double curved areas  

● Features that needs machining with a mill tool that has to reach areas further down than 

four times its diameter 

● Materials which are very hard and thereby increase the time it takes to machine and 

increase the tool wear 

● Parts where there is a large portion to remove compared to the original material. This is 

less important in a material that is cheap and easy to machine, like aluminum, but very 

important in parts made of tougher, more expensive materials like titanium or inconel. 

 

A major cost driver in milling is very fine tolerances. These are impossible to do in a 3D printer 

with the technology available today so this would most likely require a milling operation in the 
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end, meaning that it doesn't make the part extra suitable for 3D printing.  

A part that would be suitable for AM, would for example be a part of titanium with complex 

shapes and bends, that doesn’t require a perfect surface finish and has a high buy to fly ratio. The 

buy to fly ratio, is the ratio between the mass of the raw material needed to machine a specific 

shape, and mass of the finished part [20]. 

2.4.2 Limitations in AM 

The main limitations in the technology as of now is in [21]: 

● Build rate 

● Precision 

● Build size 

● Post processing 

 

Build rate 

At the time of writing the cost of machines for enthusiasts that wish to print in plastic at home 

have fallen severely, going as low as a few thousand SEK. However the machines for printing in 

metals still cost in the millions, meaning that the machine time is costly. The time for producing 

reasonably sized parts can still be counted in hours which is a major cost driver.  

There are two major factors that drives the machine time in PBF, the time for melting the areas 

in a layer and the time it takes to add a new layer of powder.  

Adding a layer of powder takes time which makes the height of the part (and the rotation in the 

build chamber) something to take into consideration. For example, a bar that is 160x10x10 mm 

could take (using the recoat time 0.216 mm/min and the build rate 225 mm3/min for titanium, see 

page 23) from 1 hour and 30 minutes min laying down, to 13 hours and 30 minutes standing up. 

See appendix 3 for the calculations.  

 

Precision 

The precision for creating parts is somewhat dependent on what material and which machine you 

are printing in. But the latest generation of machines from EOS advertise a typical achievable 

part accuracy of ±50 µm and a surface roughness with an Ra of 6-12 µm and an Rz of 35-80 µm 

when printing in titanium [22]. This is somewhat similar to the level of roughness expected from 

a part that comes out of casting, but nowhere near the precision that can be regularly achieved in 

milling [23]. Therefore parts that require precision fitting, hole fittings etc. are in need of post-

printing machining which increases the total part cost.  
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Build size 

The size of the build chamber effectively sets the limits for the size of parts produced. For parts 

that can be fitted into the chamber the amount of parts that can be made in a single chamber is 

important. Since build chamber usage is one of the most important factors for efficient usage of a 

3D-printer the part geometry might be crucial. Small differences in size or layout can be the 

difference between fitting one or four parts in a single chamber.  

In this paper, due to the availability, the EOS M290 has been used as a standard for the 

mathematical model. Its build chamber dimensions are 250x250x325 mm.  

 

Post-processing 

For many parts there is a need for processing after the materials is removed from the build 

chamber. This includes the removal of support structure, but also aging by heating (needed for 

SLS machines, EBM has a heated chamber which handles this), machining to reach requirements 

in accuracy or surface finishing for different purposes. Also, since the chamber is filled with 

layer after layer of powder, any holes inside the structure will need to be constructed in a way 

that allows for powder removal if this is required. The creation of support-structure is sometimes 

impossible to avoid and if this needs to be removed then the part must be constructed with this in 

mind.  

2.5 Milling 

The theory of cost drivers in milling is an area that is not very well quantified in a macro 

perspective. The theory on a micro level is clearly established and factors such as feed rates, 

number of teeth on tools and lubricants effects on MRR and tool wear can easily be calculated 

and is well described in literature [24]. However when a full operation to go from stock to 

finished part is to be considered the research thins out and the estimation of costs becomes more 

of an art performed by experienced CNC-operators than something easily calculated.  

2.6 Casting 

The area of casting in this paper is limited to aluminum due to 1) titan casting is quite unusual, 

no company in Sweden was found that does this. 2) Problems with finding a good contact for 

steel casting.  

 

Casting has the largest initial costs of the methods compared, and often the longest lead time 

[25]. 

Advertised prices to customer is in the range of 28 SEK/kg of aluminum [26]. Time to machine a 

single part can be in the range of 45-90 seconds which is clearly faster than other techniques.  

The main cost driver is the casting mold. The price range for these are about 200 000 SEK - 500 

000 SEK depending on factors such as: materials for support, materials for mold, is a vacuum fit 

required or not, cooling-pipes, hardening costs, time to create a mold mold-schematic, etc etc. In 

general however, the cost of the mold will rise with the volume of the part as many of the factors 

are size dependent.   



 

8 

 

3 Method 

 

 

This chapter will describe the general work process for the project, how different variables affect 

the models and how the model suggests how many parts that can fit inside the build chamber of a 

3D-printer. 

 

First the project was boiled down to the fundamental aspects that needed to be focused on:  

 

● Collect information on how the manufacturing methods work and which factors that 

affect the cost most. This could be done by interviewing manufacturers, experts, 

searching for reports and literature on related subjects, gather information from blueprints 

and CAD-drawings.  

● Build the mathematical model based on the collected information. 

● Verify the validity of the model by comparing the output the model gives for specific 

parts to prices given from manufacturers for the same parts. 

 

Since the model will not give a good comparison by only showing the price for AM, the model 

needs to cover some other manufacturing methods. The manufacturing methods most commonly 

used by Saab Dynamics are milling and casting, therefore AM will be compared with these 

methods. 

 

How does Saab Dynamics decide the most suitable method of manufacturing?  

To get a good idea of how different characteristics of a part influences choice in manufacturing 

this question was raised. It turns out that this is not a specified procedure, rather that once things 

have been tested, it is usual to let the manufacturing method remain the same for full scale 

manufacturing as for the prototype. Many of their products are made in limited lot sizes and the 

total volume for the part is rarely known beforehand. This becomes a catch 22 where it's not 

worth to optimize a part for small savings in manufacturing before you know if it will sell, but 

once it sells its not worth to look over the part since it can sell for the current price.  

Couple this with the fact that for Saab Dynamics many of the parts deal with forces and 

temperatures that are hard to calculate and not terribly well explored in materials. This leads to 

scenarios where it might be better to just keep using the same method as the prototyping was 

done in, and use the same materials, since the functionality have been validated. Faulty products 

can be both costly and dangerous so every change to manufacturing requires extensive testing.  
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3.1 How to make the comparison between the different manufacturing methods 

After studying the different processes, it was realized that the price for the finishing process in 

milling would be very hard to calculate. For one, the amount of data input needed from the user 

of the model would be substantial. Secondly, it would be very hard to make a model that 

produced useful results, since the growth of cost with finer tolerances is far from linear.  

To get around this problem, the idea to simply ignore the finishing process came to mind. This 

would make the comparison be between a part that has gone through the rough milling process, a 

3D printed part and a die casted part.  

After the roughing process a part is basically comparable to a casted or a 3D-printed part [27]. 

In many cases a casted or a 3D printed part needs finishing with machining, and this machining 

would be approximately the same for all three methods.  

   

  Table 1:  

Additive manufacturing Milling Die casting 

Non recurring costs 

- NC-preparation Mold cost 

NC-preparation + setup cost 

(if finishing is needed) 

Setup cost Nc-preparation + setup cost 

(if finishing is needed) 

Recurring costs 

Material cost Material cost Material cost 

Machine cost per hour Machine cost per hour Machine cost per hour 

Machine time Machine time Machine time 

- Tool cost - 

Refixation cost  

(if finishing is needed) 

Refixation cost Refixation cost  

(if finishing is needed) 

+ Finishing + Finishing + Finishing 
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3.2 The mathematical model for calculating the cost in milling 

There exists several ways to calculate milling times, such as the Taylor equation. This model is 

however only useful on a micro level. Some models exist with a more macro oriented scope, but 

these include the input of almost all possible factors around the machine which makes the input 

data unavailable for the purposes of this thesis. The method used was therefore to chart the 

needed operations to complete the milling to include the costs for these in the operation, as well 

as noting different material removal rates reached for different parts.  

 

According to the information we gathered, the MRR in rough milling is fairly consistent. This 

makes the estimation of the roughing cost fairly easy. A reasonable value for MRR for different 

materials needs to be obtained and used in combination with the volume of material that is 

removed. 

Other things that would affect the cost of the roughing process include the price for the material, 

the cost for the machine per units of time, cost for NC preparation, average cost for refixations, 

initial cost for tools to hold the work piece and the cost for the milling tools.  

However, many different factors could affect the price for a milled part and make the estimation 

inaccurate. Because of this a span between a high price and a low price will be used.  

 

MRR  

In order to get values for MRR, the machine time for the roughing process were collected for an 

aluminum (EN AW 6082-T6) part, at a visit at one of Saab Dynamics CNC manufacturers, 

HITAB. After this an average MRR were calculated. This was multiplied by factors of 1.3 and 

0.7 respectively to get a reasonable span before calibrating. 

 

  Table 2: 

Machine time 

(roughing) 

Material 

removed 

Average MRR 

(mm3/min) 

Small MRR 

(target value): 

Big MRR (target 

value): 

220 s 68777.71 19000  13300 24700 

 

In order to get MRRs for the other materials too, Sandviks Coroguide 2.0 [28] was used, which is 

an application that helps chose the right milling tool, for a specified milling operation. It also 

calculates the machine time and the MRR, which was perfect for the purpose of this paper.  

In the Coroguide a simple operation, creating a pocket, was used. The radii of the corners and the 

other measurements were changed until they matched the higher and lower MRR from HITAB, 

calculated earlier. A pocket with a larger radii gave a higher MRR, and another pocket which had 

small radius that gave a lower MRR, these pockets could then be used to get comparable MRRs 

for different materials. 
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Two pockets with measurements 11x11x11 mm with radii 3 and 5 were the operations with 

MRRs closest to the target values calculated for aluminum. 

 

  Table 3: 

 15x15x15 12x12x12 11x11x11 

Radius 3 20000 17000 13000 

Radius 5 52180 33000 27000 

 

To make the comparison more useful to Saab Dynamics, materials that they commonly use 

where chosen. Materials with as similar mechanical properties as possible, as those who 

currently can be produced with the EOS M290.  

The reason for not choosing identical materials is that each manufacturing method should be 

calculated with the most cost efficient way of reaching the required specifications. Taking 

unnecessarily expensive materials when another option is available would put the model output 

further away from real prices.  

 

Materials used in the EOS M290 (tensile strengths and hardnesses are before age hardening) 

   

  Table 4: 

 Hardness (HB) Ultimate tensile strength 

(MPa) 

EOS Titanium Ti64 Performance [22] 314 930 

EOS Aluminium AlSi10Mg Speed [29] 119 460 

EOS MaragingSteel MS1 Performance 

[30] 

360 1930 
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Materials and MRRs used in the milling model: 

 

  Table 5: 

 Hardness 

(HB) 

Ultimate tensile 

strength (MPa) 

radius 5, 

machine 

time 

radius 3, 

machine 

time 

Low 

MRR 

(mm3/ 

min) 

High 

MRR 

(mm3/

min) 

Titanium,  

Ti6Al4  

331 895 0:58 min 1:57 min 

 

639 1130 

Aluminium,  

EN AW-5754-H22 

63 330 2,418 s 5,748 s 13000 27000 

Aluminium,  

EN AW-7075-T6 

119 525 2,418 s 5,748 s 13000 27000 

Aluminium,  

EN AW 6082-T6 

33 310 2,418 s 5,748 s 13000 27000 

Stål,  

EN 10088-1.4542-P960 

345 960 47,2 s 1:02 min 1226 1400 

 

 

Volume when the radius is 3 = 1246 mm3 

Volume when the radius is 5 = 1095 mm3 

 

The machine tool chosen for each operation is the one that the Coroguide suggests, assuming that 

this choice is based on better and more information than we could hope to have. 

 

In the Coroguide you find one material under ASTM B348 Grade 5 and another when searching 

on Ti6Al4. The material that appears when searching on Ti6Al4 was chosen since it was the 

material that best fitted the given hardness of the material [31]. 

According to [32] EN AW-5754-H22 has a hardness of 63 HB.  

 

According to [33], EN AW-7075-T6 has a hardness of 104-160 HB, which is equal to the span 

that the Coroguide gives. The Coroguide recommended an HB value of 119 for the material, 

which seemed reasonable.  

 

For Aluminium, EN AW 6082 to only hardness that could be chosen in the Coroguide was 33 

HB, even though the hardness for T6 in fact are about 84 HB. [34] 

The MRRs for milling different aluminum alloys seems to be the same if the milling operation is 

the same. Therefore this result is used even though there is a difference in HB. 
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The steel 1.4542 gets a suggested value of 345 HB at the Coroguide, which is a value 

comparable to the data for EN 10088-1.4542-P960 [35]. 

 

Tool cost 

To calculate tool cost for milling in titanium numbers where gathered from interviews. To 

calculate the average tool cost for titanium milling, the average of some different tool costs were 

used. 

 

Costs for different sizes of mills for titanium milling (SEK): 

 

  Table 6: 

Ø3 mm Ø6 mm Ø10 mm Ø12 mm Ø20 mm 

300 350 600 900 2500 

 

Since the tool used varies greatly depending on the part an average part cost is used.  

 

The average time that a tool lasts, is about 15 minutes [36]. 

930/15= 62 SEK/min 

 

To get to tool cost for titanium milling, one can use an average MRR for the roughing process in 

titanium: 884.5 mm3/min (calculated using numbers from the MRR section): 

 

62/884.5= 0.07 SEK/mm3 

For milling in steel, the value was divided by 4, the divisor was an estimation by the contact at 

HITAB. For aluminium, the tool cost is negligible, therefore it was set close to zero. 

 

3.2.1 Calibration of the milling model 

 Table 7: 

Part name Material Outer 

dimensions 

(mm) 

Part volume Buy-to-fly 

CSB Aluminium 40*60*20.9 4347 mm3 11.5 

SCC Aluminium 56*59*37 12256 mm3 10.7 

 

After getting some parts with prices for the roughing process there were some change that 

needed to be done on the model.    
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The actual prices for the roughing process were: 

 

  Table 8: 

Lot size SCB SCC 

10  260 SEK 350 SEK 

50 140 SEK 180 SEK 

100 110 SEK 155 SEK 

 

A system of linear equations was made to find the fixed cost and the recurring cost.  

 

Table 9: 

SCB SCC 

x+0.1m=260 

x+0.01m=110 

x+0.1m=260 

x+0.02m=140 

x+0.02m=140 

x+0.01m=110 

x+0.1m=350 

x+0.01m=155 

x+0.1m=350 

x+0.02m=180 

x+0.02m=180 

x+0.01m=155 

x=93 

m=1666 

x=110 

m=1500 

x=80 

m=3000 

x=133 

m=2167 

x=138 

m=2125 

x=130  

x=2500 

 

According the system of linear equations, the average fixed cost is 2160, which is significantly 

lower than the fixed cost used in the mathematical model (NC preparation 3600 + set up cost 

1000 SEK = 4600 SEK). To correct for this the cost for the cheapest NC preparation were 

lowered 1800 SEK and the cheapest setup cost is lowered to 400 SEK.  

 

  Table 10: 

 Current situation Average from HITAB parts Correction 

NC preparation (SEK) 3600-4800  1800-3600 

Setup cost (SEK) 1000  400-1000 

Recurring cost SCB 

(lowest price in the 

span) (SEK) 

409 94 89 

Recurring cost SCC 

(lowest price in the 

span) (SEK) 

449.90 133 129.9 

Refixation cost (SEK) 400-600  80-400 



 

15 

 

 

The current recurring cost when milling aluminum is largely made up of the refixation cost, at 

400 SEK. To lower the recurring price for the parts, the lower refixation cost were lowered to 90 

SEK.  

 

Testing of the new values: 

 

  Table 11: 

Lot size SCB (SEK) SCC (SEK) 

10 321  350 

50 145  174 

100 123 152 

 

The result from the testing of the new values indicate that the model estimates a price close to the 

actual price for the roughing of the parts. Judging from the system of linear equations, the fixed 

cost for machining the parts were low compared to a standard fixed cost obtained in earlier 

interviews. According to the contact at HITAB, the CNC-preparation for a part can take from 6 

to 8 hours, which equals 3600-4800 SEK (600 SEK/hour). Because of this, the prices for the new 

parts are thought to be in the lower end of the span. According to the same contact, the refixation 

time for one part is generally between 30-60 min, which would be 300-600 SEK. The recurring 

price in the parts from HITAB are below 150 SEK, which indicates that this price too, should be 

in the lower end of the span. 

3.3 The mathematical model for calculating the cost in die casting 

After contacts with die casting companies it was concluded that there would be possible to use a 

standard cost for the mold. The cost for a mold are very dependent on the volume of the 

enveloping cuboid, because of this, an equation was made that gave the price on the mold given 

the volume of the cuboid. On this recurring costs for machine time and machine costs could later 

be added. 

 

Values acquired by interviews: 

 

  Table 12: 

General cost for mold 

(SEK) 

Machine time per part (seconds) Machine cost per hour 

(SEK) 

200000–500000 45-90 660  
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Note that the machine cost per hour is fairly uncertain. But even if the machine cost where the 

double, the recurring cost per part would only be about 30 SEK, which in a comparison 

perspective is a minor difference.      

3.4 The mathematical model for calculating the cost in AM 

The first thing that was done in order to make a mathematical model for the cost of 

manufacturing a part with AM, was to make a visit at one of Saab Dynamics manufacturers that 

use AM. At the visit it was realized that they used standard costs in most of their processes 

regarding AM. The post-processing of the AM part (removing support material), is done with 

EDM (Electrical discharge machining) for which they use a standard cost of 1000 SEK per build 

chamber. The rest of the cost of the part is determined by the machine time and the amount of 

material used. Therefore it was concluded that the next step was to make a model that calculates 

the machine time. In order to do that the AM pre-processing software Materialise Magics was 

used.  

In Magics the user can specify the machine that will be used. In this case the EOS M280 was 

chosen, even though the manufacturer uses the M290, the reason for this was that the version of 

the program did not have the M290 as an alternative to choose. For purpose of this study the 

differences between the machines are negligible.  

 

Through extensive experimentation with different 3D-files it was realized that the method for 

build time estimation in Magics used a system of two linear equations in order to calculate the 

machine time. One equation with a variable for the volume and one equation with a variable for 

the height. The first equation gives the time it would take to print a given volume (recoat time 

excluded) and the second linear equation gives the recoat time.  

After testing the linear equations on a big number of different parts, it was found that they 

produced build time estimations within 1% of what Magics suggested. The fact that the 

estimation wasn't exact, could depend on the rounding done by Magics.  

Because the build time estimation by the linear equations were so close to the build time 

estimation done by Magics on a big number of parts, the likelihood that the parameters that were 

used in the linear equations were wrong, could be considered negligible.     

One risk noted at this point was that the actual build time might not be made up of these simple 

linear equations that Magics used. 

 

First calibration of the build rate and the recoat times with actual total build times from 

Lasertech 

When the model had reached a working state, able to handle the input and produce the required 

output, calibration was the next step. With data about three real parts of each material and their 

actual build times, systems of linear equations were created. Gauss elimination was used to reach 

values of the two parameters that produced consistent results for the different parts.  
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A certain mismatch compared to real values was to be expected due to the lack of support-

structure in the model.  

The values on the parameters that created the smallest error percentage over three parts were 

chosen: 

 

  Table 13: 

 EOS Titanium 

Ti64 

Performance 

EOS Aluminium 

AlSi10Mg Speed 

EOS MaragingSteel 

MS1 Performance 

Build speed (mm3/min) 131 200 109.5 

Recoat speed (mm/min) 0.24 0.19 0.19 

  

 

Modeling area usage in the build chamber 

Build chamber floor area usage is of critical importance for achieving cost effective printing. To 

estimate the number of a certain part that can be fitted in the build chamber a simple algorithm 

based on the smallest rectangular area on the xy-plane enveloping the parts was created. This is 

data that is easily acquired in any 3D-modeling program. 

The algorithm checks the number of parts that can fit in the x-direction and the number of parts 

that can fit into the y-direction and the model multiplies these numbers to get a total number for 

the chamber. 

 
Picture source: own work 

 

On the picture above there is a part with x and y-measurements of 27 mm. The algorithm 

suggests that 8*8=64 parts can fit in the chamber and the results of that can be seen below. It is 

possible that a few more parts could be fitted, but in general the algorithm gives a good idea of 
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achievable amounts. It should be noted however that it cannot handle different types of parts on 

the same build plate. This can be done in programs designed for 3D-chamber preparation like 

Materialise Magics. This is important since good build chamber usage is a major factor in 

creating cost efficient printing. 

 

 
Picture source: own work 

 

To use an algorithm designed in this way is not an optimal approach, considering that a parts 

geometry might make the cuboid envelop severely misrepresent the actual space needed. A part 

with a different geometry might be able to fit several more then the model suggests with clever 

placing. The part used as an example might be able to fit several more by putting each row a bit 

offset from the earlier. Therefore the model allows for a manual override of the calculated 

number. If a value is entered by the user then that number is used for the calculations and 

otherwise the value supplied by the algorithm is used.  

3.4.1 Calibration of the AM model 

  Table 14: 

Part name Material Outer dimensions 

(mm) 

Part volume Buy-to-fly 

Logo EOS Titanium 

Ti64 

Performance 

67.17*36.09*20 32918 1.5 

Synk EOS Titanium 

Ti64 

Performance 

168.39*239.36*20 45796.79 17.6 

Wrench EOS Titanium 

Ti64 

Performance 

112.39*43.59*17 19180 4.3 
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The cost of some actual 3D-printed parts were compared to the costs predicted by the model. 

Unfortunately, the difference between the predicted prices and the actual prices were significant. 

Even the though the build time of titanium parts from Lasertech was used to come up with the 

numbers for the build time and the recoat time, the build time for the new parts were way off. 

 

 

 
The synk (top), the wrench (left) and the logo. All of them are designed with moving parts, in a way that makes it 

possible to 3D-print each of them in one piece without the need for support materials. This has been tested in a 

FDM printer, whether it works in a metal PBF printer is unfortunately beyond the scope of this paper. Picture 

source: own work 

 

If the build time was made up from two added linear equations similar to the ones in Magics, the 

following system of linear equations would have given the recoat time, R, and build rate, B. 

Notice that 4 mm is added on the height, because of a margin between the build plate and the 

parts.  
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  Table 15: 

Logo and wrench Synk and wrench Logo and synk 

32918.05B+24R=810 

19180.65B+21R=750 

19180.65B+21R=750 

45796.79B+24R=885 

32918.05B+24R=810 

45796.79B+24R=885 

B= -0.004 R=39.6 B=0.001 R=34.6 B=0.0058 R=25.76 

 

Since the solutions for B and R in the table vary a lot, one can conclude that the actual build time 

isn't just made up from two added linear equations like the ones in the build time estimation in 

Magics. 

 

Further investigations into the errors in the output resulted in a theory of a missing factor in the 

calculations. This was suggested to be the surface area of the parts. The idea was the in order to 

achieve a surface finish as good as possible the laser moves at a slower speed on edges and 

top/bottom areas. If this was true, it would mean that a part with a large surface area would take 

longer time to print than a part with smaller area, assuming they had the same volume and 

height. To test the theory an additional system of linear equations were made, this time with the 

area included as a factor. 

 

  Table 16: 

Calculation of A, B and C. 

Were  

A=constant that is multiplied by the area 

B=constant that is multiplied by the volume 

C=constant that is multiplied by the height 

Test of the calculated A, B and C when 

printing all parts together in one build 

chamber (could be thought of as one part) 

23352.87A+32918.05B+24C=810 

13258.95A+19180.65B+21C=750 

25717.98A+45796.79B+24C=885 

62329.75*-

0.018+97895.49*0.0091+24*38.7365=698.58 

 

A=-0.018 B=0.0091 C=38.7365  Actual build time =1170 

 

 

Since the actual build time were almost 70% higher than the value predicted using the constants 

A, B and C, one can conclude that the theory with the surface area as a factor, probably isn't the 

solution. Another thing that speaks against the theory is that the constant A became negative, 

which would mean that parts that have a bigger surface area (and the same volume and height), 

would take less time to print, which is illogical. 
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Since the build time in AM was way more complex to estimate than earlier thought, a different 

approach was needed. The factor that is fixed is the total recoat time, which is proportional to the 

maximum height of the build. So the recoat time is the same on different parts when the height 

and material is the same.  

After further studies it was concluded that the build rate is very geometry dependent, which 

would mean that one would need all the data from the 3D-file to get a good estimation of the 

total build time.  

The reason the build rate varies so much was discovered to be due to the nature of the printing 

operation. The picture below shows a printing operation from a Youtube video from EOS. The 

laser moves from right to left in this particular layer and the darker area within area 1 and 2 are 

melted in a single sweep of the laser. The laser moves with a constant speed and simply doesn’t 

apply anything on the areas that are supposed to be empty. However this makes the area 1 

contain clearly less melted area per second then area 2 where the laser can utilize the entire width 

of the beam. 

 
Picture source: Youtube.com [37] 

 

This makes the approach used in the calculations for the AM-model clearly inadequate to handle 

the different types of geometries that a part can contain. This also refutes the theory employed in 

the construction that build height, part volume and build chamber usage would be the 

determining factors in part cost. 

 

Since a high accuracy is not possible with a single build rate it was decided that a span on the 

build rate should be used for the model. 

The maximum and minimum build rates calculated for the different materials which is used as 

high and low numbers for the model. For the full list of parts and calculated build times see 

Appendix 1. 
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  Table 17: 

Material EOS Titanium Ti64 

Performance 

EOS Aluminium 

AlSi10Mg Speed 

EOS MaragingSteel 

MS1 Performance 

Maximum build rate 

(mm3/min) 

141 212 255.0 

Minimum build rate 

(mm3/min) 

54 131 29.8 

 

Because the geometries that were compared when obtaining the build rate were very different, 

the values are unusable. Therefore it was decided that the relationship between the build rates 

obtained from EOS, should be used in order to calculate a realistic value-span for the build rate 

of each material.  

   

  Table 18: 

 EOS Titanium Ti64 

Performance 

EOS Aluminium 

AlSi10Mg Speed 

EOS MaragingSteel 

MS1 Performance 

Build rate (mm3/min) 225 443 252 

  

The values from the calculations of the build rates on parts from Lasertech, suggests that the 

values from EOS might be the highest possible build rates that only occur when the conditions, 

such as geometry of the part, are optimal for high build rate.  
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Below is a table that shows the final span between the high and the low build rate. The high build 

rate is taken from the table with advertised build rates from EOS. The lower build rate for each 

material is calculated from the lowest observed value, in this case from MS1. The observed 

minimum value for MS1 were then used to calculate minimum build rates for the other materials. 

This was done by assuming that the relation between the minimum build rates of the different 

materials were the same as the relation between the maximum build rates. 

   

  Table 19: 

Material EOS Titanium Ti64 

Performance 

EOS Aluminium 

AlSi10Mg Speed 

EOS MaragingSteel 

MS1 Performance 

Max (mm3/min) 225 443 252 

Min (mm3/min) 27 53 30 

 

In an observation of the printing process on Lasertech, the recoat time were measured to 8.35 

seconds/layer, which is equal to 0.287 mm/min for MS1 and 0.216 for aluminum and titanium 

based on the 0.040mm/layer for MS1 and 0.030mm/layer for aluminium and titanium 

.  

  Table 20: 

Recoat times EOS Titanium Ti64 

Performance 

EOS Aluminium 

AlSi10Mg Speed 

EOS MaragingSteel 

MS1 Performance 

Layer thickness [38] 

(mm) 

0.030 0.030 0.040 

Time for recoating (s) 8.35 8.35 8.35 

Recoat speed 

(mm/min) 

0.216 0.216 0.287 
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4 Results 

 

 

This chapter contains the formulas for the model and a link to the finished version 

 

4.1 The cost per part in additive manufacturing 
  Table 21: 

(Total build time)*(machine 

cost per minute) 

M Total build time=(Recoat 

speed)*(maximum 

height)+(build rate)*(total 

volume) 

(Total volume of parts 

produced)*(Material cost) 

m  

(Cost for EDM)*(Number of 

build chambers needed) 

E  

(Set up and NC preparation 

cost) 

S Only if post processing is 

needed 

Refixation cost R Only if post processing is 

needed 

   

Cost for AM, per part (M+m+E+S)/(lot size)+R  
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4.2 The cost for the roughing process in milling  
  Table 22: 

(Machine cost per minute)*(Material 

removed)/MRR 

M  

(Stock volume)*(Material cost) m  

((Set up cost)+(NC preparation))/ (lot size) S  

(tool cost per volume removed)*(Material 

removed) 

T  

Refixation cost R  

   

Cost for the roughing, per part  M+m+S+T+R  

 

4.3 The cost per part in die casting 
  Table 23: 

Units: mm, SEK, minutes Parameter name Description 

(Mold cost)/(Lot size) F See appendix 3 for the 

calculation 

(machine cost per minute)*(time per 

part) 

M  

(Material cost)*(volume of finished 

part) 

m  

(Set up and NC preparation cost)/(lot 

size) 

S Only if post processing is 

needed 

Refixation cost R Only if post processing is 

needed 

   

The cost per part in die casting F+M+m+S+R  

 
Values for the constants can be found in appendix 2. 
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5 Discussion 

 

 

Here the results are evaluated, criticized and potential faults and problems in the model are 

discussed. It also covers how a user might mitigate potential causes of erroneous results.  

 

5.1 Evaluation of the result 

Creating a model that accurately captures the different manufacturing times and the major time-

drivers of each method is no easy task. For the model to be useful it needs to have a limited 

complexity in the input required from the user but still have a good accuracy in cost prediction of 

parts.  

During the creation the limitation in accuracy required a step away from exact prices and 

towards price-spans. This is of course not as satisfying as exact prices but increases the potential 

for the actual price to be within the span suggested by the model.  

In general the price span at the moment might be a bit too wide to be clearly useful but hopefully 

someone working with the model will learn to notice when part will differ from it and thereby 

increase their own understanding of the cost drivers for the different techniques.  

With casting the largest cost have been a default value for the cast which makes its accuracy a bit 

less reliable, but the initial costs of making a cast still creates a clear barrier for which areas it 

will interesting to consider casting. 

5.2 Sources of potential errors in the model 

 

For additive manufacturing: 

The model does not take support material into consideration. Any part with a design that requires 

a large portion of support material will get a far too low cost in the calculations. If the user of the 

model realizes that the part might require lots of support structure then this problem can be 

mitigated by adding extra volume in the input. Remember however, that the other manufacturing 

methods will then show faulty values.  

 

The calculations done by the machine when slicing an object is far more complex than the 

mathematical model created in this project and the laser setting changes for doing work on the 

edges of objects, this can interfere with the approximation done by the model since it does not 

take this into account.  
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However, no matter how precise the model is for the current machine, EOS confirmed by mail 

that there are different recoat speeds and build rates depending on which package of settings that 

are installed [39]. This makes the model clearly less usable for a broader audience and suggests 

that new tests need to be made to verify speeds if the contractor to Saab were to buy additional 

settings. 

 

The mathematical model only calculates up to 40 parts in X and Y directions, so a total of 1600 

parts would be fitted with this approach. Considering the recommended space between parts of 1 

mm this seems to be a reasonable limitation but it is worth mentioning. 

 

For milling: 

The time it takes to mill a part can be calculated (roughly) with a milling program. The problem 

that comes when trying to model the costs for buying a part however, is quite different. Different 

types of geometries can require very slow milling speeds to get a good result and the model have 

nothing that checks for this. Tool costs and time to do an NC preparation are very variable 

factors that depend on the experience and skill of the personnel. Different shops might have 

different hourly costs that depend on overhead or demand for profit. We have supplied the model 

with the best estimates based on the data we have collected but we also leave it open for the end 

user to tweak these variables if deemed necessary. 

 

The tool cost for titanium is based on an average MRR from an actual milling operation. This 

gives a source of error as the part might be unrepresentative and seems to give quite a high tool 

cost for larger operations in titanium.  

 

There are some things the one need to have in mind when only comparing the rough machining 

with AM, and ignoring the finishing. For one, a part that has only gone through the rough 

machining is much rougher than a part produced with AM, to get about the same tolerances as on 

AM, one would  in most cases need at least semi finishing. 

This semi finishing would not be included when comparing the two methods in the suggested 

way, which would give an advantage to milling. Secondly, the model does not take account for 

the complexity, which according to the person at the CNC company that we spoke to, does not 

affect the machine time for the roughing.  

The complexity does affect the time for finishing and semi finishing, though. This might cause 

problems when you want a part with very complex surfaces and the same tolerances as a part 

produced with AM, since the mathematical model would tell you that it is cheaper to mill the 

part then it really is.  
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For casting: 

The obtained casting data have been for parts within the sizes of a build chamber for a 3D-

printer. Attempting to calculate parts bigger than that area causes errors in the model and also 

makes the output data highly unreliable. The limits of the mold cost is based on experience from 

the person interviewed. Data for this was hard to obtain and is limited to one respondent, 

meaning that the in-data could be faulty if compared to several manufacturers. 

The mathematical model for casting is calibrated with the actual costs for real parts, due to 

insufficient data about real mold-prices.  

 

5.3 Further research 

 

Areas that are noticed but not covered in this thesis include: 

 

● The opportunity to expand the milling-model with finer tolerances and thereby calculate 

the entire part cost compared to just creating the rough part.  

 

● Charting the time/cost savings in using a combined CNC/AM machine compared to 

having separate machines with refixations, the problems of finding reference points in 

printed object etc. 

 

● Is there a good way to estimate the support materials that will be needed for a given part?  

 

● There is also a possible advantage to be gained in AM compared to other manufacturing 

techniques, if one merge multiple parts from an assembly into one part. This possibility is 

not examined in this paper.  

 

● Interestingly enough there is a middle ground evolving between casting and 3D printing 

where molds are created by 3D printing, allowing for very rapid manufacturing of molds 

and possibly making casting a more attractive alternative in the future. 

 

● Different geometries require different build rates. Which kind of geometries require 

lower build rates and which kind geometries can be printed with a higher build rates? 
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7 Appendix 

 

Appendix 1: Different build times and resulting build rates 

Machine: EOS M 290 

Part models cannot be disclosed due to company secrecy 

 

Parts in titanium: 

  Table 24: 

 Part 1 Part 2 Part 3 Test plate 

Height (mm) 23.6 72 12 133 

Volume (mm3) 1377 22345 13812 256287 

Total time (min) 150 510 180 2900 

Recoat time (min) 128 352 74 634 

Volume build time (min) 22 158 106 2266 

Build rate (mm3/min) 54 141 130 113 
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Parts in aluminium: 

  Table 25: 

Aluminum Part 4 Part 5 Part 6 Test plate 

Height (mm) 96 165.4 25.5 133 

Volume (mm3) 25852 164912 31979 256287 

Total time (min) 660 1560 330 2130 

Recoat time (min) 463 782 137 634 

Volume build time (min) 197 778 193 1496 

 

Build rate (mm3/min) 131 212 166 171 

 

 

Parts in steel: 

  Table 26: 

MS1 Part 7 Part 8 Part 9 Test plate 

Height (mm) 26.7 23 26 133 

Volume (mm3) 714 31952 1529 256287 

Total time (min) 130 300 110 2130 

Recoat time (min) 106 95 104 463 

Volume build time (min) 24 205 

 

6 2597 

Build rate (mm3/min) 29.8 155.9 255.0 98.7 
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Appendix 2: Constants for the mathematical model 

Constants for additive manufacturing 

  Table 27: 

 Titanium Aluminium Steel 

Machine cost (SEK/min) 8.3 8.3 8.3 

High build rate (mm3/min) 225 443 252 

Low build rate (mm3/min) 25 53 30 

Recoat speed (mm/min) 0.216 0.216 0.287 

Material cost (SEK/mm) 0.01935 0.0002937 0.001053 

EDM cost (SEK) 1000 1000 1000 

Build chamber dimensions (mm) 250*250*325 250*250*325 250*250*325 

Set up and NC preparation cost (SEK) 1600 1600 1600 

Refixation cost (SEK) 600 600 600 
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Constants for milling 

  Table 28: 

 Titanium 

(costly) 

Titanium 

(cheap) 

Aluminium 

(costly) 

Aluminium 

(cheap) 

Steel 

(costly) 

Steel 

(cheap) 

Machine cost 

(SEK/min) 

15 10 15 10 15 10 

MRR (mm3/min) 639 1130 13000 27000 1226 1400 

Material cost  

(SEK/mm3) 

0.001935 0.001935 0.0000753 0.0000753 0.00016

6 

0.0001

66 

Set up cost (SEK) 400 1000 400 1000 400 1000 

NC preparation 

 (SEK) 

1800 3600 1800 3600 1800 3600 

Tool cost per volume 

removed (SEK/mm) 

0.07 0.07 0.000001 0.000001 0.00124 0.0012

4 

Refixation cost (SEK) 80 400 80 400 80 400 

 

Constants for die casting 

  Table 29: 

 Value Description 

Machine cost per minute (SEK) 11  

Time per part (min) 1.125  

Set up and NC preparation cost (SEK) 1000 Only if post processing is needed 

Refixation cost (SEK) 600 Only if post processing is needed 
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Appendix 3: Some calculations 

 

Calculations on different build times on different orientations of the same part 

 

Data from page 23, for titanium. The recoat time and build rate might not be the actual ones for 

the specific part, the point is just to illustrate how much the build times can vary between 

different orientations: 

  

Recoat time 0.216 mm/min 

Build rate 225 mm3/min 

 

60*10*10/225+160/0.216=812 𝑚𝑖𝑛 

160*10*10/225+5/0.216=94 𝑚𝑖𝑛 

 

Calculation of mold cost 

 

To calculate the mold cost, the following IF statements for Microsoft Excel was used: 

𝑀 = 𝑆𝑉(𝑆𝑉 < 300000,200000, 𝑖𝑓(9000000,500000,100√
70𝑆𝑉 + 95000000

29
)) 

  

MC= Mold cost (SEK) 

SV= Stock volume (mm3) 


